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ABSTRACT: According to estimations 21% of total traffic related PM10 emissions in urban environments originate from 

airborne brake wear particles (Grigoratos and Martini, 2015). One approach to identify potential reduction schemes is the 

development of a better understanding of the formation processes of brake wear particle emissions. Due to the complexity of 

tribological processes in the friction layer between brake disc and pad it is quite challenging to derive a white box model of 

the particle emission behavior. Therefore, the approach chosen in this work is to develop an empirical mathematical model by 

measuring emission maps and quantifying the particle emissions in dependency of the influencing parameters brake pressure, 

vehicle speed, disc temperature and load history. The experimental setup used for the measurements consists of a sampling 

enclosure on a brake dynamometer which has been presented and validated in previous publications (Asbach et al. 2018, 

Niemann et al. 2018). Particle size distributions from 5.6 nm to 560 nm are measured by an electrical mobility analysis 

technique (TSI FMPS, model 3091) and from 300 nm to 10 μm by an optical measurement technique (TSI OPS, model 3330). 

The influencing parameters are varied by several design-of-experiments using drag braking events. The influence of the brake 

temperature on the emission of coarse and (ultra-) fine particles was investigated in one pressure-velocity-operating point of 

the brake and shows a hysteresis behavior. As known from several studies (e.g. Ostermeyer et al. 2018) the tribological 

properties of friction brakes are time variant. This behavior is often called “memory effect”. The memory effect or load history 

was investigated by stepwise variation of the brake pressure and speed. The total number of coarse particles emitted during 

one drag brake event is affected by the load history up to a factor of approximately 3. 

The rotational speed of the disc was identified as a dominant influencing parameter for the emission of the coarse particle 

fraction measured by the OPS with a monotonous increase of the number concentration approximately proportional to v³. 

Brake pressure influences the measured concentration in a way that is not monotonous and to a much smaller degree than 

speed. 

In order to investigate the transferability of the results gained in drag braking events to the emission behavior in a dynamic 

WLTP cycle an emission model was derived based on the knowledge gained from the black box model. The emission map 

uses brake pressure and velocity to predict the emitted number concentration of the coarse fraction in a WLTP cycle. The 

agreement between measured and simulated emission factors was within ±20%. 
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1. Introduction

According to estimations [1], brake particulate emissions amount 

to 21% of all traffic-related PM10-emissions in urban areas. 

Studying the emission behavior is therefore subject of current 

research projects to gain a deeper understanding of emission 

processes and to deduce reduction strategies from this 

understanding. The identification of influencing parameters on 

brake wear emissions is one step towards a deeper understanding. 

Brake pressure, velocity, temperature and load history are known 

from literature [2–5] as possible influencing parameters. The 

quantification of those influencing parameters was subject of 

previous publications and is expanded in this work especially for 

temperature and load history. Load history is also known as 

“memory effect” of the brake. The result of those investigations 

are emission maps that can be used for the prediction of particle 

emissions in new driving cycles. As PM10 is  affected by 

governmental restrictions regarding the urban air quality, the 

focus of those emission maps is the number concentration 

measured by the Optical Particle Sizer which correlates with the 

PM10 emissions in case of a constant size distribution and constant 

particle density. 

The validity of those emission maps is tested by the comparison 

of simulation and measurement results from single stop brake 

events and a WLTP cycle.  

2. Experimental Setup

The experimental setup consists of an enclosure on a brake 

dynamometer that surrounds the brake. HEPA filtered air flows 

with 1650 m³/h through the enclosure and transports the emitted 
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brake wear particles to the outlet of the enclosure. At the outlet of 

the enclosure an isokinetic probe is used to representatively  sample 

aerosol for measurement with an Opticlal Particle Sizer (TSI OPS 

3330), a Fast Mobility Particle Sizer (TSI FMPS 3091) and a 

Condensation Particle Counter (TSI CPC 3776). A PM10 impactor 

according to EN12341 ensures that only particles according to the 

𝑃𝑀10 convention, i.e. with an aerodynamic diameter smaller than 

10 µm can reach the particle measurement devices. The setup was 

described in more detail in previous publications [6–8] and is 

shown in Figure 1. For this study a disc brake with fixed caliper 

and ECE pads was used.  

