Results in Engineering 26 (2025) 104872

ELSEVIER

Contents lists available at ScienceDirect
Results in Engineering

journal homepage: www.sciencedirect.com/journal/results-in-engineering

Results in

Engine

Research paper

Brake particle emissions: Effect of temperature and modeling of

temperature behavior

Francesco Catapano, Silvana Di Iorio, Agnese Magno

, Luigi Sequino, Bianca Maria Vaglieco

Institute of Science and Technology for Sustainable Energy and Mobility (STEMS) - CNR, Naples, Italy

ARTICLE INFO ABSTRACT

Keywords:

Non-Exhaust particle emissions
Brake temperature measure
Brake thermal model

2d temperature distribution

Reducing the non-exhaust particle emissions has become the new challenge to pursue a more sustainable
transport system. Understanding the characteristics of brake wear particles and the factors affecting their for-
mation is essential for developing effective control measures.

This study reports an experimental investigation on the particles emitted from a brake for automotive. A finite-
difference thermal model of the disc and the pads was built on purpose starting from the experimental config-

uration. It was tuned and validated with the measurements performed at the test bench and then used to evaluate
the brake thermal status under new testing cases. Experimental results demonstrated that the braking profiles
strongly influence the particle number and size. At the same profile, the temperature plays a significant role on
particle emissions as well. The model showed good potential in the prediction of the brake disc temperature and
provided a simplified bi-dimensional distribution of the disc temperature.

1. Introduction

Transportation is recognized as the second cause of pollutant emis-
sions in European countries after power systems sector [1]. The traffic
affects air pollution due to the emissions of gaseous species and partic-
ulate matter (PM) [2]. Atmospheric aerosol particles have sparked
growing concern in the last years due to their harmful impact on human
health and climate change. Epidemiological studies have, in fact, high-
lighted the correlation between the exposure to PM and respiratory and
cardiovascular diseases [2]. Smaller particles are more hazardous as
they exhibit a higher deposition fraction and greater surface area contact
with human cells [3]. Moreover, the black carbon - soot - alters the
radiative properties of the atmosphere contributing to the global
warming [4].

In the last years, the governments have adopted policies to
encourage a more environmentally friendly transport system that is a
fundamental step towards a sustainable mobility [5]. The even stricter
emission regulations have driven the development of more advanced
combustion control [6] and exhaust emission treatment systems [7]
leading to a strong reduction of particles emitted by the vehicles [8].
Moreover, the decarbonization of the transport sector and the gradual
electrification of vehicle fleet [9,10], needed to pursue the objective of
achieving the carbon neutrality by 2050 [11], have further contributed
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to abate the exhaust PM emissions.

While these actions have led to a reduction of vehicle tailpipe PM
emissions, they have not had the same impact on other traffic related PM
sources. Consequently, the contribution of non-exhaust particle (NEP)
emissions due to the abrasion of vehicle components, such as brake and
tire, have outweighed the exhaust particle emissions [12].

Regarding the brakes, passenger cars are typically equipped with the
disc ones. When the driver hits the brake pedal, a mechanism increases
the pressure of the brake cylinder that forces the piston to push the pads
into contact with rotor. The friction between the pads and the disc
causes the wear of the components leading to the release of particles in
the surrounding environment [13]. Particles emitted from brake wear
represent a large portion of NEP accounting for up to 55 % of the total
non-exhaust particle mass [14]. This data have driven the proposal of
the European Commission to regulate the NEP emissions [15] with the
aim to preserve the urban air quality. In addition to exhaust emissions,
in fact, the next EURO 7 standard will include regulation also for NEPs
emitted from brake wear. The text includes a PM10 brake particle mass
limit of 7 mg/km starting in 2025, followed by a reduction to 3 mg/km
in 2035 [16].

The knowledge of the mechanisms involved in the emission of brake
wear particles (BWP) as well as the factors affecting their formation is
essential to identify the most effective strategies to contain them.
Several studies in literature have investigated the particle emissions due
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Abbreviations

BWP Brake Wear Particles
EEPS Engine Exhaust Particle Sizer
NEP Non-Exhaust Particle

NRMSE Normalized Root Mean Squared Error

OPS Optical Particle Sizer

PID Proportional Integral Derivative

PM Particulate Matter

WLTC  Worldwide Harmonized Light Vehicles Test Cycle

Symbols
A Convective heat exchange area (disc-pad contact area)
[m?]

