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ABSTRACT

The influence of car brake system parameters on particulate matter emissions was investigated using a
pin-on-disc tribometer. Samples from a low-steel friction material and a cast iron disc were tested for
different sliding velocities, nominal contact pressures and frictional powers. Disc temperatures were
also measured. Their impact on total concentration, size distribution, particle coefficient and transition
temperature was analysed. Results show that frictional power is the most significant brake system
parameter. However, temperature, as a response parameter, is the most influential, inducing a shift
towards the ultrafine particulate fraction and raising emissions. A transition temperature, independent
of the system parameters, was identified.
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1. INTRODUCTION

Among road-traffic related pollutants, brakes have been estimated to contribute 55% by weight to the
total non-exhaust PM10 emissions fraction (i.e. airborne particles with an aerodynamic diameter of less
than 10 um). Furthermore, they account for 21% of overall road-traffic related PM10 emissions [1]. In
addition, particulate matter (PM) induces adverse health effects [2,3] and contributes to climate change.
Previous studies also show existing relations with cardiovascular and respiratory diseases [4,5] and also
classify this pollutant as carcinogenic [6]. Moreover, PM’s black-carbon content boosts global warming
whereas other elements such as, e.g. organic carbon, may have a cooling effect [7].

So far, most of the scientific publications in the disc brake aerosol research community have focused
on emissions characterization; that in order to better assess how particles can interact with human
beings and the environment. Hence, a wide variety of studies, performed at different test scales, is
available: real scale (field tests) [8,9], system scale (dynamic bench tests) [10-12] and model scale
(pin-on-disc tribometers) [13-15], among which promising correlations have also been found [16,17].
These scientific studies provide a qualitative description of particle emission in terms of size
distribution, emission factors, chemical composition and particle morphology. However, they do not
explain how the brake system parameters affect the generation of PM. Nevertheless, some interesting
observations are provided. Kukutschova et al. [10] noticed an increase in particle number concentration
in the ultrafine fraction when the rotor temperature exceeded 300°C. Garg. et al. [11] also noticed a
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mass reduction in the airborne fraction and an increase in particle number for temperatures close to
400°C. Similarly, Wahlstrom et al. [18] found that the ultrafine number concentration in a pin-on-disc
tribometer set-up increases by several magnitude orders for high load tests, i.e. the one with the highest
disc temperature.

Few studies have tried to further investigate the causes of origin of particulate matter . Eriksson et al.
have introduced the contact plateau models [19]. These plateaus were also observed by Osterle et
al.[20], while investigating tribofilm generation. Nevertheless, these studies focus on a mesoscopic
scale to explain wear and friction mechanisms.

In order to include particles emissions in brake system design and simulation routines [21], a clear and
complete understanding of their causes of origin, on a macroscopic scale, is still missing.

The aim of this study is to investigate how airborne PM emissions are influenced by typical car brake
system parameters and map their relations. In particular, the following will be investigated: speed (v),
contact pressure (p) and braking power (P). Temperature (T) will also be analysed as a significant
response parameter, resulting from the developed braking power and the system cooling conditions.
Speed and pressure can be classified as control parameters since they are governed by the driver;
braking power is a derivative parameter since it depends on the control parameters and the coefficient
of friction.

2. METHOD

2.1 Experimental set-up

All tests were performed on a model-scale, making use of a pin-on-disc tribometer with a horizontal
rotating disc and a dead weight loaded pin, enclosed in a sealed chamber. This system, previously
described by Olofsson et al. [22], has specifically been designed for airborne particles measurements.
While such set-up substantially differ from a real vehicle set-up for, e.g., the contact orientation and the
lack of dynamics, which should be considered for future studies, is nowadays difficult to measure
emissions on-road due to the relevant number of emission sources [23]. In addition the need to have a
simplified model of the brake contact, where a steady state can be reached, and parameters could be
easily modified led to the usage of a pin on disc tribometer. Its scheme is provided in Figure 1.
Ambient air (A), with a mean relative humidity of 24+1% and mean temperature of 20.5+1.2 °C, enters
the system. The air is forced by a pump (B), set to a flow-rate of 7.7 m®/h, through an HEPA filter (C).
The latter removes particles with a collection efficiency of 99.95%, at the Maximum Penetrating
Particle Size (Class H13 according to standard EN 1822). The now clean air enters the sealed test
chamber (F) through the inlet (E). Here, the air-flow is continuously controlled by a hot-wire
anemometer. The pin-on-disc tribometer lies inside the chamber. The approximate volumes are 0.135
m?® and 0.035 m® respectively, giving an air-volume exchange rate of about 77 exchanges/h.

