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Abstract: In recent years, the interest in monitoring the operating conditions of freight wagons
has grown significantly to improve the safety of railway vehicles. The railway research group of
the Politecnico di Torino has been working for years on the development of solutions to effectively
monitor the operating conditions of passenger and freight rail vehicles. As part of the national Cluster
ITS Italy 2020 project funded by Italian ministry of education, university and research (MIUR), the
Politecnico di Torino has collected a considerable amount of data thanks to the wired and wireless
prototypes developed. The data obtained are used in this paper for the validation and calibration of
a finite element (FE) model that simulates the temperature variation of a cast iron brake block due to
braking operations of an intermodal freight wagon. The developed model can be a useful tool to
predict the temperature at the wheel-shoe interface as a function of the current operating conditions
since a direct measurement is not easy to perform.

Keywords: FEM simulation; brake temperature; brake blocks; on-board monitoring; railway freight
vehicles

1. Introduction

Most of the freight trains operating in the EU are equipped with braking systems
that use brake blocks rather than disc brakes, which, on the other hand, are adopted for
passenger transport [1]. Failures of the elements composing the running gear and the
braking system represent the greatest amount of the total costs of the wagon. If the failure
is such to cause the wagon to stop during operation, in addition to the maintenance costs
of the component, other costs must also be sustained, e.g., the recovery of the wagon on
the track, the recovery of the transported goods, and the delivery delays to the customer.

On freight wagons, braking torque is often achieved by means of shoes (made of cast
iron or synthetic materials) which directly act on the surface of the wheel tread. Due to wear
phenomena, brake blocks are the elements that are most frequently replaced. Obviously,
wear phenomena also affect the wheel tread profile, and for this reason the maintenance
activity of re-profiling the wheels is necessary to ensure an equivalent conicity, which
guarantees a proper dynamic behavior [2—4]. On the other hand, the wheel wear due to
the braking action also has a beneficial effect because it machines the profile by removing
some types of irregularities, such as wheel flats, out-of-roundness, burns, etc.

During braking operations, brake blocks are pressed against the wheel rolling surface
and the kinetic energy and potential energy of the train are converted into heat, which is
generated at the block—wheel interface [5]. The friction heat generated during braking is
distributed, with a different proportion, between the shoe and the wheel. Several research
works [6] have been carried out to study the distribution of heat as a function of the material
of the block and of the geometry of the whole system, also considering the contribution of
cooling due to the wheel-rail contact (rail chill effect) and to convection with ambient air.

During braking maneuvers, the blocks and the wheels are subjected to strong thermo-
mechanical stresses [7]. In recent years, composite organic and sinter brake shoes have
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been introduced on freight wagons to replace the traditional cast iron blocks, which have
low replacement costs but high noise levels during braking operations, as they are prone
to the generation of hot spots due to thermoelastic instability (TEI) phenomena [8-10].
The substitution of traditional cast iron shoes with composite ones aims at a considerable
reduction of the noise levels produced during braking operations. One of the greatest
benefits of composite shoes is that their composition can be changed by the manufacturer
to obtain different mechanical, frictional, and thermal properties [11,12]. Composite brake
blocks are classified into LL and K types, depending on their friction level. The first
type can directly replace the cast iron shoes without requiring modifications to the brake
system, while the second one, featuring a higher mean friction coefficient, requires changes
in the brake cylinder bore or in the rigging ratio. The main advantage of K-type brake
blocks is that the friction coefficient has a stable behavior at varying vehicle speed and
braking force. However, the use of composite shoes, especially the K-type, affects the
temperature gradients on the wheel surface due to the different thermal conductivity of
synthetic material with respect to cast iron. Therefore, a larger portion of the total friction
heat generated at the wheel-shoe interface enters the wheel, and this can lead to changes in
the wheel steel microstructure [13] as well as to residual thermal stresses and strains [14],
which can cause crack growth and propagation and wheel warping, respectively, and the
latter can increase the derailment risk.

