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Herny Ford

vii





Kurzzusammenfassung

Partikelemissionen durch Bremsenabrieb tragen zur Luftverschmutzung
bei und gelten neben Staub von Reifen- und Straßenabrieb sowie Resus-
pension als hauptsächlicher Verursacher von Nicht-Abgasemissionen im
Straßenverkehr. Bremspartikelemissionen werden zwar wissenschaftlich
untersucht, allerdings hat sich bislang noch kein standardisiertes
Messverfahren etabliert, welches einen direkten Vergleich von Ergebnis-
sen ermöglicht. Insbesondere sind die Kenntnisse von Partikelemissionen
unter realistischen Fahrbedingungen sehr begrenzt.

Im Rahmen dieser Arbeit wurden zwei Prüfaufbauten zur Unter-
suchung von Bremspartikelemissionen entwickelt, umfangreich getestet
und angewandt: Ein Aufbau wurde für Messungen unter Laborbedin-
gungen am Bremsenprüfstand konzipiert und ein weiterer für Messun-
gen am Fahrzeug im realen Fahrbetrieb. Für beide Aufbauten wurde
ein identisches Messkonzept gewählt, welches vorsah, den gesamten
luftgetragenen Bremsenabrieb zu erfassen. Der Bremsenabrieb wurde
geschlossen zur Messstelle transportiert, wo er mit hoher Zeitauflösung
mittels unterschiedlicher Geräte hinsichtlich der Partikelgröße und
-masse analysiert wurde. Eine parallele Überwachung der Volumen-
ströme ermöglichte es, die Emissionen zu quantifizieren und Emis-
sionsfaktoren zu ermitteln, durch die eine hohe Vergleichbarkeit erzielt
wird. Die Durchführung der Messreihen erfolgte primär mit realistischen
Fahrzyklen, sodass die Ergebnisse als repräsentativ für reales Fahren er-
achtet werden können.

Für die Vorderradbremse eines Mittelklassewagens beliefen sich die
Emissionsfaktoren für Partikelmasse (PM10) auf 4.5 mg km−1 und für
Partikelanzahl auf 1-9×1010 km−1 pro Bremse. Das Emissionsverhalten
der Bremse unter erhöhten Temperaturen wurde ebenfalls untersucht,
welches maßgeblich die Entstehung von ultrafeinen Partikeln begünstigt.
Die Realfahrtmessungen zeigten jedoch, dass für normales Fahren diese
hohen Bremstemperaturen nicht erreicht werden und folglich die Bil-
dung von ultrafeinen Partikeln als unwahrscheinlich zu bewerten ist.
Darüber hinaus wurden die Ursachen von Emissionen während Beschle-
unigungsphasen und Konstantfahrten ermittelt.
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Abstract

Brake wear particle emissions contribute to ambient air pollution. Be-
sides tire wear, road wear, and dust from resuspension, brake wear has
been identified as essential source of non-exhaust traffic related emis-
sions. Although brake wear emissions are scientifically investigated, no
standardized measurement method has yet been established, which al-
lows a direct comparison of the results. In particular, the knowledge on
wear emissions under realistic driving conditions is very limited.

Within the scope of the present thesis, two measurement setups were
designed, extensively validated, and practically used: one measurement
setup was designed for emission investigations on a brake dynamometer
under laboratory conditions and the other one was adjusted for on-road
investigations on a vehicle. For both measurement setups, the same
measurement concept was used that yielded the aspiration of the en-
tire airborne brake wear. The brake wear was routed as whole to the
measuring point, where it was analyzed with high time resolution by
means of different devices with regard to the particle size and mass.
In parallel, the air flow inside the setup was monitored, which allowed
emission quantification. An estimation of the emission factors provided
a good comparability of the results. The measurements were primary
performed with realistic drive cycles so that the results were considered
as representative for normal driving.

The emission factors of the left front brake of a midsize passenger
car were found to be about 4.5 mg km−1 brake−1 and 1-9×1010 km−1

brake−1 for particle mass (PM10) and particle number, respectively.
In addition, the emission behavior of the brake under elevated brake
temperatures was investigated, which mainly favors ultrafine particle
formation. For normal driving, however, the on-road measurements re-
vealed much lower brake temperatures such that ultrafine particles are
not expected to be formed. Furthermore, the origin of emissions during
acceleration and constant driving phases was determined.

xi



xii



Publications

The thesis comprises (*partially) the following publications:

Paper I* M. Mathissen, J. Grochowicz, C. Schmidt, R. Vogt, F. H. Farwick zum
Hagen, T. Grabiec, H. Steven, and T. Grigoratos. A novel real-world
braking cycle for studying brake wear particle emissions. Wear, 414-415,
pp. 219-226, 2018.

Paper II F. H. Farwick zum Hagen, M. Mathissen, T. Grabiec, T. Hennicke, M.
Rettig, J. Grochowicz, R. Vogt, and T. Benter. Study of brake wear
particle emissions: Impact of braking and cruising conditions. Environ-
mental Science and Technology, 53, 9, pp. 5143-5150, 2019.

Paper III F. H. Farwick zum Hagen, M. Mathissen, T. Grabiec, T. Hennicke, M.
Rettig, J. Grochowicz, R. Vogt, and T. Benter. On-road vehicle mea-
surements of brake wear particle emissions. Atmospheric Environment,
217, 2019.

xiii





Contents

1 Introduction 1

2 Aerosols, Brakes, and Brake Wear Particles 7
2.1 Aerosol Physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.1 Particles in the Atmosphere . . . . . . . . . . . . . . . . . . . 7
2.1.2 Aerosol Measurement . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Vehicle Brake Systems . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3 Brake Wear Particles and Measurement Techniques: a Review . . . . 18

2.3.1 Brake Wear Generation . . . . . . . . . . . . . . . . . . . . . . 18
2.3.2 Measuring Techniques . . . . . . . . . . . . . . . . . . . . . . 20
2.3.3 Size Distribution and Emission Factors . . . . . . . . . . . . . 26

3 Laboratory Measurements of Brake Wear Particles 29
3.1 Measurement Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.1.1 Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.1.2 Air Flow and CFD Calculation . . . . . . . . . . . . . . . . . 32
3.1.3 Particle Loss Calculation . . . . . . . . . . . . . . . . . . . . . 35
3.1.4 Verification of Aerosol Sampling . . . . . . . . . . . . . . . . . 36

3.2 Drive Cycles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.3 Test Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.4 Brake Wear Emissions . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.4.1 Time Resolved Emissions . . . . . . . . . . . . . . . . . . . . . 45
3.4.2 Cumulative Analysis and Emission Factors . . . . . . . . . . . 49
3.4.3 Emissions per Brake Stop . . . . . . . . . . . . . . . . . . . . 53
3.4.4 Brake Drag . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4 Brake Wear Measurements under On-Road Vehicle Operation 61
4.1 Measurement Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.1.1 Particle Measurement Setup . . . . . . . . . . . . . . . . . . . 61
4.1.2 Tracer Gas Measurement Setup . . . . . . . . . . . . . . . . . 64

xv



Contents

4.2 Setup Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.2.1 Coast Down Behavior . . . . . . . . . . . . . . . . . . . . . . 66
4.2.2 Setup Air Flow and CFD Calculation . . . . . . . . . . . . . . 67
4.2.3 Particle Loss Calculation . . . . . . . . . . . . . . . . . . . . . 69
4.2.4 Aspiration Efficiency . . . . . . . . . . . . . . . . . . . . . . . 71
4.2.5 Tire/Road Dust Contribution . . . . . . . . . . . . . . . . . . 73

4.3 Test Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.4 Brake Wear Emissions . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.4.1 Repeatability . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.4.2 Time Resolved Emissions during the 3h-LACT Cycle . . . . . 79
4.4.3 Cumulative Analysis and Emission Factors . . . . . . . . . . . 82
4.4.4 Emissions per Brake Stop . . . . . . . . . . . . . . . . . . . . 84

4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5 Results in Literature Context and Discussion 89

6 Summary and Conclusion 95

Bibliography 99

xvi



List of Figures

1.1 Anthropogenic PM emissions in the European Union . . . . . . . . . 3
1.2 PM10 in Germany . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1 Typical aerosol modes . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2 Air flow pattern near probe . . . . . . . . . . . . . . . . . . . . . . . 10
2.3 Disc brake . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4 Friction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.5 Wear process at the friction interface . . . . . . . . . . . . . . . . . . 19
2.6 Particle size distributions . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.1 Dynamometer setup. . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2 Measurement principle of dynamometer setup. . . . . . . . . . . . . . 31
3.3 Air velocity profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.4 Chamber air flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.5 Transport efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.6 Setups for premeasurements . . . . . . . . . . . . . . . . . . . . . . . 37
3.7 Validation of sampling positions . . . . . . . . . . . . . . . . . . . . . 38
3.8 Simulation of the isokinetic effect . . . . . . . . . . . . . . . . . . . . 40
3.9 Drive cycles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.10 Velocity profiles of drive cycles . . . . . . . . . . . . . . . . . . . . . . 42
3.11 Temporal overview plot of 3h-LACT cycle . . . . . . . . . . . . . . . 46
3.12 Temporal overview plot of certain sections . . . . . . . . . . . . . . . 47
3.13 Particle number size distributions during braking . . . . . . . . . . . 47
3.14 Temporal overview plot of WLTP cycle . . . . . . . . . . . . . . . . . 48
3.15 Extrapolated filter load . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.16 Emission factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.17 Total PN emission values . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.18 Camparison of PN and PM emission values . . . . . . . . . . . . . . . 55
3.19 Particle number emissions during drag investigation . . . . . . . . . . 57
3.20 Particle number emissions under braking and cruising conditions . . . 58

4.1 Real-world measurement setup . . . . . . . . . . . . . . . . . . . . . . 63

xvii



List of Figures

4.2 Tracer gas setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.3 Coast down curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.4 Setup air flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.5 CFD calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.6 Estimated transport efficiency . . . . . . . . . . . . . . . . . . . . . . 71
4.7 Aspiration characteristics . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.8 Tire/road sampling setup . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.9 Cornering maneuver . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.10 Repeatability measurements . . . . . . . . . . . . . . . . . . . . . . . 78
4.11 Temporal overview plot . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.12 Emission factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.13 Particle number emissions for each brake event . . . . . . . . . . . . . 84
4.14 PM10 per dissipated energy ∆Ekin . . . . . . . . . . . . . . . . . . . . 85

5.1 Correlation of total PM10 and average particle number size distributions 91
5.2 Comparison of dynamometer and test car measurements . . . . . . . 93

xviii



List of Tables

2.1 Particle measurement devices . . . . . . . . . . . . . . . . . . . . . . 12
2.2 Material composition of brake pads . . . . . . . . . . . . . . . . . . . 16
2.3 Technical terms around brake testing . . . . . . . . . . . . . . . . . . 18
2.4 Brake wear emission measurements with pin-on-disc machines . . . . 21
2.5 Brake wear emission measurements on brake dynamometers . . . . . 22

3.1 Test parameters for each cycle . . . . . . . . . . . . . . . . . . . . . . 45
3.2 Airbrone fraction of brake wear . . . . . . . . . . . . . . . . . . . . . 51
3.3 Test conditions for brake drag investigation. . . . . . . . . . . . . . . 56

4.1 Test parameters for each 3h-LACT cycle . . . . . . . . . . . . . . . . 81

5.1 Emission factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

xix





Frequently Used Abbreviations and Symbols

APS TSI aerodynamic particle sizer
c gas mixing ratio or particle concentration
CFD computational fluid dynamics
dp/dtube particle/tube diameter
DT TSI Dusttrak
∆Erot/kin dissipated rotational/kinetic energy upon braking
∆mfilter raw filter load
EEPS TSI engine exhaust particle sizer
EF emission factor
ELPI+ Dekati electrical low pressure impactor
ηasp/trans aspiration/transport efficiency
LACT Los Angeles city traffic
LM low-metallic (content brake pads)
M̄res residual torque of the brake system
µf coefficient of friction
NAO non-asbestos organic (content brake pads)
PM particulate matter
PM10/2.5 particulate matter with diameter of 10 µm/2.5 µm or less
Qsetup/device air flow in setup tube/measurement device
qNO/NOx NO/NOx gas flow
SM semi-metallic (content brake pads)
T̄crit critical brake temperature at which ultrafine particle emission occurs
Ti initial brake temperature
TC thermocouple
TSP total suspended particles
U/U0 air velocity in sampling tube/setup tube
WLTP worldwide harmonized light-duty vehicles test procedure

xxi





CHAPTER 1

Introduction

Environmental awareness is becoming increasingly important in our society. An es-
sential aspect here is the maintenance of atmospheric air quality through reduced
pollutant emissions. Heavy air pollution affects ecosystems and leads to climate
change, which mainly causes a global increase in temperature [1, 2]. But also se-
rious health concerns are associated with polluted air. The director of the World
Health Organization (WHO), Tedros Adhanom Ghebreyesus, identified air pollution
as “one of the biggest threats to global health” and called on the world community
to take action against it [3]. Reducing emissions is in everyone’s interests and it will
become one of the biggest challenges of the current century.

The ambient air quality varies geographically and it depends strongly on the pol-
lutants present and the concentrations at which they occur. The most harmful
substances that are linked to public health concerns are gases such as ozone (O3),
nitrogen dioxide (NO2), and sulphur dioxide (SO2) [4]. But also particulate mat-
ter (PM) is classified as harmful as it shows the most severe indications of public
health [5]. The term PM includes all suspended substances either of solid or liquid
phase. The particles are of different size covering a wide range from nanometer up
to several micrometers in scale. Depending on the particle size, different classifica-
tions are made based on the aspiration and/or absorption by the human body. For
example, PM10 describes the mass fraction of all particles with diameters smaller
than or equal to 10 µm. At an aerodynamic diameter of 10 µm the cut-off efficiency
is at 50 %. Since the particles pass the larynx, the fraction is called “thoracic frac-
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1 Introduction

tion” [6]. Similarly the “respirable fraction” is defined by PM2.5 with a 50 % cut-off
efficiency at 2.5 µm particle diameter. Particles smaller than 1 µm behave similar to
gas molecules and they are expected to penetrate down to the alveoli. They can be
integrated into cells and/or the circulation system, which may cause the heaviest
damage [7, 5].

As a consequence of particulate air pollution and the exposure to it, various dis-
eases are known. In particular, respiratory and cardiovascular health effects are
reported [8, 9]. For long-term exposure, the diseases are accompanied by losses of
lung functionality, stroke, or an increased risk of suffering cancer [10, 11]. Thus in
general, the exposure to PM emissions leads to an increased mortality and a reduc-
tion of human life [9]. About 400,000 annual premature deaths that are linked to
PM immissions are reported for the European region [12]. As protective measure,
the European Union introduced PM10 air quality standards in 2005. The legislation
foresees an annual mean limit of 40 µg/m3. This includes 35 permitted exceedances
of 50 µg/m3 based on a daily average. From 2015 on, additionally a PM2.5 expo-
sure limit of 20 µg/m3 is valid, which is based on a three year average value [13].
In contrast, the WHO recommends more restrictive annual limits of 20 µg/m3 and
10 µg/m3 for PM10 and PM2.5, respectively [14].

Particulate air pollution arises through natural phenomena and anthropogenic
processes. Natural emissions, for example, occur as sea spray from the oceans and
smoke from forest fires or volcanic eruption. Most of these emissions are linked to
unpredictable events, whereas the anthropogenic emissions, which arise mainly from
combustion and agriculture, pollute nature much more continuously. This allows a
precise source apportionment classification. In figure 1.1 the anthropogenic PM10

and PM2.5 sources and their shares are shown for the European Union. The biggest
emission share is reported for the group of “Commercial, institutional, and house-
holds”, followed by “Industrial processes” and “Agriculture”. A significant share of
about 10 to 11 % is also reported for the category “Road transport”. In case of PM10,
this group represented a total contribution of nearly 300 kt over the year 2016 [15].
This includes exhaust as well as non-exhaust emissions that is road abrasion, tire
wear and the focus of the present study, brake wear. Note, particle resuspension is
not considered, which leads to the assumption of even higher PM10 emissions related
to road transport.

When considering the German road transport related emissions, a very clear
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Figure 1.1 – Anthropogenic PM emissions in the European Union. PM10 (left)
and PM2.5 (right) emissions categorized by European Environment Agency (EEA) sector
names in 2016. Based on data from EEA [15].

tendency can be seen that is in principle also representative for the EU. In figure 1.2
the annual PM10 emissions are plotted since the beginning of the century. Over the
whole time series, the exhaust emissions were continuously falling. A reduction of
more than 66 % was found for Germany. The reduction is attributed to the integra-
tion of novel exhaust filter technologies and aftertreatment systems into the vehicles
as a consequence of policy regulations. Due to the continuous renewal of the vehicle
fleet, a further reduction of exhaust emissions can be expected in the future (see
figure 1.2 (b)). In contrast, the non-exhaust emissions remained unchanged. As the
TREMOD model predicts, even an increase of non-exhaust emissions - especially
for brake and tire wear - is expected. This emission trend can be explained by the
fact that an increasing demand for mobility in combination with a growing fleet of
vehicles is expected. Furthermore, non-exhaust emissions are not yet affected by
regulations. Thus, a decreasing emission tendency cannot be expected in the near
future.

As the diagrams (a) and (b) in figure 1.2 indicate, in the past, non-exhaust emis-
sions were only roughly differentiated. The amount of brake wear on the traffic
related PM or even the entire ambient PM remained unknown and is still highly
uncertain [16]. Only a few studies addressed this issue and reported a brake wear
fraction of 21 % to 55 % to the traffic related PM10 emissions [17, 18]. Measured by
the ambient PM10 concentrations, brake wear emissions reflect smaller contribution
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1 Introduction

of only 5-10 % [19, 20]. Its absolute concentrations values were estimated and found
to be in the range of 0.8 µg/m3 to 4 µg/m3. These estimations account for urban,
traffic oriented areas, while for remote areas lower values are expected [16]. The
observations are in agreement with the annual mean PM10 concentrations reported
by the German Environmental Agency (see figure 1.2 (c)). Higher air pollution
rates are also reported for the urban and especially the traffic-oriented areas. Since
a large part of the population lives in urban areas, emissions should fall just there.
Reducing further traffic related emissions may be one part of the solution.

Figure 1.2 – PM10 in Germany. (a) Emission trend in the category “Road trans-
port” from 2000 to 2016 [15]. (b) Expected emissions until 2030 using TREMOD-model.
Data from the German Environment Agency [personal communication with J. Appelhans,
04-June-2019] (c) Mean annual PM10 concentrations categorized according to different
measurement points. Data from the German Environment Agency [21].

The actual data of the German PM10 emission trend show a nearly equal share of
brake wear and exhaust emissions. This ratio is actually not reached for all European
countries and exhaust emissions are still predominating. However, the European
Commission already established research programs that addressed the reduction of

4



brake wear emissions. One of the EU-funded projects was “LOWBRASYS” (Low
Environmental Impact Brake System). The project aimed at the reduction of PM10

and particle number emissions of a conventional brake system by at least 50 %,
respectively [22]. In order to achieve the goal, new brake materials, designs, and
technologies for dust reduction were developed. This required a robust measuring
procedure that allows to compare the emissions behavior of different brake materials
and technologies. But a consistent and robust measurement method for brake wear
emissions was not established. Even today there is no consensus on how to measure
brake wear in a consistent and uniform way. Thus, this topic is under discussion
within the framework of the UNECE-GREPE-PM program finding a standardized
methodology for measuring brake wear [23].

Within the scope of the LOWBRASYS project, the present work was prepared.
It proposes two solutions for measuring brake wear particles: one approach was
performed on a brake dynamometer under laboratory conditions and the other one
allowed brake wear investigations on a test vehicle under on-road driving condi-
tions. For both approaches novel measurement concepts were developed. Particular
attention was paid to emission investigation under realistic driving conditions, which
clearly differentiated the work from previous emissions studies [24, 25, 26]. The se-
tups were designed for highly sensitive measurements with low particles losses. A
collective sampling of the entire brake dust through an enclosure around the brake
enabled an emission quantification. As a result, emission factors (EF) in terms
of particle number and particle mass were calculated. The laboratory investiga-
tions were verified through the on-road vehicle measurements, which completed the
study. In general, both measurement approaches set novel aspects regarding brake
wear investigation, which may serve as orientation for establishing standardized test
methodologies in the near future.
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CHAPTER 2

Aerosols, Brakes, and Brake Wear Particles

This chapter gives a brief insight into aerosol physics and describes methods for
particle sampling. Furthermore, an introduction into common vehicle brake systems
and their functionality is given. The particle generation process of friction brakes
is discussed in a last section together with a review on brake wear measurement
techniques and emission factors. All these topics are complex and cannot be covered
in full detail. The chapter gives rather an overview of fundamental aspects that are
related to the present work.