A thermal insulating ROBURIT® back-plate is fixed on the rotating base (M) and the disc sample (1) is
screwed on top of that. The latter can rotate up to 3000 rpm thanks to a synchronous servo motor.
Conversely, the pin (K) is mounted in a stationary pin-holder; this is fixed on an arm (G) at the end of
which a dead weight (L) is positioned. The ratio between the arm hinge, the pin position, and the dead-
weight is fixed, intensifying the normal force by 2.1 times (e.g. a normal force of 30N at the tip of the
arm provides 63N on the pin). Differently, the tangential force is measured by a beam load cell with a
nominal load of 100 N and a nominal sensitivity of 2 mV/V.



When the system is loaded and the disc is rotating, the generated airborne fraction is well mixed to the
clean air volume (H). This is because of the complicated internal geometries. The air flux finally passes

through the chamber outlet (J) where it is sampled.
r
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Fig.1: pin-on-disc tribometer scheme [22]. (A) Room air; (B) Fan; (C) HEPA Filter; (D) Flexible tube; (E) Clean air
inlet;(F) closed box; (G) Pin-on-disc machine; (H) sampled air volume; (I) Rotating disc sample; (J) Air outlet/sampling
point;(K) pin sample; (L) Dead weight; (M) rotating base;

At the outlet, particle emissions were measured using a DEKATI® ELPI+™, an Electrical Low
Pressure Impactor; this both counts and collects particles on aluminium filters, in a size range of 0.0006
pum — 10 pm, divided into 14 different stages. The sample flow-rate is imposed at 10 L/min. The
sampling rate was set at 1 Hz, a good enough frequency not to hide interesting phenomena, as shown
from another study performed on a system-scale [24]. Even though pin-on-disc tests provide mainly
stationary conditions, particle emissions can show dynamic behaviour depending on the system
temperature; the latter was therefore measured using K-type thermocouples. Only the disc temperature
was acquired, using a slippery contact. The sampling rate was set at 2 Hz.

2.2 Materials

Pin samples with a 10 mm diameter were machined from a real low-steel brake pad the XRF
composition of which is shown in Table 1. The same pad material has previously been investigated by
Alemani et al.[25] and code named M1. Equally, disc samples with a 63 mm diameter and 6 mm thick,
were machined from a real disc braking surface, the chemical composition of which is shown in Table
2. Both specimens were taken from a typical European car brake system as described by Holmberg et al.
[26]. This consists of a four piston monolithic calliper, two low-steel brake pads with a surface area of
77cm? and a ventilated cast iron disc. The vehicle specifications can be found in [27]. Each pin and disc
sample was drilled to allow temperature measurements 3 mm below each contact surface. The disc
centre to pin-centre distance was set to 25 mm, also corresponding to the disc temperature
measurement point.

Table 1: Pin/pads chemical composition [wt%] obtained by XRF analysis

Mg | Si Al |S Ca |Fe |Cu |Zn Cr |Zr |[Sn |Ba |C
11.1 |63 |98 |56 |52 |76 |58 [134 |35 |01 |93 |- 22.3




Table 2: Disc/rotor chemical composition [wt%] obtained by optical emission spectrometry

C Si Mn | P S Cu |Cr |Fe
340 [1.70|057|0.03|0.26|0.24|0.20|93.6

2.3 Design of experiment

Two tests for each pressure-velocity combination, as provided in Table 3 and shown in figure 2, were
performed. The run order was randomized to reduce systematic errors. The selected levels were chosen
considering urban driving conditions. For the chosen vehicles, fluid pressures were in the range 18-45
bar, while vehicle speeds were between 5 km/h and 62 km/h. The same pressure levels were used by
Alemani et al. [25]. In addition, the present study expands the investigation to different speed levels.
Once the pin-on-disc tribometer was completely set, and the chamber cleaned and sealed, the pump
was turned on. This was to flush the air volume until no particles were detected. Meanwhile, the ELP1+
was checked for leakages and zeroed. Once the latter was ready and the chamber cleanliness verified,
the selected test was started. The motor was programmed to automatically stop at a sliding distance of
14148 m.