Vakkalagadda et al. [15] experimentally determined the friction coefficients of different
shoe materials, highlighting that cast iron blocks are the ones that generate the lowest
thermal load on the wheels of the rolling stock, while Verneesson et al. [16] investigated the
wear of different brake shoe materials at elevated temperature by means of a pin-on-disk.

Modeling of the wheel-block thermo-mechanical interaction is of paramount impor-
tance to improving the performance of the braking systems and to reducing maintenance
costs related to the replacement of brake blocks or to the re-turning of the wheel tread
surface. In particular, an accurate modeling of the brake block temperature can be helpful to
correlate on-board recorded data to the wheel-shoe contact temperature, which is difficult
to measure directly. Several works in the railway literature deal with modeling of the
block temperature, typically using FE software packages, thanks to the large computational
efficiency and power of modern computers.

Vernersson [17] built a 2D plane strain FE model to investigate TEI phenomena and
hot spot formations on the wheel tread for both cast iron and composite brake shoes, by
superimposing an initial perturbation on the contact pressure. The author found that hot
spots are produced when cast iron shoes are adopted; however, the experimental results
were not in full accordance with the experimental observations [17], due to the limits of
the model. Peteresson [18] implemented a 2D FE model of wheel and block, modeling
both bodies as circular sectors and applying convection boundary conditions on the free
surfaces of the block and a heat flux boundary condition on the contact surface, with the
repartition of the total friction heat calculated by introducing the thermal resistances of
the block and the wheel, considered as proportional to the local normal contact pressure,
whose distribution was assumed a priori.

Thuresson [19] developed a 2D FE model of an elastic block and a rigid wheel, solving
the contact problem by superimposing Signorini’s conditions and considering also the block
wear, using temperature-dependent laws for the calculation of the wheel-block friction
and of the block Archard’s wear coefficient. The author performed several simulations
to find optimal values of different design properties of the system, including friction
coefficient and thermal and mechanical properties of the block. Békési and Varadi [20]
carried out an experimental-numerical activity, first performing drag braking tests on a
1:4 scaled rig, measuring the temperatures of the block and wheel and the block wear,
and then developing a 3D FE coupled thermo-mechanical model of the scaled system,
considering the mutual influence between thermal stresses and contact pressure, as well as
the dependency of the wear coefficient on temperature. To save the computational time, the
wheel was modeled as a rigid body, and only half of the block was modeled, superimposing



Appl. Sci. 2021, 11,5010

30f12

a symmetry condition with respect to a plane perpendicular to the wheel axis. The total
friction heat was partitioned between the wheel and the block using a constant partitioning
factor. Vernersson and Lundén [21] used a 2D axisymmetric decoupled model and a 2D
thermoelastic model of wheel and block to investigate the wear of different brake block
materials in typical commuter train operations, and later the research group calibrated the
second model using data collected on a Stockholm commuter train [22]. Ivanov et al. [23]
developed a 3D FE model of a brake block, meshed with a grid of hex-type elements, to
study the temperature field in the block at different states of surface wear for three values
of the pressing force, finding that with a worn surface the mean and peak temperatures
increase, thus leading to a reduction of the friction coefficient.

Modeling of the wheel-block thermo-mechanical behavior can help in designing new
brake systems and brake shoe materials with desired properties and behaviors, to reduce
the number of maintenance interventions and their corresponding costs. In addition to
modeling, a continuous monitoring of the brake block temperature can be a useful strategy
to detect possible faults as soon as they occur, with a big increase in the safety of the
whole system. However, a direct measurement of the wheel-shoe contact temperature
is extremely difficult to perform, so indirect measurements should be obtained to gain
an insight into the wheel-shoe contact temperature. Cole et al. [24] studied the effect of
the temperature of the wheel rolling surface on the axle-box bearings by developing a
finite element (FE) model and performing laboratory tests considering different operating
conditions, but they found that for normal operating temperatures there is no influence on
the bearings.