 

Figure 1: Experimental setup for the measurement of brake 

wear particles on a dynamometer [6]. 

3. Methodology 

As described above the aim of this work is the measurement of 

emission maps to identify the influencing parameters and to 

quantify their influence on the emission behavior. Therefore 

different designs of experiments are used that are based on drag 

brake events to vary only one factor at a time. The influences of 

pressure and velocity are investigated together in a full factorial 

design which is described in more detail in section 3.1. To quantify 

the memory effect on the emission behavior the load history is 

investigated using the methodology described in section 3.2. The 

experiments for the measurement of temperature influence is based 

on time controlled drag braking events that increase the 

temperature stepwise in one p-v operating point of the brake (p = 

20 bar; v = 80 km/h). Section 3.3 provides a full description of the 

methodology for the measurement of the temperature dependent 

emission map. Finally the validation methodology for the pressure-

velocity emission map is described in section 3.4.  

3.1 Brake pressure and velocity 

The full factorial design of experiments for the pressure and 

velocity investigation consists of 25 operating points. The five 

different levels for pressure (1-20 bar) and velocity (6-135 km/h) 

are distributed logarithmically to provide lines of constant friction 

power. The range of brake pressure and velocity matches the 

resulting operating points in a WLTP speed profile. Each operating 

point is repeated for five times and the chronological order of the 

125 drag braking events (25 operating points ∙ 5 repetitions = 125 

drag braking events) is chosen randomly to avoid order effects or 

rather to average those effects. The duration of the drag braking 

events is 60 s if an integral disc temperature of T=150 °C is not 

exceeded. The integral start disc temperature is T=75 °C. 

 

Figure 2: Full factorial design of experiments with 5 levels 

of pressure and velocity that result in 25 operating 

points. Pressure and velocity levels are distributed 

logarithmically which results in iso-power-lines. 

3.2 Load History 

The influence of pressure and velocity history is investigated 

separately in one-factor-at-a-time test designs (OFAT). The 

approach for those tests is to observe the emission behavior in a 

reference operating point (p = 5 bar, v = 50 km/h) for different load 

histories. Specifically, this means that 20 drag braking events are 

performed in operating point 1 (OP 1). After that 20 drag braking 

events are performed in the reference point (Ref) and after that 20 

drag braking events in operating point 2 (OP 2) etc. (OP1  Ref 

 OP2  Ref  OP4  Ref …). The duration of the drag braking 

events is t = 5 s and the integral start disc temperature is T = 75 °C. 

The aim of this experiment  is to identify the influence of different 

pressure (OP 1-9) and speed histories (OP 10-18) in previous 

braking events on the emission behavior in the reference point 

(Ref). 

 

Figure 3: Design of experiments for the investigation of load 

history.  

3.3 Temperature 

The effect of temperature on the emission behavior is investigated 

in one pressure-velocity operating point of the brake (p = 20 bar; 

v=80 km/h) with time controlled drag braking events to increase 

and decrease the integral disc temperature to achieve a triangular 

variation of the temperature between 75 °C and 250 °C (see blue 

dotted line in Figure 11). In order to decrease statistical variances 

and to estimate the influence of adaption processes, five drag brake 
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events per temperature step are performed. Integral disc 

temperature measurement is performed with a thermocouple 

installed in the inner friction ring at a radially and axially centered 

position.  

3.4 Emission map validation and map based prediction 

As test cases for the validation of the measured emission maps 

single stop braking events and an exhaust-WLTP-cycle are used. 

Those test cases should evaluate whether the drag brake based 

emission maps would be valid for the prediction of dynamic 

deceleration brake events. The metric validity criteria used for the 

validation are maximum number concentration and total emitted 

particle number per brake event or per WLTP cycle. 