2.1 Aerosol Physics

2.1.1 Particles in the Atmosphere

An aerosol is described by Willeke and Baron as “an assembly of liquid or solid
particles suspended in a gaseous medium (e.g., air) long enough to enable observa-
tion and measurement” [27]. The broad interpretation of the term aerosol already
indicates the complexity of this topic, which refers to the different physical and
chemical properties: aerosol particles cannot just be of different states of matter or
be composed out of different elements, they are also of different size. The particle
size is conventionally given in diameters (dp) and an important quantity for describ-
ing aerosols. The influence of external forces and related interaction of the particles
depend largely on the particle size. This establishes high dynamics within aerosols
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2 Aerosols, Brakes, and Brake Wear Particles

Figure 2.1 – Typical aerosol modes, their sources, sinks, and lifetime. Adapted from
Baltensperger et al. [28] and Mathissen. [29].

leading to temporal changes of particle properties (i.e., size distribution, elemental
composition, or electrical charge).

The atmospheric aerosols are differentiated according their sources in naturally
and anthropogenic aerosols. While the former group includes aerosols such as sea
spray from the oceans, mineral dust from dry regions, and smoke from volcanoes,
the latter sources are dominated by agricultural and industrial emissions mainly
resulting from combustion [28]. There is a further classification whether aerosols are
directly emitted into the atmosphere, known as primary aerosols, or if they emerge
from gaseous precursors (e.g., NOx, SO2, CnH2n+2) as secondary aerosols [28]. The
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2.1 Aerosol Physics

latter aerosol generation is also called gas-to-particle conversion and particles can
either be formed from homogeneous or heterogeneous nucleation. In the former
process, new nuclei are formed by self-nucleation from supersaturated vapor in the
absence of impurities [28]. The heterogeneous process is based on particle growths
on existing nuclei in less vapor saturated environments [30]. As already indicated,
the dynamic processes of aerosols are versatile and a good overview is given by figure
2.1, which schematically shows the common sources, transformation processes and
sinks of atmospheric aerosols. Furthermore, it contains the natural size distributions
and the corresponding lifetimes [28, 31].

2.1.2 Aerosol Measurement

Aerosols are often analyzed by drawing partial aerosol samples, which are routed
through appropriate tubing to the measurement devices, where the particles are de-
tected. Although the concept seems to be rather simple, in practice certain aspects
need to be considered that ensure a representative, unbiased aerosol measurement.
In the following, two aspects, namely isokinetic sampling and particle loss mecha-
nisms in sampling lines, are briefly introduced as they are of relevance for the present
work. The used measurement devices are introduced in a last paragraph.

Isokinetic sampling. When aerosols are sampled in air streams of a certain air
velocity (U0) the probes are oriented in such way that the orifices are facing the
incoming air flow. Once the probes are axially aligned with the air flow one refers to
it as isoaxial sampling. In the case of isokinetic sampling, also the air velocity U0 is
equal to the air velocity inside the sampling tube (U). A combination of isoaxial and
isokinetic sampling minimizes particle losses and reflects most representative mea-
surement conditions. But due to varying U0 of the ambient air, isokinetic sampling
is often difficult to maintain. Three different flow conditions are distinguished:

1. Isokinetic sampling: U = U0

2. Super-isokinetic sampling: U > U0; PM is underestimated

3. Sub-isokinetic sampling: U < U0; PM is overestimated

The different air velocity ratios between ambient air and the air inside the sampling
tube influences the aspiration of larger sized particles. Due to the greater inertia of
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these particles, they cannot follow the rapid change of the air flow direction near
the probe as it is sketched in figure 2.2. For super-isokinetic sampling, the particles
on the outer streamlines pass by the probe and the collected particle mass becomes
underestimated. In case of sub-isokinetic sampling, it is vice versa and the results
are overestimated. These effects can be described by empirical models, where the
aspiration efficiency (ηasp) is a measure of how well aerosols are sampled.

Figure 2.2 – Air flow pattern near probe for (a) isokinetic (U = U0), (b) super-
isokinetic (U > U0), and (c) sub-isokinetic sampling (U < U0). Adapted from Mathissen
[29].

Particle losses in sampling lines. The aerosol samples need to be routed in
sampling lines to the measurement devices before they can be analyzed. The aerosol
transport leads to particle losses, which depend in particular on the air flow, sam-
pling line geometry, temperature gradients, and the particle size [27]. In order
to minimize particle losses, it is important to take into account the different loss
mechanisms during the design phase of the setup. The underlying models give an
estimation on the transport efficiency (ηtrans) that can be used for setup evaluation.

One prominent effect is gravitational settling, which is the particle deposition
attributed to gravitational forces in non-vertical sampling line sections [27]. This
mechanism effects mainly particles of larger diameter and related losses can be re-
duced by increasing the air flow inside the sampling line, by decreasing the sampling
line diameter or the length of horizontal sampling lines. Larger particles are also
expected to be lost by inertial deposition. This effect comprises all losses based on
particle impaction caused by either turbulent air flow or changes in the sampling
line geometry. For example, inertial deposition occurs at tight bends or discontin-
uous junctions and thus losses can be minimized through bends with small curva-
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ture, sampling lines with larger diameter, and a reduced sample flow. Smaller sized
particles are not affected by these loss mechanisms as they are of a more gaseous
character. These particles are more susceptible for diffusional deposition. Here the
particles diffuse as a result of Brownian motion to the sampling line walls, where
they become deposited. With increasing setup flow this effect can be avoided [27].
Furthermore, electric fields or temperature gradients cause particle deposition that
is also known as electrostatic or thermophoretic deposition, receptively. While the
former effect can be avoided by using conductive and grounded sampling lines, the
latter effect might be obviated by placing all setup components in the same envi-
ronment at a constant temperature. However, compared to gravitational settling or
inertial deposition these effects are believed to be of minor relevance.

Measurement devices. The measurement devices used in this work are listed
in table 2.1 together with an excerpt of their specifications: there were two devices
used for particle mass measurements, namely the Dekati PM10 impactor and the
TSI Dusttrak. Both devices collect the particle mass through filtering or impaction.
Furthermore, the Dusttrak determines the particle mass concentration in continuous
measurements over the whole measurement duration by light scattering.

For the particle number determination several other devices were used: the TSI
optical particle sizer (OPS) and the TSI aerodynamic particle sizer (APS) analyze
mainly fine and coarse particles. Their principle is based on either light scattering
or time of flight analysis of particles [32]. The latter mechanism, which is used
by the APS, allows very precise particle size classification. Following a different
approach, the TSI engine exhaust particle sizer (EEPS) conducts an electromobility
classification. This enables the observation of even smaller particles in a size range
of 5.6-560 nm. Next to its high particle size resolution it has also a high sampling
rate. A broader size range is covered by the Dekati electrical low pressure impactor
(ELPI+). The device combines two detection mechanisms, namely the mechanical
impaction and electrostatic discharge. Since it contains only 14 impactor stages, its
resolution regarding particle size is rather rough.

In summary, the used devices cover a size range from about 5 nm to 20 µm and
certain ranges were analyzed twice. Due to different measurement techniques applied
a meaningful verification of the results was given.
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Table 2.1 – Particle measurement devices that were used within the present work.
Device Mechanism Size range Properties

Dekati PM10
Impactor [33]

gravimetric:
impaction/
filtration

full collection range: PMTSP−10,
PM10−2.5, PM2.5−1, and PM1
(filter)

TSI Dusttrak
8533 [34]

optical: light
scattering/
filtration

0.1-10 µm (im-
pactor)

cal. with A1 dust; concen-
tration range: 0.001 bis
400 mg/m3; sampling rate: 1 Hz

TSI APS 3321
[32]

optical: time
of flight/ light
scattering

0.5-20 µm classification into 52 size bins;
sampling rate: 1 Hz; resolution:
0.02 µm at 1.0 µm

TSI OPS 3330
[35]

optical: light
scattering

0.3-10 µm classification into 16 size bins;
sampling rate: 1 Hz

TSI EEPS 3090
[36, 37]

electromobility
classification

5.6-560 nm classification into 32 size bins;
sampling rate: 10 Hz

Dekati ELPI+
[38, 39]

impaction/
electrostatic
discharge

6 nm - 10 µm classification into 14 size bins;
sampling rate: 10 Hz

2.2 Vehicle Brake Systems

According to Breuer and Bill [40], vehicle brake systems have three fundamental
functionalities: brake systems reduce the vehicle velocity, they are used in case of
unintentional accelerations (e.g., down-hill driving), and they prevent vehicle move-
ment at stand still (e.g., parking). Brake systems substantially ensure the safety of
vehicle occupants and other traffic users. Therefore, they are classified as safety rele-
vant units, which must meet strong regulatory requirements. The demands on brake
systems are high and mainly related to functionality and robustness under various
environmental conditions, fail-safety, and NVH issues (noise, vibration, harshness)
[40]. At the same time, the components should be kept simple, easy to maintain,
and to be able to manufacture at low costs. Thus, from the technical point of view,
brake systems are rather complex.

Brake systems can be based on different technologies. In conventional vehicles
the brake system is based on friction brakes. In hybrid or electric vehicles, friction
brakes are supported by braking energy recuperation systems. In the present study,
a hydraulic friction brake was used and its principle is described in the following.
The brake is triggered by the driver through the brake pedal. The pedal is connected
to the brake booster, which amplifies the signal and generates hydraulic pressure
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[41]. The brake pressure is routed through brake hoses to the foundation brakes, the
main components of the brake system. At the brake, friction materials are pressed
against each other as a result of the applied brake pressure. Thereby, the kinetic
energy of the vehicle is transformed into thermal energy. The resulting brake torque
is acting on the wheel and transmitted to road, so that the vehicle is slowed down.
The brake force of the vehicle is proportional to the brake pressure of the brake
system [40]. Note, this description is reduced to the fundamental components of a
brake system and there are a lot more components needed within a full system - es-
pecially when brake assistant systems are integrated, as for example ABS (anti-lock
braking system) or ESC (electronic stability control). However, their description is
beyond the scope of the present thesis and the inquiring reader is referred to Breuer
and Bill’s Bremsenhandbuch for more information [40].

There are two types of friction brakes on the market, namely drum and disc
brakes. Drum brakes are composed of brake shoes that are connected to the vehicle
knuckle and a drum that is attached to the rotating vehicle axis. During braking,
the brake piston presses the brake shoe in radial direction against the friction sur-
face at the inside of the drum and the rotating axis is slowed down. Due to the
enclosed design, on the one hand, drum brakes are very resistant to environmental
influences. On the other hand, the brake cooling is low, which leads to divergent
brake characteristics. Furthermore, the mechanism tends to self-lock or the opposite
[41]. As consequence, the brake behavior is of poor linearity and may lead to un-
pleasant brake feeling. However, drum brakes are most commonly used and can be
preferably found in buses, trucks or at the rear axis of passenger cars. There is also
high interest in drum brakes for electric or hybrid vehicles because of low corrosion
impact, high brake life time and low dragging torque.
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Figure 2.3 – Disc brake with floating caliper of the left front wheel. (a) Virtual image
with labeling and (b) sketch with acting forces during braking indicated by red arrows.

For passenger and light duty vehicles the disc brake is also widely used. The disc
brake is composed out of a rotating rotor that is connected to the vehicle axis and
a brake caliper, which is the stationary component attached to the vehicle knuckle.
The design of brake calipers varies: there are fixed calipers with pistons on each side
of the brake disc, which are usually found in high performance cars, and there are
floating calipers that get along with a single piston on vehicle side. Figure 2.3 shows
the design and concept of a floating disc brake, which was also used for the present
study. In contrast to drum brakes, the brake piston is acting in axial direction. In
case of braking, the piston presses the inner brake pad against the rotor. Due to
the floating design, the caliper slides along the sliding pins in the opposite direction
and presses the outer pad against the outer surface of the brake rotor (see figure 2.3
(b)). Thereby a uniform wear between outer and inner pad is guaranteed and the
brake dimension is kept compact. When the brake pressure is released, the piston
is retracted mechanically away from the friction surface by the deformation of the
sealing ring at the caliper. The piston comes back to the initial shape (roll back).
Additionally, the brake pads are pushed apart by run-out of the brake rotor during
acceleration of the vehicle. Thereby, the pads remain at a minimum distance to the
brake disc (clearance), which ensures a fast reaction time when the brake is used
again. Due to the exposed and mostly ventilated brake rotors, disc brakes are cooled
down well and thus are suitable for high power consumption. The small reaction
times of the brake and the nearly linear brake characteristic create a comfortable

14



2.2 Vehicle Brake Systems

driving experience.

Figure 2.4 – Friction. (a) A block is dragged over a horizontal surface. The acting
forces are sketched by arrows. The friction force Ff is highlighted in red. (b) Sketch of the
microscopic contact interface of two materials. In the upper material either the contact
pressure is lower or the material is harder. The contact areas are encircled. Adopted from
Eriksson [41].

The braking performance of friction brakes is decisively determined by the ma-
terial composition of the friction material, i.e., the pad lining and the rotor. The
coefficient of friction (µf) is a measure of the friction behavior between the materials
and an important quantity for material ranking. In order to understand µf and its
dependencies, one can imagine the following experiment: a block with mass (m1) is
dragged over a horizontal plane, as it is shown in figure 2.4 (a). The contact area
between the two materials is defined by A1, the normal force by Fn, and the required
drag force by F . The resulting friction force (Ff) acts in the opposite direction of
F . The coefficient of friction is defined as the proportionality between Fn and Ff

[41, 42]:

Ff = µfFn. (2.1)

When the same block is placed on a different side with area A2, still the same drag
force is needed for movement. Although the macroscopic contact area between the
two materials has been changed, the microscopic area remains the same. Thus,
the friction efficiency is only determined by µf and independent of the macroscopic
contact area. The microscopic contact area between two materials can be changed
by either increasing the contact pressure (here: brake pressure) or by using materials
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of different hardness [41, 43]. The two cases are schematically shown in figure 2.4
(b), where in the second diagram either a higher pressure or a softer material is
used.

Table 2.2 – Material composition of brake pads. Based on the ref. [44, 45, 46, 47].
Group Proportion Function Materials

Reinforcing fibers 6-35 % provide mechanical
strength/ form contact
plateaus

metallic, mineral, ce-
ramic, organic (eg., cop-
per, brass, glass)

Binders 20-40 % preserve structural in-
tegrity under mechanical
and thermal stress

modified phenol-
formaldehyde resins

Fillers 15-70 % improve manufacturabil-
ity and heat resistance/
reduce brake noise prop-
erties/ cost reduction

mostly inorganic com-
pounds (eg., barium and
antimony sulfate, stone,
metal powders)

Lubricants 5-29 % stabilize µf during brak-
ing

inorganic, organic, metal-
lic (eg., graphite, metal
sulphides, cashew dust)

Abrasives up to 9 % increase friction/ main-
tain cleanliness of friction
interface

hard metal oxides, sil-
icates (eg., zirconium
oxide)

Brake pads consists out of a back-plate, a shim, and the friction lining. The
iron back-plate is the solid base of the pad, it keeps the position within the caliper
and it distributes the piston pressure equally to the friction lining. On piston side,
the shim is mounted, which is a composition of organic materials on a thin metal
plate. It is mainly used for thermal insulation and noise reduction [48]. On the
rotor side of the back-plate, the friction lining is deposited, which is a composi-
tion of up to 30 materials [49]. The detailed composition of the lining material is
part of the manufacturing secret and therefore not known. However, a classifica-
tion of the materials is often found according to functional groups, namely fibers,
binders, fillers, lubricants and abrasives [45, 46, 47]. The material groups and its
functionalities are listed in table 2.2. Through different material mixtures, the de-
sired brake, noise, and wear behavior of the brake is tuned. Depending on the use
case and local regulations, industry differentiates between three types of material
compositions: non-asbestos organic (NAO), low-metallic (LM), and semi-metallic
(SM) content brake pads [47, 48]. NAO pads are common for the US and Asian
market, they stand out through low noise levels and wear rates. The coefficient of
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friction ranges between 0.3-0.4 and is thus comparatively low - especially at high
temperatures [50, 51]. In the past, these pads contained Asbestos, which was later
banned due to serious health concerns [52, 53, 54, 55]. Nowadays these pads contain
copper and Cu-alloys of up to 10 % but the legislation require to reduce the copper
content to less than 5 % by 2021 and to less than 0.5 % by 2023. LM content brake
pads are most common in Europe. They have high µf values in the range of 0.35-0.5,
are stable at high vehicle velocities and brake temperatures but show higher wear
rates [50]. The proportion of metallic components is in the range of 10-30 %. SM
pads have the highest amount of metal content of 30-65 % [56]. They have a high
durability and an excellent heat transfer, thus an overheating of the friction surface
is prevented. Their disadvantage is the higher disc wear. These pads are meant to
be used under extreme braking conditions in either sport or police cars.

The rotor material used in most brakes is gray cast iron. It possesses high me-
chanical strength, thermal conductivity, and causes low production costs [48]. Be-
sides gray cast iron rotors, there are novel materials on the market, as for example
carbon-silicon carbide-composite or silicon carbide-reinforced aluminum. Although
their weight and performance properties are much better than gray cast iron, their
commercial impact is rather low because of high acquisition costs [40]. The friction
material used within this study was also a gray cast iron rotor in combination with
LM brake pads.

Finally, technical terms around the topic vehicle brakes are presented in table 2.3
according to Breuer and Bill [40]:
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Table 2.3 – Technical terms around brake testing. Based on Breuer and Bill [40].
Term Description

Clearance A small gap between disc and pad lining is called clearance. It ensures a free
rotation of the brake disc, and thus improves the fuel consumption of the car.
On the other hand, it increases the reaction time of the brake system.

Fading Fading describes the reduction of µf at high brake temperatures caused by
degassing of the friction material. It can be compensated through higher
brake pressure.

Hot spots Hot spots are local, point-like modifications at the rotor surface due to micro-
structural material changes or deposited wear. They increase noise (judder).

Roll back Name for the mechanism that describes the mechanical retraction of the pis-
ton by the sealing ring between caliper and piston after braking. The de-
formed sealing ring goes back to its inoperative state.

Running-in Running-in describes the process until stable test conditions are reached
(e.g., constant µf) when testing newly manufactured material. Mostly the
rotors are coated with a protecting layer that is removed during this process.

Run-out Run-out are geometric tolerances in axial direction at the outer rotor surface
during rotation. They occur from manufacturing and bearing clearances.

2.3 Brake Wear Particles and Measurement
Techniques: a Review

2.3.1 Brake Wear Generation

Friction brakes reduce the vehicle velocity by dissipating kinetic energy into thermal
energy. However, not all of the kinetic energy is transferred into thermal energy.
Part of it is spend on deformation and destruction of the friction material [47]. This
causes wear, which is known as brake wear.

The brake wear is generated through a complex process at the friction interface
between disc and pad [57]. The wear mechanism is based on the formation of a
third body layer, which is an intermediate friction layer between first and second
layer, i.e., pad and disc [58, 59]. The layer accommodates the speed difference, the
contact load, and further influences the actual friction behavior. Although the third
body layer is also called mechanically mixed layer, it is not just a composition of
pad and disc material. The third body layer is rather composed out of amorphous
carbonaceous products and oxidative wear fragments, such as Fe2O3, Fe3O4, Cu2O,
or CuFe2 [60, 61]. Not only the material composition is different from the disc and
pad but also its texture, which is often described as nanocrystalline microstructure
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Figure 2.5 – Wear process at the friction interface. Fibers (light gray) touch the
disc as primary contact plateaus and in front of them secondary plateaus are formed.
The wear debris is pressed and sintered through the frictional energy. Reprinted with
permission from Eriksson and Jacobson [65]. © 2000 Elsevier.