The research group from Politecnico di Torino has extensive experience in the develop-
ment of on-board monitoring system prototypes [25-27]. In particular, the research group
developed two different prototypes for intermodal three-bogie freight wagon monitor-
ing [28]. The first one adopts a solely wired solution to sample the monitored quantities [29],
while the second one also has a wireless part for monitoring one of the axle-boxes of the
middle bogie [30]. The second device also has a power saving algorithm which starts up
the system when the rms value of the bogie vertical acceleration exceeds a certain threshold
value. Within the Cluster ITS Italy 2020 project, the research group from Politecnico di
Torino monitored more than 35,000 km on the international railway track thanks to the
intermodal freight wagon made available by the intermodal transport company Ambrogio
Trasporti S.p.a [31]. During the experimental campaign, the temperature of the brake blocks
was measured by means of Pt1000 thermistors installed near the brake block holder. In this
work data collected from the experimental tests are used as input for an FE simulation
that reproduces the operating conditions of the temperature of the cast iron block installed
on the monitored freight vehicle. The model is validated and calibrated to obtain a good
agreement between the simulated and experimental values of the brake block temperature
in the zone where the thermistor is installed. Therefore, the model can be used to predict
the wheel-shoe contact temperature as a function of the temperature measured on the
installation site of the thermistor and of the other measured signals.

2. Monitoring System Description

As part of the Cluster ITS Italy 2020 project funded by MIUR, the research group
developed and installed an on-board wired monitoring system on an intermodal Ambro-
gio Trasporti S.p.a. freight wagon. The parameters monitored during the measurement
campaign were:

e  The temperature of the cast iron brake blocks.
e  The brake cylinder pressure.
e  The accelerations on the axle-box and the bogie frame.

Temperature and pressures were sampled with a frequency of 1 Hz, while accelerations
were sampled with a frequency of 200 Hz. All data were stored in a flash memory integrated
in the monitoring unit. Figure 1 shows the working principle of the monitoring system.
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Figure 1. Scheme of the monitoring unit.

The monitoring system was installed on an intermodal Sggmrs type freight wagon, a
special freight vehicle used for the transport of containers and swap bodies. The vehicle is
composed of two units connected through a central joint, and it includes three Y25 bogies,
for a total of six axles, each one with a maximum axle-load capacity of 22.5 t. Each axle
is equipped with eight cast iron brake blocks, with a 2Bgu configuration for each wheel.
Therefore, the total number of shoes installed on a bogie is equal to 16.

During the measurement campaign a single shoe of the central bogie was equipped
with a temperature sensor. Preliminary tests were performed to verify that the temperature
was uniformly distributed on the four blocks acting on each wheel. The temperature
of the brake block was measured by means of a Pt1000 thermistor and a suitable signal
conditioning circuit. During the monitoring system design and development stages, several
laboratory tests were performed, comparing the measured values with those provided by
an infrared thermometer, in order to calibrate the measurement system. A housing seat,
near the part of the shoe fixed to the brake block holder, was obtained on the brake block,
see Figure 2.

[~ -

Figure 2. Brake block with temperature sensor.

The diagnostic attachment points, employed during the periodic bench brake tests,
were used to install the pressure sensors used to monitor the operating pressures of the
wagon braking system. The adopted pressure sensors had a resolution of 7 mbar. The
measurement campaign lasted a year, for a total monitored distance of about 30,000 km.

