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Motivation
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Motivation: Concern about Nano-particle

Fine particles (diameter < 2.5 ym) may reach deep into the lung.
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o 7 The REBRAKE Project Bl
Activities In Europe RE

*  REBRAKE goals: /I':\g
. T y (o) At least 50% particulate matter (PM10) mass reduction from brake | “— ==
GOBIS Of the prOJeCt B - - : Ié%% il, wear, in compliance with the EU2020 thematic strategy of 47%

reduction of particulate matter by 2020;

o
SYS Deeper comprehension of the physical and chemical phenomena

- = . y ; 7. underlying the brake wear process, including higher comprehension
To demonstrate a novel and low environmental impact brake and analysis of characteristics coarse, fine and UFP particles.
i, system that will reduce micro and nanoparticles emissions
by at least 50%; «  Partners:

To improve the measurement and understanding of

2.  micrometre-sized and ultrafine particles and their effects on @ bmmbo
health and the environment;

Brembo S.p.a— Kungliga Tekniska Hagskolan Universita degli Studi di
3. Recommendations to policy makers. Industrial partner — Academic partner Trento — Academic partner

*  Project effort: 211 men-months, Total funding: € 2.061.716,43
* Project lenght: 48 months; starting March 2013, 1st

Non-exhaust particle emissions — Key messages

Furanean
Gornis

Brake wear emissions:
WORKING ITEMS

- Industry (OEMs and instrument manufacturers) is actively working on

the development of brake dyno rigs to assess particle emissions from Based on the GRPE decision (GRPE document 69-23, 06-2014),
brake systems

the PMP will have to prepare a more concrete and detailed
- It is likely that in the near future data and experience acquired in

these activities may represent a good basis for the development, in
case this is considered necessary, of a standardised measurement
procedure based on the brake dyno concept

working program on the following working items:

v Investigation of typical driving patterns and in particular of

- Other technologies non directly related to brakes could be used to typical accelerations/decelerations
reduce particle generation, for example by reducing the number of
braking events. A different approach than measuring particle v' Compilation and monitoring of on-going research projects
emissions may be needed to take into account the benefits of these

technologies, v Networking and exchange of information with experts in the field

s 17
HORIBA m v' Development of a set of recommended measurement techniques

and sampling procedures



Activities in Europe
Which activities are ongoing at HORIBA Europe?

HORIBA Europe R&D for Brake Emissions

First measurements done with MEXA 1000 SPCS in HORIBA Darmstadt in
2010. Joint project with University of limenau

Since than, exchange with University of Imenau. They are using MEXA 2100
SPCS.

In 2014 HE hired two R&D Engineers for a Brake Dust Project.

In 2015 joint measurements with University of IImenau and HORIBA have been
done -> Correlation between two test stands

In December HORIBA started the joint work with OEM for measuring particles
from the Brake Test Stand Exhaust System using 10nm SPCS vs. PMP SPCS.

In 2016 joint work with TU limenau and OEMSs will be / is being progressed.
Since 2" half of 2015 huge interest from OEMs and Tier 1 / Tier 2.

HORIBA(IJ1)




Activities in Europe

Deliverables
2015

» Eurobrake: Inertia Brake Dynamometer Dust Particle Measurement, Michael
Wirth, Prof. Klaus Augsburg & Hannes Sachse (TU limenau), Dmytro Lugovyy & Peter
Lienerth (HORIBA Europe)

= SAE Brake Colloquium: INERTIA BRAKE DYNAMOMETER DUST

PARTICLE MEASUREMENT , Michael Wirtz, Dmytro Lugovyy & Peter Lienerth
(HORIBA Europe) ,Prof. Klaus Augsburg & Hannes Sachse (TU limenau)

2016

» Eurobrake: Sampling of Brake Dust Particles, Hannes Sachse, Prof. Klaus
Augsburg, David Hesse, Felix Wenzel (Technische Universitat lImenau, Germany),
Dmytro Lugovyy, Matthias Schréder (HORIBA Europe GmbH)

= Brake Colloquium: BRAKE PARTICLE EMISSION MEASUREMENTS — A

NEW DYNAMOMETER APPROACH, Dr.-Ing. S. Gramstat, J. Miinchhoff, AUDI AG,
Dr.rer.nat. D. Lugovyy, M. Schroder, HORIBA Europe GmbH

= Patent Application: Device for detecting and measuring brake dust

HORIBA




Motivation: PMP Protocol for car engine

Cold diluter (PND2) with room temperature air, to
minimize particle formation by re-nucleation and
particle loss by thermo-pherotic

Evaporation tube (ET)

o .
CVS tunnel, with 300t't0| 400 °C, to evaporate volatile
carbon and HEPA filter particie

\ Carbon ?md HEPA filters provide / Pre'CIaSSIfler

P ackomnd air P oo cut-off: > 2.5 pm
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controller and

Condensation particle counter P o Evaporation e, pump formation of volatile particle
(CPC),cut-off: <23 nm '?