WLTP cycle is implemented on the dynamometer as a speed profile. 

In order to control the rotational speed of the dynamometer’s inertia, 

different pressures and velocities are supported by the disc brake. 

Those pressures and velocities are recorded and can be used as 

input data for the emission maps (see Figure 4). This enables the 

comparison of measured and simulated particle number 

concentrations during brake events. Post braking emissions are not 

considered by the emission maps in this work.  

 

Figure 4: Black Box approach for the prediction of particle 

emissions in new driving cycles 

4. Influencings parameters on brake wear emission 

The influencing parameters on the emission behavior were 

investigated using the methodology described in section 3. The 

results are summarized in the following sections. 

4.1 Brake pressure and velocity 

The pressure and velocity dependent emission map 𝑁OPS =

𝑁OPS(𝑝, 𝑣) is based on 25 operating points of the disc brake. Each 

operating point was repeated five times. The mean values of those 

125 drag braking events are marked by open circles in Figure 5. 

The mean value for each operating is plotted by closed circles. 

Mean values of the temperature are marked with a color map shown 

at the right side of Figure 5.  

The dominant influence of the velocity on the number 

concentration measured by the OPS is already obvious in the three-

dimensional plot of the emission map. There is also a smaller 

increase of the number concentration towards higher pressures and 

temperatures. As temperature was not controlled independently of 

pressure, the influence of pressure and temperature cannot be 

described independently with this emission map. 

 

Figure 5: Emission Map of the number concentration 

𝑁OPS = 𝑁OPS(𝑝, 𝑣)  measured by the Optical Particle 

Sizer. The mean values per brake application is marked 

by open circles and the mean values of those 5 values 

per operating point is marked by closed circles.  

To better quantify the velocity influence, the data from the three 

dimensional emission map in Figure 5 is projected to a two 

dimensional plot in Figure 6. The mean values of the 25 operating 

points are summarized in iso-pressure-lines. As an approximation 

of the velocity influence, a cubic relationship 𝑁OPS~𝑣3 is added to 

the plot.  

 

Figure 6: Two-dimensional projection of the mean number 

concentration values from the emission map 𝑁OPS =
𝑁OPS(𝑝, 𝑣)  in Figure 5. The blue dotted line is a 

hypothetical cubic realationship 𝑁OPS~𝑣3 

4.2 Load History 

Results for the influence of pressure history on the emission 

behavior are shown in Figure 7. Therefore, the time series of the 

total number of particles measured by the OPS during the brake 

events of the reference sections are plotted in Figure 7. For the 

measurements with pressure histories from operating points OP 1 

(2.5 bar), OP 2 (3,5 bar) and OP 4 (7 bar) the statistical variance 

between the total number of emitted particles is of the same 

magnitude as the difference between the first and last braking event. 

In those sections no “memory effect” of the brake can be observed. 

With OP 5 (10 bar) and OP 6 (14 bar) pressure histories, an increase 

of the total number of particles 𝑛OPS,tot was measured. During the 

first 4 brake events of OP 7 (20 bar) pressure history measurement, 

a “hook-shaped” decrease of 𝑛OPS,tot  was observed which changes 

to an increase for the following 16 brake events. The highest 

pressure histories in OP 8 (28 bar) and OP 9 (40 bar) lead to a 
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monotonous and asymptotic decrease of 𝑛OPS,tot . Those 

asymptotic adaption processes can be described by an exponential 

relaxation law  

𝑛OPS,tot = 𝑛0 + ∆𝑛adapt ∙ 𝑒
−𝑡B

𝜏adapt 

which was published previously in [8] for a full factorial load 

history design of the experiment. 𝑛OPS,ges is the total number of 

particles measured by the OPS during one braking event. 𝑛0 is the 

total number of particles measured by the OPS during the last 

braking event of the asymptotic adaption process. ∆𝑛Adapt is the 

temporal increase or decrease in emitted particle numbers between 

the first and last braking event. 𝑡B is the time of braking since the 

beginning of the reference section and 𝜏Adapt is the time constant 

of the adaption process. 