[62, 63, 64]. Eriksson and Jacobson [65] modeled the contact situation at microscopic
scale and explained the wear process by means of figure 2.5. A transparent disc
is sliding from left to right over the friction material. During friction, the soft
pad material is continuously detached and the fibers protrude from its surrounding
phenolic material matrix. As primary plateaus, the fibers touch the disc and generate
ferrous debris. The worn debris of both materials accumulate in front of the plateaus,
where it is compressed through the contact pressure and thus secondary plateaus
are formed. Similar descriptions were made by Österle et al. [64], who used quartz
crystals instead of metallic fibers as abrasives that raise to primary plateaus. They
concluded that the continuous growth of the secondary plateaus and cracking of the
underlying material lead to degradation of the plateaus and the release of debris from
the friction surface [64, 66]. In addition to the mechanical wear process, thermal
decomposition of the organic lining material may occur. Derived from theoretical
models, it is reported that even at low friction velocities, flash temperatures of the
order of 1500°C are expected at local asperities [67]. Thus, evaporation and local
degradation of the pad lining material can be expected.

The mechanical wear process and the thermal decomposition of the pad material
lead to wear generation of different sized particles [68]. As an example, Kukutschová
et al. [69] measured particle number and particle mass size distributions in direct
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Figure 2.6 – Particle size distributions of airborne wear particles measured by (a)
SMPS and (b) APS, where t0+15,..t0+35 represent time elapse from initiation of testing in
minutes. (c) Particle mass distribution within the BLPI stages. Reprinted with permission
from Kukutschová et al. [69]. © 2011 Elsevier.

vicinity of the brake on a dynamometer bench. Their results are shown in figure
2.6. In case of particle number, the distribution ranged from nanometers to tenth of
micrometers with modal peaks at around 200 nm and 1.5 µm. In terms of particle
mass, in contrast, a unimodal peak was found at around 2-4 µm. Obviously, the
particle mass is dominated by bigger sized particles in the coarse (PM10−2.5) and fine
(PM2.5−0.1) particle size range and the particle number distribution is accommodated
over a wide, almost the full size range. This knowledge combined with the fact that
particles settle or get lost during transport and sampling, challenge the way of proper
brake wear particle measurements. There are a lot of studies on brake wear particles
and how to measure them. Although their approaches differ widely and different
priorities are in focus, they can be distinguished in measurements taking place in
laboratory, on-road, and at ambient air with means of brake wear tracers. Within
the framework of the UNECE-GRPE-PM program [23], brake wear is also under
discussion and different methodologies are compared finding a standardized way for
measuring. An overview of relevant studies is given in the following.

2.3.2 Measuring Techniques

Laboratory measurements. The majority of studies on brake wear particle mea-
surements are performed in the laboratory. It is expected to be the most promising
approach since it allows - by definition - investigations under confined test condi-
tions. Test parameters, settings for vehicle simulation, and environment conditions
can be easily constrained. Laboratory measurements are either performed with a
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Table 2.4 – Brake wear emission measurements with pin-on-disc machines in
chronological order. Modal peaks of particle mass and number size distributions are
highlighted.

Test specifications Size distributions
Reference Material Device Particle mass Particle number

Mosleh et al. SM Light scattering - multimodal
2004 [72] analyzer 0.35, 2, 15 µm
Olofsson et al. LM, NAO SMPS, OPC - multimodal
Wahlström et al. 50-100, 280, 350, 550 nm
2009/10 [73, 74] 2 µm
Alemani et al. LM, NAO FMPS, OPS bimodal multimodal
2015 [75] 0.025-0.1 µm 11-34 nm

0.4-0.5, 10 µm 0.09, 0.19-0.29, 1.7 µm
Nosko et al. LM, NAO OPS, FMPS - multimodal
2016/17 [76, 77] ELPI+, CPC 4-10, 100-150 nm

pin-on-disc machine or on a brake dynamometer.
In a pin-on-disc machine a small pin drilled out of the brake pad is pressed on a

rotating disc at constant pressure. The technique is mostly used when fundamental
topics on friction behavior or wear characteristics are addressed [57, 70, 71]. Due
to the simple setup it is also a good basis for modeling [49, 67]. The first particle
measurements with a pin-on-disc machine were reported from Mosleh et al. [72],
who used a light scattering analyzer. Later Olofsson et al. [73] and Wahlström et al.
[74] gave further insight into the particle number size distributions on brake wear
while using a scanning mobility particle sizer (SMPS) and an optical particle counter
(OPC). Independent from the pad material, multimodal distributions were obtained
in several investigations. Alemani et al. [75] built on the work and confirmed these
findings while using a fast mobility particle sizer (FMPS) and an OPS. They cal-
culated the corresponding particle mass size distributions and obtained a bimodal
appearance. Nosko et al. [76] used additionally an electrical low pressure impactor
(ELPI+) and a condensation particle counter (CPC). In focus of the investigation
was the particle number size distribution on nanometer scale. Table 2.4 summarizes
their main findings and it can be seen that there is agreement on the multimodal
appearance of the particle number size distribution.
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Table 2.5 – Brake wear emission measurements on brake dynamometers in
chronological order. Certain test specifications are highlighted and modal peaks of particle
mass and number size distributions are shown.

Test specifications Size distributions
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Cha et al. Asb. unimod. -
1983 [78] 2-3.3 µm
Garg et al. [24] 3 3 3 LM [ MOUDI unimod. -
2000 NAO ELPI 1-10 µm
Sanders et al. 3 3 3 all [ MOUDI unimod. unimod.
2002/03 [25, 79] urban ELPI 4-5 µm 1 µm
von Uexküll et al. unk. [ OPC unimod. unimod.
2005 [80] 2-3 µm 0.5-1 µm
Iijima et al. 3 NAO [ APS unimod. unimod.
2007/08 [81, 82] 2-6 µm 0.8-2 µm
Riediker et al. 3 unk. [ SMPS - bimod.
2008 [83] 27-83 nm

400 nm
Wahlström et al. 3 LM [ OPC - multimod.
2009 [84, 85] NAO DT 280, 350 nm

PTrak 1.8, 3 µm
Kukutschová et al. 3 LM [ SMPS unimod. multimod.
2011 [69] BLPI 2-4 µm 0.1-0.3 µm

APS 1.5 µm
Augsburg et al. unk. [ SMPS - unimod.
2011/12 [86, 87] CPC 100-150 nm
Hagino et al. 3 3 3 unk. [, JC08 ICP-MS unimod. -
2015/16 [88, 89] JE05 DT 0.7-3 µm
Perricone et al. 3 3 3 LM [, SAE ELPI+ unimod. bimod.
2015/16 [26, 90] NAO J 2707 DT 5-8 µm 10 nm

0.5-2 µm
Farwick z. Hagen 3 3 3 3 LM LACT ELPI+ unimod. multimod.
et al. 2017/19 (3h) DT, OPS 2-4 µm 10, ≈150 nm
[91, 92] WLTP EEPS 2-3 µm
Augsburg et al. 3 3 3 LM NEDC DMA - -
2017 [93] NAO WLTC
Gramstat et al. 3 3 unk. [ SCPS unimod. bimod.
Lugovyy et al. EEPS 1.5-2.5 10-20 nm
2017/18 [94, 95] ELPI 150-200 nm
Agudelo et al. 3 3 3 LM div. EEPS - multimod.
2017 [96] NAO OPS 10, 40 nm

80-200 nm
Plenne et al. 3 3 3 unk. urban DMS - bimod.
2018 [97] ELPI 10, 250 nm
a Chamber with filtered inlet air, b sampling in full aerosol duct, c studies that reported quantified emissions in
terms of emission factors, d real-world brake cycles; [ braking from set of speeds, transient/ full stop braking/
different artificial brake pattern
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Compared to pin-on-disc machines, dynamometers reflect the reality much better
since the brake is preserved as a full system and analyzed as it is mounted on the
vehicle. The number of brake wear studies performed on dynamometers is large and
the approaches are diverse (see table 2.5).

The first wear investigation was reported by Cha et al. in 1983, who studied
asbestos brakes especially in view of health concerns. Later, when asbestos brake
pads were already banned [98], Garg et al. [24] and Sanders et al. [25] published sys-
tematic approaches for brake wear measurements while using a multi orifice uniform
deposition impactor (MOUDI) and an ELPI. Their works became groundbreaking
since they used setup designs specialized for brake wear sampling. In their setups
brake dust was routed at constant air flows through a ductwork, where it was sam-
pled under defined conditions. While Garg et al. [24] enclosed the brake completely
with a sealed chamber, Sanders et al. [25] used an open setup configuration. Further-
more, Sanders et al. paid attention to particle losses and conducted measurements
under isokinetic sampling considerations. Later on, Iijima et al. [81], Riediker et al.
[83], Wahlström [84], Kukutschová et al. [69, 99], and Augsburg et al. [87] performed
brake wear measurements on dynamometers while using an enclosed chamber and
different kinds of measurement devices (i.e., SPC, SMPS, APS, DT, Berner Low
Pressure Impactor (BLPI)). Their approaches, however, were based on sampling in
close vicinity to the brake, in fact it took place within the chamber. On one hand,
this approach may be suitable for the analysis of particle size distributions and el-
emental compositions of the brake wear. On the other hand, this technique might
not allow a proper emission quantification because particle concentrations may vary
at different locations inside the chamber. Hence, the idea of sampling inside the
ductwork was picked up again: Hagino et al. [88] adopted the setup concept similar
to Garg et al. [24], where filtered air entered the brake chamber on one side and the
brake dust was routed out of the chamber on the other side for measuring. Although
it was not reported whether probes were sampled under isokinetic conditions, the
principle enabled quantification as the air flow was kept constant and the particle
background concentration was reduced due to filtering. Hagino et al. [89] focused on
particles mass analysis and investigated elemental compositions with an inductivity
coupled plasma-mass spectrometer (ICP-MS). Besides Sanders et al. [79], tests with
realistic drive cycles were conducted for the first time. Until that time, drive cycles
were artificially chosen and brake stops were performed from certain set of speeds
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at constant decelerations. Around the same time, Periccone et al. [26] proposed
another sampling setup that was optimized for low particle losses including isoki-
netic sampling. For efficient brake cooling, the measurements were performed at
high air flows and instead of routing the full dust exhaust to the sampling point,
a partial flow was used for sampling. Since the main exhaust was bypassed, the
signal strength was reduced, which allowed potential improvements when sampling
low concentrations. Periccone et al. [90] investigated particle size distributions with
an ELPI+ and developed concepts for material ranking regarding wear characteris-
tics. The applied drive cycles contained static brake pattern and were still artificial.
But parameters like initial velocities and decelerations were inspired by real driving.
In recent years, brake wear gained more and more attention and also train brakes
were investigated [100, 101]. In total, the measurement setups have developed to
more and more complex designs that nearly all considered an enclosed brake, low
particle losses, and isokinetic sampling in the exhaust ductwork. However, the way
of archiving these requirements is still varying and Augsburg et al. [93], Agudelo
et al. [96], and Gramstat et al. [94] and Lugovyy et al. [95] are continuously de-
veloping their setups. According to the current state and the best knowledge, some
distinctive setup features are listed in table 2.5.

The measurement setup that was developed for the present study also considered
the requirements mentioned above. Further attention was paid on quantification of
the measured emission data through a constant setup air flow. The air flow was
set close to the conditions found at the vehicle and thus much lower than that of
research colleagues [26, 94]. Although this led to weaker brake cooling, it increased
the sampling sensitivity. A high signal sensitivity was required since drive cycles
representative for real driving were performed and emissions were expected to be
lower than during harsh braking maneuvers. Thus, the present setup was optimized
for measuring emissions during normal driving simulations with the intention to
determine realistic emission factors (EFs).

On-road vehicle measurements. Measuring brake wear particles on-road is
much more challenging and thus, the number of reported studies is much lower
compared to laboratory investigations. Sanders et al. [79] reported on-road mea-
surements with a test car for the first time. In their approach, brake wear was
sampled at different points: at the brake, the wheel, and within the wheel house.
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Later on, Mathissen et al. [102], Kwak et al. [103, 104], and Wahlström and Olof-
sson [105] equipped test cars with measurement instrumentation and draw samples
in close vicinity to the brake. Their sampling points were positioned directly behind
the friction interface of the brake. Hence, they confirmed a correlation of obtained
emissions with the corresponding brake events. In case of harsh brake events at high
brake temperatures, also ultrafine particle emissions were reported. However, due
to the partial sampling of brake dust, a quantification of emissions was not possible
and EFs remained unclear.

For the present study a novel setup design was developed that addressed precisely
this issue. The setup concept was inspired by dynamometer studies: it aims at mon-
itoring the entire brake dust through a cone shaped collector at the outside of the
wheel rim. From there the dust was transported as a whole to the sampling point
in the trunk of the car, where particle samples were drawn and analyzed. The air
flow inside the setup was driven by a blower independently from the measurement
devices. The setup design was suitable for real-world EF determination and enabled
direct comparisons to dynamometer studies.

Ambient air measurements and receptor modeling. As a final remark - al-
though it is beyond the scope of the present thesis - it is mentioned that brake wear
was also identified during ambient air measurement campaigns. Finding the con-
tributors to traffic related particulate matter emissions, ambient air was analyzed
in the surroundings of streets, traffic junctions, or tunnels [106, 107, 18]. Several
studies used receptor modeling techniques for source apportionment as for example
the chemical mass balance model. The advantage of these measurements over inves-
tigations directly at the source (i.e., the brake), is the emission record of the entire
vehicle fleet and not only of a single type of brake. On the other hand, the tech-
niques are based on precise knowledge of the source material compositions, which is
often limited [56, 108]. Common key tracers related to brake wear are the elements
Fe, Cu, Sb, Sn, Mo, Zn, Zr, and Ba [18, 109, 19, 17, 110]. Some studies also report
the ratio of Copper to Antimony to be characteristic for brake wear generated par-
ticulate matter [68, 111, 112].

In conclusion, receptor modeling is a powerful technique for estimating the contri-
bution of brake wear to the total traffic related particulate matter and the determi-
nation of EFs. For further information, the reader is referred to the review articles
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on traffic related particulate matter emissions by Thorpe and Harrison [46], Pant
and Harrison [113], and reports from Boulter et al. [56] and Grigoratos and Giorgio
[108].

2.3.3 Size Distribution and Emission Factors

As already mentioned, the particle number distribution of brake wear shows differ-
ent modal appearances. As summarized in the tables 2.4 and 2.5, the distributions
vary and unimodal, bimodal, and multimodal peaks were reported. Unimodal peaks
in the fine size range were obtained during the initial stage of brake wear measure-
ments on dynamometers or during on-road measurements. Here only measurement
devices for the coarse and fine particle size range were used [79, 114, 103]. But the
appearance of ultrafine particles at high temperatures was recognized early [24] and
the following dynamometer studies also included measurement devices capable for
detecting smaller particles. Since then mostly bimodal and multimodal peaks were
reported. Also on-road measurements that simulated harsh braking conditions at
high temperatures reported additional modes in the ultrafine size range [102, 104].
In case of the pin-on-disc studies, only multimodal distributions were reported. Ob-
viously, the particle number distributions have different modes, but there is no final
agreement on whether these modes are bimodal or multimodal. In addition, the
results are difficult to compare due to different devices, materials, or measurement
conditions. In summary, there are modes reported to be in the fine size range related
to abrasion. And the nucleation modes in the ultrafine size range were observed at
high brake temperatures due to evaporating material.

Coarse and fine particles are formed as a result of the mechanical wear process.
These particles dominate the particle mass distribution. The distributions are of
unimodal appearance and most studies reported peaks in the range of 2-4 µm. Al-
though some studies also obtained peaks at larger particle sizes and individual modes
were obtained at smaller sizes, the reported findings can be considered as consistent.

When talking about particle mass distributions it is important to note, that these
results refer to the airborne particles. But not all brake wear particles become air-
borne. In some studies an airborne fraction is reported, which describes the weight
ratio of airborne particles to the mass loss of the brake material. Garg et al. [24]
found 86 % and 63 % of airborne particle mass to be PM10 and PM2.5, respectively.
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From that about 33 % were found to be smaller than 0.1 µm. Sanders et al. [79]
reported PM10 airborne fractions of about 63-85 % depending the tested brake lin-
ing. Additionally, Sanders et al. [25] increased the particle loss probability through
tests with a fully mounted wheel. And still airborne fractions in the range of 50-
70 % were found. Iijima et al. [82] measured directly underneath the brake and
found even higher values: they reported 95-98 % and 56-70 % for PM10 and PM2.5,
respectively. Whereas Hagino et al. [89] reported smaller fractions of 9-22 % for
PM10. Apparently, the airborne fraction is influenced by the sampling position and
the setup designs.

The reported EFs are typically ranging from 10-20 mg km−1 veh−1 and 50-80 mg
km−1 veh−1 for light duty vehicles and heavy duty vehicles, respectively [56]. They
can be distinguished by measurements taking place directly at the source or through
ambient air monitoring with receptor modeling. The results obtained on the dy-
namometer differ greatly, which can be attributed to different brake materials and
drive cycles. Garg et al. [24] found EFs in the range of 2.9-7.5 mg km−1 veh−1 .
Sanders et al. [79] reported a range of 1.5-8.1 mg km−1 veh−1, whereas NAO brake
pads were found to be less emissive than LM content pads. Iijima et al. [82] obtained
5.8 mg km−1 veh−1 for NAO pads, which fits to previous observations. Perricone
et al. [90] confirmed the observation of less emissive NAO pads but their abso-
lute values were remarkably high: EFs of 13.7-35.2 mg stop−1 brake−1 and 9.2 mg
stop−1 brake−1 were found for LM and NAO pads, respectively. Note, these values
were reported for a single brake and need to be projected to vehicle EFs for proper
comparison1. In contrast, Hagino et al. obtained just 0.04-1.4 mg km−1 veh−1 for
presumably NAO material [89]. In case of reported EFs from receptor modeling,
the values strongly depend on the measurement site. Rauterberg-Wulff [115] and
Bukowiecki et al. [107] found small values of around 1-1.7 mg km−1 veh−1 near
highways. EFs obtained in urban street canyons or at traffic junctions were higher
and values of 6.9-10.7 mg km−1 veh−1 were reported [68, 107, 116]. Abu-Allaban et
al. [106] even found different EFs from 0 to 80 mg km−1 veh−1 depending on the
location.

In conclusion, the variation of reported particle mass EFs is large and is highly
influenced by several factors. The reported EFs that were derived from direct mea-

1The brake power distribution between front and rear axis is about 70:30 and thus a factor of 3
is a reasonable choice for projection.
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surements at the brake were mostly not reflecting realistic driving conditions. Fur-
thermore, there is a lack of knowledge on particle number emission factors. Although
there are individual studies that reported maximal values of the order of 7×1010 to
4.6×1012 stop−1 brake−1 (Garg et al. [24], Perricone et al. [90]), a verification on
whether these values are representative for realistic driving remains unclear. The
determination of EFs representative for real-world driving and a verification of these
values through on-road measurements is the scope of the present thesis.
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CHAPTER 3

Laboratory Measurements of Brake Wear
Particles

3.1 Measurement Setup

3.1.1 Description

The laboratory measurements were performed on a Link 3900 brake dynamometer.
The modern dynamometer enabled precise vehicle simulations through the adjust-
ment of flywheel masses, software settings (e.g., recuperation and parasitic drag),
and drive cycles. It was used in hard-fix configuration, meaning that the brake was
mounted on a locally fixed vehicle knuckle. In contrast to the vehicle, the brake
was accelerated through a drive shaft that was mounted at the outside of the brake,
where usually the wheel rim is installed (see figure 2.3). Since the wheel was not
mounted, this setup arrangement allowed an investigation of the isolated, nearly
free-standing brake. Furthermore, the knuckle could be connected to a measuring
flange that recorded inertia whenever forces were acting on the brake. The entire
brake system, including knuckle, hard-fix, and drive shaft, was located inside an
approximately 10 m2-sized test room. The air conditioning of the test room pro-
vided prefiltered air and stable environmental conditions (50 % relative humidity,
30 °C temperature). Inside the test room, the entire particle measurement setup
was installed as visualized in figure 3.1.

29



3 Laboratory Measurements of Brake Wear Particles

Figure 3.1 – Dynamometer setup. (a) Rendered image of the setup. The blue cut
through at the sampling point shows the measurement plane of the air velocity profiles.
(b) Picture of the particle measurement devices and the flow controller. (c) Picture of the
chamber interior. Adapted with permission from Farwick zum Hagen et al. [92]. © 2019
American Chemical Society.

The measurement principle was based on a constant volume system, meaning that
clean air was routed to the brake, where it mixed with the brake dust to an aerosol,
and further routed to the sampling point. The air flow was kept constant at all times,
independent of the braking maneuver. To realize these measurement considerations,
the following basic setup components were needed: an enclosing chamber, where the
brake was located inside, a tubing system, air filters, and a blower. The detailed
arrangement of these components is schematically shown in figure 3.2.