GRPE Informal Document: GRPE-48-11-Rev.1

Unstable
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Motivation: Brake dust, first approximation -PMP Protocol

GRPE Informal Document: GRPE-48-11-Rev.1

Cold diluter (PND2)
with room temperature air, to minimize
particle formation by re-nucleation and

particle Isby thermo-pherotic

Evaporation tube (ET)
300 to 400 °C, to evaporate volatile
particle

Pre-classifier
cut-off: > 2.5 um
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To be solved




Aim of the project

Developing new particle measuring principle for analysis of Brake
Dust pollutions



To be solved by Brake Dust Project

» Building up new measurements set-up

» Investigation of chemical and physical properties of brake dust particles
= Definition of test procedure

» Role of test parameters and modification of sampling system




Selection of functional parameters:
Measurement equipment




Measurement equipment

Definition of measurement range
» Measurement of particle size distribution.

» Modification exiting and/ or developing of new equipment

Probe treatment
> Role of volatile content

» Dilution of the probe and sampling velocity

Physical and chemical properties of Brake Dust particles
v Investigation of morphology and chemical properties of Brake Dust particles

v' Modification of measurement equipment

HORIBA (00




Measurement equipment

Definition of measurement range
» Measurement of particle size distribution.

» Modification exiting and/ or developing of new equipment

Probe treatment Point of our
> Role of volatile content research

» Dilution of the probe and sampling velocity

Physical and chemical properties of Brake Dust particles
v Investigation of morphology and chemical properties of Brake Dust particles

v' Modification of measurement equipment

HORIBA (00




Measuremetns of Particle Number

Time-of-Flight

|\ . _’___J Measurement Aerodynamic Particle Sizer
.  —

— » Optical system with two partially overlapping laser beams to detect coincidence.

Light
R Scattering
. Light Scatter Measurement

to Electrical » One signal is generated with two crests

* Pulse

a Time between the crests provides aerodynamic particle-size information.
m Instrument does effectively limit the effect of coincidence on particle-size distributions.

m Lower detection limit 370nm
CPC

m The saturator provides saturated butanol vapor that mixes with particles in the condenser.

m Particle growth occurs in the condenser.
m The detector counts the electrical pulses generated from the light scattered by the particles .

® Lower detection limit 5-23nm
DustTruck

m Particle is illuminated by a sheet of laser light.

= Gold coated spherical mirror captures a significant fraction of the light scattered by the particles
and focuses it on to a photo detector.

Beam Shaping
Optics

Laser Dlode'

Ex

= The voltage across the photo detector is proportional to the mass concentration of the aerosol
Shameer over a wide range of concentrations.

haust Pu

Flowmeter

HORIBA

= Lower detection limit 200nm



Measurements of particle size distribution

Electrometer-based spectrometer

ey Features

_ gwor = Unipolar corona discharge to place a prescribed

G samplo inlet charge on each particle proportional to its
surface area.

Mass flow
controller

Silica gel
dryer

Filter

Streath
air

— = The charged aerosol is introduced into a strong
{> ' — R . } . ] . .
o o ofN  legng radial electrical field inside a classifier column.

Electrometer rings
Keithley 6522
scanner card

L

pump Filter

— = Particles are drifted through a sheath flow to the
controler’ electrometer detectors.
— = Particles are detected at different distances
1.E407 " down the column, depending upon their
N"J""-w electrical mobility.
1.E+06 M
—— AKX ‘NMN
8 eeos U —I—::: :‘H sec avg M
—h— , 1 58C avg
% 1y
= 104 J_CMIN, 10secavg leasy, Concentration
=]
g - Low detection limit: from 103-102 #/cm3
§ ' i’ Upper detection limit:  <1x107#/cm3
8 1.E+02 :
Size
1.E+01 Low detection limit: 5nm
Upper detection limit:  1pym
1.E+00

10 100 1000
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Outlines
Models

Conformed standards

Measuring principle
Lower particle size limit

Measuring components and range

Sample handling temperature

Diluted sample temperature

Dilution factors in diluters

PCRF
Volatile particle removal efficiency

Accuracy of dilution factor
Operating environment

Power supply voltage and frequency

Power requirements

MEXA-2000SPCS

UN/ECE Regulation No. 83 (Rev. 3, Amend. 2)
UN/ECE draft Regulation No. 407
(ECEITRANS/WP. 20/GRPEI07), to be updated

MEXA-2100SPCS

MEXA-2200SPCS

UN/ECE Regulation No. 83 (Rev. 3, Amend. 2)

UNECE draft Regulation No. 49

(ECETRANS/WP. 23GRPE/20107), to be updated

Laser scattering condensation particle counting (CPC)

MEXA-2300SPCS

2

Counting efficiency of 23 nm particles: 50 % +12 %, Counting efficiency of 41 nm particles: 90 % or more

Number concentration of solid particles; 0 — 10000 up to 0 — 50000 particles/cm? (after internal dilution) 2

47 °C + 5 °C (Dilute sampling)

Primary diluter (PND1): 191 °C £ 10°C
Evaporation tube (ET): 350 °C + 10 °C
Secondary diluter (PND2): 35 °C or less

Primary diluter (PND1): 10 to 200
Secondary diluter (PND2): 15

0.95 < fr(30 nm) / fr(100 nm) < 1.3, 0.95 < fr(50 nm) /fr(100 nm}) < 1.2

Maximum permissive temperature
(Dirsct sampling) 350 °C ™

Pre-classifier: 47 'C £ 5 °C
Primary diluter (PND1): 131 *C £ 10°C
Evaporation tube (ET): 350 °C £ 10°C
Secondary diluter (PND2): 35 “C or less