Table.3: Summary of the testing conditions for the full test plan. Conditions used for ANOVA are marked by a + or -,
indicating high or low levels respectively. Subscript indexes 1 and 2 indicate to which performed ANOVA they belong (1.
pressure-velocity, 2. pressure-frictional power)

Test  Sliding velocity Nominal contact  Sliding distance [m] Test time [s] Frictional

ID [m/s] pressure [MPa] power [W]
1 0.66 1.67 14148 21600 43.0

2 1.31 (1) 0.55 (-1) 14148 10800 28.7

3 1.31 (-y) 1.11 (+10) 14148 10800 57.3 (»)

4 1.31 1.67 14148 10800 86.0

5 1.97 (+) 1.11 (+12) 14148 7200 86.0 (+2)
6 1.97 (+) 0.55 (-1) 14148 7200 43.4

7 2.62 0.55(-,) 14148 5400 57.8 (-,)

8 3.92 0.55 (-2) 14148 3598 86.7 (+)

9 7.86 0.13 14148 1800 43.0

The obtained data were then analysed in terms of mean total number concentration and mean specific
particle coefficient. The former is defined as the sum of all the measured stage concentrations [#/cm3]
for each given sample. Therefore, the total number concentration is the one of particles ranging from
0.006 to 10 um. Note that the particle coefficient will be defined in Section 3: Theory.

In addition, the mean number size distribution [#/cm®] was considered. This is defined as the measured
concentration by each single stage. However, this was normalized by the stage characteristic diameter.
This is done to allow future comparison with different particle measurement instruments.

All the quantities were calculated as mean values for steady-state conditions of the system temperature;
that is, taking only into consideration measured values for disc temperatures exceeding 90% of the
maximum recorded one. The influence of pressure and velocity, as well as their interaction (i.e.
frictional power) was investigated performing a two-way ANOVA [28], using two repetitions. The
selected levels were 0.55 MPa and 1.67 MPa for the pressure, and 1.31 and 1.96 m/s for the sliding



velocity. Similarly, a comparison between pressure and frictional power was performed. The selected
levels were 0.55 and 1.11MPa, and 57 and 86W, respectively. These levels are highlighted in Table 3
by a “+”, for the high one, or by a ‘-‘for the low one. Subscripts ‘1’ or ‘2’, indicate the performed
ANOVA in the presented order.
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Figure 2: Pressure-velocity conditions map. Iso-Frictional Power line are visible, showing which of the tests had a similar
power. The investigated conditions are shown by black dots.

3. THEORY

A brake system is designed to transform the vehicle kinetic energy into heat, aiming for full stops or a
speed reduction, in a desired space. This energy transformation results in a variable increase in system
temperature per cooling condition (i.e. rotor design, air temperature, rim design, etc.) and developed
frictional power.

The latter is dependent on three typical brake system parameters: the friction coefficient, the normal
force, and the sliding velocity. This relation is presented in Eq.(1):

P = tNv Eq.(2)

where P is the frictional power, u is the friction coefficient, N is the normal load, and v is the sliding
velocity. These parameters, on a real brake system, result from the vehicle speed, the applied brake
pressure and the pads’ friction material respectively. Almost all of them have been investigated in
previous studies. Indeed, the relation between emissions and nominal contact pressure, i.e. brake



pressure, has been explored [18,29], showing a general increase in emissions with rising contact
pressures. However, such an increase seems to be non-linear and mainly caused by the ultrafine
fraction. Different friction coefficients [9,11,25], i.e. different friction materials, were also studied. The
results show lower emissions for NAO materials and still a non-linear relationship against the load,
irrespective of the analysed material. In contrast, the influence of the sliding velocity has not been
deeply investigated yet.