Independent of the pressure histories the final number of emitted 

particles per brake event 𝑛OPS,ges  is in the range of 4 − 6 ∙ 108 

particles. The maximum values of particle number emitted per 

brake event occur in the first brake event of the reference section 

(3 ∙ 109 particles) after a pressure history of OP9 (40 bar). This 

value is approximately five times higher than the final value 

𝑛0 after 20 brake events. 

For the pressure histories OP 4-6 the asymptotic adaption process 

seems not to be finished so there is an indication for a continuation 

of the emission adaption if the reference section would be 

continued towards more than 20 braking events.  

 

Figure 7: Time series of the total emitted particle number measured by the OPS for 8 sections of 20 drag braking events in 

the reference point with different pressure histories (operating points 1-9) 

 

Analogously to the pressure history, the results from speed history 

experiments are plotted in Figure 8. The reference section with a 

speed history of OP 10 (36 km/h) is the only section with a 

significant decrease of 𝑛OPS,ges over the progression of 20 brake 

events. During the brake events with a speed history of OP 11 (42 

km/h) there was no significant increase or decrease. Beginning 

from load history OP 13 (59 km/h) towards load history OP 18 (135 

km/h) the adaption of emitted particles during one reference section 

∆𝑛Adapt  is increasing, which points to a monotonous effect of 

speed history on the transient emission behavior. 
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Figure 8: Time series of the total emitted particle number measured by the OPS for 8 sections of 20 drag braking events in 

the reference point with different speed histories (operating points 10-18) 

 

For the quantification of those temporal differences in the emission 

behavior caused by different load histories, the temporal emission 

increase or decrease ∆𝑛adapt is plotted vs. pressure or speed history 

in Figure 9 and Figure 10, respectively. The reference pressure and 

speed is marked by an orange dotted line in each case. For reference 

sections with a pressure history that is similar to the reference 

pressure (2.5-7 bar), the difference of emitted particles per brake 

event is almost zero. Starting from 18 bar there is an increase of the 

temporal increase of 𝑛OPS,ges caused by the “memory effect”.  

In case of the transition area OP 4 to OP 6 (7-14 bar) small negative 

values of ∆𝑛adapt  occur which has to be proven in further 

measurements regarding significance and reproducibility. 

 

 

Figure 9: Temporal emission increase or decrease 

∆𝑛Adapt of total number of particles emitted per brake 

event measured by the OPS  in dependency of the 

pressure history ∆𝑝Load History.  

Figure 10 shows a plot of the speed history dependency of ∆𝑛Adapt 

analogously to Figure 9. There is an almost monotonous decrease 

of ∆𝑛adapt  versus the speed history. All speed histories with a 

lower speed than the reference speed of 50 km/h caused a temporal 

emission increase during the following reference section. In the 

opposite direction all speed histories with a higher speed than the 

reference speed of 50 km/h caused a temporal emission decrease 

during the following reference section. 

 

Figure 10 Temporal emission increase or decrease 

∆𝑛Adapt of total number of particles emitted per brake 

event measured by the OPS  in dependency of the speed 

history ∆𝑣Load History. 
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As an interim conclusion, three effects were observed: 

1. Brake events with high pressures (∆𝑝 ≈ 15 bar) cause a 

temporal emission increase for the following brake 

events with lower brake pressures. 

2. Brake events with lower speeds cause a temporal 

emission increase for the following brake events with 

higher speeds. 

3. Brake events with higher speeds cause a temporal 

emission decrease for the following brake events with 

lower speeds. 