Conductive heat exchange area (disc cross section) [m?3]
Specific heat capacity [J/kgK]

Convective heat transfer coefficient [W/m?K]

Thermal conductivity [W/mK]

Half sector-centerline length [m]

Mass [kg]

Brake circuit pressure [Pa]

Ss~REe 2

Po Pad-disc contact pressure [Pa]

Qgen Heat generated by disc-pad friction [W]

s Width [m]

s Half-sum of disc and pad widths [m]

T Generic temperature [°C]

T Ambient temperature [°C]

Vv Relative, tangential velocity between pad and disc [m/s]
Xg Fraction of the friction generated heat flux toward the disc

[-]

Greek Symbols
d Disc-pad contact parameter [-]
N Coefficient of dynamic friction [-]

Subscripts and Superscripts

disk Relative to the disc

Ix On the left of

N Generic disc sector

pad Relative to the pad

rx On the right of

ss Series of pad and disc (referred of thermal conductivity K)

to the brake abrasion through both laboratory and on-road experiments
[17-20]. It was found out that different factors affect the generation of
BWPs such as the composition of disc and pad [21], the braking con-
ditions, speed and deceleration rate, and the rotor temperature [22].
Among these, the temperature has a strong impact on the release of
nanoparticle emissions considered to be closely related to the volatili-
zation of organic components of the brakes occurring at high tempera-
ture [23]. Men et al. [24] performed an extensive characterization of
BWPs on a brake dynamometer analyzing the effects of different braking
conditions. They observed that nanoparticles are generated mainly via
the volatilization and condensation of organic components thus pointing
out the importance of reducing the organic content in brake pads while
maintaining braking performance as well as minimizing severe and
frequent braking to prevent the achievement of high temperatures
responsible for nanoparticle generation.

Improving the knowledge on the factors affecting the BWPs as crucial
step toward a more sustainable mobility was also object of a study by
Beji et al. [25]. They observed, through laboratory tests conducted on a
chassis dynamometer, using a common car, that brake wear particle
emissions change with braking force and frequency. Moreover, they
identified a threshold temperature above which ultrafine particles, with
a core mode centered at about 10 nm are generated in great number.

It can be argued that monitoring the brake temperature is crucial to
understand the mechanisms of particle generations. Existing studies
have employed different methods to measure the disc temperature
including embedded and sliding thermocouples [26], and infrared
cameras [27]. In particular, Wang et al. [28] in their review study
pointed out the utility to use infrared camera rather than thermocouples
to detect the rotor surface temperature without thermal inertia effects
and allowing to better capture the inhomogeneous temperature
distribution.

Overall, the research studies revealed that the temperature plays a
crucial role in the release of nanoparticles from brake wear. These
findings underscore the importance of further deepening this research
topic in order to identify effective strategies to mitigate BWPs.

The novelty of this work consists in the development and validation
of a predictive thermal model, coupled with detailed experimental
characterization of BWPs, to provide a deeper understanding of the
temperature-dependent mechanisms.

Experiments were carried out on laboratory brake dynamometer test
bench. An open layout configuration was set up to capture brake surface

temperature with an infrared camera. Particles were characterized in
terms of number and size from 10 nm to 10 pm by two different oper-
ating principle-based spectrometers.

A model for the prediction of the thermal status of the brake was set-
up and validated with the temperature measurements collected with the
open layout configuration. Then, the temperature evolution and a dis-
cretized 2d distribution of the temperature over the disc surface were
simulated for other test cases.

2. Materials and methods
2.1. Experimental setup

Experiments were performed in laboratory on a disc brake assembly
configured for testing purposes with a dynamometer to reproduce real

braking conditions (Fig. 1).
An open setup was designed in which the sampling probes of the

IR CAMERA
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Fig. 1. Schematic of the experimental setup.
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particle measurement systems were located near the friction surface. In
this research study, the main goal was the evaluation of the brake sur-
face temperature that is an important parameter affecting the particle
number and size distribution. For this purpose, an open layout was
realized to monitor the disc temperature through an infrared camera, a
Fluke TiS20 Thermal Imager characterized by a range temperature of
—20 °C to +350 °C at frame rate of 0.33 Hz.