3. Thermal Model

An energetic approach, based on the thermal energy generated by the friction between
the wheel and the shoes during braking operations, was used for the thermal investiga-
tion of the cast iron brake blocks. The main parameters for this type of analysis are the
knowledge of the friction coefficient between the two contacting bodies, the geometry and
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material of the cast iron block, the pressure in the brake cylinder, and the geometry of the
brake rigging, which determines the total rigging ratio. The wheel-shoe friction coefficient
depends on the instantaneous speed of the vehicle and on the normal force acting on each
shoe (contact pressure). In fact, due to the braking action, the blocks heat up, and this
reduces the coefficient of friction between the wheel and the shoe. The mean values of the
friction coefficient p, used to build the model, were chosen in accordance with the literature
and the technical data sheets provided by manufacturers of braking components [32], and
an average wheel-shoe friction coefficient of 0.15 is assumed for the simulations described
in this work.

Please note that the proposed model only computes the temperature field arising in
the brake block, while the wheel temperature is not calculated, as the monitoring system
does not include a temperature sensor able to measure the wheel temperature. Moreover,
in order to calculate the wheel thermal field, accurate vehicle dynamics and wheel-rail
contact models would be required, possibly accounting for adhesion drops in degraded
conditions [33-35].

Each wheel of the monitored wagon is equipped with four cast iron shoes, for a total
of 16 blocks per bogie. The contact angle between the single cast iron brake shoe and the
wheel is 29.4°. With this value it is possible to calculate the contact surface between the
two bodies, where the heat exchange takes place. The thermo-physical properties of the
cast iron block installed on the Sggmrs wagon have similar values to those presented in
the literature, therefore the values from the work by Vernersson [6], shown in Table 1, are
considered in this paper.

Table 1. Thermo-physical properties of the cast iron block.

Physical Quantity Value
Thermal conductivity, k—[W/m K] 48
Density, p—[kg/m?] 7100
Heat capacity, c—[J /kg K] 520

The monitoring system samples the pressure of the central bogie brake cylinder at
1 Hz and saves it in the memory. The pressure value determines the braking condition, and
to obtain an average value of the pressure signal pyeq; for the calculation of the thermal
flow the integral mean value is used, calculated according to Equation (1), where p(t) is the
instantaneous pressure, while tr and t; are, respectively, the time at the beginning and at
the end of the braking maneuver.

1k
Pmean = / p(t)dt 1)
tr—ti Jy

Knowing the geometry of the brake cylinder (area Ayjingr) and the rigging ratio of the
braking system, it is possible to obtain the pressing force Fy,q that each brake shoe exerts
on the wheel during braking using Equations (2)—(4), following the prescriptions of the
UIC 544-1 fiche [36]. In Equations (2)—(4), Fyogie is the sum of all pressing forces acting on
the blocks installed on the bogie, Feyjinger is the force exerted on the brake cylinder, iz is
the total multiplication rigging ratio, ij; is the multiplication ratio after the central rigging,
Hayn is the efficiency of the brake rigging, F; ;o is the is the counteracting force of the brake
rigging regulator, Fs cinger is the brake cylinder spring return force, peyjinger is the brake
cylinder pressure, and finally, Acjinger is the area of the brake cylinder. The multiplication
ratio of the central rigging was determined from the rigging design and it is equal to 2,
while the multiplication ratio after the central rigging is assumed equal to 4 according to
the fiche prescriptions. Similarly, the brake cylinder spring return force and the regulator
counteracting force are assumed equal to 1.5 and 2 kN, respectively, while the efficiency
of the brake rigging is assumed equal to 0.83. Please note that in Equation (2), 16 is the
total number of blocks of the bogie that are actuated by the brake cylinder, and the brake
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cylinder force is assumed to be uniformly distributed on the brake blocks, while the effect
of inclination of the normal force acting on each shoe, is neglected.

Fpogi

gie
Fotock = — 0= 2
Pbogie = (Fcylinderitot - Fs,rigiﬂ) Ndyn, 3)
F cylinder — pcylinderAcylinder — Ls,cylinder- 4

The average friction force F gy at the wheel-shoe interface is obtained from the
product of the shoe normal force Fy, and the average friction coefficient 3, as shown in
Equation (5).