4.3 Temperature 

The time series results of the temperature experiments described in 

section 3.3 are shown in Figure 11. Temperature was increased in 

a symmetric triangular shape from 75 °C up to 250 °C stepwise in 

blocks of five drag brake events at one temperature. A maximum 

of the OPS concentration 𝑁OPS  occurs before the maximum 

temperature is reached and an asymmetric concentration time series 

was measured by the OPS, which already points to a temperature 

hysteresis of the emission behavior. 

 

Figure 11: Time series of brake pressure, velocity and 

temperature (left y-axis) and number concentration of 

the optical particle sizer (right y-axis). Brake pressure 

(20 bar) and velocity (80 km/h) are constant in all drag 

braking events. Temperature is varied in a triangular 

shape with steps of 5 repetitions per temperature step. 

For the quantification of the temperature influence the number of 

emitted particles per brake event is plotted versus mean disc 

temperature in Figure 12. From 50 °C to 210 °C a degressive 

monotonous increase of the emission occurs. Beginning from  

240 °C, a hysteresis of the particle number appears on the 

descending temperature side of the triangle. This hysteresis 

phenomenon was observed in several tests also after the repetition 

of this triangular temperature test signal. 

A temperature increase of 200 °C leads to a factor of approximately 

4 between the minimum and maximum number of particles emitted 

in this experiment. 

Analogously to Figure 12 the total number of particles emitted 

during one brake event measured by the FMPS 𝑛FMPS is plotted 

versus the mean disc temperature in Figure 13. From 75 °C to 

160 °C there is a continuous increase of 𝑛FMPS by approximately 

one order of magnitude (from 2 ∙ 109  to 2 ∙ 1010  particles per 

brake event). At a disc temperature of 180 °C a stronger increase 

of 𝑛FMPS  occurs. This effect is well known from literature as 

“transition temperature” and was observed in many studies [9–11]. 

As cause of this phenomenon, many studies assume the onset of 

nucleation caused by the evaporation and condensation of disc and 

pad materials [6]. To prove this hypothesis in the experimental 

setup used for this study, the size distribution of the first drag brake 

event per temperature step is plotted as an additional information 

in Figure 13. As expected, the size distribution measured by the 

FMPS shows a shift towards smaller particles (𝑑P ≈ 10 nm) at the 

“transition temperature” of 180 °C.  This shift remains nearly 

unchanged up to the temperature maximum of 240 °C but 

disappears on the descending side of the temperature triangle. 

Those ultrafine particles at the lower detection limit of the FMPS 

are characteristic for nucleation processes. Analogously to the OPS 

results a hysteresis behavior occurs between 150 °C and 240 °C 
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Figure 12: Total number of emitted particles per brake event measured by the OPS depending on the mean brake disc 

temperature per event. To illustrate the hysteresis behavior the chronological order of the brake events is marked with 

a color map. Brake events on the ascending side of the temperature triangle are marked with blue and green circles. 

Brake events on the descending side of the temperature triangle are marked with green and yellow circles.  

 

 

Figure 13: Total number of emitted particles per brake event measured by the FMPS depending on the mean brake disc 

temperature per event. To illustrate the hysteresis behavior the chronological order of the brake events is marked with 

a color map analogously to Figure 12. For each temperature step the size distribution of the first brake event is plotted 

to identify the nucleation processes at the transition temperature which is characterized by a shift in the size distribution 

towards ultrafine particles (𝑑P ≈ 10 nm) 
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5. Emission map validation and map based 

prediction 

The validation of the emission maps according to the methodology 

described in 3.4 is subject of the following section. To represent a 

wide range of standard driving conditions the pressure-velocity-

map in section 4.1 was measured in the pressure range of 1 - 20 bar 

and in the velocity range of 6 - 135 km/h. Temperature and load 

history effects were only measured in single operating points. 