Diluter in DSU: 10 )
Primary diluter (PND1): 10 to 200
Secondary diluter (PND2): 15

47 °C £ 5 °C (Dilute sampling)

Primary diluter (PND1): 191°C £+ 10°C
Evaporation tube (ET): 350 °C = 10°C
Secondary diluter (PND2): 35 °C or less

Primary diluter (PND1): 10 to 200
Secondary diluter (PND2): 15

Maximum permissive temperature
(Direct sampling) 350 °C

Pre-classifier: 47 °C £ 5°C
Primary diluter (PND1): 191 *C £10°C
Evaporation tube (ET): 350 °C £ 10°C
Secondary diluter (PND2): 35 °C or less

Diluter in DSU: 10

Primary diluter (PND1): 10 to 200 =
Secondary diluter (PND2): 15

99% or more, for Cyy (30 nm of particle size, and 10000 particles/cm® or more)

Within + 10 % of nominal dilution factor setting (for VPR total dilution factor of 150 to 3000, gas based)

Without CLU (standard): Ambient temperature: 5 °C to 30 °C, Ambient humidity: 80 % or less as relative humidity
With CLU (optional): Ambisnt temperature: & °C to 45 °C, Ambient humidity: 80 % or less as relative humidity

200/220/230/240 V AC (£10 %, max. 250 V), 50/60Hz (+1.0 Hz), single phase (to be specified at ordering)

Main unit: Max. 2.3 kVA
Main unit and all optional units: Max. 4.5 KVA

Dimensions (excluding any projections)/Mass

Main unit (without transfer tube,
control unit and optional units)

Optional units "5

*1:Only for full flow tunnel.

434(W)x731(D)=x600(H) mm
Approx. 115 kg

CYU: Approx
SRU: Approx
CLU: Approx
DFC: Approx
LCU: Approx
VGU: Approx

Main unit and all opticnal units: Max. 4.4 kVA

Main unit: Max. 2.5 kVA

434(W)xB45(D)=600(H) mm
Approx. 120 kg

*2: MEXA-23005PCS can be usad in the measurement method according to the regulation. For detailad information, please contact HORIBA.
*3: Dilution factor of the systam should be detarmined so that the particle concentration after dilufion fits into the measuring range.
*4: Allowsble range of gas temperature at sample probe inlet depends on the sampling condition, becauss it is limited as the temperature of diluter in DS (350 °C or less). For deteiled information, please contact HORIBA.

*5: The dimensions depend on customers.

HORIBA(QO D)

Main unit: Max. 2.4 KVA

Main unit and all opfional units: Max. 4.3 kVA

434(W)x910(D)=600(H) mm
Approx. 140kg

. 200(W)x146(D)x 236(H) mm Approx. 4kg
. 300(W)=550(D)x 450(H) mm Approx. 35 kg
. 570(W)=850(D)x1190(H) mm Approx
. 4B4(W)=550(D)x 320(H) mm Approx. 38 kg
. 350(W)x690(D)x 670(H) mm Approx. 35 kg
. 550(W)=300(D)x 450(H) mm Approx. 20 kg

Main unit: Max. 2.6 kVA

Main unit and all opticnal units: Max. 4.5 kVA

434(W)x810(D)=600(H) mm
Approx. 145 kg

. 80 kg (for CLU and optional cabinet)

Measuremetns of Particle Number-Horiba Solution for Exhaust Legislation

Concentration

Low detection limit up to: 0 #/cm?3
Upper detection limit : 3x108#/cm?3
Size

Low detection limit : 10-23 nm
Upper detection limit : 2,5um




Measuremetns of Particle Mass-Horiba Solution for Exhaust Legislation

DLS-7000
PMP-conform

SPECIFICATIONS

Model: DLS-7000

Dimensions: 570 (W) x 810 (D) x 1785 (H) mm

Mass: Approx. 400 kg

Coalting; Munsell 5PB7/1 for the enclosure
Munsell 5PB8/1 for the side plates

Power: 200 V1o 230 V AC £10%. 50/60 Hz

Power consumption: 3kVA

Ambient temperature: 5°Cto35°C

Ambient humidity: less than 80% (relative humidity)
Sampling rate: 25 L/min to 50 L/min

Flow rate sensitivity: +5% of full scale

Suction power: — 53.3 kPa at 50 L/min

Flow meter: Venturi flow meter

Flow rate control: PID control

Sample line: 4 lines changeable (Maximum)
Background line: 1 line (Option)