As a starting point, the following assumption was made: the air flow through
a wheel rim of a driving vehicle at 70 km/h was estimated to be ≈264 m3/h by
computational fluid dynamics (CFD) calculations. Using this value as orientation,
a setup flow of Qsetup = 250 m3/h was defined for testing. The blower at the end
of the aerosol transport line created the desired air flow with a minor tolerance
of ±10 m3/h. The blower was feedback controlled by an air flow meter (Vortex
ultrasonic sensor, Höntzsch VA40) that was installed directly in front of the blower
in combination with a honeycomb flow straightener. The air flow meter was also
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Figure 3.2 – Measurement principle of dynamometer setup. The chamber and
tubing is colored in grey and the measurement devices and their tubing are sketched
similarly to the experimental arrangement. The air flow direction is indicated by red
arrows. At the sampling point the experimentally determined air velocity profile is shown.
Measurement devices are arranged as follows: APS (1), OPS (2), ELPI+ (3), DT (4),
PM impactor (5). Adapted with permission from Farwick zum Hagen et al. [92]. © 2019
American Chemical Society.

used as control instrument allowing a continuous monitoring of the measurements.
At the air inlet of the setup, an additional HEPA H13 filter was installed. The
incoming air was routed with a metallic tubing (tube diameter, dtube = 150 mm)
into a circular chamber that fully enclosed the entire brake assembly. The chamber
consisted of two metallic semi-monocoques installed on top of each other. The
chamber walls near the drive shaft were removable for easy maintenance. All gaps
between the individual components, particularly the gap between the drive shaft
and the chamber walls, were sealed. The circular chamber geometry had a small
volume of about 0.2 m3, and thus a volume exchange time of less than three seconds
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for Qsetup = 250 m3/h. Viewing from the engine into the direction of the brake, the
air inlet was positioned at the lower left hand side of the chamber. The air outlet
was located at the top of the chamber in centered position. This arrangement of the
air inlet and outlet positions revealed optimal air flow conditions inside the chamber.
The corresponding CFD simulations indicated turbulent air flows, from which a well
intermixing between particles and clean air was expected. At the same time, dead
air spaces were mostly avoided. Further CFD results will be discussed in the next
paragraph. At the air outlet, the tube was routed vertically upwards, followed by an
inverted U-bend with two 90° bends with radii r1 = 2 dtube and r2 = 5 dtube. On one
hand, the U-shaped aerosol path reflected an ideal configuration regarding particle
losses (will be discussed later) and further mixed the aerosols. On the other hand,
this geometry manipulated the air flow inside the tube resulting in locally varying
air velocities. Looking at the cross-sectional air velocity profile at the sampling point
in figure 3.2, higher air velocities were observed towards the edge of the tubing.

Isoaxial sampling took place inside the straight tube section between the bend B2

and the branch by several measurement devices. Each device was connected with a
separate sampling line and the probes were oriented side by side as it is shown in
figure 3.2. On sampling side, the probes consisted out of nozzles that were designed
for isokinetic sampling. Due to the straight and direct routing of the tubes to
the measurement devices additional bends were avoided, which further would have
reduced particle losses. Further setup details are described by Farwick zum Hagen
et al. [92].

3.1.2 Air Flow and CFD Calculation

The air flow inside the chamber and the aerosol path was analyzed in two steps.
Initially, CFD calculations were performed, which pointed out the optimal arrange-
ment of all setup components. In a second step, the CFD calculated air flows were
experimentally validated.

The air velocity profile proposed by CFD calculation is shown in figure 3.3 (a) for
the longitudinal section of the setup. The incoming air at the lower left hand side
directly faced the friction interface underneath the brake caliper. This ensured an
efficient brake cooling at all times during the measurements. Furthermore, particle
image velocimetry (PIV) studies of disc brakes obtained the largest particle release
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Figure 3.3 – Air velocity profiles of the experimental setup (red, high air velocity; blue,
low air velocity). (a) CFD calculated air velocity profile along the transverse section of
the chamber and the aerosol path. Red arrows indicate flow direction. Small black arrows
indicate local flow directions. Cross sections of the CFD calculated and experimentally
determined air velocity profiles at the sampling point are shown in (b) and (c), respectively
in top view perspective. Experimental air velocity measurements were performed along
the dashed lines and the data was interpolated. Adapted with permission from Farwick
zum Hagen et al. [92]. © 2019 American Chemical Society.

directly at the friction interface, just shortly behind the brake caliper in the rota-
tional direction [87]. In the present setup, the brake rotation was counterclockwise
and thus, the particles were released exactly within the air stream. In consequence,
a complete mixing of the brake dust with the incoming air was assumed.

The air velocity within the setup tubing was in the range of 2.5-4.5 m/s. Especially
in the curvature section, it dropped down to about 1.5 m/s at the inside of the bend.
However, due to the second bend B2, which had a slighter curvature compared to B1,
the air velocity calmed down. Thus, at the sampling point, the cross-sectional air
velocity profile showed only small variations. The CFD results were experimentally
validated by air velocity measurements using a hot-wire anemometer (air velocity
transducer, TSI 8455) at different points along three axes inside the tubing. A sub-
sequent interpolation of the data points created a comparable air velocity profile,
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Figure 3.4 – Air Flow inside the chamber. (a) CFD calculated air velocity lines.
Pictures of the air flow inside the chamber visualized with a smoke plume is shown in (b)
and (c).

which is shown in figure 3.3 (c). The absolute values of the experimental profile
were slightly higher than that of the CFD calculated one. However, the patterns are
identical: a slightly higher air velocity was observed on the right-hand side of the
tube. This corresponds to the different air velocities inside the bent tube section
and confirms the findings of the CFD model.

As already mentioned, one quality feature of the setup was the well mixing of
the dust with the incoming air. In the CFD model, most of the incoming air spread
within the chamber and dead air spaces were prevented. Only a narrow short cut
was formed between air inlet and outlet of the chamber. Proving the turbulent
air flow inside the chamber, experiments with a fog generator were performed. In
order to view inside the chamber, the metallic chamber walls were exchanged with
transparent acrylic glass windows. A smoke gun was positioned in the center of the
air inlet and the smoke was dosed in successive bursts as shown in figure 3.4 (b)
and (c). Initially, a narrow smoke plume was entering the chamber as it is shown in
the first picture. Shortly thereafter, the entire chamber was misted (second picture)
and when the fog dosing had stopped the chamber cleared out immediately. This
confirmed the turbulent air flow and dust mixing inside the chamber and predicted
an immediate mixing of dust with incoming air.
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3.1.3 Particle Loss Calculation

The aerosol path of the setup was designed for minimal particle losses. Nevertheless,
particle losses were still present and estimated through empirical models [27]. The
aerosol path was subdivided into four segments: the straight tube section above the
chamber (l1 = 500 mm), the bends B1 and B2, and the straight tube section at the
sampling point (l2 = 500 mm). For each segment, the transport efficiency (ηtrans)
was calculated considering models for turbulent inertial deposition (Liu and Agar-
wal, 1974 [117]), diffusional losses (Friedlander, 1977 [118]), gravitational settling
(Yamano and Brockmann, 1989 [119]), and inertial losses in bends. For the latter
loss mechanism, different models were applied (Pui et al., 1987 [120]; McFarland et
al., 1997 [121], and Crane and Evans, 1977 [122]). Any other loss mechanisms were
not considered because their influence on ηtrans would have been marginally small.
The total transport efficiency of the setup was determined through the product sum
over the ηtrans of each loss mechanism and flow segment [27],

ηtotal
trans

=
∏
flow

segments

∏
mecha−

nism

η tube,
turb. inert.

· ηbend,
inert.

· ηtube,
diff.

· ηtube,
grav.

. (3.1)

The resulting ηtotal,trans of the aerosol pathway depending on dp is shown in figure
3.5 (a). Over a wide size range from dp = 10 nm to about 3 µm, ηtotal,trans was
nearly 1 meaning that all particles in this range were expected to be transported
loss-free. There was only a small decrease for particles of around 10 nm size, which
resulted from diffusional losses. Larger sized particles in the coarse size range were
more effected by impaction and gravitational settling. Starting at about 3 µm sized
particles, the mean ηtotal,trans decreased to about 0.8 for 20 µm large particles. De-
pending on the model, losses of up to 28 % were possible for large particles. But for
PM10, the mean ηtotal,trans values were still found to be greater than 0.95. Overall,
the transport efficiency was assumed to be excellent since significant losses only for
particles greater than 10 µm were expected.

Note, that some models were only defined for a limited parameter range, which is
usually given in terms of Stokes number. Therefore, this estimation was only used
for setup validation and not for data correction during the analysis phase. As an
example for potential setup optimization, figure 3.5 (b) shows the mean ηtotal,trans

values for different setup flows and tube dimensions. For smaller dtube or higher
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Figure 3.5 – Transport efficiency of different sized particles within the setup tub-
ing. (a) Consideration of different particle loss models using setup parameters (Qsetup =
250 m3/h and dtube = 150 mm). (b) Comparison of mean values with different setup flows
(Qsetup, left) and tube diameters (dtube, right).

air flows, ηtotal,trans became lower. While for lower air flows and larger dtube, the
efficiencies were improved marginally. Although potential improvements regarding
particle losses were possible, they would have led to a weaker brake cooling and
a poor signal strength. Therefore, the chosen parameters of dtube = 150 mm and
Qsetup = 250 m3/h reflected optimal test conditions.

As a final remark, the sampling nozzles of the probes may also cause particle
losses. It is proposed that isoaxial and isokinetic sampling with “thin-walled” noz-
zles results in 100 % aspiration [27]. However, the sampling nozzles used within the
present work were not fulfilling Belyaev and Levin’s [123] condition for “thin-walled”
nozzles because of manufactural and practical reasons. But since the geometries of
the sampling nozzles were close to “thin-walled” conditions, the resulting particle
losses were assumed to be small [29].

3.1.4 Verification of Aerosol Sampling

Sampling position. The measurement setup described in section 3.1.1 was de-
signed in a compact configuration because the available space at the dynamometer
was restricted by the test room dimensions. This meant that the location of the
measuring plane did not meet standardized recommendations for particulate matter
measurements in ductworks. For example, the ISO 9096:2017 norm defines the po-
sition of the sampling plane to be in straight tube sections with a length of at least
5 dtube in upstream and in downstream direction [124]. Similarly, air flow measure-
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Figure 3.6 – Setups for premeasurements. (a) Straight tubing arrangement in the
area of the sampling point. (b) U-bend tubing section and (c) full setup arrangement
with chamber and brake. The air flow direction is indicated by red arrows. In (d) the
corresponding air velocity profiles are shown.

ments should take place in straight tube sections. For high accuracies, straight tubes
of about 7 dtube length upstream and 3 dtube length downstream from the sampling
plane are recommended [125]. In order to address this issue, several measurements
with different setup configurations were performed. Furthermore, the intermixture
of test aerosols inside the aerosol path as well as the potential influence of measuring
at different sampling positions was analyzed.

For the investigation three different pre-measurement setups were created, which
are shown in figure 3.6. The main part of the first setup was composed out of a ver-
tically oriented straight tubing. The sampling plane was located at 10 dtube distance
from the last bend downstream and 3 dtube from the branch in upstream direction.
As this was close to the recommended measurement conditions mentioned above,
this setup served as reference. In a second setup, the tube routing was changed
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Figure 3.7 – Validation of sampling positions. (a) Straight tubing setup, (b) U-bend
tubing setup and (c) full setup arrangement with chamber and brake. Diagram order from
top to bottom: averaged particle size distribution measured by TSI APS and deviation
from mean value.

similar to the final dynamometer setup but the tube was bent in opposite direc-
tion. The third pre-measurement setup was designed similar to the final setup as
it included the brake and the enclosing chamber. For all three setup configura-
tions, the air velocity profiles were determined for a constant setup flow of 250 m3/h
(compare figure 3.6 (d)). Although the first setup represented optimal measurement
conditions, the air velocity profile still showed some irregularities. However, in the
center of the tubing the air velocity was still in the range of 4.3-4.8 m/s and thus
the deviations were expected to be of minor relevance. In case of the setups with
bent aerosol paths, the air velocity profiles showed higher flows on the respective
opposite sides of the bends. Again, the velocity pattern resulted from the bend that
was located directly upstream of the sampling plane. The air velocity varied from
about 3-5.3 m/s, which may influence the aerosol sampling when probes are drawn
at different position within the tube cross section.

The potential influence of sampling at different positions in the tube cross sec-
tion was investigated through measurements with test aerosols. At the aerosol inlet
positions, which are marked in the sketches of figure 3.6 (a) to (c), a rotating brush
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generator (Palas RGB1000) released A1-dust (Arizona road dust, PTI 12103) at
a constant flow rate. On the sampling side, the APS was connected successively
to different probe sites within the tube cross section. For each probe position the
particle number distribution was determined by averaging over an interval of three
minutes. The resulting size distributions are shown in figure 3.7. For each setup,
the average particle size distributions were close together and differences were hard
to find. But the deviation from the mean values, showed even more precise results:
small differences of about 20-30 % in particle number concentrations were found for
the measurements using the first setup. In contrast, nearly identical results were
found for measurements within a setup that contained the U-shaped tubing. Only
deviations for larger particles with a random characteristic were observed during
these tests. Since the measured signal was rather small in this range, the deviations
were attributed to the instrument noise. Apparently, the test aerosol was much
better diluted and intermixed inside the bent aerosol path than in the straight tube
section. The weaker aerosol mixing inside the straight tube may resulted from the
release spot in the center of the tubing. An aerosol source that releases the particles
on a broader area might have improved the results. However, the investigations
clearly showed that there was no difference in particle concentration to be expected
when sampling at different positions inside the tubing.

Isokinetic sampling. In section 2.1.2 the importance of proper aerosol sampling
was introduced. Whenever samples are drawn from a stream of air, the probes
should be isoaxially aligned and isokinetic sampling conditions should be fulfilled.
In order to evaluate the setup robustness regarding isokinetic sampling, a separate
investigation has been performed: while the nozzle inlet was kept constant, the
particle number size distributions of the test aerosol were analyzed by the APS for
different air flows. The averaged concentrations are shown in figure 3.8. As shown
in the diagram, with increasing air flow the artificial aerosol was more diluted and
as a consequence the concentration decreased. When comparing the size distribu-
tions to the data that was obtained with the appropriate sampling nozzle (4.8 mm at
250 m3/h), no significant deviation was found. This was also confirmed by the theo-
retically calculated aspiration efficiencies (ηasp) considering the model from Belyaev
and Levin [126].

When nozzles with different inlet diameters were analyzed during experiments
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Figure 3.8 – Simulation of the isokinetic effect. The tests are performed with the
straight tubing setup with the TSI APS at center position. In (a) the nozzle inlet size is
kept constant (4.8 mm) and the setup flow is varied and while in (b) the flow is constrained
at 250 m3/h and different nozzle diameters are tested. Diagram order from top to bottom:
Averaged particle number size distribution and the corresponding aspiration efficiency
(ηasp). The experimental values are normalized to the averaged values of size classes 0.5-
1 µm. Theoretical expectations are shown according to the model by Belyaev and Levin
[126] in reddish colors.

with a constant setup flow of 250 m3/h, more significant results were obtained (fig-
ure 3.8 (b)): the particle number size distributions for fine particles with around
1 µm diameter were nearly identical for all tested nozzles. But the deviation was
more pronounced for larger particles. Especially when looking at ηasp, larger par-
ticles were sampled with different yields. As the theoretical model predicted, for
sub-isokinetic and super-isokinetic sampling the results were over- and underesti-
mated, respectively. As a conclusion, the results underlined the necessity of sam-
pling isokinetically with appropriate nozzles - especially when PM10 is investigated.
For PM2.5 and particle number measurements the geometry of the sampling nozzle
is less critical. Thereby, variations of the setup air flow were found to be small and
deviations of up to 10% can be tolerated.
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3.2 Drive Cycles

3.2 Drive Cycles

In focus of the present work were emission investigations under realistic driving
conditions. Here the applied driving profile was of significant relevance since it
should also be representative for normal driving behavior. Two test cycles were
developed for the present investigation.

Figure 3.9 – Drive cycles. Cumulative frequency distributions of the WLTP database
(blue), the 3h-LACT (orange) and the WLTP cycle (yellow) with regards to (a) initial
velocity, (b) deceleration, (c) brake duration, and (d) time between braking. Reprinted
with permission from Mathissen et al. [127]. © 2018 Elsevier.

The first one is based on the five day long Los Angeles city traffic (LACT) cycle.
The cycle was developed from real driving journeys in Los Angeles. Since the cycle
length was too long for repeating wear investigations, a three-hour long subsection
was used (3h-LACT). The subsection was chosen in such way that characteristic pa-
rameters, e.g., initial velocities, deceleration, or brake duration, were most similar
to that of the entire cycle. The final cycle contained 217 brake stops with initial
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Figure 3.10 – Velocity profiles of drive cycles (a) 3h-LACT and (b) WLTP. Based
on ref. [128, 129].

velocities in the range of 16.9 km/h to 154.3 km/h and decelerations ranging from
0.3 m/s2 to 2.88 m/s2 [127, 128].

The second cycle was composed out of the worldwide harmonized light-duty vehi-
cles test procedure (WLTP) database. The WLTP database contains 743,694 km of
real-world driving data collected in five regions (EU, USA, India, Korea, and Japan).
Using this data as a basis, an artificial drive profile was developed while also charac-
teristic parameters were considered [127]. The cycle consisted out of 303 brake stops
with an average velocity of 46.5 km/h and a maximum velocity of 132.5 km/h. The
decelerations varied between 0.49 m/s2 and 2.18 m/s2 [127]. A further characteriza-
tion regarding certain parameters is shown in figure 3.9. Here, also a comparison to
the 3h-LACT cycle is given. The final velocity profiles of the two cycles are shown
in figure 3.10.

3.3 Test Procedure

A conventional 15” disc brake with floating caliper, grey cast iron brake disc, and
LM brake pads of a midsize passenger car was used as test specimen. In order to
investigate the bulk material of the pad lining, the friction surface was machined
down by 2 mm. Three temperature sensors were installed at the brake: the first
thermocouple sensor was embedded inside the disc at a depth of 0.5 mm in the
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middle of the friction surface, another one was embedded inside the outer pad lin-
ing (1.5 mm depth), and the third one was used as a sliding thermocouple sensor
(GA4089, Universal Thermosensors LTD) that was pressed against the rotor surface
with a contact force of 1 N (see figure 3.1 (c)).

The tests were performed with a moment of inertia of 50.4 kg m2, which corre-
sponds to the vehicle curb weight plus one passenger. This included a brake power
distribution between front and rear brakes of 71.6 % and 28.4 %, respectively. This
assumption was based on the different sized friction surfaces of the front and rear
brakes. The following drive cycles were performed in successive order:

1. 3h-LACT cycle. The 3h-LACT cycle was used in temperature- instead of
time-controlled mode. Originally, the cycle was used in time-controlled mode,
which means that the brake stops were performed after certain time periods.
In the temperature-controlled mode, the brake stops were triggered when the
brake cooled down to a certain initial temperature (Ti). This method allowed
standardized investigations independently from the brake cooling. Thus, the
comparability to measurements with competing setups was given, which may
stand out through better brake cooling.
In a first session, five successive runs of the 3h-LACT were performed with
initial temperatures obtained from usual dynamometer measurements with the
full LACT cycle (Ti,lab). Before and after each run, the brake was rotating at
a vehicle velocity of 100 km/h. For material cleaning and tempering of the
brake, five static brake stops were performed before each test (coefficient of
friction (COF) check) [128]. After the session, the weight loss of the brake
material was analyzed.

2. Rotation only. Due to the weight loss analysis of the previous session a
brake maintenance was needed. This allowed a very specific way of testing:
“Rotating only” maneuvers were driven in order to investigate brake drag
emissions, which is the release of brake wear particles during cruising [89, 92].
At the same time, potential particle resuspension inside the setup could be
analyzed. For certain setup configurations, i.e., with or without brake caliper
mounted or clean and impure chamber environments, the brake was rotating
at certain constant velocities.
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3. 3h-LACT cycle with advance vehicle simulations. As described by
Farwick zum Hagen et al. [92], another investigation with a different Ti data
set was performed. Approaching more realistic test conditions, the sixth 3h-
LACT run was conducted with initial temperatures obtained from the vehicle
(Ti,veh). During this run, additionally parasitic drag simulations were applied
according to Mathissen et al. [127].