Those operating points were 20 bar and 80 km/h for temperature 

effects or 5 bar and 50 km/h for load history or “memory effects”, 

consequently no complete emission map for temperature or load 

history is available. Therefore, because of the dominant velocity 

influence, the simulations in this paper were only performed with a 

pressure-velocity-map. Three test cases are used for the validation 

of this pressure-velocity-map: 

1. A stop brake event from 135 km/h to 0 km/h with a 

deceleration of 1 m/s² 

2. A stop braking event from 51 km/h to 0 km/h with a 

deceleration of 1 m/s² 

3. An Exhaust-WLTP cycle 

For the stop braking events from 135 and 51 km/h, respectively, the 

measured and simulated time series of the OPS concentration are 

plotted in Figure 14 and Figure 15. The qualitative shape of those 

time series are similar, i.e. they show a sharp increase of the number 

concentration followed by a maximum value and a slower decrease 

of the concentration over time. The maximum values differ by 17 % 

for the 135 km/h braking event and 58 % for the 51 km/h braking 

event. The cumulative number of emitted particles differ by 3 % 

for the 135 km/h braking event and 30 % for the 51 km/h braking 

event. 

 

Figure 14: Measured and simulated time series of the OPS 

concentration 𝑁OPS for a stop braking event from 135 

km/h with a constant deceleration of 1 m/s² 

 

Figure 15: Measured and simulated time series of the OPS 

concentration 𝑁OPS  for a stop braking event from 51 

km/h with a constant deceleration of 1 m/s² 

In Figure 17 the simulated concentration and the measured mean 

value of 10 WLTP-cycles is plotted. Again, there is a qualitative 

match of the temporal concentration progression regarding an 

increase of number concentration over time going along with the 

trend of increasing speeds during the WLTP cycle starting from 

low- to medium- to high- and extra high section of the WLTP. 

Furthermore the measured concentrations are of the same 

magnitude, but for some braking events the measured and 

simulated maximum number concentration differ by a factor of 

approximately 2. Even though the measured and simulated 

cumulative emission factors, i.e. the total number of particles 

emitted per km, differ only by 18 % at the end of the cycle (yellow 

line in Figure 17). 

 

 

Figure 16: Time series of the measured brake pressure, 

velocity and temperature during the WLTP-cycle 
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Figure 17 Measured and simulated time series of the OPS 

concentration 𝑁OPS  and the differences between the 

measured and simulated cumulative number emission 

factors for an Exhaust-WLTP cycle.  

6. Discussion 

The following section discusses the results achieved in sections 4 

and 5 regarding the influence of pressure, velocity, temperature, 

load history and the validity of those emission maps.  

Simple wear models assume a linear relationship between wear 

volume 𝑉 and mechanical work 𝑊 [12]: 

𝑉 = 𝑘 ∙
𝑊

ℎ
 

𝑘 is an empirical determined constant and ℎ is the hardness of the 

material. For drag braking events, there is a linear relationship 

between mechanical work, friction force F and the sliding 

distance s: 

𝑊 = 𝐹 ∙ 𝑠 

Which is proportional to hydraulic pressure p and velocity v in drag 

braking events: 

𝑊~𝑝 ∙ 𝑣 

For stop braking events, the mechanical work is proportional to the 

difference of the squared initial and final velocities: 

𝑊~𝑣initial
2 − 𝑣final

2  

The estimated relationship between OPS number concentration and 

drag braking velocity is approximately cubic, i.e. 𝑁OPS~𝑣3. This 

raises the question if those wear models are not valid for the wear 

of brake materials or if there is a discrepancy between wear and 

emission, which will be subject of further experiments. Measured 

differences between the wear mass and the mass of 𝑃𝑀10 

emissions are pointing towards this discrepancy. Another approach 

to explain this discrepancy can be found by considering the load 

history results that showed a temporal increase of particle emission 

during high velocity events. To prove this hypothesis further 

experiments are planned that are designed to ensure stationary 

emission behavior that can be achieved after the adaption processes 

of the “memory effect”. 

The results regarding the effect of speed history (Figure 10) on the 

temporal emission behavior are in accordance with an “reservoir  

approach” from Kijanski et al. [13] who assumes that particles are 

collected in the cavities of the brake pad during low speed phases 

and are emitted afterwards in high speed phases. Vice versa, high 

speed braking events lead to an emptying of those cavities which 

leads then again to a temporal decrease of the emission during 

following low speed braking events.   