Definition of measurement range: Influence of sub-23 nm particle

2,5E+06 .
Section 4.1.40-5 Km/M__ 1o par Section 4.3. 120-80km/h  —— 19 par 5%’ TSection 4.5. 180-150km/h ——10 par
4,0E+07 +
2 0E+06 2\ 20 bar =——20bar , o] . =20 bar
e 30 bar SAE2015 e 30 bar e 30 bar
= /\ 3,0E+07 " e 40 bar
A 1,5E+06 40 bar 15BC-126 =40 bar 30g+07 — —
_8’ 50 bar 50 bar 50 bar
= 1,0E406 - 60-bar 2,0E+07 1 60 bar 2,0E+07 ~— —— 60 bar
o
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R - ] o A\//\
N T —eee—
0,0E+00 -femetl : : ; J 0 0E+00 A : : 0,0E+00 - . . . : .
000 050 100 150 200 250 300 000 050 100 150 200 250 300 000 050 100 150 200 250 300
. ] . ; Particle size, nm
Particle size, nm Particle size, nm
City x 16 Highway x 4 Country Road x 12 High velocity x 2 Country Road x 12 1x2 High vel: yx1l
150°C 150°C 200°C 100°C 125°C 150°C 200°C
1,4E+06 =3 7 1,4E+06
1,2E406 a / LS 1,2E+06
a2 EEELEQR B neeeee DMS :
| e Eurobrake2015
-E 8,0E+05 EFP-OOS 8,0E+05
£ H
£ 606405 i 6,0E405
£ ] :
',E‘, 4,0E+05 E: 4,0E+05
a i .
= B $HHE! ll Vivgh
2,0e+05 [t i : b\ VIEFEEALI L) % 3 2,0E+05
Rhade. 17 @ |
0,0E+00 L 0,0E+00
500 1000 1500 2500 3000 3500 4000

2000
time [s]

Appearance of ultra-fine particle depends on wheel speed rather than on brake pressure or temperature
Ultra-fine particles demonstrate first peak around 13 nm
Disagreement between DMS and SPCS was observed

HORIBA (00
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Definition of measurement range: Influence of sub-23 nm particle
Aerosol sample-splitter after the exhaust duct 2 standard SPCS (23 nm) versus prototype SPCS (10 nm)

Comparison of measured particle concentration using a standard SPCS 2000(red line ) Zoomed time history of PN using a standard SPCS 2000 (red line)
and a sub-23 nm SPCS (black line). and a sub-23 nm SPCS (black line).
1 2,0x10% 1
s ox10' JAK-Master 18x10'{AK-Master
1,6x10°
coE nE 4 :
©6,0x10" S 1,4x10 ‘
S 8 1,2x10°
;=4 - 1
o i & 1,0x10*
3+ 4,0x10" - 1
8,0x10° -
6,0x10°
4 R
E 4,0x10° -
i I I I I h H k m 2,0x10°
0,0 T — TV T 7 0,0 T i T - )
1250 3000 3250 7250 9500 9750 1250 3000 3250
time, s time, s

* No significant variations of qualitative time history
s Difference: same order of magnitude but factor varies between 2 and 6
% Ratio PNg,p3/PNgiangarg P€tWEEN single brake events is almost stable (around 1,5)

% Prototype with cut-off D;y at 10 nm is used in our research

HORIBA




Definition of measurement range

Comparison of measured particle concentration using Palas
particle generator

1.0E+08
6 OE+07 Electrometer based total
o 8.0+07
D Electrometer based=23nm
©
O 6.0E+07
3]
D 4 0E+07 y=2.15x|
S // R? = 0.90
o
O 2.0E+07 e y=1.86x| _
Q R2 =0.98
LL
0.0E+00 T T T ]
0.0E+00 1.0E+07 2.0E+07 3.0E+07 4.0E+07
CPC-based

Mean per test particle concentration #/cm®

- Inertia 81kg/m2

. Influence of sub-23 nm particle

Comparison of particle concentration measured
during brake tests

ECE
17 inch

AKM
Inertia SJ.kg/m2

WLTP like

! ECE Cu-free NAO
19 inch 19 inch
AKM
Inertia llokg/mZ
Bl sFcs
I Electrometer based |

AKM

AKM

AKM

1
1
1
1
1
1
1
|
|
|
|
| Inertia 81L<g/m2
|
1
1
1
1
1
. 2
Inertia 81kg/m |
1
1
|
|
|

1
|
|
|
|
|
|
1
1
1
1
1 ) 2
. Inertia 110kg/m
1
1
1
|
|
|
|
|
|
|
1
|

+» Different factors can affect results of measurements for electrometer based instruments

s Only CPC based instruments fulfilled exhaust legislation requirements

s Electrometer-based techniques can be used for indicative measurements only

HORIBA (00




Comparison of exiting sampling systems




Sampling of Brake Dust

Pro

v

v' Different sampling points are possible

Hose

Easy to install

Contra

»  Reproducibility of results

»  Calculation PN per km

»  High level of background particle

A\

concentration
Probe homogeneity

HORIBA (0D

Sampling Box

Environmental
chamber

v Easy to install v' Calculation PN per km
v" Reproducibility of results v" Reproducibility of results
v Fast response on emissions events ¥*  Reduction of background particle
v Reduction of background particle concentration level
concentration level
v' Possibility to use for RDE
Contra Contra
>  Probe homogeneity »>  Complicated installation
»  Calculation PN per km »  Limited number of applications
>  Limited number of applications > Probe homogeneity
»  Emissions response is averaged

over time and volume

Exhaust
duct

Brake Dynamometer

Pro

v' Calculation PN per km

v' Reproducibility of results

v" No modification of brake dyno is
required

v' Probe homogeneity

v" Reduction of background particle
concentration level

v' Probe homogeneity

Contra

»  Special requirements to air
ventilations system

»  Emissions response is averaged

over time and volume



Sampling of Brake Dust

Hose

Pro
v' Easy to install
v' Different sampling points are possible

Contra
Reproducibility of results
Calculation PN per km
High level of background particle
concentration
Probe homogeneity

HOrRIBA(IID)




Sampling concepts: Comparison

7x10" 1

12 _|
6x10™ - AK Master

I Exhaust
I chamber

5x10'

4x10"
AK Master

3x10"

WLTP

Prticle number per test

Farticle number par test

2x10"%

1x10%

» PN measured using Environmental chamber much lower to measured in exhaust duct

» Measurements with Sampling box is not representative

» Strong particle coagulation is expected for Environmental chamber and Sampling box

HORIBA



Sampling concepts: Comparison

7x10" 1

12 _|
6x10™ - AK Master

10°

I Exhaust
I chamber »

10°

5x10"

dN/dlog(Dp)

4x10% 1w’
AK Master
10°
3x10"
WLTP

2x10"%
1x10%
0 .