4. WLTP cycle with advance vehicle simulations. The WLTP cycle was
found to be more representative for realistic driving than the 3h-LACT cycle
[127]. Therefore, a final investigation with the WLTP cycle was performed,
which also included parasitic drag simulations. The WLTP cycle was driven in
time-controlled mode. Each of the ten cycle sections started when the brake
was cooled down to ambient temperatures (30°C). Thus, the entire WLTP
cycle simulated ten single test drives.

3.4 Brake Wear Emissions

One side effect of temperature-controlled testing is the potential variation of test
duration and driving distance. Once the variations are high, they may impede direct
comparisons between tests. Thus, it is important to judge, whether or not tests
were conducted in a repeatable manner. In table 3.1 the test parameters for each
3h-LACT cycle are listed. For all five tests of the first session, very similar driving
distances in the range of 165.4-170.56 km and test durations of 195.1-200.9 min were
found. Therefore, a high test-to-test repeatability was assumed. In case of the
sixth run, which was performed with advanced vehicle simulations, both the cycle
duration and driving distance were found to be much larger than during the former
tests. This was due to the initial brake temperatures, which were found to be lower
on the vehicle than in the laboratory. It led to longer cool-down phases that were
accompanied by disc rotations at certain initial velocities. Thus, also the absolute
driving distance became longer.
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Table 3.1 – Test parameters for each cycle.
Run number Driving distance [km] Cycle duration [min]

1st run 170.56 200.9
2nd run 165.40 195.1
3rd run 168.60 198.7
4th run 167.38 197.5
5th run 169.96 200.0
6 th run a 280.81 307.9
a Test with vehicle brake temperatures and parasitic drag (advanced
vehicle simulations).

3.4.1 Time Resolved Emissions

3h-LACT cycle. For all tests a temporal overview was prepared, which allowed
an easy evaluation of the results. As an example, the fifth run of the 3h-LACT cycle
is shown in figure 3.11. In the first diagram, the driving profile is shown along with
the actual brake temperatures. In parallel, the current PM10 concentrations and
the particle number size distributions are plotted underneath. Certain sections of
the diagram are presented in figure 3.12 in more detail. Here the COF check can
be seen clearly, which included the background recording, running-in, and cleaning
phases. Furthermore, the brake events and their corresponding emission peaks are
clearly identifiable.

Inspecting the brake temperature signal over the entire test, it was found that
all three temperatures were closely matching. The pad temperature was found to
be slightly lower, which arose most likely from the lower heat conductivity of the
pad lining compared to the disc material [130]. The good agreement of the brake
temperatures indicated a robust measurement.

Farwick zum Hagen et al. [92] reported the following emission observations:
the PM10 concentration correlated exactly with the brake events and concentrations
were found in the range of 0.01 mg/m3 to ≈20 mg/m3. In terms of particle number,
the emission peaks were also assigned to the brake events and multimodal parti-
cle number distributions were found. During braking, initial modes in the coarse
and fine particle size range were observed (compare figure 3.12 (b)). The modes
appeared to be bimodal with peaks at around 2-3 µm and 100-200 nm. In case of a
high brake temperature increase beyond ≈170°C, a further mode appeared in the
nucleation range at around 5-40 nm. The nucleation mode occurred, after the fine
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Figure 3.11 – Temporal overview plot of 3h-LACT cycle of the fifth run. (a)
Velocity profile (black, left axis; blue area, driving distance, here: 170 km), disc tempera-
tures (right axis; dark red, embedded TC; red, sliding TC) and pad temperature (yellow,
embedded TC) curves. (b) PM10 concentration of TSI Dusttrak. For clarity, only raw
data are shown. (c) Particle number concentration (dN/dlogdp) of TSI APS depending
on aerodynamic diameter, dp,aero. (d) Particle number concentration (dN/dlogdp) of TSI
EEPS depending on electric mobility diameter, dp,mob. The raw data are multiplied with
a dilution factor of 8.05. Adapted with permission from Farwick zum Hagen et al. [92].
© 2019 American Chemical Society.

mode nearly disappeared. The different size distributions during the mode shift are
shown in figure 3.13. At the end of the brake event, when the brake remained at
high temperatures, the ultrafine mode dominated the particle size distribution.

The independent appearance of the two modes suggests different particle gen-
eration processes: fine particles were generated by mechanical abrasion [68] and
ultrafine particles were formed through condensated vapor followed by coagulation
and agglomeration [69, 100]. Furthermore, it is believed that the majority of ul-
trafine particles were generated at hot-spots or local asperities. Here, local brake
temperatures were expected to be higher than the macroscopic recorded brake tem-
perature [92]. Thus, it is assumed that the ultrafine particles are of volatile nature.
This assumption found agreement in a recent measurement by Mamakos et al. [131].
Also Perricone et al. [132] reported similar observations.
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Figure 3.12 – Temporal overview plot of certain sections within the 3h-LACT
cycle, fifth run: (a) Background, run-in, and cleaning phases are shown. During constant
driving phases emissions are observed resulting from brake drag. (b) Mode shift during
brake event at high brake temperatures. Reprinted with permission from Farwick zum
Hagen et al. [92]. © 2019 American Chemical Society.

Figure 3.13 – Particle number size distributions during braking. The particle
number concentrations are averaged over ten seconds. (a) At the beginning of the high
speed brake stop (highlighted in figure 3.12 (b)) and (b) after 60 s (at the end of the brake
stop).
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WLTP cycle. The temporal overview of the WLTP cycle is shown in figure 3.14.
Each of the driving sections was separated by the extended cool down phases lead-
ing to an even longer test duration. All brake temperature sensors showed similar
values, which indicated a robust measurement. Similar to the 3h-LACT also the
PM10 concentrations were found to be in the same range. Apparently, compared
to the 3h-LACT, the softer brake characteristic of the WLTP showed no influence
on the particle mass emissions. In contrast, the particle number emissions were
significantly reduced. Over the entire cycle length not a single emission peak in the
ultrafine particle size range was found. All the brake emissions were generated in
the coarse and fine particle size range. These observations are consistent with pre-
viously mentioned assumption that ultrafine particles are only emitted during high
temperature phases. During the WLTP cycle, the maximal brake temperatures
were around 170°C. Obviously, ultrafine particles are expected to be generated at
even higher temperatures. The particle emission behavior depending on the brake
temperature will be discussed in more detail later.

Figure 3.14 – Temporal overview plot of WLTP cycle after the sixth run of the 3h-
LACT. (a) Velocity profile (black, left axis; blue area, driving distance, here: 193 km), disc
temperatures (right axis; dark red, embedded TC; red, sliding TC) and pad temperature
(yellow, embedded TC) curves. (b) PM10 concentration of TSI Dusttrak. For clarity, only
raw data are shown. (c) Particle number concentration (dN/dlogdp) of TSI APS depending
on aerodynamic diameter, dp,aero. (d) Particle number concentration (dN/dlogdp) of TSI
EEPS depending on electric mobility diameter, dp,mob. The raw data are multiplied with
a dilution factor of 7.71.
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3.4.2 Cumulative Analysis and Emission Factors

Filter Analysis. The total airborne PM10 emissions were obtained by filter anal-
ysis with the cascade impactor and the Dusttrak. The first stage of the impactor
(PMTSP−10) and a PM10 impactor installed at the Dusttrak served as PM10 sepa-
rators. Since both devices sampled with different flows (QDusttrak = 2 ± 0.04 l/min
and Qimpactor = 10±0.5 l/min [33, 34]), the resulting cumulative filter load deviated.
Compensating this, the raw filter load (∆mfilter) was extrapolated as follows:

∆mextrapol = Qsetup

Qdevice
∆mfilter. (3.2)

For each cycle a separate set of filters was used. The results are presented in figure
3.15. For the first 3h-LACT run, the highest emission values were obtained. The
PM10 emissions were in the range of 1.6-1.9 g. For the following cycle repetitions, the
emissions stabilized at constant values of around 0.7-1 g. The higher values at the
beginning of the test were attributed to the running-in process of the brake material.
In order to protect the disc friction surface from rust, brake discs are usually coated.
During the running-in phase the disc coating was worn down and the brake pad and
disc were grind into stacked groves, which resulted in higher wear.

In case of testing with advanced vehicle simulations (sixth run), again higher
emission values of around 1.2 g were found. The sixth run followed directly after
maintenance, when the disc and pad were build out for weight analysis. In order
to avoid another running-in phase, the same material was used for further tests.
However, the emissions were still higher, which led to the assumption of another
running-in phase of the material. Another possibility might be increased emissions
through brake drag. The latter origin seems highly possible because the constant
driving distances, where brake drag usually occurs, were longer during this run
(compare table 3.1). The effect will be discussed in more detail later.

For the WLTP cycle, the emissions decreased, although during this cycle more
brake stops were performed. Since here no longer constant driving phases were
performed during the cycle, it is another indication that the higher emissions during
the sixth 3h-LACT resulted from brake drag.

Independently from the test cycle, the highest PM emissions were always found
in the particle size range of 2.5-10 µm. The mass fraction of all other size classes
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Figure 3.15 – Extrapolated filter load shown for each 3h-LACT run, the 3h-LACT
run with advanced vehicle simulations (yellow background), and the WLTP cycle (green
background). The first two bins show PM10 values and allow direct comparison of TSI
Dusttrak and Dekati impactor devices. Error bars result from measurement uncertainty
and refer to each bin.

was found to be much smaller. Their share made up approximately 1/3 of the total
mass.

The PM10 filter load in figure 3.15 was used to determine the airborne fraction
of brake wear. Therefore the cumulative filter load of the first five 3h-LACT cycles
was compared with weight loss of the brake material during this run. As table
3.2 shows, an airborne fraction in the range of 40.3 % to 48.6 % were found for the
Dusttrak and impactor, respectively. These results are in reasonable agreement with
the findings of brake wear investigations at competing measurement setups [25, 26].
Similar estimations were also made in receptor modeling studies [18, 107].
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Table 3.2 – Airborne fraction of brake wear determined by the extrapolated filter
load of the TSI Dusttrak and the Dekati PM10 impactor. The error values represent the
estimated measurement uncertainty. Adapted with permission from Farwick zum Hagen
et al. [92]. © 2019 American Chemical Society.

PM10 impactor PM10 DT filter Brake weight loss
Run number ∆mextrapol [g] ∆mextrapol [g] ∆mtotal [g]

1st run 1.93 ± 0.17 1.63 ± 0.14 na
2nd run 1.00 ± 0.09 0.76 ± 0.07 na
3rd run 0.75 ± 0.06 0.65 ± 0.06 na
4th run 0.89 ± 0.08 0.76 ± 0.06 na
5th run 0.81 ± 0.07 0.67 ± 0.06 na∑

run no.1−5 5.38 ± 0.47 4.47 ± 0.39 11.08 ± 0.15

airborne fraction 48.60 ± 4.86 % 40.26 ± 4.03 %

Emission Factors. The particle mass EFs per driving distance are presented in
figure 3.16 (a). Due to the nearly constant driving distances for the first runs, in
general, their trend is similar to the filter-load data. But surprisingly, also for the
sixth 3h-LACT run, the EFs were similar to the previous runs. During this run, the
higher filter-load data were compensated through the higher driving distance. When
comparing the EFs of the normal 3h-LACT cycle and the WLTP cycle, no big dif-
ference was found. However, for the WLTP cycle the EFs were found to be slightly
higher. The particle mass EFs were strongly dependent on the measurement tech-
nique applied: when considering the filter-based EFs, absolute values in the range
of 3.8-5.4 mg km−1 brake−1 were found after running-in. But the results obtained by
the ELPI+ were about twice as high. This most likely resulted from the conversion
from particle number to particle mass, which included assumptions like spherical
particle sizes and a uniform particles density of 1 g/cm3. In contrast, the sensor
based Dusttrak results were much lower and in the range of 0.5-2 mg km−1 brake−1.
Here the device was calibrated by a different aerosol (Arizona Road Dust, SAE J726)
that contained a different composition and different light scattering characteristics.
When calibrating the sensor based data with the respective filter load, a calibration
factor of 6.4 ± 0.7 was determined. This is in very good agreement with the values
found in literature [88]. In conclusion, the EFs obtained from filtering are assumed
to be the most reliable because the technique itself is considered to be the most
robust one.
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Figure 3.16 – Emission factors in terms of (a) PM10 and (b) particle number (includ-
ing volatile particles) per driven distance. The sixth run (yellow background) has been
performed with advanced vehicle simulations and is believed to be most representative of
real braking. The data points on the green background represent EFs from the WLTP
cycle. Error bars refer to measurement uncertainty and the background span indicates
the expected background levels (outlier at ELPI+ during the fourth run due to electrode
drifting). Adapted with permission from Farwick zum Hagen et al. [92]. © 2019 American
Chemical Society.

The particle number EFs are shown in figure 3.16 (b). Starting at 2-3×1013 km−1

brake−1, the EFs decreased with every cycle repetitions to 2×1012 km−1 brake−1 for
the fifth run of the 3h-LACT. Thereby, the EFs were significantly higher than the
background range, which reflected in case of the ELPI+ also the lower detection limit
of the instrument. For the EEPS the background level was even higher as it was
influenced by the poor air quality provided to the diluter just in front of it. However,
the data were still of reasonable quality so that during the sixth 3h-LACT and the
WLTP cycle - both tests with advanced vehicle simulations - EFs at significantly
lower values were found. Here the EFs were in the range of 1-9×1010 km−1 brake−1.
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For the WLTP, the EFs were similarly around 1-2×1010 km−1 brake−1. Obviously,
the EFs were significantly reduced for testing under realistic driving conditions.

3.4.3 Emissions per Brake Stop

In order to investigate the decreasing tendency of particle number EFs, the emissions
for each brake stop were analyzed. For analysis, the data sets of the 3h-LACT
cycles were used. Each cycle was divided into braking and non-braking intervals.
The braking intervals were defined by “brake-ON” signals recorded from the brake
dynamometer that lasted for the duration of the braking maneuver. An additional
period of four seconds was added to each interval in order to compensate the particle
residence time in the aerosol path. The total number of particles was determined as
follows [92]:

Ntot,i =
brakeOFFi+4s∑
j=brakeONi

#Bins∑
k=1

Ni,j,k ·Qsetup, (3.3)

where Ntot,i was the total number of particles for the ith-brake stop. Ni,j,k was given
as the number of particles of the jth-sample with the kth-bin. Due to the wide par-
ticle size range, the data sets obtained by the ELPI+ were used.

As already supposed earlier, the particle number emissions correlate strongly with
the brake temperature. Thus, the Ntot,i for each brake stop were plotted against the
mean brake disc temperature (T̄disc,slidingTC,i) during the respective brake stop. In
figure 3.17 (a), the results are shown for the first, third, and fifth 3h-LACT cycle
run. The most values were in the order of magnitude of 1×109 stop−1 brake−1 and
found in a point cloud until a certain brake temperature, also called critical tem-
perature (T̄crit). The values laying in this range mainly represented the background
contribution. But at T̄crit the particle number emissions increased sharply. For even
higher brake temperatures, the particle number emission were about 1×1014 stop−1

brake−1, which was about four orders of magnitude higher than the background
level. A similar effect was also reported recently in a pin-on-disc study by Ale-
mani et al. [133]. Interestingly, in the present work, the T̄crit was found at 140°C,
160°C, and 170°C for the first, third, and fifth run, respectively. The shifting T̄crit

to higher temperatures during each cycle repetition suggests different volatilization-
onset temperatures of different organic compounds in the pad lining [92]. It can be
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Figure 3.17 – Total PN emission values for each brake event obtained by the Dekati
ELPI+. Total number dependency upon Tdisc,slidingTC. (a) For the first, third, and fifth
cycle run. (b) Comparison of laboratory data and data obtained with advanced vehi-
cle simulations. Adapted with permission from Farwick zum Hagen et al. [92]. © 2019
American Chemical Society.

understood as part of the running-in process of the brake material. But it should be
noted that stable emission characteristics were not reached after the fifth 3h-LACT
cycle. Due to the shift of T̄crit with every repetition, the number of high emissive
brake stops decreased steadily. This also explained the decreasing trend of the EFs
in section 3.4.2.

In case of the sixth cycle, the entire particle number emissions were found be-
low the T̄crit of the previous run. In consequence, the emissions were all below
1×1010 stop−1 brake−1 (except one outlier), which was close to the background level.
The lower brake temperatures were achieved by using the realistic Ti,veh values. Thus,
for the conventional and run-in brake material, ultrafine particle generation is not
expected at operating temperatures below 170°C.

The strong particle number dependency upon brake temperature is a very unique
characteristic for brake emissions, which is only valid for the particle number. As it
is shown in figure 3.18 (b), when considering particle mass concentrations, the data

54



3.4 Brake Wear Emissions

Figure 3.18 – Camparison of PN and PM emission values for each brake event
obtained by ELPI+. (a) Total number and (b) total mass dependency upon Tdisc,slidingTC
(left) and ∆Erot (right). Calibrated Dusttrak values of the corresponding measurement
are shown in the lower right panel. Adapted with permission from Farwick zum Hagen et
al. [92]. © 2019 American Chemical Society.

points were entirely scattered. Interestingly, the parameter dependency behaves
vice versa when plotting the total particle number and particle mass values against
the dissipated energy upon braking (∆Erot). Here, the particle number values were
scattered and the particle mass was increasing with increasing ∆Erot. The particle
mass dependency was increasing with nearly the square of ∆Erot. The average value
was found at 0.064 mg kJ−1 brake−1. For the Dusttrak the mean value was smaller
with 0.026 mg kJ−1 brake−1, which can be attributed to the different measurement
techniques.

3.4.4 Brake Drag

As already mentioned, brake wear particles were also observed during driving sec-
tions when the brake was in a fully released state. Although the effect has been
reported already [89], its origin was still unclear. The question remained: are the
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particles generated through resuspension or by a continuous wear process of the
brake itself? Addressing this, the fully run-in brake system was analyzed under “ro-
tation only” maneuvers for different setup configurations. The test parameter can
be found in table 3.3. Each velocity was hold for 180 s. Before each test was started,
a static brake pressure of 10 bar was applied to the brake in order to set the brake
system into same initial conditions.

Since the particle emissions were found to be mainly in the coarse and fine size

Table 3.3 – Test conditions for brake drag investigation. Rotation only procedure.
Adapted with permission from Farwick zum Hagen et al. [92]. © 2019 American Chemical
Society.

Order Chamber Caliper Velocity [km/h] M̄res [N m] ∆T [K]

1 impure w/ 30, 50, 80, 100, 130, 130, 100, 80, 50, 30 7.56 5.8
2 impure w/o see above 1.76 2.3
3 clean w/o see above 1.70 5.5
4 clean w/ see above 7.80 9.2

range, the APS signal was used for analysis because of its high resolution in this size
range. The raw data results are presented in figure 3.19. During all tests, increasing
particle number concentrations were observed for increasing rotational speeds. Ob-
viously, the emissions of test run #1 and #4 were higher than that of run #2 and
#3, which means that tests with mounted caliper led to higher emissions. However,
when the caliper was not mounted, there were still particles detectable. The fact
that these emissions were very similar and seemingly independent from the chamber
condition (clean or impure) lead to the assumption that particle resuspension from
chamber walls can be excluded. It is more likely, that these particles originated from
either secondary contact plateaus, which came off the friction surface. Alternatively,
they were generated by the sliding thermocouple sensor at the disc surface or the
drive shaft sealing. Furthermore, small emission peaks were observed just after the
acceleration phases. But the peaks were not found during deceleration. This sup-
ports the assumption of detaching particles from secondary contact plateaus.

Getting a more comparable presentation of the obtained results, the APS data
were averaged over the constant velocity phases. Thereby both phases were consid-
ered, i.e., from the acceleration and deceleration ramp. The averaged total number
concentration is shown in figure 3.20. Again, the continuous increase of particle num-
ber with increasing velocity can be seen. The experiments without caliper mounted
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Figure 3.19 – Particle number emissions during drag investigation. Diagram
order from top to bottom: Velocity profile and particle number concentration (dN/dlogdp)
of TSI APS depending on dp,aero. Test order according to table 3.3.

showed the smallest concentrations. Compared with the results from the experi-
ments with caliper mounted, their contribution was negligibly small. The increasing
emissions with mounted caliper evidence the wear generation during cruising [92].
Another proof is given by the higher mean residual torque (M̄res) of the brake sys-
tem. Whenever the caliper was mounted, M̄res was found to be around 6 N m larger
compared to neutral. In other words, when the caliper was mounted the brake pads
dragged more on the brake disc, which also led to higher emissions. The brake
drag was also accompanied by an increasing temperature difference during the tests
(compare table 3.3). Interestingly, after remounting the caliper, the drag emissions
were higher compared to the first run, where also the caliper was mounted. But
M̄res was only 0.3 N m larger, which is negligible from the technical point of view.
Apparently, small changes of the system that can be caused by installation of the
brake components influence the drag emission characteristic.