Recent studies [30] also reveal that there are two temperature levels affecting the total particle number
concentration. The first temperature range, identified between 40°C-95°C, affects the fine fraction; the
second one, between 165°C-190°C, affects the ultrafine fraction. It has also been verified that this
phenomenon occurs for different friction materials irrespective of their chemical composition, i.e. Low-
Steel, Very-Low-Steel or Non-Asbestos Organic (NAO).

This emissions temperature dependence, if confirmed, should be then considered in simulations. This
can be done by making use of emission factors. The literature proposes different ways of calculating it,
using particle mass or number. Among the latter, the most common are particle number per stop [11],
per unit sliding distance [22], per unit time [15] or per unit friction energy [30]; among the former,
particle mass per stop [9] or per sliding distance [31] are widespread. However, Olofsson et al. [32]
took a further step forward by calculating the particle coefficient (k). This is an extension of the
Archard-Holm’s wear coefficient [33] and can be interpreted as the probability a wear particle is
generated and becomes airborne:

N , AW
S " HD;

Eq.(2)

where Na;i/S is the emission factor expressed as particle number per slid distance S, W is the normal
force, H is the material hardness and D; is the wear particle diameter, assuming that particles are
spherical.

Wahsltrom et al. [34] proposed a simulation methodology based on pin-on-disc tests for ki calculation
using a low steel pad material against a cast iron disc. This methodology showed promising results for
steady state running conditions, along with the need to create an emission map covering a wider
operational range. Note that the characterization of pad hardness can be difficult since such a
component is very heterogeneous and made of different materials ranging from polymers to steels.
Therefore, rewriting Eq. 2, this paper will propose a particle coefficient, k', [#/MPa], which is specific
to the frictional couple hardness (ki /H). This implies that the obtained results will be valid only for
the analysed frictional couple, whose chemical compositions are stated in Tables 1 and 2. Adding a
direct dependence on the pressure, instead of the normal load (W), the specific particle coefficient can
be calculated as in Eq.(3)

' Nair ﬂDi3
air = Tm Eq.(3)

where p is the nominal contact pressure, and A is the nominal contact area.

In addition, to help simplify the simulation routines, a specific k', for each size fraction - i.e. ultrafine
(UF), fine (F) and coarse (C) - is given. Such reduction of available coefficients is meant to provide
the minimum amount of data while keeping information on the aforementioned commonly recognized
size fractions. Indeed, it should be considered that a set of K'asirrracTion Should be available for any
brake parameters combination, therefore a reduction in particle coefficients would be beneficial for



calculations speed. The K'airrracTion COefficient, in this papers, is calculated as a weighted mean of the
different coefficients belonging to the considered size fraction, weighted for the mean particle
diameter, D;, provided by the measurement instrument, as in Eq.(4).

I max
kD
k' _Z|:Imm airi 1 Eq(4)
D;

airFRACTION — n
i=1

Note that in this study the size fraction are defined according to the particles aerodynamic diameters (d,)
as follow: coarse fraction for 10 um<d,<2.5 um ; fine fraction for 2.5 pm<d,<0.1 um; and ultrafine
fraction for d,<0.1 pm.

Each of the aforementioned K'airrracTion COefficients will then need a single significant diameter which
can be calculated as the geometrical mean between the one belonging to the considered size fraction, as
in Eq.(5):

| max

Deracrion = HDi Eq-(5)

i=Imin

While Eq.3-5 provides a specific particle coefficient for each size fraction, which can be useful for an
estimation of a frictional couple overall emissions under simulation routines as from [34], it has to be
underlined that no relations to the basic particle generation phenomena, such as nucleation processes,
are provided.

4. RESULTS

Table 4 shows the mean total number concentration and mean specific particle coefficient for each size
range (K'asirrracTiON), 1.€. COarse, fine and ultrafine. Both parameter results are calculated as the mean of
the two performed repetitions and refer to steady-state conditions, for the system temperature, as stated
in Section 2.3. Note that used values are as measured, therefore particle coefficients equal to 0 can
occur, meaning that no particles were registered in that specific size range. According to Eq.(5), the

size fraction diameters to be considered for the particle coefficients are Dggprse = 6.9 pum,
Dene =0.12 pum and Dy pape =0.0012 pm.

Table 4: Testing conditions mean total number concentrations and specific particle coefficient values. Results are
calculated as the mean of the two performed repetitions.