10

Prticle number per test

10°

10°

Exhaust

—— 60 bar|
-~ 70 bar]|
80 bar|

10> =t

Chamber

Particle size, nm

» PN measured using Environmental chamber much lower to measured in exhaust duct

» Measurements with Sampling box is not representative

» Strong particle coagulation is expected for Environmental chamber and Sampling box

HORIBA




Sampling concepts: Comparison

Po I yd I S p e r S e C O ag u I at I O n Time delay by measuring in Time delay by measuring with Time delay by measuring with

exhaust pipe evacuation chamber sampling box

ber [#/em?]
g

ber [#/cm?
7

‘% 4,0E404 » 1 T Fﬁ i
" time delay 6,55 time delay 3,55

= = @ ..
1 T 2,06+04 I | | I b2 T 1,06+04 I I ) T 1,06406 I : )
+ t 5 i &
0 O o a
1,0E+04 1 1 T oL 5,0E+03 t t ) 5,0E405 - - t 10
"J ,-...--—\.-.A.M_d\_/
0,0E+00 - - - 0,0E+00
5 [} 1 2 3

time delay 2,55

le

p

- 0.0E+00
o 1 2 3 4 5 & 7 g8 o 1 2 3 4

where N, is original particle concentration — - -
tis t|me, 1X108‘: & chamber —m— chamber
K, is coagulation coefficient, calculated as 10’ ] e dwaoln 0] . - duct39 ki
. 9X107‘_ = box39kmh|. 60- | ~® box 39 kmh
g 8x10" J —m— box 13 kmh i 1 / —H— box 13 kmh
® 7x10 501
/Z::‘\, 6X107-_ .§ 40_-
4kTC, c 5x10- . g ]
K _— g 7 6 5 - g 304 “m
0o — (/= © x10” 9 § 1 m\
37] g 6x10:—_ / \ < T .
O 5x10° 8 ]
: _ S 40" . = /
Geometric standard deviation (GSD) < 2.5. 3x10° . g ]
2x10° \F _////: 8 2 . .
110" ] = '>—<. 1 N
0- |'T>'<! T ¥ 0~ K-\. I
1020 50 200 . .
size, nm 1020 50 200
% Strong coagulation is calculated for Environmental chamber and Sampling box Size, nm

% Exhaust duct is validated as sampling point!
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Testing and validation of Horiba-AUDI concept



Experimental set-up AUDI-Horiba

> 17” 2 piston frame-design caliper, low steel (ECE) brake pads (AUDI A8)
o= 300 mm

» 2 sampling points

— Inside testing chamber

— Exhaust duct

Heated Hose / S dara LS

T Brake Dynamometer
) MEXA-2100SPCS

Flow Spilitter modified forsub
232 nm

measuments

MEXA-21005PCS
for background
measuremeants

I=10-20 = d

40

W T

- NS
AN
\\\\W\ W N “

= W N e
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Testing procedure: Air Flow effect

Brake Dynamometer

2x10°

— flow3300_duct

—— flow3300_chamber SSTHT —
1x10° I ]
1.5x10° SExHT
1.0x10° 4
5.0x10°* A4STH" —
AEHT — B
) 2x10° b“b@ @00 (OQQQ 6)\90 6\00 Q‘b@ ] = o
IS —— flow2700_duct E
2 —— flow2700_chamber, ISTH™ —
QO a0 5 | o B -
2 - o B a2 e
= - L Yo - - | o
S 1oa0° 1 [ o E EH o
[ |
#  5.0x10° '+ [=] =]
) 15 — E 8o \ ol ta 8 88
‘ﬁ'—* e B8 o =
(il . = ] L5
@& & 2w | o o
1.5x10° | o %
—— flow930_duct — 5 q
1.0x10° — flow930_chamber =i
5.0x10° 1ExH™ —
/L'A.a-% ' | SEEH" —
O O QL QL O O 9 Q L O QL =
VQ O GaQ /\Q ) \) QQ Qo /\0 \) )
S ¥ ¥ +* as T T — [ B R T ——
time,s BNE — — pnim - —pniE - — — — pAoE - - pnmy - —
Test name

% Particle emission depends on air flow sequence

% Increasing air flow leads to reduction of residuals in brake dynamometer cabin
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Testing and Validation of Horiba-AUDI concept

Implementation of housing : Airborne collection

1.4E+05 — — Duct

1.2E+05 i —— Reference without Housing
' ] —— Refernece with Housing

1.0E+05 - Air flow 3500 m*h

8.0E+04 —

6.0E+04

oo O 111 e

3.5E+03 ]
3.0E+03 ]
256403 ]