To explain the pressure history results presented in Figure 9, a 

similar approach can be used. Possibly high pressures prevent the 

particles from leaving the friction zone due to the higher normal 

forces and friction forces that oppose the movement of the particles 

in the friction zone. Those “collected” particles could be released 

in following low pressure braking events.  

The increase of the emitted number of particles with increasing 

temperature was expected, because temperature is a well known 

influencing factor on the wear of brake materials. Hysteresis effects 

are known for other fields of brake related quantities, such as the 

hysteresis of the coefficient of friction [14].  

The hypothesis of nucleation processes above the transition 

temperature of approximately 180 °C was confirmed in the 

experiments by plotting the dependency of the size distribution 

over temperature. The increase of the emitted number of particles 

was comparatively low compared to other publications where the 

number of particles show a sharp increase over several orders of 

magnitude [11]. It should, however, be noted that the exact number 

and size of particles formed by nucleation strongly depends on the 

exact flow as well as thermodynamic conditions inside the 

experimental set up. 

The transferability of the presented stationary drag brake event 

based pressure-velocity-emission-maps to dynamic deceleration 

brake events was confirmed in three test cases with deviations of 

3%, 58% and 16 % regarding the total number of emitted particles 

despite the fact that temperature and load history effects were 

neglected. Especially for the qualitative simulation of the dominant 

velocity influence, the map proved to be a valid simulation tool. 

7. Conclusion 

A methodology was presented to investigate the influencing factors 

on the emission behavior independently. If an independently 

variation is not possible an estimation regarding the influence 

caused by the simultaneous variation of two factors was given. 

Velocity was identified as dominant influencing factor for 𝑃𝑀10 

relevant particle emissions as there is an approximately cubic 

relationship between the OPS concentration and the drag braking 

velocity. An increase of the speed by a factor of 10 increases the 

OPS concentration by a factor of 10³.  

One reason for this strong dependency could be the “emission 

memory effect” of the brake. This effect was observed by varying 

the speed history in a drag brake based design of experiment. In the 

case of previous high speed braking events the 𝑃𝑀10 emissions in 

the following low speed braking events are temporal decreased 

before they reach the final asymptotic stationary emission rate. 

Also vice versa previous low speed braking events increase the 

𝑃𝑀10 emissions in the following high speed braking events. Those 

results are consistent with an explanation approach from Kijanski 
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et al. [13] who explains similar effects regarding the pad wear. In 

his model the wear particles are collected in the pad cavities during 

low speed braking events and are emitted during high speed drag 

braking events. A similar “emission memory effect” was observed 

regarding the pressure history as previous high speed braking 

events increase the emission temporally in the following low 

pressure braking events. Load history effects in general showed an 

influence of up to factor five compared to the “stationary” emission 

rate. 

Temperature effects were observed regarding 𝑃𝑀10  relevant 

particles measured by the OPS and regarding ultrafine particles 

measured by the FMPS. For 𝑃𝑀10  relevant particles an increase of 

factor 3 to 4 occurs by increasing the temperature from 50°C up to 

240°C. The same increase of temperature leads to an increase of 

ultrafine particles of factor 10² with the strongest increase at an 

integral disc temperature of 180°C. Also a shift of the size 

distribution towards ultrafine particles with a diameter of 10 nm 

was observed which is caused probably by nucleation processes. 

For the OPS as well as for the FMPS measurements hysteresis 

effects were observed. 

The information gained from the emission mapping experiments 

was used for the map based prediction / simulation of single stop 

braking events and for a WLTP cycle. The validity of the pressure-

velocity emission map was proven for the WLTP within a deviation 

range of 18 % for the cumulative emission factor and emission 

maps could be used as a simulation tool for the prediction of 𝑃𝑀10  

particle emissions in further investigations. 
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