This configuration suffers from contamination in the brake wear
measure due to the particles present in the surrounding air. Moreover,
particles produced from the brake abrasion can diffuse in the environ-
ment making difficult a reproducible measurement. However, this
layout benefits from low cost and construction simplicity. The choice of
experimental setup, between a closed and an open configuration, de-
pends on the type of test activity. In this research study, the main goal
was the evaluation of the brake surface temperature that is an important
parameter affecting the particle number and size distribution. Anyway,
authors are aware of the importance of a closed chamber containing the
brake for a more accurate particle measure. In this regard, a proper box,
in which the brake was sealed, was realized and was used for other
research studies focused on the brake wear particle characterization
[29].

The braking system, designed for light duty vehicles, consists of a
280 mm diameter cast iron equipped with a caliper and pad pair. The
rotor was linked to an asynchronous dynamometer through a drive shaft
allowing to control the disc speed profile. The hydraulic system setup,
commonly found in car brakes, includes a piston pump, powered by a
reservoir of brake fluid, which pressurizes the fluid and transmits it to
the caliper. A high-speed linear actuator connected to the piston through
a vacuum servo allowed to boost the braking force applied by the hy-
draulic system.

A closed loop control system was implemented to regulate the in-
tensity of the braking events. The torque generated by the dynamometer
was constantly monitored by a load cell and the brake pressure was
modified accordingly to ensure precise control of the braking forces and
to allow the simulation of different braking scenarios.

An alternative control option, open loop, was also implemented
where the linear actuator position, from 0 to 100 %, directly settled the
braking force.

A pressure transmitter with an end of scale value of 120 bar allowed
to monitor the system performance through the measure of the hy-
draulic pressure near the caliper inlet.

A dedicated application based on LabVIEW software was developed
to control the inertial brake dynamometer. Various parameters, such as
rotating speed, shaft torque, oil pressure and brake lever position were
measured by different I/0 channels at a 10 Hz frequency. A fast pro-
portional integral derivative (PID) control, operating at higher fre-
quency up to 1000 Hz, helped to maintain the desired speed profile and
brake force.

The particle counting setup included two instruments that,
combining different measurement techniques, allowed a comprehensive
analysis of the particle size distribution across a wide diameter range,
smaller than 10 nm up to 10 pm.

An Engine Exhaust Particle Sizer (EEPS) Model 3090 from TSI
Incorporated was used to measure the particles with diameter from 5.6
nm to 560 nm. It works by charging the particles and classifying them
based on their electrical mobility. The spectrometer was designed and
calibrated specifically for engine exhaust, taking into account that the
exhaust particles are mainly carbonaceous agglomerates. However,
research studies in literature revealed good agreement with a reference
instrument for metallic and inorganic particles that are typically emitted
from brake abrasion [22].

A TSI Optical Particle Sizer (OPS) Model 3330 measures the particle
diameter from 300 nm to 10 um by exploiting the principle of light
scattering by particles [30].Both instruments operated at the frequency
of 1 Hz.

The overlap in the size ranges of the two instruments permits the size
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distribution data they gather to be merged into one continuous distri-
bution, as if measured by a single instrument. While these measurements
do differ, this difference is corrected by minimizing the gap between
both distributions by a merging dedicated software [31].

2.2. Experimental procedures

Dynamometer bench was programmed to follow specific braking
profiles characteristic of real-world driving scenarios.

A specific 180-second portion of the Worldwide Harmonized Light
Vehicles Test Cycle for brake (WLTC-brake), from the second 5485 to
5665, was chosen to characterize the BWP emissions in urban driving
conditions. The selected braking profile is shown in Fig. 2a. It is char-
acterized by three full stop events where the rotating speed of the disc
was taken to zero and two light braking events. The disc ran to the
maximum speed of 400 rpm and the torque applied to the brake reached
values up to 150 Nm.

More extreme braking conditions were investigated through a
customized profile, named STRONG (Fig. 2b). Compared to the WLTC-
brake section, the STRONG profile features higher decelerations and
increased torque. The rotating disc, in fact, reaches up to 800 rpm and
the maximum applied torque has values around 300 Nm. The aim of this
profile was to simulate severe braking occurring in particularly con-
gested traffic scenarios.

Each test was repeated 5 times and the variability among the
different acquisitions was below 5 %.

2.3. Brake thermal model

The thermal model of the brake disc was built to evaluate the tem-
perature increment during the braking event due to the frictional heat
generation. In this preliminary analysis a simplified model of disc ge-
ometry and heat generation process was considered, whereas the reli-
ability of the simulation was granted by a validation with experimental
data.