When comparing the results from the “rotation-only” maneuvers with the emis-
sions from the acceleration and constant driving phases during the 3h-LACT cycle,
the particle number concentrations during the cycle were found to be much higher
as shown in figure 3.20. There were two potential reasons for this: the first one was
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Figure 3.20 – Particle number emissions under braking and cruising conditions.
Average total particle number concentration as measured with TSI APS from rotation-
only cycle are plotted as lines for different configurations (*after chamber cleaning and
reassembling of brake material). The averaged total particle number concentrations during
the 3h-LACT cycle are shown as circles and diamonds for braking and driving events,
respectively. Data are plotted against the initial velocity. The marker area size is a
measure of ∆Erot. Reprinted with permission from Farwick zum Hagen et al. [92]. © 2019
American Chemical Society.

the different interval lengths that were used for averaging. During the 3h-LACT cy-
cle, the intervals were much shorter. Another reason was the preconditioning of the
brake system. During the cycle, the brake also performed brake stops before each
acceleration and driving phase. Thus, the pads remained closer to the disc surface
as they were only retracted by the roll back mechanism of the caliper. But due to
the run-out of the disc, the pads were probably further pushed apart. This may
have caused additional dragging and wear. However, the particle number emissions
during active braking were even higher than during cruising.

In order to estimate the emission ratio between cruising and braking events, the
particle mass signal of the Dusttrak device was used: a fraction of 33.9 % of the
total PM10 emission resulted from brake drag during a 3h-LACT cycle. Applying
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the same analysis to the total particle number data led to non-meaningful results.
Here, the high particle number emission peaks extended over several brake events
and an appropriate separation in braking and cruising phases was not possible.

3.5 Summary

A novel setup for brake wear particle measurements on brake dynamometer was
developed. The setup was designed for sensitive and loss-reduced particle emission
investigations. The constant air flow of 250 m3/h was representative for realistic
driving conditions. Since the entire flow was routed to the sampling point, a high
particle yield was achieved and emission quantification became possible. The setup
was characterized by CFD simulations and later validated by experimental investi-
gation. The pre-measurements fully characterized the setup regarding setup flow,
sampling position and isokinetic sampling.

The focus was on investigating brake wear emissions under realistic driving con-
ditions. Therefore, two measurement cycles were developed, namely the 3h-LACT
and the WLTP cycle. Both cycles were representative for realistic driving but in
direct comparison the WLTP reflected the reality better. The investigations were
carried out with a 15” left front brake of a midsize passenger car. In a successive
test sequence six runs of the 3h-LACT cycle were performed, whereas the last run
was conducted with advanced vehicle simulations. This test included parasitic drag
simulations and realistic brake temperatures. Using the same conditions, the emis-
sions during the WLTP cycle were investigated in a final test.

The new brake material required a running-in phase until constant emission values
were reached. The particle mass emissions stabilized already after the first run. For
the run-in brake system, constant PM10 EFs in the range of 3.8-5.4 mg km−1 brake−1

were obtained through gravimetric filter measurements. Deviating results were
found for sensor based data, which were believed to be less representative. These
results were based on either simple assumptions made for calculation or the cor-
responding instruments were calibrated with different aerosols. The particle mass
EF of the WLTP cycle was slightly higher and values of 4.2 mg km−1 brake−1 and
5.6 mg km−1 brake−1 were calculated for the Dusttrak and the cascade impactor,
respectively. Furthermore, separate measurements clearly evidenced the wear gen-
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eration during cruising conditions, i.e., brake drag. These emissions were mainly
dominated by coarse and fine particles and their contribution to the total particle
mass was about 34 % for a single 3h-LACT cycle. The airborne PM10 fraction of
brake wear was estimated to be about 40 % to 48 % of the weight loss of the brake
material.

The running-in process regarding particle number emissions was seemingly not
completed with the fifth run of the 3h-LACT cycle. For each cycle run, the particle
number EFs were decreasing. Thus, for the fifth run an EF of about 2×1012 km−1

brake−1 was found. For the tests with advanced vehicle simulations, significantly
lower EFs were found in range of 1-9×1010 km−1 brake−1. The high particle number
emissions during the five 3h-LACT runs were mainly caused by ultrafine particle
formation from vapor condensation followed by subsequent coagulation and agglom-
eration. Furthermore, it was believed that these particles were of volatile nature.
The particles in the nucleation range were obtained only during sections with high
brake temperatures. Thereby, the critical temperature was shifting from 140°C dur-
ing the first run to 170°C in the fifth cycle run. This suggested an evaporation of
different organic compounds in the brake lining at different onset temperatures. In
case of the test with advanced vehicle simulations, all brake stops were performed
below the critical temperature and consequently the obtained particle number emis-
sions did not exceed a total number of 1×1010 stop−1 brake−1.
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CHAPTER 4

Brake Wear Measurements under On-Road
Vehicle Operation

4.1 Measurement Setup

Measuring brake wear particles on a vehicle during on-road driving was particularly
challenging since several aspects needed to be considered: the sampling apparatus
including measuring instruments had to be integrated into the vehicle while preserv-
ing the entire vehicle functionality. The limited space and power capacity resulted
in compromises in the setup design. Especially safety-relevant aspects were an issue.
Nevertheless, the requirements for the measurement setups were high. Similarly to
the dynamometer setup, the entire airborne brake wear should be aspirated and
routed to the sampling point and - if possible - with minimal losses. Thus, the
obtained emissions would be quantifiable. Furthermore, the car geometry near the
brake and the natural air flow should be preserved as far as possible.

4.1.1 Particle Measurement Setup

Motivated by the dynamometer measurement concept, the vehicle setup was based
on a constant volume system. A sampling apparatus collected the brake dust and
thereupon the wear aerosol was routed to the measurement instruments for analysis.
The developed system was customized for measurements at the left front brake of a
midsize passenger car.
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4 Brake Wear Measurements under On-Road Vehicle Operation

Taking into account the natural air flow at the brake, which streamed from ve-
hicle side to outside, the brake dust was collected at the outside of the wheel. A
cone-shaped collector was installed at the wheel, as it is shown in figure 4.1. Pre-
venting any particle losses on vehicle side, additional dust shields were attached to
the wheel rim and around the caliper. In this configuration the wheel itself served as
original enclosure and only brake wear that escaped the wheel was collected. Since
the setup collected the brake wear as a mixture with ambient air, it was categorized
as semi-enclosed setup design [134, 135].

A blower at the end of the setup generated a stable air flow along the aerosol
tubing. The blower capacity (stand-alone specification: 1100 Pa at 250 m3/h) was
estimated generously in order to compensate the pressure drop along the setup.
Due to the negative pressure inside the setup, ambient air was sucked into the
wheel rim cavity where it intermixed with the brake wear particles. The aerosol
streamed through the wheel rim openings into the capturing cone. The inlay inside
the capturing cone bundled the air flow and avoided dead air spaces that may have
favored turbulences. The aerosol was further routed through a swivel joint. The
swivel joint compensated the rotational movement of the capturing cone on one side
and linked it with a stationary hose on the other side. The hose (dhose,1 = 38 mm,
lhose,1 = 1.4 m, conductive and grounded) was routed in a soft bend (r = 300 mm)
onto the engine hood. In order to minimize particle losses, the tube was expanded
onto a larger diameter hose (dhose,2 = 100 mm, lhose,2 = 5 m). The hose was routed
along the vehicle diagonal in front of the windshield. It was further routed along the
right A-pillar onto the vehicle roof and entered the cabin through the right rear win-
dow. In the trunk of the car, the hose was connected to a metallic sampling tubing
(dtube = 100 mm, ltube = 0.6 m) that was positioned upstream of the blower. Inside
the sampling tube, aerosol samples were drawn and the air velocity was measured
(air velocity transducer, TSI 8455). The sampling probe was located in the center of
the tube and isoaxially oriented. It was adapted for isokinetic sampling considering
an estimated setup flow of about 90 m3/h [27]. Three particle measurement devices
(i.e., TSI APS, TSI EEPS, and TSI Dusttrak) were connected to the sampling probe
via a flow splitter. The surplus aerosol that was not used for sampling was routed
the outside of the cabin. The ambient PM10 concentration was monitored by a
second Dusttrak device located at the left rear window.
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4.1 Measurement Setup

Figure 4.1 – Real-world measurement setup. (a) Dust capturing cone at left front
wheel (top view). The air flow, indicated by blue (ambient) and red arrows (dust contam-
inated air), is forced to flow from the inside to the outside of the rim. (b) Test car with
measuring setup. The yellow background area shows components that are located inside
the car. The brake dust is routed from the left front wheel to the trunk (red arrows),
where the measuring equipment is located. A fraction of the total aerosol is analyzed
by the TSI EEPS, TSI Dusttrak, and TSI APS. The air flow is monitored by a TSI air
velocity transducer. The ambient air is monitored by a second TSI Dusttrak. (c) Image of
the test car. The aerosol flow is indicated by red arrows. Adapted with permission from
Farwick zum Hagen et al. [134]. © 2019 Elsevier.
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4.1.2 Tracer Gas Measurement Setup

Since the brake wear measurement concept was of novelty in the field of on-road
driving emission measurement, its operational functionality was initially unknown.
In order to gain more information about the setup characteristics - especially re-
garding the aspiration efficiency of the brake wear and the potential signal contam-
ination through ambient aerosols - pre-measurements with tracer gas according to
the method of Mathissen et al. [102, 136] were performed. Its principle is based
on assuming similar penetration and interaction properties for particles and tracer
gas. Despite the limitations of this assumption, the following advantages over inves-
tigations with artificial aerosols were identified [134]: the tracer gas i) allowed mass
conservation calculations, ii) was not lost during transport, iii) could be sampled
with a high sensitivity and fast response times, and iv) was not affected by contam-
ination. In particular, the latter point was an important issue for the semi-closed
setup design operating with ambient air.

The experiments were performed with a pressurized gas mixture of NO in N2

with 10 % volume concentration. As shown in figure 4.2, the previously presented
measurement setup was marginally changed. A rack mounted on the trailer hitch
carried the gas cylinder. The cylinder was connected to a flow controller (MKS
mass flow controller, 200 sccm/min) that regulated the flow to 100 sccm/min. In a
stepwise sequence, it was programmed to switch the gas flow on and off every 20 s.
The gas was routed through a Teflon hose from the back of the car to the front.
There it was released at three different spots:

1. For reference, the tracer gas mixture was released directly into the aerosol
tubing of the setup at position #1. The entire gas mixture was expected to
be transported to the sampling point.

2. At the brake (position #2) the tracer gas was released at two different spots.
Therefore, the Teflon hose was split into two lines of equal length. As it is
shown on the picture in figure 4.2, the tube outlets were positioned directly at
the inner and outer friction surface.

3. The release spot #3 was directly in front of the tire at the intersection to the
street. This enabled an estimation of the background contribution including
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4.1 Measurement Setup

Figure 4.2 – Tracer gas setup. The NO-release spots are marked by yellow crosses,
the air flow is indicated by yellow arrows. (a) Dust capturing cone at left front wheel (top
view) with release spots at the brake. The image shows the outer disc side. (b) Test car
with NO-bottle on trailer bar. The routing of the tracer gas hose is indicated in orange.
Particle measurement devices are replaced by a NOx-detector (ECO Physics CLD66) (c)
Image of the test car. (d) Image of NO-hose located in front of the wheel for background
estimation.
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potential particle resuspension from the road. The tracer gas flow was set to
200 sccm/min.

The sampled tracer gas was detected by a NO/NO2 analyzer (ECO Physics CLD
66) at the sampling point in the trunk of the car. The instrument was operated
in NOx-mode, which also considered potential reactions of the tracer gas NO to
NO2 [137]. Due to limited power capacities inside the car, it was only possible to
operate either the particle measurement devices or the instruments needed for the
tracer gas experiments. Thus, the tracer gas experiments were performed as separate
measurements before the wear investigations were carried out.

4.2 Setup Characterization

4.2.1 Coast Down Behavior

In the real-world, cars are not only decelerated through active braking but also
by naturally occurring parasitic drag, which for example includes aerodynamic or
rolling resistances. These circumstances are essential for on-road vehicle measure-
ments. However, it should be noted that in the present case the measurement setup
also influenced the normal driving conditions of the car. In order to estimate its
influence, the coast down behaviors of the normal vehicle and the vehicle with setup
and loaded instrumentation were determined. Three test runs with two passengers
were performed for each vehicle configuration, respectively.

In figure 4.3 the coast down curves are presented. The decelerations were deter-
mined for constant intervals of 10 km/h and expressed as averaged values. As one
can see, both deceleration curves followed a non-linear trend and with increasing
driving velocity the influence of the parasitic drag increased as well. For the normal
test vehicle (i.e., without setup), Mathissen et al. [127] reported a braking energy
dissipation by drag of about 15 % on average. This value was reported for the WLTP
cycle. But since the WLTP is not significantly different from the 3h-LACT cycle, a
similar value could be expected for the 3h-LACT cycle. In case of the fully equipped
test vehicle, the decelerations caused by parasitic drag were higher. Assuming the
initial velocities of the 3h-LACT cycle, an increase of 14.7±1.1 % on average was
found. In other words, the particle measurement setup enhanced the parasitic drag
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behavior of the test car. In conclusion, a reduction of active braking was expected
because of parasitic drag, which may have led to less emissions. The effect was
slightly intensified by the measurement setup.

Figure 4.3 – Coast down curves of the test car during test drives with (yellow) and
without (blue) particle measurement setup. The averaged data points were fitted with a
second order polynomial fit (dashed line). The error bars refer to the standard deviation
of the binned measurement data. Adapted with permission from Mathissen et al. [127].
© 2018 Elsevier.

4.2.2 Setup Air Flow and CFD Calculation

The air flow of the setup was determined during several measurements when the
car was at standstill. An average value of Qsetup = 76.3 m3/h was determined. This
value was confirmed by a random sample survey along the entire aerosol tubing.
Obviously, the blower flow capacity was reduced significantly through a pressure
drop along the sampling setup.

For the moving vehicle, the air velocity decreased even further with increasing
vehicle speed. The decreasing Qsetup trend is shown in figure 4.4. Without going into
detail, two curves are shown for comparison; one was determined by the air velocity
transducer and the other curve resulted from mass conservation calculations of the
tracer gas measurements. Both curves were in very good agreement. They showed a
nearly linear decrease of the setup flow with increasing vehicle velocity. For 50 km/h
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a setup flow of around Qsetup = 50 m3/h was found. For a further increase of the
vehicle velocity, the flow decreased less fast. At a vehicle speed of 100 km/h, the air
flow was about 50 % of its maximal value at standstill. The air flow measurements
during the dynamic 3h-LACT cycle were found to be more fluctuating. Nevertheless,
on average the data was reasonably represented by the air flow curves of the initial
flow measurements at constant velocities.

Figure 4.4 – Setup air flow depending on the vehicle velocity estimated through NOx-
mass conservation (yellow, data from direct NO-dosing) and air velocity transducer (blue)
during constant velocity sections. Error bars refer to measurement uncertainty and the
connecting lines result from interpolation using Matlab’s “Piecewise Cubic Hermite Inter-
polating Polynomial” (pchip). The air flow during the 3h-LACT cycle is shown in light
blue. Adapted with permission from Farwick zum Hagen et al. [134]. © 2019 Elsevier.

The decreasing setup flow was related to an increased pressure drop along the
sampling system. Using the decreasing air flow values of the setup, CFD calcula-
tions of the air flow around the capturing cone were performed for different vehicle
velocities. The resulting air velocity profiles are shown in figure 4.5. Yellow and red
areas indicate air flows going from the outside in direction to the vehicle underbody.
The opposite flow direction is marked by blue areas. At vehicle standstill, the air
flow was predicted to be drawn homogeneously through the wheel rim. Turbulent
air flows were not detectable. Thus, the resulting net flow was in the direction of the
capturing cone and the entire volume was expected to be sampled. For increasing
vehicle speeds, a small area inside of the wheel rim opened at the front where the
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air flow penetrates into the direction of the vehicle underbody. This effect resulted
most likely from air turbulences and was apparently also speed-dependent. The
turbulences increased the pressure drop inside the wheel house leading to a reduced
suction capacity along the entire setup. For the moving vehicle, the air flow fraction
that was sucked into the capturing cone was mainly drawn from the center of the
wheel rim.

Figure 4.5 – CFD calculation of the left front wheel at different vehicle velocities. The
air flow direction is indicated by color. Blue: air flow in the direction outside the car; red:
air flow in the direction to the vehicle underbody. Side view perspective from panel 1 to
5 (for clarity the capturing cone is not shown) and top view perspective in panel 6.

In the sixth panel of figure 4.5, a longitudinal section of the air velocity profile is
shown. Here the calculation indicated a rather high fraction of air volume escaping
to the vehicle underbody. Note, the CFD calculations did not simulate the dust
shields on the inside of the wheel rim for technical reasons. The calculations were
primarily intended to reveal the origin of the decreasing setup flow. To improve the
air flow behavior, dust shields were attached to the inside of the wheel rim.

4.2.3 Particle Loss Calculation

Similar to the dynamometer setup, the particle transport efficiency was estimated.
For simplicity, the aerosol tubing was considered only. Using equation 3.1 under
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consideration of two models for particle losses in bends (i.e., Pui et al., 1987 [120]
and McFarland et al., 1997 [121]), the entire tubing was separated into sections:
straight and horizontally routed tubing with dtube = 100 mm and a total length of
3 m, three 90°-bends of the same tube size with radius r = 300 mm, and two 90°-
bends also with r = 300 mm and a tube diameter of dtube = 38 mm. The transport
efficiency was calculated for an average setup flow of Qsetup = 54 m3/h during the
3h-LACT cycle.

The ηtotal,trans values for different particle diameters are shown in figure 4.6 to-
gether with the efficiencies dissolved for each loss mechanism. As expected from the
previous calculation, the losses were size-dependent and larger sized particle were
found to be lost more likely. The ηtotal,trans values found for particles with dp < 1 µm
were nearly 1 and significant losses were not expected. For larger particles, ηtotal,trans

decreased sharply and its 50 % cut-off point was found at a particle size of 7-8 µm.
For even larger particles it was approaching zero.

In summary, the loss calculation predicted accurate particle measurements for all
the particles represented by PM2.5. Particles in the range of PM10−2.5 were strongly
affected by particle losses and results were expected to underestimate the real par-
ticle emissions. As a final remark, losses were also caused by particle deposition on
original components of the car as reported by Sanders et. al. [79]. They estimated
that about 15-25 % of the PM remain on the wheel rim. Thus, losses of larger sized
particles result from both, the “naturally” deposition and the “artificially” enhanced
deposition inside the measurement setup.
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Figure 4.6 – Estimated transport efficiency of different sized particles within the
vehicle measurement setup. In (a) the ηtotal,trans (considering mean values between the
models of losses in bends from Pui et al. [120] and McFarland et al. [121]) and in (b) the
losses attributed per mechanism are shown.

4.2.4 Aspiration Efficiency

In order to investigate the aspiration efficiency, tracer gas experiments were per-
formed. At constant driving velocities, the tracer was dosed in a sequence of 20
seconds gas release followed by a ten second pause. For each dosing position and
for each velocity at least four sequences were carried out. Since cross-winds could
have influenced the measurements, the order of constant velocity drives was chosen
randomly. Furthermore, the measurements were repeated on different test days,
where no difference in the obtained data was found.

In figure 4.7 the averaged NOx mixing rations are plotted for the respective ve-
hicle velocity. For the reference measurement (dosing at position #1), the ratio was
almost linearly increasing with increasing driving speed. This increase could only
be explained by a decreasing setup air flow, which is consistent with the previously
described air flow behavior inside the setup. Since the tracer gas was assumed to be
entirely sampled, the measurement was appropriate to calculate the system air flow
(qNOx) by mass-conservation calculations:

qNOx = (c0[NO] − c[NOx])qNO

c[NOx] , (4.1)

where c0[NO] is the tracer gas mixing ratio, c[NOx] is the measured mixing ratio,
and qNO is the released gas flow. As already mentioned, the results of this calculation
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Figure 4.7 – Aspiration characteristics. (a) NOx mixing ratios measured during
NO dosing at brake (blue, pos. #2) and direct dosing (black, pos. #1). Each data
point is showing the averaged mixing ratios at each constant velocity section. The error
bars indicate standard deviation of the binned measured data. The line represents the
data interpolation (Matlab pchip-method). (b) Calculated aspiration efficiency (blue) and
tire/road contribution (red) from tracer gas experiment. The estimated error area is based
on the highest error during the NOx-measurement. For comparison, the cumulated fre-
quencies of velocities during the 3h-LACT cycle are presented. Reprinted with permission
from Farwick zum Hagen et al. [134]. © 2019 Elsevier.
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were in good agreement with the air flow obtained with the air velocity transducer.
The mixing ratios obtained during the measurements where the tracer gas was

released at position #2 were nearly identical for vehicle velocities of up to 50 km/h.
Beyond that speed, the ratio was almost constant around 12 ppmv. For vehicle
velocities of more than 80 km/h, the obtained mixing ratio decreased to absolute
values of around 10 ppmv.