Test Sliding Nominal contact Mean total number Specific Particle Coefficient [#/MPa]
ID  velocity [m/s] pressure [MPa]  concentration [#/cm®] Coarse Fine Ultrafine
1 0.66 1.67 2.9310° 270107 0.00 2.7410°
2 1.31 0.55 1.14 10° 2.0610° 25910* 2.40107
3 1.31 1.11 2.66 10° 41910° 270107 3.9510°
4 1.31 1.67 8.36 10° 3.5910* 4.8710° 22310*
5 1.97 0.55 8.56 102 3.6610° 3.1910* 230107
6 1.97 1.11 1.07 10’ 6.4510° 3.50107 1.0910*
7 2.62 0.55 1.1510° 43010° 4.2910* 5.20107
8 3.92 0.55 9.00 10° 0.00 0.00 3.3010°



9 7.86 0.13 2.5210° 156 102 4.9310°% 1.4810°

Figure 3 shows a pressure — velocity map for the total number concentration (see Table 4). In addition,
a linear interpolation of the obtained values has been performed to forecast the unexplored parameter
combinations. It is possible to observe how, moving to the up-right (increasing power), emissions reach

a peak from where they start to decrease.
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Figure 3: pressure-velocity-total concentration map. The plot shows the emissions intensity, in terms of mean total number
concentration for each pressure-velocity combination tested, during the steady state. An emissions prediction for the

surrounding conditions was performed.

An analysis of variance (ANOVA) for a 22 factorial design, where the considered factors are pressure
and sliding velocity, is shown in Table 5.The selected high and low levels are respectively 0.55 MPa
and 1.67 MPa for pressure and 1.31 and 1.97 m/s for the sliding velocity. The output is given in terms
of mean total number concentration for steady-state conditions of the disc temperature.

Table 5: 22 ANOVA results for mean steady-state total number concentration. The set levels were: 0.55 MPa and 1.11 MPa
as nominal contact pressure; 1.31 m/s and 1.97 m/s as sliding velocity

Source SS df MS F Prob>F
Sliding velocity 3.2110% 1 3.2110° 1.31 0.32
Nominal contact pressure | 8.8910" 1 8.8910% 3.64 0.3
Interaction 3.21108 1 3.2110% 1.31 0.32
Error 9.7810% 4 245108

Total 2.5110% 7

Table 6 shows the ANOVA results where the considered parameters are pressure and power. The set
levels were 0.55 MPa and 1.11 MPa for the former and 57 W and 86W for the latter. Power is
calculated as in Eq.(1). Results are given as for the previous analysis. Even if the frictional power p-
value is close to 0.1, there is a strong evidence for its importance compared to the contact pressure.



Table 6: 22 ANOVA results for mean steady-state total number concentration. The set levels were: 0.55 Mpa and 1.11 MPa
as nominal contact pressure; 57W and 86W as frictional power

Source SS df MS F Prob>F
Frictional Power | 1.4310" 1 1.4310" 521 0.08
Nominal contact pressure | 8.9110" 1 89110% 0.32 0.60
Interaction | 3.8010" 1 3.8010" 0.01 091
Error | 1.1010% 4 2.7410%

Total | 2.6210" 7

The performed ANOVA analysis indicates that frictional power is the most important parameter for
particle emissions.

Figure 4b, 4c and 4f show the particle size distribution for each testing condition. These were
calculated as the mean of the two repetitions performed. The corresponding test parameters are shown
in Figures 4a, 4c and 4d. Tests are grouped by nominal contact pressure levels. Similar colours for each
size distribution line indicate similar velocities. How the size distribution changes is clearly visible,
showing a predominance of ultrafine fraction for all the tests lying over the 45W power level.
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Figure 4: Mean size distributions for the different testing conditions(4b,4d,4e), along with the corresponding p-v-P maps
and testing points (4a,4c,4e).

Figure 5 shows the total number concentration values, plotted against the disc temperature, for each test,
during the steady-state. Irrespective of the working conditions, emissions show a steep increase above
the temperature range 170-190°C. Results from testing conditions no. 9 (see Table 3) are not shown
due to limitations in temperature measurements, given by the high rotational speed. The chosen dot
colours recall power lines in Figure 2.
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Figure 5: Steady-state number concentration against the steady-state disc temperature for the performed tests. Testing
conditions no.9, as in Table 3, are not included due to acquisition system limitations.