For the frictional heat generation, a spherical Hertzian contact was
considered [32], that was characterized by a uniform heat source. The
equation is the following:

Qgen = UPoV (€D

where, u is the coefficient of friction, py is the mean contact pressure,
and V is the relative sliding velocity between the contacting bodies. py
was experimentally derived from the measure of the brake oil pressure.
It was then properly scaled to the ratio between the oil cylinder area and
the contact area. V was also experimentally derived from the measure-
ments of the shaft rotating speed, while y is a challenging parameter to
identify. As reported by many tribology researches [33-36], it can
strongly vary (experimental values span from 0.1 to 0.8) according to
many environmental and working conditions as temperature, humidity,
geometry of the contact area, surface roughness, and the same relative
speed and pressure that appear in the heat generation equation. To this
aim, the selection of the coefficient of friction was supported by an
optimization procedure that minimizes the error between the predicted
temperature and the experimental data.

Finally, the heat generated during the braking event is distributed to
the pad and the disc differently according to their thermal properties.
The partition of the total heat between the contacting bodies was eval-
uated by pondering their heat capacity as follows. According to the
chosen reference, the term xg is a non-dimensional value that represents
the amount of generated heat that is absorbed by the disc (Eq. (2)).

Cp, disk " Mdisk

xg = 2
Cp, disk Mdisk + Cp, pad'Mpad

In the end, to perform the energy balance, the disc brake geometry
was simplified and discretized. Taking advantage from the symmetric
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Fig. 2. Brake disc rotating speed and torque acquired during a) a section of the WLTC-brake and b) the STRONG profile.

configuration of the disc, only one-half and the relative pad, that exert
the braking force, was considered (Fig. 3). The single disc element was
then discretized in seven sectors by considering the ratio between the
disc mean circumference and the pad centerline length, so that each
sector was as wide as the pad. By partitioning the disc into seven sectors,
one control volume with heat generation was identified while the
remaining six volumes were characterized only by heat transfer phe-
nomena. The visualization of the disc brake subdivision and the related
heat transfer directions are reported in Fig. 3.

According to the angular distance traveled by the disc at a certain
time, a different sector is located inside the control volume with heat
generation. In the case two sectors of the disk would cross the heat
generation area at 50 %, the incoming one was considered. For each disc
sector and for the pad, the energy balance was performed. For the pad, a
simple model was considered. During the braking event, there is heat

Alg
:
R _T_ . _ . _ Rotation G C
H axis
H
F
: E D
H

Fig. 3. Scheme of the component discretization and heat transfer phenomena.

generation on the contact surface and convective heat dissipation on the
rear side; in non-braking conditions, there is convective heat dissipation
on both sides. For the disc, each sector dissipates heat for convection on
the free surface, for conduction to the sectors on the left and on the right,
and, for the braking surface, there is heat generation during the braking
event, convective heat dissipation when there is no contact with the pad,
and finally, if there is contact (brake pedal pushed) but the relative
velocity is zero (vehicle stopped), there is conductive heat transfer to or
from the pad depending on the temperature gradient.

The equations of the energy balance for the N-th disc sector and for
the pad are reported in detail in the Eq. A1l and Eq. A2 in Appendix A.
From the energy balance equations, the average temperature of the N-th
disc sector and the pad at a fixed time step can be evaluated using the
finite-difference method. As previously, the equations used for the
evaluation of the temperature are reported in the Eq. A3 and Eq. A2.

To switch among the different heat transfer processes between the
disc and the pad, the disc-pad contact parameter 5 was introduced. It can
assume the value of 1 and 0 according to the activation or release of the
brake. More details can be found in the Eq. A5.

2.4. Parameters identification methodology

The above-described model aims to predict the disc and pad tem-
perature given some main characteristics and boundary conditions.
Among them, there are some parameters that are strongly dependent on
the tested cases, such as the coefficient of friction between the disc and
the pad, y, as previously discussed, and the heat transfer coefficient, h.
For the latter, using the theoretical correlations from literature for the
determination of the Nusselt number, the disc sector in contact with the
pad can be considered as a vertical plane with uniform thermal flow.
Hence, the following correlations for the laminar and turbulent flow can
be used:

laminar flow : Nu = 0.453.Re®5Pro% 3)
turbulent flow : Nu = 0.0308-Re®8Pro-%3 ©)]
with:

p =k ®)

For the cases under investigation, the flow was laminar and the
convective heat transfer coefficient was about 5 W/m?K.