Fravg = Fplock - @)

The monitoring system includes a GPS sensor that provides information about current
time, position, distance, and elevation. Using these data, it is possible to obtain the thermal
energy Ey, generated during braking according to Equation (6), where dy is the running
distance during braking operation and Dt is the time duration of the maneuver.

 Futock d

By = = ®)

The heat flow Fy, that is generated from the friction between the two bodies is obtained
according to Equation (7), where Acontact is the surface of the block in contact with the wheel.

Ey,

thh - .
Acontact

@)

At this initial stage of the activity, the simple model briefly described above is devel-
oped to check the reliability of the monitoring system. However, an upgrade of the model
is planned by combining a detailed multibody model of a single vehicle and a longitudinal
train dynamics code, able to better simulate the vehicle dynamics behavior during braking
operations [37-40].

4. FE Model

The thermal model of the brake block was realized with the FE code Ansys APDL.
Figure 3 shows the developed model of the brake block, where the reduction of the mesh
size close to the thermal sensor location can be noticed. The mesh is realized using the
20-nodes SOLID90 element, a specific element for transient thermal analysis with a single
degree of freedom, i.e., the temperature, for each node. The whole model consists of a
total of 21,076 nodes. The thermal flux, calculated according to Equation (5), is applied as
a surface load on the area corresponding to the wheel-shoe contact surface. The load is
applied for a time duration equal to duration of the monitored braking operation. At the
end of the braking operation, the heat flux is removed to evaluate the evolution of the
temperature in the area where the thermal sensor is applied. On the lateral surfaces of
the brake block, which are in direct contact with the air flow, a convection coefficient
equal to 10 W/m? °C is applied, which ensures a good agreement with the literature [6].
The ambient temperature was assumed to be 10 °C, because the experimental test was
performed in February.

Table 2 summarizes the two braking maneuvers considered in this work. Data were
obtained by means of the on-board monitoring system. The last column of Table 2 shows
the time elapsed from brake activation to reaching the maximum temperature monitored
at the sensor application point.
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Figure 3. Mesh of the brake pad obtained in Ansys ADPL.

Table 2. Input data for the finite element (FE) model.

ops i Mean Time Elapsed from
Braking Braking Ism;gg Final Speed .}Iel:lla]eglt?frl; Pressure of Braking Brake Activation to
Maneuver  Distance [m] [krl’n /hl [km/h] F’C] the Brake Duration [s] Reaching Maximum
Cylinder [bar] Temperature [s]
A 786 95 33 23 1.12 47 271
B 713 93 23 37 1.20 46 220
5. Results

The FE model only considers a single brake block. Therefore, the portion of the total
heat flow entering the block, calculated with Equation (7), must be determined prior to the
simulation. The heat flow entering the block @ is calculated introducing a partitioning
factor w, depending on the geometry of wheel and shoe and on the thermal effusivity of the
contacting bodies, see Equations (8)—(10), in which S is the contact surface, k is the thermal
conductivity, p is the density, ¢ is the mass specific heat, and finally, subscripts s and w
relate to the shoe and wheel, respectively.

@ = (1 —a)dy, (8)
 BuSu
Y = BSu t BeSy’ ©)

Buwss = \/ kw/s0w/sCw/s- (10)

The wheel and shoe contact surfaces are calculated according to Equations (11) and (12),
in which Ry, is the wheel radius, Hy, is the block axial width, L;, is the block length and Ny,
is the number of blocks per wheel as suggested by Haidari and Tehrani [41].

Sw= 2Ry Hy, (11)

S, = LyH,Npp- (12)

Figures 4 and 5 show the results of the simulation of braking operation A, considering
two different time steps. In fact, Figure 4 shows the brake block temperature field when the
braking action ends, while Figure 5 shows the distribution of temperatures on the brake
block when the maximum temperature is reached at the position where the temperature
sensor is installed.
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Figure 4. Braking maneuver A—Temperature of the brake block at the end of the brake maneuver.