Figure 6 shows the specific particle coefficients values for each size fraction, as provided by Table 4.
Once again, a prediction of the surrounding test points was performed. A clear difference in particle
generation mechanism is shown. Coarse and fine particles seems to be more sensitive to velocity
whereas the ultrafine fraction is susceptible to pressure.
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Figure 6: Pressure-velocity-specific particle coefficients (k'y;) plot. The figures shows specific particle coefficients for
coarse (6a), fine (6b) and ultrafine (6c¢) fractions, for the tested conditions. A prediction of the surrounding conditions was

also performed.

6. DISCUSSION

The map in Figure 3 suggests that, among the considered brake system parameters (i.e. pressure, speed
and frictional power), frictional power is the most influential one. Indeed, the mean steady-state total
concentration increase correlates to a reasonable extent with the iso-frictional-power lines until a peak
is reached, around 85W, for condition no. 5 (see Table 4). Afterwards, emissions start to decrease. This
latter phenomenon is an interpolation artefact induced by the lack of measured points in that specific
area. In turn, this is due to testing equipment limitations. Therefore, values over the 85W power line
should not be considered as reliable.

A statistical evidence of the frictional power importance is also provided by the ANOVA results
presented in Tables 5 and 6. Indeed, when comparing sliding velocity and nominal contact pressure
(Table 5), the latter results as the most significant parameter, with a p-value of 0.12. Nevertheless,
when comparing frictional power and nominal contact pressure (Table 6), the former is the most



significant, with a p-value of 0.08. Note that only two repetitions were performed in this study; this
may explain the high p-values.

In a brake system, the controlled parameters are therefore not individually responsible for emissions.
What is important is how they are combined, along with the friction coefficient, resulting in frictional
power (see Eq.(1)). The higher the frictional power, the more the emitted particles. Note that the
friction coefficient in this study was treated as a constant directly related to the friction material.
However, not only the overall emissions are susceptible to the brake parameters. Number size
distributions also change depending on each test configuration, as shown in Figure 4. In addition, the
distribution seems more sensitive to the disc temperature than to brake system parameters. Indeed,
when combining the results from Figures 4 and 5, it is evident how emissions reach higher values,
especially due to the ultrafine fraction, when the transition temperature [25] is reached and overcome.
Clear confirmations are provided in Figures 4b,d: all considered tests (1,4,3,6) show high emissions,
with a peak in the ultrafine fraction, and high temperature values, but different frictional powers.
Conversely, tests 5 and 1 (Fig 4b,f) have the same frictional power but different size distributions,
depending on the disc temperature. Such results are in agreement with previous observations by
Kukutschova et al. [10], Garg et al. [11] and Alemani et al. [27,29]. Therefore, it can be stated that
temperature is even more important than frictional power. This observation is confirmed by Figure 5.
Indeed, the temperature increase is clearly connected to a significant increase in emissions. In addition,
the latter occurs in a specific temperature range which is independent of any brake system or response
parameter. In other words, Figure 5 illustrates how an increase in emissions by several magnitude order,
occurs in the temperature range 170-190 °C. This is irrespective of the pressure-velocity-power
combinations. Similar results were found by Alemani et al.[25] when imposing different loading
conditions at a fixed sliding velocity, for six different pad materials. However, it is interesting to note
that all tested pad materials make use of phenolic resin as a binder that starts to transform for
temperatures close to the transition one [35]. Therefore, an interesting hypothesis, also suggested by
Kukutschova [10] is that phenolic resin could be the main element responsible for such high emissions,
due to its transformation, degradation and burning.

According to the considered results, it is possible to indicate temperature as the main influencing factor
for brake system emissions. However, this is a response parameter, directly related to the frictional
power and the cooling capacity of the brake system. The controlled parameters, on the other hand, are
not individually significant since they are susceptible to transition temperature effects.