A more recent work from 2017 [37] proposes a correlation specif-
ically elaborated for the convective heat transfer on outside surface of
vehicle brake disc, where also a rotating Reynolds number (Re,) is
defined (Eq. (6)):

Re 0.82
Nu = Nu,_o- {1.3 +0.45 < Re“’ - 0‘77) } (6)

Applying this correlation to the present test case, the convective heat
transfer coefficient is about 3 W/m?K, that is very close to the one found
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with the well-consolidated correlations and simplified hypothesis.

To avoid the oversimplified use of literature data that cannot fit the
present case and lead to mispredictions of the disc thermal status, in this
work the two uncertain parameters y and h were experimentally derived
with a reverse approach that uses the curve-matching technique. Several
combinations of the two parameters were given as input in the model
and the error between the experimental and simulated curves of tem-
perature was evaluated for each couple. The friction and the heat
transfer coefficients were varied inside proper intervals. h spans from 1
to 10 W/m?K with a step of 1 W/m?K and  from 0.3 to 0.9 with a step of
0.1. Several simulations were performed using all the possible couples of
h and y for a total of 70 test cases. For each of them, the simulated disc

temperature (T)) was compared to the experimental one (T;). The
Normalized Root Mean Squared Error (NRMSE) was calculated as re-
ported in the Eq. A6 in Appendix A.

Where Tyax and Ty, are the maximum and minimum values of the
experimental curve and N is the samples dimension. The couple of pa-
rameters y and h that produces the lowest NRMSE was selected. Sub-
sequently, the values found with this procedure were validated with a
second set of experimental data.

2.5. Test plan

The calibration, validation, and application of the model were per-
formed using three different test cases reported in Table 1. For case 1, a
portion of a WLTC-brake, that was previously set up and tested in the
laboratory to characterize the BWP emissions, was considered. The
experimental measurements obtained from this test at the bench were
used for the model calibration (Tj,;;=20 °C) and validation (Tj,;;=50 °C).
Then, for the case 2, the test cycle “STRONG”, was used for the model
application. And finally, a brake pressure profile was built using an
urban simulation model, where a vehicle equipped with the same brake
system of the tests was selected. The vehicle ran the WLTC vehicle ho-
mologation cycle for a duration of 1500 s.

3. Results

The result paragraph is divided into two sections. The first part deals
with the experimental measure of the surface disc temperature and the
particle size distribution due to the brake wear. The second part, instead,
is focused on the calibration, validation, and application of the devel-
oped thermal model to different brake operating conditions.

3.1. Experimental results

Fig. 4 shows the contour plot depicting the BWP number and
diameter over time providing valuable insights into the correlation be-
tween braking characteristics and particle emissions. In particular, the
effect of two different braking patterns was analyzed, a segment of the
WLTC-brake (Fig. 4a) and a custom-designed, high-intensity STRONG
profile (Fig. 4b).

The selected section of the WLTC-brake is characterized by smooth
braking events representing a baseline for particle emissions under
typical urban conditions. The moderate braking produces low particle
concentrations with maximum values of the orders of 103 #/cm®. The
graph shows a continuous band of particle emission of diameters
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between 30 and 60 nm.

The number concentration measured in this size range with the EEPS
is comparable with the low limit of the spectrometer, and hence, it can
be correlated with the background noise. Peaks of particle concentration
of diameter between 200 and 2000 nm are clearly measured in corre-
spondence of the braking events. The highest particle concentration is
detected for braking events leading to the stopping of the rotor.

To delve deeper into the impact of brake severity on the BWP
emissions, a custom designed profile, the STRONG one, characterized by
abrupt stops simulating heavy braking, was developed. Fig. 4b shows a
substantial increase in particle emissions, approximately one order of
magnitude higher than the WLTC-brake scenario. This clearly estab-
lishes a direct correlation between braking intensity and particle
generation.

A continuous band related to the background noise is detectable also
in this case. Particle emissions show a broader distribution, from 100 to
3000 rpm with respect to the section of the WLTC-brake. The particle
size distribution exhibits a bimodal behavior with a first peak centered
at about 300 nm and a second one at 1000 nm. This bimodal distribution
suggests distinct particle formation mechanisms. Smaller diameter
particles are due to high temperature processes [22] while the larger
particle are associated with mechanic abrasion.