ANSYS

R17.2
Academic

— =
63.8 64.6 65.3 66.0 66.7 67.5 68.2 68.9 69.7 70.4

Figure 5. Braking maneuver A—Temperature of the brake block when the maximum temperature is
reached at the position where the sensor is installed.

Figure 6 shows the altitude and speed of the vehicle, measured by the GPS sensor,
the pressure on the brake cylinder, and the temperature of the brake block. The data
were recorded during on track tests and are relative to braking operation A. The last
plot of Figure 6 compares the trend of the brake block temperature obtained during the
experimental test with the one obtained from the numerical model, and it shows a great
agreement between the experimental records and the numerical predictions. In particular,
the numerical model is able to correctly predict the trend of the temperature increase on
the brake block due to the braking maneuver. Moreover, braking type A and B being very
similar, the maximum temperature increases on the brake block at the end of the braking
maneuver are very close to each other.

Figures 7-9 show similar results for braking maneuver B, and even in this scenario
the simulation results fit well with the trend of the real temperature of the cast iron brake
block. Analyzing Figures 4 and 7 it is evident the thermal gradient on the brake block due
to the thermal inertia of the material. In fact, the block surface in contact with the wheel
reaches much higher temperatures. Figures 5 and 8 show the temperature of the brake
block after the braking operation has been over for a significant amount of time; in fact, the
material thermal inertia requires a certain amount of time to heat up the material block at
the location where the thermal sensor is installed. Results show that the central part of the
block reaches lower temperatures with respect to the edges, and this effect can be related to
the prominence used to connect the block to the holder, which has a high thermal inertia.
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Figure 6. Braking maneuver A—Comparison of measured and simulated temperature of the brake

block at the position where the sensor is installed.
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Figure 7. Braking maneuver B—Temperature of the brake block at the end of the brake maneuver.
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Figure 8. Braking maneuver B—Temperature of the brake block when the maximum temperature is

reached at the position where the sensor is installed.
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Figure 9. Braking maneuver B—comparison of measured and simulated temperature of the brake
block at the position where the sensor is installed.

The results computed by the numerical model verify the accuracy of the model and
the method used for the evaluation of the thermal flux entering the railway block under
braking conditions. Therefore, the developed thermal model can be considered a reliable
tool for the estimation of the brake block temperature, which is a vital parameter for the
monitoring unit to assess the proper working of the braking system. Simulations not shown
in the paper were also carried out to quantify the effect of the convective heat exchange,
proving that its weight is marginal with respect to the heat flow due to friction contact.

6. Conclusions

The paper deals with the investigation of the thermal behavior of a cast iron brake
block during braking maneuvers by means of both experimental tests and FE analyses
performed using the Ansys Mechanical APDL commercial software package. The numerical
model was validated against the experimental data collected by a monitoring system
developed by the research group from Politecnico di Torino during a test campaign in
the context of the Cluster ITS Italy 2020 project for two different braking maneuvers.
The monitoring system can detect the brake block temperature by means of a thermistor
installed close to the brake block holder. The results of the model validation showed a
good agreement between the experimental temperature and the temperature computed
by the FE code at the location where the thermistor is installed. Therefore, the model can
produce reliable outputs and can be used to choose the best location for the installation
of the thermistor for monitoring purposes. In fact, the FE model allows to estimate the
temperature at the wheel-shoe contact interface starting from the measurements of a
temperature sensor installed in a different location.

In future upgrades, the numerical model can be improved to allow the investigation of
the thermal behavior of not only the brake block but also of the wheel and axle-box, so that
a better understanding of the relationship between the wheelset temperature and the wheel-
shoe contact interface temperature can be obtained. Moreover, the code will be upgraded
to consider different types of brake shoe material, including composite organic and sinter
materials. Therefore, a new experimental campaign should be carried out to verify the
model accuracy in the prediction of the brake shoe temperature for composite materials.
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