Particle concentration #/cm?®

|
J f
2.0E+03 ||| |
1.5E+03 | ‘ (m I
1.0E+03 - |
5.0E+02 - l
S A LR A R R AL h\lw i w“x"ﬂl s b AL L
0.0E+00 —I ;
0 2000 4000 6000 8000 10000
time, s

“ Application of housing allow to collect 100% Brake Dust Airborne

“ Horiba-AUDI concept is validated for PN measurements!
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Testing and Validation of Horiba-AUDI concept-

Implementation of Housing: Set-up temperature

250
200 A /A Improving of
u ' : sampling
N NN

(1} 5000 10000 15000 20000 25000
Time in s

—T_pad with housing. 930m~3/h  —T_pad without housing, 930m"3/h —T_housing

) b

i
v
=]
=
z
Z 100
T
fid
50
SN AN
0 . : : :
0 2000 4000 6000 8000 10000 12000
Timein s
—T_pad with housing, 2700m"3/h ~ —T_pad without housing, 2700m™3/h  —T_housing

“ Application of housing does not change set-up temperature

“ Temperature of Brake Pads stay<220°C even if rotor temperature is2 500°C
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Testing and Validation of Horiba-AUDI concept

Implementation of Housing: Air Flow effect

3.0x10" - Without housing
With housing
] Sampling point ;exhaust duct

2 5x10"

3300

2ro0
3300
3300
3300
2700
3300
3300
clclall

2roa
3300

3300
3300
B30
830

2. 0x10"™

2roo

2700
2roa
2700
2700

2roa

830
430

1.5x10"

#30
430
430

PN per test

1.0x10"

5.0x10"

00 -
% Horiba-AUDI concept is validated for PN measurements!
“ Application of housing is strongly improved reproducibility of test results

X/

% Particle emission depends on air flow sequence
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Selection of functional parameters:
Testing procedure



Testing procedure

Testing conditions
» Air velocity and air quality.
» Position brake in car

> Vehicle load and environmental conditions

Test cycle
» Conditioning of brake pad and brake disk
» Developing of new cycle based on driving conditions

» Modification of existing cycle
Object of Investigations

» Particle Number per test(PN)

» Particle Mass(PM): gravimetrical and/or on-line

HORIBA (00



Testing procedure

Testing conditions
» Air velocity and air quality.
» Position brake in car

» Loading of the car and environmental conditions

Test cycle Point of our
> Conditioning of brake pad and brake disk research

» Developing of new cycle based on driving conditions

» Modification of exiting cycle

Object of Investigations
v Particle Number per test(PN)

v' Particle Mass: gravimetrical and/or on-line
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Testing procedure: New Bedding cycle