To analyze the effect of disc temperature on the BWP emissions, a
series of tests were carried out along the selected section of the WLTC-
brake. These tests were performed under two distinct initial disc tem-
perature conditions, a “cold” condition at 20 °C and a “warm” condition
at 50 °C. Fig. 5a provides visual representation of the disc surface
temperature during the tests. Specifically, it shows two infrared images
of the disc surface captured 30 s after the start of the cycle. These images
illustrate the temperature differences resulting from the distinct starting
conditions. At this point, the maximum disc surface temperature
reached 32 °C in the cold start test and 66 °C in the warm start test.

The graph in Fig. 5a further details the temperature evolution
throughout the WLTC-brake segment for both starting temperatures.
The data reveals a significant difference in temperature between the two
cases at the beginning of the cycle. However, this temperature variation
gradually diminishes along the cycle down to around 10 °C. This
convergence in temperature suggests a decreasing influence of the initial
condition over time.

The impact of temperature on BWP emissions is illustrated in Fig. 5b
showing the variation in particle number concentration measured be-
tween the two tests. It can be observed that as the temperature differ-
ence between the two cases decreases throughout the cycle, the
variation in particle number concentration also diminishes. This corre-
lation strongly indicates that brake disc temperature plays a significant
role in BWP emissions, with higher initial temperatures leading to
greater particle number concentrations. The decreasing difference in
emissions reflects the decreasing temperature difference.

From these results the strong impact of both the brake intensity and
the brake temperature on particle emissions can be argued. These phe-
nomena are correlated, stronger the braking higher the temperature.
The initial brake temperature significantly affects particle emissions
during the first phase of the braking. As the braking goes on, the dif-
ference between the temperature of the two tests decreases until they
reach the same value.

To reduce particle emissions, measures can be taken by acting on the

Table 1
Test cases.
Test case Drive cycle Duration [s] Reps [-] Initial Temp. [ °C] Brake pressure Temp. data
1 WLTC-brake* 180 2 20, 50 Measured Available
2 STRONG 32 5 20, 50 Measured N/A
3 WLTC_UrbSim** 1500 1 20, 50 Simulated N/A

" portion of the test cycle realized on purpose for brakes homologation.

" the test cycle is realized for vehicle emissions homologation and is performed in an Urban Simulation Environment.
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Figure Fig. 4. Time-resolved brake wear particle concentration and size distributions measured during a) a section of the WLTC-brake and b) the STRONG profile.
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Fig. 5. a) Temperature evolution in time (left) and space (right) and b) particle concentration variation along the selected portion of the WLTC between the tests
carried out at the starting temperature of 20 °C (cold condition) and 50 °C (warm condition).

braking profile, choosing smoother ones, temperature, properly
designing the brake to enhance air flows cooling or material.

3.2. Numerical results

The parameters p and h, required by the model for the simulation,
were evaluated using the method presented in the Parameters identifi-
cation methodology section by minimizing the NRMSE over 70 simula-
tions. The experimental test case used as reference for this procedure is
the test n°1 in Table 1, WLTC-brake, with an initial temperature of 20 °C
(cold start).

The map of the NRMSE is reported in Fig. 6. The color-bar on the
right indicates the value of the NRMSE for each point of the map. The
main contribution to the model accuracy is provided by the coefficient of
friction, while small variations are observed for different values of the
heat transfer coefficient. The best result is found for the couple h =3 W/
m?K and y = 0.75 which provides a NRMSE = 0.0139. The heat transfer

coefficient is in line with the values found using the theoretical corre-
lations from literature and it is the same of the one found with the recent
work from Zhang et al. of 2017 [6].

The curves of simulated temperature for the seven sectors into which
the disc is divided and for the pad are reported in Fig. 7 and compared to
the experimental measurements, previously shown in Fig. 5. A good
agreement can be appreciated, the simulated present some well-defined
steps of temperature increment corresponding to more intense brake
events. Regarding the temperature variation among the modeled sec-
tors, a quite homogeneous behavior is observed with a maximum spread
of about 10 °C at 300 s, mainly due to the difference between the two
adjacent sectors A and B, for which more comments will be made using
the 2d temperature visualization in the following. Concerning the tem-
perature of the pad, for the test duration under exam, its value is always
within the disc sectors temperature spread.