The deviating results from the two measurements series indicated an attenuation
of the aspiration efficiency of the setup. A more precise model was obtained through
data interpolation (Matlab pchip) and a subsequent division of the two measurement
curves. The ratio of the two curves, i.e., the aspiration efficiency, is shown in figure
4.7 (b). For vehicle velocities up to 50 km/h the aspiration was found to be 1.
In this velocity range all the airborne brake dust was expected to be collected by
the setup. For higher velocities, the aspiration decreased linearly. And at vehicle
speeds of 130 km/h only 50 % of airborne brake wear was expected to be sampled.
However, about 90 % of the vehicle velocities in the 3h-LACT cycle were covered
by an aspiration efficiency better than 0.8 and the average aspiration efficiency was
found to be 0.93. Although the sampling efficiency was varying depending on the
vehicle velocity, in conclusion, it was still sufficient for a realistic drive cycle such as
the 3h-LACT.

Similar to the aspiration efficiency, the background contribution from the tire/road
interface was analyzed. Only a small contribution of around 8 % was found for low
vehicle velocities. The contribution vanished for higher vehicle speeds and thus its
overall contribution was considered to be of minor relevance. This estimation was
verified by additional measures on tire/road contributions, which is described in the
next paragraph.

4.2.5 Tire/Road Dust Contribution

In a counter measurement, the aspiration of tire and road wear was excluded. There-
fore, the setup was slightly modified with a novel dust collector behind the wheel.
The opening slid of the collector faced directly the tire/road interface and its length
covered the whole tire width. The aerosol tubing was disconnected from the captur-
ing cone and attached to the novel collector. Pictures of the collector are presented
in figure 4.8.
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Figure 4.8 – The tire/road sampling setup with a dust collection across the full
width of the tire. The red arrows indicate the flow direction.

According to Mathissen [29], ultrafine particle emissions from tire and road abra-
sion were expected for driving under “Extreme Cornering” maneuvers. “Extreme
Cornering” was defined as curve driving with lateral accelerations of greater than
6.5 m/s2. In order to generate tire/road particles constantly, test drives on a circle
with 18 m diameter were performed at a constant vehicle speed. At vehicle speeds of
approximately 28 km/h the automatic ESP stabilized the vehicle through iterative
braking. At this limit, the lateral acceleration the driving maneuver was approxi-
mately 6 m/s2 and close to the “Extreme Cornering” condition. As it is shown in
figure 4.9, the acceleration was already sufficient for generating tire/road wear in the
ultrafine size range. When using the tire/road dust collector, the development of
the nucleation mode could be seen nicely. But when using the brake wear collector
under the same driving conditions, there was not a single nucleation mode detected.

Although the signal contamination by tire/road dust through the brake wear
sampler was never excluded completely because of the semi-open setup design, this
experiment gave another indication that such contributions were of minor relevance.
The results are consistent with the findings in the previous section.
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Figure 4.9 – Cornering maneuver at constant vehicle velocity with different sampling
setups: (a) Dust sampling at brake wear collector and (b) with tire/road dust collector.
Diagram order from top to bottom: vehicle velocity and TSI EEPS size distribution plots
(data background subtracted).

4.3 Test Procedure

The brake wear investigations were performed with the left front brake of a midsize
passenger car. The same brake system as already described in section 3.3 was used
in order to generate a high comparability with the dynamometer measurements. In
total, two brake materials were used: the conventional cast-iron rotor with LM brake
pads and a novel friction pair. The brake rotor of the novel material was coated by
an approximately 70 µm thin WC-CoCr layer. The coating was spread onto the disc
by high-velocity oxygen fuel (HVOF) techniques, which gave the disc surface a very
hard texture [70, 138]. The novel friction lining was composed out of geopolymers,
which were based on alkaline-activated blast furnace slag [139]. Both friction linings
were machined down by 2 mm and the friction pairs were run-in by five successive
3h-LACT cycles [128]. The running-in was performed on the dynamometer, which
allowed a very controlled preconditioning of the material.

On both front brakes the prepared friction materials were mounted. The brake
material set on the left side was used for the wear investigation and the other set
on the right side of the car served as reference. For both brakes the temperatures
were monitored using sliding thermocouple sensors (GA4089, Universal Therosen-
sors LTD) with 1 N contact force. In addition to the particle and temperature
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measurements, the vehicle velocity, the brake pedal use, and the brake pressure
signals were recorded. The fully loaded test car including two passengers weighted
1719 kg, which corresponded to a moment of inertia of 60.9 kg m2 for each front brake.

The test drives should reflect realistic driving behavior that could only be sim-
ulated by realistic drive cycles. But when using drive cycles, the driving profile
must be reproduced accurately. Otherwise, comparisons between two tests were
prevented. In order to reproduce the cycles correctly, the test car was equipped
with a second set of pedals on co-driver side and a driver assistance system. The
test drives were performed on an endless test track (high speed oval, Ford Lommel
Proving Grounds) by two drivers. One driver was steering the car and the other
one took care about the accelerations and decelerations according to the driver as-
sistance system [134]. According to Mathissen et al. [127] the drive cycles could be
reproduced in a very accurate manner. The following tests were performed:

1. Repeatability. In order to investigate the repeatability of the obtained emis-
sion data, a 20 minutes long subsection of the 3h-LACT was chosen as a test
cycle. The cycle contained critical sections with high brake temperatures and
a wide range of decelerations. Due to its short duration, several repetitions
could be performed, while it was still long enough to obtain sufficient brake
wear.
Altogether eight test drives were carried out in four test sessions, whereby in
each session two test drives were driven successively. The tests were performed
on two test days. All tests were performed with conventional brake material
that was used during real-world driving for two years. During that time, a
total mileage of more than 6,000 km was accumulated.

2. 3h-LACT cycle with conventional material. Using the prepared and
run-in conventional brake material, two test drives of the 3h-LACT were made.
Before each test started the brakes were tempered to around 100°C through
initial braking. The emissions recorded during these brake stops were excluded
from the data analysis. Note, the speed limit of the test car with mounted
setup was set to 135 km/h. Thus, a single brake stop from 154 km/h was not
reproduced according to the 3h-LACT cycle.
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3. 3h-LACT cycle with novel material. Similar to the previous test, also
two test drives with the novel brake material were performed.

For all test drives, constant weather conditions were required. The ambient temper-
atures were in the range of 15-30°C and the weather was dry and windless.

4.4 Brake Wear Emissions

4.4.1 Repeatability

The driving profile of the 20 minutes repeatability cycle is shown in figure 4.10. For
a better orientation, the same section is also marked in the temporal overview plot
of entire 3h-LACT cycle in figure 4.11. Although the tests were supposed to start
between 90°C and 100°C, for practical reasons the second test drive of each session
started at slightly higher brake temperatures. This led to a temperature difference
over the entire test duration. However, the temperature profiles were of similar
appearance, which already indicated a robust and repeatable test procedure.

In order to evaluate the repeatability regarding wear emissions, the PM10-EFs
for each run were calculated. In a first step, the entire sensor based Dusttrak signals
were calibrated with the corresponding mass values that were obtained by filter
analysis. In a second step, the calibrated signals were extrapolated according to the
actual setup flow within the measurement tube (Qsetup,i). Additionally, a correction
according to the actual aspiration efficiency (ηasp,i) was performed based on the
model in section 4.2.4. Thereby, absolute mass concentrations were obtained. In
a final step, the concentrations were integrated over the entire test period. Initial
brake events that were needed to temper the brake were excluded from the analysis.
The EF-calculation can be expressed mathematically as follows:

EF =
∑

i=#Samples
ci ·Qsetup,i · η−1

asp,i · s−1, (4.2)

where ci is the calibrated mass concentration of the ith-data point and s is the driven
distance. Note, the EF-calculation was based on assuming ci, ηasp,i, and Qsetup,i to
be simultaneous. However, in practice, their signals were not time aligned because
of varying particle residence times inside the setup that impede a precise correction
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Figure 4.10 – Repeatability measurements during 20 min-section of the LACT cycle.
(a) Velocity and temperature profiles of the eight test drives. Two runs were carried out
in succession (yellow, first run; red, second run). (b) PM10-EFs based on the calibrated
Dusttrak signal under consideration of the actual setup flow (third data point is based on
the average setup flow). The background estimation is shown in grey and the error bars
refer to worst case assumptions when applying corrections regarding aspiration and setup
flow. (c) The mean total particle number concentration obtained with TSI APS.

of the measured signal. Compensating this, the emission data were quantified and
corrected by time-shifted Qsetup,i and ηasp,i, respectively. Estimating the worst case,
the maximal deviations from the calculated EFs were expressed as error bars.

The resulting PM10-EFs are presented in figure 4.10 (b). With exception of the
first run, the PM10-EFs were found to be in the range of 1.8-2.9 mg km−1 brake−1.
The higher value during the first run was mainly related to the run-in phase of
the brake after the test car was unused for several weeks. It seems possible that
surface rust had formed on the disc, possibly increasing the emissions during reuse.
For every following repetition of the test, the EFs were smaller and an alternating
behavior between the runs was found. The same behavior was also observed for
the particle number concentrations (compare the mean particle concentration of the
APS in figure 4.10 (c)). So when comparing the first and second test drives for each
of the four test sessions, less emissions were found during the second runs. Since
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both device, i.e., Dusttrak and APS, obtained the same effect independently from
each other, it was most likely that the emission characteristic was influenced by the
experimental design. Either a heating up of the setup or the devices during the test
or the higher brake temperatures during each of the second runs led to different
emissions. Thus, it was of crucial importance to start the wear investigations under
defined start conditions in order to obtain reproducible results. Brake temperatures
of 100 ± 5°C with a setup assembly at ambient temperature were specified.

During the repeatability tests, the maximum brake temperatures were approach-
ing 250°C, which was much higher than T̄crit = 170°C obtained during the dy-
namometer measurements (compare section 3.4.3). But surprisingly, emissions in
the ultrafine size range were not observed. Since the brake material was in use for
more than 6,000 km, a strong history-dependency of the brake material regarding
the particle number emissions is suggested.

4.4.2 Time Resolved Emissions during the 3h-LACT Cycle

The 3h-LACT cycles were reproduced in a very precise manner. The average driving
distance for all four test drives was with 145.6±0.8 km only marginally smaller than
the ideal length of 146.2 km (compare table 4.1). The smaller driving distances were
acceptable because they potentially originated from softer accelerations of the test
car, which were negligible for brake wear investigations, or the omitted high speed
brake stop.

In figure 4.11 a temporal overview of all particle measurement signals is given for
the second test drive with the conventional brake material. The first diagram panel
shows again the velocity profile and the brake temperatures. At the beginning of the
test, both temperatures, i.e., on reference and on sampling side, were matching. But
with continuous testing, the signals were diverging. The brake temperature on sam-
pling side was clearly above that of the reference side. In the worst case, a maximum
difference of ∆T = 63 K was found. Since the brake temperature was found to be the
most influential variable for the generation of ultrafine wear particles [92, 100, 133]
and realistic testing was in focus of the present work, an indicator for realistic brake
temperatures was designed. The indicator was placed next to the EEPS signal and
it marked test sections where the brake temperature on sampling side was beyond
the maximum brake temperature on reference side (Tsetup > Tref,max). For the pre-
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Figure 4.11 – Temporal overview plot of 3h-LACT cycle; second on-road vehicle
test with conventional material. (a) Velocity profile (black, left axis; blue area, driving
distance, here: 146.1 km), disc temperatures curves (right axis; red, TC at setup side;
yellow, TC on reference side). (b) PM10 concentration of TSI Dusttrak. For reasons
of clarity the raw data signal is shown only. (c) PM10 per dissipated energy ∆Ekin per
brake stop. (d) Particle number concentration (dN/dlogdp) of TSI APS depending on
aerodynamic diameter, dp,aero. (e) Indicator for Tsetup > Tref,max (black) and particle
number concentration (dN/dlogdp) of TSI EEPS depending on electric mobility diameter,
dp,mob. Adapted with permission from Farwick zum Hagen et al. [134]. © 2019 Elsevier.

sented data, on reference side Tref,max was 162°C. The indication bar allowed a simple
judgment on realistic test conditions. During all sections where Tsetup was beyond
Tref,max, high particle concentrations in the ultrafine size range were found. A very
pronounced nucleation mode was also found during the 20 min-section, at which
no contribution was observed during the repeatability tests. Note, the 3h-LACT
tests were performed with rather new brake materials, which were only run-in for
approximately 873 km (6× 3h-LACT). Obviously, inside the friction linings were still
organic compounds that evaporated at these temperatures. The facts that ultrafine
emissions decreased with every cycle repetition [92] and no emissions were found
for the well-used material (compare section 4.4.1) supports the assumption that ul-
trafine particle generation is characteristic for new material as a part of a run-in
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Table 4.1 – Test parameters for each 3h-LACT cycle during the on-road vehicle
measurements. The extrapolated filter load is calculated under consideration of the average
setup flow. The percentages show the reduction compared to the conventional material
(serial). Adapted with permission from Farwick zum Hagen et al. [134]. © 2019 Elsevier.

Driving PM10 DT filter DT drag DT cal. av. PM10/∆Ekin
Material Run no. distance [km] ∆mextrapol [mg] ratio a factor [mg kJ−1] a,b

Serial 1st run 146.1 316.9 55 % 2.14 0.012 ± 0.008
Serial 2nd run 146.1 276.2 51 % 2.16 0.011 ± 0.007
Novel 1st run 145.8 249.9 (78.8 %) 38 % 2.64 0.016 ± 0.010
Novel 2nd run 144.5 210.5 (76.2 %) 41 % 2.45 0.010 ± 0.010
a Considering the actual setup flow and aspiration corrections.
b Considering DT calibration factor.

processes.
In case of fine and coarse particles, very distinct emissions modes were observed.

The modes were aligned with the brake events and not linked to the nucleation
modes of ultrafine particles. This again confirms the two physical and chemical
origins of brake wear particles, namely abrasion and vapor condensation followed
by agglomeration and coagulation [68, 100]. The modes caused by abrasion were
mainly covering a size range from dp,aero = 0.6-3 µm. The signal was seeming cut-off
at diameters of 4 µm to 6 µm. Larger particles were obviously lost either within the
setup tubing or were deposited on the wheel rim or the brake components.

PM10 concentrations were found in the range of 0.1-36 mg/m3. The background
signal was about one magnitude higher than the ambient air particle mass concentra-
tion, which was around 0.01 mg/m3. The constantly higher PM concentrations were
not only related to braking but also caused by brake drag during cruising [89, 92].
Comparing the values in table 4.1 a drag ratio between 38-55 % was estimated.

Finally, it should be noted that due to the semi-open setup design a particle back-
ground concentration was present over the entire test. This may have covered minor
emission peaks but in proportion, the prominent emission peaks from brake events
were always detectable.
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4.4.3 Cumulative Analysis and Emission Factors

A simple ranking regarding emission behavior of the two brake materials was ob-
tained by comparing ∆mextrapol for each test run (compare table 3.1). The total
PM10 for the conventional material was 316 mg cycle−1 brake−1 and about 13 % less
for the repeated run. The novel material showed a similar emission behavior be-
tween the two test drives but with about 22.5 % smaller absolute values.

A thorough analysis was made using the EFs. Particle number and PM10-EFs

Figure 4.12 – Emission factors from two 3h-LACT drives with conventional (blue,
dashed) and novel (orange, dotted) material compositions. Conventional material with a
higher mileage (> 6, 000 km) is shown for the critical 20 min test section. In (a) the PM10-
EFs (TSI Dusttrak) and the background estimations are shown. The error bars refer to
worst case assumptions when applying corrections regarding aspiration and setup flow.
Particle number EFs (TSI EEPS) are shown in (b) and the signal background estimation
is shown as grey background. Note, the particle number EFs include volatile particles
and should not be compared to regulated exhaust particle number EFs. Reprinted with
permission from Farwick zum Hagen et al. [134]. © 2019 Elsevier.

were calculated in the same way as described by equation 4.2. As it is shown in figure
4.12 (a), the PM10-EFs of the conventional material were in the range of 1.8-2.1 mg
km−1 brake−1. The EFs of the novel material were about 18 % smaller and in the
range of 1.4-1.7 mg km−1 brake−1. The decreasing EF-trend with cycle repetition
indicates a further decrease of the EF for an even longer usage of the material. But
even for the other conventional material, which was used for more than 6,000 km, a
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very similar value was found. These observations are in agreement with the findings
of the previous chapter. During the dynamometer measurements the PM10-EFs be-
came stable after initially higher values due to the running-in process of the material
[92]. The stabilized PM10-EFs of the on-road measurements were about 1/3 of those
of the dynamometer. The different results were mainly related to the higher particle
losses inside the vehicle setup and the “naturally” losses on the vehicle components
[25]. These differences will be discussed in the next paragraph in more detail.

The particle number EFs are presented in figure 4.12 (b). For the conventional
material an EF of 1.3×1013 km−1 brake−1 was found for the first run. With repeti-
tion it decreased by about 66 % to 4.5×1012 km−1 brake−1. For the novel material
the absolute values were about 60 % smaller and during the second run an EF of
1.8×1012 km−1 brake−1 was found. In general, the EFs were about 2-3 order of
magnitudes above the background level. Note, that such high EFs resulted from
high particle number concentrations in the ultrafine size range, which also include
volatile particles [132]. As already mentioned, the ultrafine particles were generated
through material evaporation in high brake temperature sections. Looking at the
temperature indicator in figure 4.11, these sections were not representative for re-
alistic driving as the brake temperature was artificially increased by the sampling
setup. In contrast, the EF of the conventional material with 6,000 km mileage was
found close to the background concentration (i.e., the detection limit of the instru-
ment). Extending the explanation by Namgung et al. [100] for ultrafine particle
formation from brakes, the evaporation process of the organic compounds inside the
brake lining is believed to be final. This is consistent with the decreasing emission
behavior that was obtained during the dynamometer measurements. Furthermore,
it confirms the material’s history-dependency regarding ultrafine particle emissions
that was associated to it.
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4.4.4 Emissions per Brake Stop

Similar to the analysis in section 3.4.3, the total emissions per brake stop were
calculated. Here as well the data were extrapolated by the actual setup flow and
corrected according to the aspiration efficiency. The total particle number per brake
stop is shown in figure 4.13.

Figure 4.13 – Particle number emissions for each brake event of the second run of
the 3h-LACT cycle. In (a) conventional (blue) and novel material compositions (orange)
are compared. The mean brake temperature range of the non-enclosed reference brake is
indicated by the yellow bar and does not exceed 153°C. Temperatures do not reach T̄crit
and no ultrafine particles would be formed. In (b) the conventional material (blue) is
compared with the conventional material of significantly longer driving history (magenta)
during 20 min LACT section. Particle number emission increase is highlighted. The blue
and orange shading indicate T̄crit at which particle number increase is occurring. Reprinted
with permission from Farwick zum Hagen et al. [134]. © 2019 Elsevier.

Particle number. In analogy to the results obtained on the dynamometer, the
emissions were nearly constant for brake temperatures below T̄crit. The constant
emission values were again close to the background level, which was in the range
of 1-10×109 stop−1 brake−1. At T̄crit a steep increase of the emission values was
observed to up to 1×1013 stop−1 brake−1, which was reaching the detection limit of
the instrument. The T̄crit values were found at 168°C and 178°C for the conventional
and novel material, respectively. The different values suggest that T̄crit is a material
specific quantity. The higher T̄crit of the novel material led also to the lower EFs
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over the entire cycle. The yellow bar indicates the mean brake temperature of the
reference brake. During the 3h-LACT the maximal temperature was found at 153°C,
which was clearly below T̄crit. Thus, for realistic driving the brake temperature
stayed below T̄crit and consequently ultrafine particle emissions were not expected.
For the measurements with the used conventional material, the T̄crit could not be
determined although the test were performed at even higher brake temperatures.