9. Fadingtest 10. Kennwert 11. Druckreihe 12.1 Temperatur steigend 12.2 Druckreihe 1. Kennwert 2. Einlauf 3. Kennwert 4.1 Druckreihe 4.2 Druckreihe 4.3 Druckreihe
3=40%g, v=100->5km/h 30 bar, 80 -> 30 km/h v =80 -> 30 km/h 30 bar, 80 ->30 km/h v=80->30 kmh 30 bar, 80->30 km/h 15 - 51 bar, 80 ->30 km/h 30 bar, 80 >30 km/h 80 -> 40 km/h 120 >80 km/h
- - 6.0 0.80 Q9 - a - 3 - - - — - - - - - 800 8.0
. 055 . FAE S S B = 55
50 050 foeed i R i o E 5o
4z gas| R ed . L F(P//{%,a/*: 45
. e / . ﬁ'/ﬁ/}/ﬁ/fe’ // TR AN S P
€ L1 . S [
z E f 11 — H —
N 5 as 8 2 o3 | O o = o B
B ~ H 5 I s : : E:
g 8 30 5 3 o i B . H s FETE T S e _J’_i e &
] e F 3 -3
2 25 2 © o i B Tl H i g
§ : 3
20 & 020 200
15 015 o .
1.0 .10 - 00 0
[OOSR S PN I H I Lk 50 05 008 H \ feeesd et b [ T Pasdi 50 05
ey =04 Py =044 Hrspg =043 s =0 . : P . : Vi =042
000 0 o 00 000 0 oo
12 3 4 5 6 7 8 8 10 11 12 13 14 15 13 8 @ 12 15 18 10420 20 40 50 80 7O 8 100 150 200 250 300 350 400 450 500 10 20 30 40 50 60 70 80 1 3 5 10 20 3 2 15 30 34 47 82 1 2 3 4 5 8 10 20 30 40 50 60 7O 80 10 20 30 40 50 60 70 &0 10 20 30 40 50 o0 70 80
Bremsungs-Nr. Bremsungs-Nr Druck fbar] Temperstur [C] Druck [bar] Bremsungs-Nr. 30 g, Druck [oar] Druck [bar] Druck [bar]
13. Kennwert 14. Fadingtest 15. Kennwert 4.4 Druckreihe 4.5 Druckreihe 5. Kennwert Kaltbremsung 7. Autobahn 8. Kennwert
20 bar, £0 ->30 km/h a=40%g.v= 100 ->5 kmJj 30 bar, 80 ->30 km/h M Kennwerte mean min 160 > 130 km/h 200 -> 170 kmh 30 bar, 80 -> 30 km/h 40 -> 5 km/h vA = 100 km/h, vA = 225 km. 30 bar, 80 -> 30 km/h
o T - — 120 600 80 Kennwert @ o = o — — - —_— — - 120 —_——— 80
P RO S o - e Geschwindighet “3) Wi 0.42 o .
H Geschwindigkeit (4.5) Humar 043
05094 o) oo 100 500 50 Kennwert (&) bor o 100 20
qasd A D 00 50 i 40 *C Bremsung (®) b [ @ a5
b o Autobahnstop (4] Huaw o
- 035 ! e fe e 70 E 250 Y E 1. Fadingtest ©) ber 04 - 0 &
E = £ Kenwert (10) bor 043 5 x5 H
L2 50 250 25 £ Kennwert (13) veor 045 e 50 g
E scingtes: 1 &
40 200 20 @ 2 Fadmgtest (4 b= o0 40
Kennwert (15 bor 3
0 150 15 —_— Vrem 022 30 15
2 . o Temperstur b = 04 20 o
Ot Reiowert Mitswert
bk 1 %0 05 —— Drusk oos Fooe g 10 s
by = 1000 —— Bremsvolumen : : H : H imay =043 H
H HE o a 00 e 0.00 o oo
1.2 3 4)5 68 7 8 9 10 12 13 14 15 1 3 6 8 12 15 n=1000% PO =0.50 bar 10 20 30 40 50 60 70 &0 10 20 30 40 50 &0 7O 80 2 3 4 5 VE <5 km/h, vE = 125 ki
Bremsungs-Nr. Bremsungs-Nr. Bremsungs-Nr. Druck [bar] Druck [bar] Bremsungs-Nr. P =30 bar a=80%g
Prifing: P436 D4 356x34 Stift | Bremsentyp: Car disc brake AK Master  swus 2o | BJERFRIERA | promn P435 D4 356x34 St | Bremsentyp: Car disc brake AK Master Status: 12/98 HORIB&
Reifenradius 0347m Anlegedruck 0.5 bar - Reifenradius: 0.347m Anlegedruck 0.5 bar ;
Masse: 07t Kolbenfiache: 27.7 e Hersteller: Masse: 07t Kolbenflache 27.7 cm® Hersteller: -
Massentragheit 81.1 kgm? Effektiver Radius 0141m Material oot bremse Masseniragheit: 81.1 kgm? Effektiver Radius: 0.141m Material- Beden 0??252015
Anteil Bremse 100.0% Wirkungsgrad 1000% Losnummer atum: - 03.12.2015 Anteil Bremse 100.0 % Wirkungsgrad 100.0 % Loshummer: "
Seite: 2von 2 Seiter 1von 2

<+ AK Master without sections 1-3, 5-7, 11 and 14-15
< Air flow: 430, 930, 2700 and 3450 m3/h
% No RDE cycle intended yet!
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Testing procedure: Inlet Air quality and Stabilization of Particle Emission

3 Bl - Air flow 2700 m3/h - —u— Without H13 filter
| T How m £ —u— With H13 Filter
# .
2 510" 5 8000 4
©
13 _| -E 4
& 200 5 ]
£ S 6000 -
5 S a
[+ 3 13
o 150" - -
‘L O
1, 010" é_cs 4000 - /I\
|
© ] ]
[ 7 [ ]
12 8 / \l ]
5 010" - S 2000 - \_ -\.\
Cx% ./. I/.\.
00 - m LN . o
- - - - I T N . -0 Sp_g_m_ M g _ g g—m—g—=
‘é@. 1§ @QL @@ ‘@9 3 .§ .\ﬁ O ' I.l | L I.l I.l I.l I.l L L I.l I.l LI I.l I '\l-'=l'-'_l‘
Test name Test number

% Application of H13 filter leads to strong reduction of particle background concentration as well as stabilization of
background level
% Particle emission was stabilizing by third repetition.

% For tests measured with inlet air velocity 2700 m3/h variation of PN is not higher as £20%.
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Testing procedure:

Volatile content and role of inertia

0™

3,300

o
=1
o3
o

210

FN partant

A0

3,300

4.0x10"

I Prot1 190C
I ot 350C
3.5x10"

2,700

3.0x10"

2,700

2.5x10"

2.0x10"

PN per test

1.5x10"

1.0x10"

5.0x10"

0.0

I (nertia 50 kg/m?
I Inertia 81 kg/m®
I |nertia 120 kg/m?
Air flow 3300 m*/h

s Measurements equipment demonstrate reproducibility within £5%.