The discretization of the disc surface into seven sectors, for which the
energy balance is solved individually, allows to build a 2d visualization
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Fig. 6. Map of NRMSE for different values of h and p for the test WLTC_brakes,
T;=20 °C.

of the disc in order to appreciate the temperature variation at different
angles. Fig. 8 reports an instant view for three time-steps: 100 s, 200 s,
and 300 s. Lower is the disc temperature, more evident are the non-
homogeneities. At 100 s, in fact, the temperature spread (about 8 °C)
is not as high as that of 300 s (10 °C), where the maximum value is found
but it is significant whereas the absolute mean temperature is only 40 °C.
As the test proceeds, the disc temperature homogeneity increases despite
of the spread among the different sectors. At 300 s, the temperature
difference of 10 °C between the sectors A and B does not affect the

Results in Engineering 26 (2025) 104872

homogeneity of the 2d temperature distribution.

The second set of temperature data collected during the WLTC-brake
test with an initial temperature of the disc of 50 °C is used to validate the
model with the values of y and h identified in the previous paragraph.
The comparison between the model and the experimental data is pro-
vided in Fig. 9. The simulated temperature follows the measurements in
the first part of the test, up to 150 s. At 250 s, it is far higher than the
mean value but still below a high temperature spot collected from the
experiment. Finally, after 250 s, the model overpredicts the measured
temperature. The NRMSE is 0.0231.

These results indicate that the proposed model has a certain potential
and some limitations. For example, the analysis of the temperature
variation across the seven sectors is still representative of the phenom-
enon as it concerns the comparison among different simulated values.
The 2d visualization of the disc for three time-steps (100 s, 200 s, and
300 s) is reported in Fig. 10. Also in this case, the temperature on the disc
is quite homogeneous, with a very uniform aspect at 200 s, while a
stepped difference is noted again between the sectors A and B at 300 s.
Considering the configuration and the simplifications made at this stage
of progress of the model, this gap of temperature may be due to the low
number of sectors used. In fact, a series of brake events involving the
same area in a short time around 300 s produces a heat accumulation. It
is likely that increasing the number of sectors, the 2d temperature dis-
tribution would be more accurate, better highlighting the disc homo-
geneity or the presence of local peaks.

For the test n°2 of Table 1, named as “STRONG”, the duration is only
160 s and, downstream of the comments made in the previous section
about the overpredictions after 250 s, the model is suitable for the
application to this test cycle. The main characteristics of the STRONG
cycle are the powerful brake events due to the higher speed of the disc.
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Fig. 7. Curves of simulated temperature (solid lines) for each disc sector and for the pad (dashed line) compared to the experimental measurements (circle symbols),

for the calibration test WLTC-brake, T;=20 °C, with h = 3 W/m?K and p = 0.75.
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Fig. 8. 2d visualization of the simulated temperature across the disc surface, discretized into 7 sectors, for the calibration test WLTC-brakes, T;=20 °C, with h = 3 W/

m?K and g = 0.75.
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Fig. 10. 2d visualization of the simulated temperature across the disc surface, discretized into 7 sectors, for the validation test WLTC-brake, T;=50 °C, with h = 3 W/

m?K and y = 0.75.

This test has been performed at the test bench, in both cold and warm
conditions, and collecting the brakes oil circuit pressure. Using the brake
thermal model, developed in this work, can provide insight into the
temperature of the disc during the test. Fig. 11 reports the curves of
simulated temperature of the disc for both the initial conditions and, to
provide a comparison with the WLTC-brake test, the measurements are
also reported. During the STRONG cycle, regardless of the initial con-
ditions, the temperatures of the disc are significantly higher than those
of the WLTC-brake cycle. The rate of temperature rise is about three
times higher. About 0.5 °C/s of the STRONG cycle versus 0.17 °C/s of
the WLTC-brake cycle. This results in a final difference, at the end of the
test, at 160 s, of approximately 50 and 70 °C, for the cold and warm
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start, respectively. With this regard, another point of discussion is the
different behavior of the final temperatures, between the two initial
conditions, for the WLTC-brake test and the STRONG test. For the
former, the temperatures at the end of the test were almost similar
regardless of the starting value; while, for the STRONG cycle, the final
mean temperature for the warm-start test (about 130 °C) is higher than
for the cold-start case (about 105 °C).