Figure 6 maps k', coefficients, distinguishing between a coarse (6a,b), fine (6¢,d) and ultrafine (6e,f)
fraction. The presented results can be useful for simulation purposes [34] providing a specific particle
coefficient based on fundamental system variables. If a static structural analysis provides the pressure
distribution for each considered time step, together with the imposed sliding velocity, then the
parameters to identify the proper k'arrracTion Values are enabled. These, multiplied by their
characteristic diameters (see Section 4), will give the overall emission for a specific moment.

Note that a limitation of the proposed method is that these diameters are susceptible to the selected
measurement instrument and its resolution; this is because only the cut-off diameter of each stage is
considered. Nevertheless, having particle coefficients that are specific to the size fraction helps reduce
the calculation time while considering the possible changes in size distribution induced by different
braking conditions.

Other than for simulations, these k'; maps indicate that size fractions behave differently. The coarse
and fine ones seem to be more sensitive to the sliding velocity whereas the ultrafine one seems to be



more sensitive to power and load. There are various reasons for this. First, bigger particles are highly
influenced by gravitational and inertial forces. Therefore, increasing the system speed will enhance the
Kinetic energy of the particles. In addition, the flow turbulence will rise. All this leads to a longer
stopping distance for the bigger particles [36], reducing the probability that they will settle before they
reach the sampling point [37].

On the other hand, the ultrafine fraction appears more sensitive to frictional power and temperature, in
accordance with previous literature [10,29,38] and the study results. Indeed, the K'iruLtrAFINE
coefficients rise for increasing temperature values (see Figure 4), up to the maximum values shown for
condition no.4. The only exception is test condition no.8. An explanation for such dependence of the
ultrafine fraction is suggested from Namgung et al. [38], indicating evaporation taking place at the
contact surface only for high temperature. Such phenomena would generate particles in the range of 20-
40 nm where nucleation can take place increasing the particle number. In addition when concentrations
are very high, agglomeration takes also place, generating particles in the range of 200 nm. Such
indications are in a good relation with this paper results, both in terms of total concentration as well as
in terms of Kairy_trarine COefficient. However the latter cannot distinguish between different
generation mechanisms, but can only provide indications on the overall probability that a particle in the
ultrafine range can be produced.

An important limitation to this study is the absence of isokinetic sampling, causing particle losses. This
does not affect the main outcomes of the study since all the tests were sampled using the same set-up.
Nevertheless, when performing simulations, it is important to consider that k'zicoarse IS affected by an
error.

Future works should try to extend the testing conditions to get a more accurate mapping for higher
energy, strengthening the results of this paper. A specific focus on phenolic resin would also be
valuable in order to understand whether this is the real main contributor to emissions, especially for the
ultrafine fraction.

/. CONCLUSIONS

A low-steel pad material was tested against a cast iron disc making use of a pin-on-disc tribometer
specifically designed for particle measurements. Different nominal contact pressures and sliding
velocities combinations were tested. The influence of the aforementioned parameters, the developed
frictional power and the system temperature, on particle emissions was analysed. The results indicate
that:

e System temperature is the most important factor affecting emissions due to the transition
temperature which significantly affects the ultrafine levels. Transition temperature is not
affected by the testing condition imposed here and lies in the range 170-190°C

e Among the typical brake system parameters, frictional power is the most important one. Similar
frictional power can provide different outcomes regarding particle emissions in terms of total
concentration, specific particle coefficient and size distribution, depending on the system
temperature

e The specific particle coefficient for the ultrafine fraction is affected by frictional power and
system temperature and increases as system temperatures rise



e The specific particle coefficient for the coarse and fine fraction is particularly affected by the
sliding velocity and shows an increase when nominal contact pressure decreases
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Research highlights

System temperature is the most important factor affecting emissions due to the transition temperature
which significantly affects the ultrafine levels. Transition temperature is not affected by the testing
condition imposed here and lies in the range 170-190°C

Among the typical brake system parameters, frictional power is the most important one. Similar
frictional power can provide different outcomes regarding particle emissions in terms of total
concentration, specific particle coefficient and size distribution, depending on the system temperature

The specific particle coefficient for the ultrafine fraction is affected by frictional power and system
temperature and increases as system temperatures rise

The specific particle coefficient for the coarse and fine fraction is particularly affected by the sliding
velocity and shows an increase when nominal contact pressure decreases