J/

** Increasing of inertia strongly increases particle emission

< No volatile content with T2190° C was observed in emission from ECE pads
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Testing procedure:

Section 8 and “Memory” effect

0.05 N

004 | Beginning of the test

W LU

400 0 8 1000 1200
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0.05 \ f

0,04 After Section4.5
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S
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o
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o

N
T

1

—before section4 —after section 4

Particles
[x10%/cm?3]

AL L |

1500 2000 2500 3000
Time [s]

+ Particle concentration changes drastically for same brake conditions

* Friction coefficient does not change

« Effect is reproducible and observed at 4 different air velocities
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0.35 —

Testing procedure:

(7)) [32]
< g 10.25 |-
_— S
£g 02r Section 4.5 180—150 km/h
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G 9 015
o é. 0.1+
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» 025 i
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O 01 _
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0 100 200 300 400 500 600 700 800 900 1000
0.35 T T TZeit{s] T T
= 03| _
[7)) ™
% g 0.25 |- i
£g 02 Section 4.2 80—>40 km/h -
g o 0.15 - _
=01 -
0.05 | .
0 LA Al | A | A | A A
0

Pressure and disk speed effect

Friction coefficient

0 500 1000 1500 2000 2500
Time [s]

—42 —43 —44 —45

s Particle concentration increases rather with increasing disk speed than brake pressure.
s Friction coefficient does not change

s Effect is reproducible and observed at 4 different air velocities
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Testing Procedure:

Pressure and disk speed effect - Particle size distribution

Section 4.3 Section 4.4 Section 4.5 Section 4.3 Section 4.4 Section 4.5
m—T
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article size, nm

Particle size, nm

Transition Temperature= 135-140°C

% Bi-modal particle size distribution observed for ECE brake pads

s Concentration of nano-particles increases drastically after brake pressure reach 40 bar, Transition temperature~140°C

s Air flow can affect particle emission
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Testing Procedure

4.2 Druck-
empfindlichkeit

4.1 Druck-
empfindlichkeit

4.4 Druck-
empfindlichkeit

4.3 Druck-
empfindlichkeit

4.5 Druck-
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9. Fadingtest 10. Kennwert 12.1 Temperatur steigend

10 20 30 40 50 60 TO 80

12.2 Druck-
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1 3 4 & 9 12 15
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13. Kennwert
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Bremsungs-Nr.
B0 — 30 km/h

a=40% g, 100 — Skm'h 30 bar. 80 — 30 km'h

10 20 30 40 50 &0 70 &0

1 3 6 9 12 15 18

30 bar, 80 — 30kmh

S8 3 EEEEBEEELEE B

Friction coefficient does not differs between bedding and brake pressure section

Particle emission changes drastically at the same time
Global parameters can not be used for characterization of BPE

Effect is reproducible and observed at 4 different air velocities
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Testing Procedure:

Section 9 and Temperature effect

1 3x10° i Air Flow 930 m*h
310" - Exhaust duct ]
2x10°
2x10* - 1x10° -
0 f T T T T T T T T |
- a_ . 14700 14750 14800 14850 14900 14950
E 1x10 £ 2,0x105—_ -—
g ] ® 15¢10° Air Flow 2700 m/h®
<@ 04 o ]
= ' ' ' ' ' ' ' ' ' ' 1 2 1,0x10° -
8 5oxi0to 74450 74500 74550 74600 74650 74700 8 s
' - 5,0x10% -
1,5x10" - hamb 0,0 . , , . . . PN, :
' Chamber 7500 7550 7600 7650 7700 7750
1,0x10* 1,2x10° Air Flow 3300 m%h
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3 .
>0x1077 4,0x10" -
| T T T T T T T T T T T 0.0 ' ! ' ! J ' RN
30850 30900 30950 31000 31050 31100 6650 6700 6750 6800 6850 6900
time, s time, s

< Strong reduction of BPE for disk temperature T2350° C.
s Effect is reproducible and observed at 4 different air velocities

s Effect is reproducible and observed at 3 different sampling points by 2 different brake dynos
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Testing procedure .

T
Section 4.5

. T orel 180—>150 km/h
. © O 0.2 - — _
Role of disk and brake pads temperature S5 o5l Transition Temperature= 135-140°C
o X, 0.1}
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Transition Temperature= 350°C

0 . .
0 2000 4000 6000 8000 10000 12000

Timein s
—T_pad with housing, 2700m™3/h  —T_pad without housing, 2700m"3/h T_housing

+ Disk transition temperature depends rather on applied loading then on conventional heating

* No transition temperature for brake pads is observed
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Finding's
U Most suitable sampling point for PN was defined
U Horiba-AUDI set-up provide 100% sampling of Brake Dust Airborne

U Testing parameters( air flow, air quality, etc.) can affect results of PN measurements

0 SPCS particle counter was modified according special requirements for Brake Dust Emission measurements and provide fast

response, high accuracy and reproducibility for measurements of Brake Dust Emission
U The comparison of particle measurements performed on two different dynamometers is possible
U Particle emission from set of new brake pads and disk can be stabilized during short time.
O Particle emission was measured in range 1x10°-108 particle/cm3
U Particle emission depends on inertia, disk temperature, wheel velocity and less on applied pressure
U Horiba-AUDI set-up provide good reproducibility for particle emission measurements
U Horiba-AUDI set-up can be used for R&D research on material of brake pads and disks as well as for brake certification

U Horiba-AUDI set-up can be installed nearly at every brake dynamometer without big modification
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Outlook

O Continue research on definition of sampling point and Evaluation role of probe dilution and sampling velocity
O Evaluation role of non-brake parameters- velocity of air flow, direction of flow, humidity etc.

O Comparison of brake pads produced of different materials- ECE, NAO, Ceramic

O Investigations on composition of brake dust emissions

U Robin Round at 2-3 Labs

O Test feasibility of PM for brake airborne measurements

0 Break Wear was reported to be reponcible for mechanical stability of brakes as well as NVH effects-material research on

this topic will siginificantly extend markt capacity from certification to material R&D
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