In the end, the brake thermal model proposed in this work may be
coupled to a more complex model of urban mobility which is not pro-
vided with a temperature model. This can give support in the analysis of
a great quantity of data without the costs required by an experimental
campaign at the test bench. In the following, the temperature of the
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Fig. 11. Curves of simulated temperature (solid lines) for each disc sector and for the pad (dashed line), for the STRONG test, T;=20 °C (left/top) and 50 °C (right/
bottom). The experimental measurements of the validation test WLTC-brakes are reported with circle symbols for a comparison.
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Fig. 12. Input to the brake thermal model: vehicle speed and brakes circuit pressure during the execution of the homologation cycle WLTC in an urban simulation

environment.

brakes is still evaluated with the model developed in this work using as
input values the ones in output from a validated, commercial software
where the vehicle moves in a virtual environment and each component
is modeled. Fig. 12 reports the vehicle speed and the brake oil circuit
pressure curves from the simulated vehicle. After proper conversion to
disc rotational speed and contact pressure between pad and disc, the
thermal model of this work is run. The curves of temperature for the
seven sectors of the disc and for the pad are reported in Fig. 13
considering the two starting temperatures of 20 °C and 50 °C. The
experimental data, relative to the WLTC-brake test, used for the cali-
bration and validation processes, are superimposed to provide a refer-
ence. Despite their different origin, both the two test cycles refer to a
light weight vehicle testing procedure and then the temperature
behavior of the brakes is expected to be similar. As a matter of fact, the
figure reveals a good agreement between the temperature predictions in
the WLTC_UrbSim test and the data from the WLTC-brake test, sup-
porting the consistency of the thermal model results. Moreover, some
consideration can be made comparing the two tested cases without
focusing on the absolute temperature. Two main insights can be dis-
cussed, the first concerns the higher temperature of the pad compared to
the disc that arises for long test durations (1500 s), the second one is
relative to the behavior of the temperature at the end of the test. Also, in
this case, where the stressful brake events of the STRONG cycle are
missing, the temperature at the end of the test reaches almost the same
value regardless of the initial conditions.

The creation of the input data from a simulated environment can
consist in efficient support in the design of a test bench for brakes or
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other components by providing in advance the approximate magnitude
of the quantities involved.

4. Conclusion

Brake wear particles contribute in a significant manner to the par-
ticle emissions in the urban areas. Understanding the processes gov-
erning the release of these particles and the variables, such as the
temperature, affecting their generation is paramount to identify solu-
tions for their containment. In this context, this research study focuses
on particle emissions due to brake abrasion. The topic was addressed
using experimental and numerical methods. Experiments were per-
formed on a laboratory brake test bench. An open setup configuration
was developed for an effective measurement of the surface rotor tem-
perature through an infrared camera. The impact of the braking profile
on particle number and size was investigated. For this purpose, a section
of the WLTC brake cycle was reproduced to simulate typical urban
braking profile. More severe braking events were also analyzed through
a customized profile.

A thermal model of the brake disc based on the finite-difference
method was specifically developed in this work. The data of the exper-
imental campaign were used to tune and validate the model, then its
predictions were used for the estimation of the disc temperature in
different test cases.

Results arising from this study can be summarized as follows:
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Fig. 13. Curves of simulated temperature (solid lines) for each disc sector and for the pad (dashed line), for the WLTC_UrbSim test, T;=20 °C (left/top) and 50 °C
(right/bottom). The experimental measurements of the validation test WLTC-brake are reported with circle symbols for a comparison.
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- Experimental results clearly showed that the particle size distribu-
tion is affected by the braking scenario, and it is characterized by
higher emission levels in correspondence of high intensity braking
events.

- A correlation between the surface disc temperature and the particle
emissions was observed, the higher the temperature, the higher the
particle concentration.

The model calibration approach, based on the curve-fitting method,
allowed to have reliable predictions of temperature and, at the same
time, consistent estimations of the unknown quantities of the convective
heat transfer and the friction coefficients.

- The 2d temperature distribution on the disc surface was simulated.
Local inhomogeneities become less evident as the absolute disc
temperature increases.

- Stressful operating conditions produce rates of temperature rise
about 3 times higher than homologation cycle conditions.

- Simulating the input signals of a long duration test, the final tem-
perature of the disc was similar regardless of the different starting
value.

- The disc final temperature is mainly ruled by the braking power
rather than by the initial temperature.

In the perspective of upcoming emissions regulations, it is essential
to gain a better insight into the characteristics of non-exhaust particle
emissions due to the brake wear and the factors affecting their forma-
tion. A more comprehensive knowledge of these aspects can, in fact, be
crucial to identify strategies aimed to minimize the brake particle
emissions into the environment involving the improvement of materials
and the use of intelligent braking systems to optimize braking profiles.
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