Figure 4.14 – PM10 per dissipated energy ∆Ekin for each brake stop (conventional
material, second 3h-LACT run). The TSI Dusttrak data is calibrated and corrected regard-
ing actual setup flow and aspiration efficiency. Reprinted with permission from Farwick
zum Hagen et al. [134]. © 2019 Elsevier.

Particle mass. The total particle mass per brake stop was set into relation to the
dissipated energy ∆Ekin. The energy difference was roughly estimated by using the
initial and final velocities of each brake event and assuming a wheel load of 615.8 kg
at the front axis.

The total PM10 per brake stop is plotted versus ∆Ekin in the inset of figure 4.14
(compare also figure 4.11). The values varied over a wide span from 0.0024 mg kJ−1

brake−1 to 0.0725 mg kJ−1 brake−1, but as the histogram shows, the majority of
data point was found around 0.01 mg kJ−1 brake−1. The average value was very
similar and independent from the friction material (compare table 4.1). Compared
to the dynamometer measurements, the actual values were about 60 % smaller. The
deviating results will be discussed in the next chapter.
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4.5 Summary

Investigating brake wear particles on-road, a novel measurement setup was devel-
oped, installed, and tested on road with a midsize passenger vehicle under realistic
driving conditions. The semi-closed setup design conserved the natural air flow di-
rection at the brake, while sampling brake wear at the outside of the wheel rim. A
cone-shaped collector at the wheel rim aimed the full aspiration of the generated
brake wear. The brake aerosol was routed from the collector to the trunk of the car,
where the measurement devices were located.

The setup was characterized by particle loss calculations, which revealed high
transport efficiencies for PM2.5. Larger sized particles were found to be more sus-
ceptible for getting lost. These particles were additionally expected to be deposited
on vehicle components.

Furthermore, the setup was experimentally characterized regarding air flow, aspi-
ration efficiency, and signal contamination through background sampling. The air
flow was found to be velocity-dependent with a decreasing air flow for an increasing
vehicle velocity. This influenced the aspiration efficiency of the dust collector as
well. While the entire airborne brake wear fraction was expected to be sampled for
vehicle speeds up to 50 km/h, for higher speeds the aspiration efficiency decreased.
But since most brake stops of the driven 3h-LACT cycle occurred at lower vehicle
velocities, an average aspiration of 93 % could be expected. A contamination of the
measured signal through background particle concentrations (e.g., tire/road wear)
was excluded as its contribution was found to be negligibly small.

Although compromises regarding aspiration, setup flow, and particle losses were
made, the measured signals were of high accuracy. Using the 3h-LACT cycle, two
test drives with two different brake materials were performed. In case of particle
number emissions, EFs of 4.5×1012 km−1 brake−1 and 1.8×1012 km−1 brake−1 were
found for the conventional and novel (WC-CoCr coated disc and friction lining with
geopolymers) brake materials, respectively. The high EFs originated from ultrafine
particle generation at high brake temperatures. The particles were believed to be
of volatile nature. Since the setup design limited the brake cooling, the obtained
brake temperatures were artificially increased. For normal brake cooling the brake
temperature stayed below T̄crit = 178°C, which indicated that during realistic on-
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road driving with the present material, no ultrafine particle emissions are expected.
Furthermore, the particle number emissions were found to be history-dependent.
Used friction material with more than 6,000 km mileage did not show any particle
emissions in the ultrafine size range. This suggested a final evaporation of organic
compounds inside the friction lining.

The obtained PM10-EFs were found to be in the range of 1.4-2.1 mg km−1 brake−1.
It was found that the new material emitted about 18 % less. Independently of the
material composition, the PM10 emission per dissipated energy was found to be
about 0.01 mg kJ−1 brake−1.
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CHAPTER 5

Results in Literature Context and Discussion

Both of the presented measurement approaches, either for the laboratory or the
vehicle on-road tests, were capable for repeatable and robust brake wear measure-
ments. The test data were used to calculate characteristic wear parameters, such as
EFs, brake drag contributions, and PM10 per dissipated brake energy. Attention was
given on conducting the tests in a very comparable manner: this included tests with
the same brake material, similar preconditioning, and the same drive cycles. Fur-
thermore, both setups were based on similar measurement concepts. However, not
all of the obtained wear parameters were closely matching. The wear parameters and
potential deviations will be discussed in this chapter. In addition, a classification
into the literature context is made.

Ultrafine particles at high Tbrake. One of the findings was the increased particle
number emission with increasing brake temperature. While at low brake tempera-
tures stable emissions were found, at T̄crit a rapid increase of ultrafine particles was
observed. Independently of the measurement approach, for the conventional brake
material the T̄crit was found at about 170-178°C [92, 134]. These observations were
already indicated by Garg et al. [24]. For different brakes, they found different
T̄crit values. The physical mechanism of this effect was described by Namgung et al.
[100], who concluded particle formation through an evaporation process followed by
condensation and agglomeration. Alemani et al. [133] reported similar observations
from a pin-on-disc investigation. However, none of these studies simulated realistic
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driving conditions. It was not clear, whether or not ultrafine emissions occur during
real-world driving. The present study gave clear evidence that for realistic driving
the brake temperatures stayed below T̄crit and consequently ultrafine emissions were
not expected. Furthermore, in the present study, a shift of T̄crit to higher temper-
atures was found for every cycle repetition. The fact that during the vehicle tests
with the used brake material (> 6, 000 km mileage) not any ultrafine particle mode
was observed, supports this hypothesis. Thus, it is concluded that ultrafine emis-
sions strongly depend on the material history. Since the lifetime of conventional
brake material is much greater than 6,000 km and the fact that realistic driving
generates temperatures below T̄crit, it is believed that ultrafine particle generation
during braking is very unlikely for normal driving.

Table 5.1 – Emission factors for light duty vehicles sorted according to the type of
study. In some cases, the EFs were recalculated in order to match comparable units.

Particle mass Particle number
Reference Type of study [mg km−1 veh−1] [km−1 brake−1]

Garg et al. Dynamometer 2.9-7.5 a 1×104-5.2×106

2000 [24] a 7×1010-4.7×1012

Sanders et al. 2003 [79] Dynamometer 1.5-8.1 -
Iijima et al. 2008 [82] Dynamometer a 5.8 -
Perricone et al. Dynamometer a,b 41.1-105.6 (LM) a 8-91×1010

2016 [90] a,b 27.6 (NAO) a 1.5×1012

Hagino et al. Dynamometer 0.04-1.4 -
2016 [89]
Farwick zum Hagen Dynamometer b 13.5 (3h-LACT) 1-9×1010 (3h-LACT)
et al. 2019 [92] b 12.2-16.8 (WLTP) 1-2×1010 (WLTP)
Farwick zum Hagen Vehicle on-road b 5.4 (3h-LACT) 4.5×1012 (3h-LACT)
et al. 2019 [134] (note: Tsetup > Tref)
Rauterberg-Wulff Receptor model 1 (highway-tunnel) -
1999 [115]
Abu-Allaban et al. Receptor model 0-12 (average) -
2003 [106]
Luhana et al. Receptor model 6.9 (tunnel) -
2004 [116]
Bukowiecki et al. Receptor model 8±4 (urban street) -
2010 [17] 1.6±1.1 (highway)
Gietl et al. 2010 [68] Receptor model 10.7 -
Hulskotte et al. Receptor model 8-15 -
2014 [140]
a Converted to same units by assuming 1 brake stop for 1 km driving distance
b Converted to vehicle based EFs by multiplying with factor 3
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Emission factors. The EF results of both measurement approaches are sum-
marized in table 5.1 together with the findings of other studies. In case of the
dynamometer results of the present study, the data from the tests conducted with
advanced vehicle simulations were presented because they were more representative
for realistic driving. This allowed a better comparability with data from the on-road
vehicle investigation. Since most of the literature EFs related to particle mass were
given as vehicle based EFs, the PM10-EFs reported earlier were converted. Assuming
a brake power distribution between front and rear brakes of about 70:30, a multipli-
cation of the EF by factor 3, was assumed to be an appropriate choice for projection.

Figure 5.1 – Correlation of total PM10 and particle number size distributions
for (a) dynamometer and (b) test car measurements. The data is obtained by TSI APS
(averaged particle number size distributions) and TSI DT (total PM10). A separate curve
is plotted for each brake event of the 3h-LACT cycle. The red lines in (b) show the
distributions obtained on the dynamometer for minimal and maximal PM10 values.

The PM10-EFs of the 3h-LACT cycle were found to be different between the
two measurement approaches: EFs of 13.5 mg km−1 veh−1 and 5.4 mg km−1 veh−1

were found for the laboratory and the on-road vehicle investigation, respectively
[92, 134]. The smaller EF obtained during the on-road vehicle tests was caused
by higher particle losses inside the vehicle measurement setup. The particle loss
calculation predicted significant losses for particles larger than 7 µm. Whereas on
the dynamometer, lower particle losses were predicted. These empirical calculations
were confirmed by the experimental data. In figure 5.1 the mean number distribu-
tion is compared to the total PM10 for every brake event. On the dynamometer
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the particle number size distributions seemed to be equally distributed for all PM10

values. On the test vehicle a similar correlation was found only for particles smaller
than 2-3 µm. But for larger sized particles, the shape of the distribution varied: for
particles larger than 2-3 µm the number concentration fell significantly. In this range,
almost all curves were found on top of each other. This evidenced higher losses of
coarse particles during the on-road measurements as a result of either limited trans-
port efficiencies inside the setup or the deposition of particles on vehicle sites [25].
Furthermore, the smaller vehicle EFs originated also from the increased coast-down
behavior of the fully equipped test car. Although parasitic drag was simulated on
the dynamometer as well, the pre-measurements with the modified test car showed
an even higher natural deceleration. In conclusion, the dynamometer EF appears to
be most reliable because it was less affected by the setup instrumentation. However,
the on-road EF was of similar order of magnitude and thus it served as a reasonable
proof of the laboratory investigations.

Comparing the EFs with the values reported in literature, very contradictory re-
sults were found. Most of the reported EFs were of smaller values in the range
of about 2-8 mg km−1 veh−1. It is easy to understand that in case of receptor
modeling the EFs depend strongly on the measurement site. But in case of direct
measurements, i.e., on dynamometers, some studies also report very small EFs of
only ≈1.5 mg km−1 veh−1. However, these values were related to different pad ma-
terials that were tested. For example, Sanders et al. [79] reported less PM emissions
for NAO pads. The highest emission rates were found for LM pad compositions.
Similarly, Hagino et al. [89] reported very small EFs. Their investigations were most
likely performed with NAO pads as well. But in addition, their sampling efficiency
of the setup is unknown. Since only very small airborne fractions were reported, a
small particle yield might be a potential reason for lower EFs. In contrast, Perricone
et al. [90] found significantly higher EFs. These results were mainly influenced by
the static test cycle that included besides moderate braking also more severe de-
celeration with 0.4 g. Obviously, the measurement setups as well as the conducted
drive cycles influence the EFs significantly. In comparison, the reported EFs of the
present work are still in the midfield of the reported values.

In case of particle number, very different EFs were reported. These results were
obtained exclusively by direct measurements. Considering all EFs that were refer-
ring to the entire particle size range (from nano- to several micrometer), values in
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range of 1×1010 km−1 brake−1 to 4.7×1012 km−1 brake−1 were reported. As already
described earlier, these values were strongly influenced by the effect of ultrafine par-
ticle formation at high brake temperatures. Since both of the reporting literature
studies (see table 5.1) performed the measurements under artificial test cycles, it is
assumed that the brake temperature was also artificially increased during the tests.
Thus, for realistic test drives - as they were performed within the present work -
much lower brake temperatures are expected and consequently the EFs would be
much smaller.

Figure 5.2 – Comparison of dynamometer and test car measurements. (a) PM10
per dissipated energy ∆Ekin for each brake stop and (b) shows the histogram.

PM10 per dissipated energy. Another important emission parameter is the
emission rate in terms of PM10 per ∆Ekin. The results of the different measure-
ment approaches are shown in figure 5.2. Considering the Dusttrak device, mean
emission parameters of 0.026 mg kJ−1 brake−1 and 0.01 mg kJ−1 brake−1 were found
for the dynamometer and the on-road vehicle investigation, respectively [92, 134].
Compared to the dynamometer, the vehicle values were about 60 % smaller, which
was due to higher particle losses inside the on-road measurement setup and the
rather simple estimation of the dissipated energy. For the on-road investigation,
the ∆Ekin were overestimated as they excluded any parasitic drag effects (compare
section 4.2.1). In consequence, the resulting emission rate, PM10 per ∆Ekin, became
smaller. For the dynamometer measurements, the values were expressed more ac-
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curately since the brake dissipated the entire rotational energy, which was also used
within the calculation.
In conclusion, it is recommended to use the dynamometer results for calculating
vehicle based emission rates. Assuming a multiplication by factor 3 when convert-
ing from brake to vehicle units, an emission rate of about 0.08 mg kJ−1veh−1 is
expected. This emission rate is only marginally smaller than the recently used value
of 0.1 mg kJ−1veh−1 in an emission inventory study by Ricardo [141].

Brake drag. Particle emission during cruising was already reported in literature
[81]. Hagino et al. [88] reported this effect initially and reported different brake
drag contributions ranging from 22-56 % depending on the brake maneuver. They
interpreted these emissions as particle release from the disc and pad surface during
the acceleration phase. Perricone et al. [90] also observed particle emissions during
acceleration phases and spoke of “particle showers”. The present work gave further
insight into this effect: particles were not only released from the pad and disc surface
but rather generated through a continuous dragging of the pads at the disc surface
[92]. For the 3h-LACT cycle a brake drag contribution of 34 % and 51 % were found
for the laboratory and on-road investigation, respectively [92, 134]. The higher drag
contribution during the vehicle test may originated from the higher background
contribution. The results are consistent with literature.
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CHAPTER 6

Summary and Conclusion

Brake wear contributes considerably to traffic related PM. Besides tire wear and
road abrasion, brake wear emissions are expected to increase in the near future be-
cause of a rising demand for mobility, growing vehicle fleets, and missing legislation
for non-exhaust vehicle emissions. As PM emissions are usually associated with
health concerns, brake wear is also taken seriously. Thus, in recent years, a lot of
research addressed brake wear emissions: measurement setups were developed and
important findings on the emission behavior were revealed. However, the investiga-
tion of brake wear particles under realistic driving conditions remained unattended.
Characteristic emission parameters, such as EFs or emission rates representative for
on-road driving, were unknown.

The present work focused on investigating brake wear emissions under realistic
test conditions in order to obtain results representative for real-world driving. The
investigations were carried out on the basis of a midsize passenger car that was
assumed to reflect a widely-used vehicle type in Europe. Two novel measurement
setups were developed: one for a brake dynamometer in the laboratory and the
other one for vehicle measurements on-road. The measurement concept of both se-
tups was similar, namely that airborne brake dust was drawn from the brake to the
sampling point as a whole. This enabled a proper emission quantification. In the
laboratory, the brake was enclosed by a chamber and the air flow was kept constant
during the entire test. A rather low air flow of 250 m3/h allowed measurements with
a high signal sensitivity. The used air was initially filtered, which suppressed the
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background contribution. The setup design was characterized by CFD simulations
in order to find optimal air flow conditions. Particle loss calculations predicted high
particle transport efficiencies for nearly all particle sizes. In case of the vehicle setup,
the wheel rim served as chamber as it was used as an original enclosure around the
brake. The dust was collected through a cone-shaped sampler at the outside of the
wheel by which the natural air flow direction at the brake was conserved. For prac-
tical reasons, this setup drew samples from ambient air so that a minor background
contribution was always present. By means of tracer gas experiments, a variation of
the sampling efficiency and a reduction of the setup air flow with increasing vehicle
velocity was found. The decreasing setup air flow led to an insufficient brake cooling
that artificially raised the brake temperatures. Although the vehicle measurement
setup revealed limitations regarding sampling efficiency, particle transport efficiency,
and brake cooling, its measurements served well for validating the results obtained
on the dynamometer.

The brake wear investigations were performed under real-world driving maneu-
vers. Two test cycles were chosen, namely the 3h-LACT cycle and the WLTP cycle.
On the dynamometer both cycles were driven, while some of the tests were per-
formed under even more realistic vehicle simulations. This included the simulation
of realistic brake temperatures and parasitic drag. For the vehicle tests, the 3h-
LACT cycle was used as driving profile.

One of the main findings, which was obtained with both measurement approaches,
was the generation of ultrafine particles at macroscopic brake temperatures beyond
approximately 175°C. At this temperature, an evaporation process of organic com-
pounds in the pad linings is assumed. The ultrafine particles resulted from condensa-
tion and agglomeration of vapor. Since the T̄crit was shifting to higher temperatures
with every cycle repetition, it is believed that for different compounds different evap-
oration onset temperatures exists. The effect is believed to be final because brake
material with high mileage was not emitting ultrafine particles at all. Thus, the
emission of ultrafine particles from brakes is believed to be a material specific char-
acteristic that depends strongly on the driving history. Furthermore, for realistic
driving, the brake temperatures remained below T̄crit and in consequence, ultrafine
particle generation did not occur. Thus, ultrafine particle formation is assumed to
be very unlikely during realistic driving.

PM10-EFs were estimated to be 4.5 mg km−1 brake−1, which seems to be a reason-
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able result for LM content brake pads compared to literature. The corresponding
mean emission rate was found to be 0.026 mg kJ−1 brake−1. Depending on the mea-
surement technique applied, this value might be higher. In terms of particle number,
the EFs were in the range of 1-9×1010 km−1 brake−1. In case of artificially increased
brake temperatures beyond T̄crit, the EFs were found to be at least two orders of
magnitude higher.

Separate measurements gave further insight into the effect of particle emissions
during cruising. The tests evidenced particle generation through abrasion due a
permanent contact of the brake pads with the rotating disc. During the 3h-LACT
a brake drag contribution of 34 % was found for the dynamometer tests.

As a conclusion, the present work presents innovative methodologies for brake
wear measurements and reveals realistic emission parameters of a conventional car
brake. Two measurement approaches were presented, but as a recommendation,
brake wear particle measurements should be performed on brake dynamometers.
This allowed tests with less technical restrictions, higher test-to-test reproducibility
and robustness, and better cost efficiency. However, the on-road vehicle measure-
ments served as meaningful verification of the laboratory results. Further on-road
test should be carried out in order to gain more information for vehicle simulations
in the laboratory - especially regarding brake temperature. The presented measure-
ment setups and procedures may serve as orientation for future work.
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[71] C. Menapace, M. Leonardi, V. Matějka, S. Gialanella, and G. Straffelini. Dry
sliding behavior and friction layer formation in copper-free barite containing
friction materials. Wear, 398-399, pp. 191–200, 2018.

[72] M. Mosleh, P. J. Blau, and D. Dumitrescu. Characteristics and morphology
of wear particles from laboratory testing of disk brake materials. Wear, 256,
11-12, pp. 1128–1134, 2004.

[73] U. Olofsson, L. Olander, and A. Jansson. A study of airborne wear particles
generated from a sliding contact. Journal of Tribology, 131, 4, 2009.

[74] J. Wahlström, A. Söderberg, L. Olander, A. Jansson, and U. Olofsson. A
pin-on-disc simulation of airborne wear particles from disc brakes. Wear, 268,
5-6, pp. 763–769, 2010.

105



Bibliography

[75] M. Alemani, O. Nosko, I. Metinoz, and U. Olofsson. A study on emission
of airborne wear particles from car brake friction pairs. SAE International
Journal of Materials and Manufacturing, 9, 1, 2015.

[76] O. Nosko, J. Vanhanen, and U. Olofsson. Emission of 1.3-10 nm airborne
particles from brake materials. Aerosol Science and Technology, 51, 1, pp.
91–96, 2016.

[77] O. Nosko and U. Olofsson. Quantification of ultrafine airborne particulate
matter generated by the wear of car brake materials. Wear, 374-375, pp. 92–
96, 2017.

[78] S. Cha, P. Carter, and R. Bradow. Simulation of automobile brake wear dy-
namics and estimation of emissions. SAE International, 1983.

[79] P. G. Sanders, N. Xu, T. M. Dalka, and M. M. Maricq. Airborne brake wear
debris: Size distributions, composition, and a comparison of dynamometer and
vehicle tests. Environmental Science and Technology, 37, 18, pp. 4060–4069,
2003.
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