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Abstract: The stringency of vehicle exhaust emissions regulations resulted in a significant decrease
in exhaust particulate matter (PM) emissions over the years. Non-exhaust particles (i.e., from
brakes and tyres) account for almost half or more of road transport-induced ambient PM. Even
with the internal combustion engine ban in 2035, electrified vehicles will still emit PM from brake
and tyre wear. Consequently, non-exhaust PM emissions cannot decrease significantly without any
regulatory measures. Because independent research carried out under different methods is not readily
comparable, a Global Technical Regulation (GTR), which sets the procedures and boundaries of testing
brake wear particle emissions, is currently under development. This overview describes the particle
number (PN) measurement setup based on the well-known exhaust emissions PN methodology.
We provide the technical requirements and the expected maximum losses. In addition, we estimate
the effect of particle losses on the differences between different setups for typical size distributions
observed during brake testing. Finally, we compare brake testing PN specifications to those of
exhaust PN.

Keywords: non-exhaust emissions; brake particle emissions; particle number; volatile particle
remover; cyclonic separator; nozzle; sampling; particle number counter

1. Introduction

Air pollution is considered the single most significant environmental health risk in
Europe. Air pollution can cause cardiovascular and respiratory diseases that lead to the
loss of healthy years of life and, in the most severe cases, to premature death [1]. Particulate
matter (PM) is the most harmful component of air pollutants [2]. Globally, more than 50%
of the population lives in urban areas with poor air quality [3]. In 2020 in the European
Union, 96% of the urban population was exposed to levels of fine particulate matter above
the health-based guideline level set by the World Health Organization (WHO) [4]. The
contribution of vehicle emissions to ambient PM concentrations is around 10% or higher in
cities or industrial areas [4-8]. Other sources such as shipping or residential heating are
important depending on the area [9-14].

Worldwide vehicle emission regulations have controlled the PM since the 1990s [15].
The primary methodology is collecting PM from dilute exhaust gas on a filter and weighing
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it after a test [16]. The test typically includes a vehicle on a chassis dynamometer or an
engine directly connected to a dynamometer following a prescribed torque/speed cycle.
The methodology reached its sensitivity limits with the introduction of Diesel particulate
filters (DPFs) to the aftertreatment systems of the engines and vehicles. A big step was the
shift to a different metric. The introduction of the particle number (PN) method initially
took place in Europe in 2011 and later in other regions in Asia [17]. The methodology was
based on the work of the Particle Measurement Programme (PMP) group, which began
its work in the early 2000s. In a nutshell, it includes thermal pre-treatment of the aerosol
to remove volatile particles and to count the remaining particles larger than 23 nm. The
sample was taken from a dilution tunnel where the entirety of the vehicle exhaust gas was
mixed and cooled [17].

The introduction of more stringent regulations on exhaust emissions resulted in
significant decreases in ambient gaseous pollutants in many regions worldwide. However,
recently published data indicate that decreases in PM have not followed this trend [18].
As exhaust PM emissions from on-road vehicles have decreased over time, non-exhaust
PM emissions’ relative contribution to ambient PM concentrations has increased. As a
result, brake- and tyre-wear PM emissions’ impact on urban areas and nearby communities
has become more concerning. According to many researchers, non-exhaust PM emissions’
contribution already accounts for almost half or more of all road transport-induced ambient
PM concentrations [19-21]. Current models predict that airborne brake- and tyre-wear PM
emissions will increase with the vehicle distance travelled. However, these projections
still do not account for new vehicle technologies such as “zero emissions” and hybrid
vehicles, which use some form of non-friction braking (regenerative braking) and low-
rolling resistance tires. In any case, the contribution of non-exhaust PM to air pollution
remains a concern because fully electric vehicles also emit these particles in relatively large
numbers [22].

Researchers have reported that braking events can result in high PM mass emis-
sions [23]. Light-duty vehicle (LDV) PM with aerodynamic diameter smaller than 10 um
(PMjp) emission factors varying between 1-15 mg/km per vehicle have been reported
in the literature following different methodologies (e.g., laboratory and on-road testing
with different setups) [24-27]. However, recent results indicate that specific vehicle-brake
configurations may emit up to 25-30 mg/km per vehicle, tested with a procedure following
the draft specifications of the brakes GTR [28]. The per-vehicle emission factors are typically
estimated by multiplying the brake corner emissions by three. This is a commonly accepted
way within the industry to calculate overall vehicle emissions using the emission result
from a brake corner and relies on the fact that brake power is usually split in front/rear
by 70-30% [29]. The Euro 7 pollutants regulation preparation used a fleet-based PM;
emission factor of 12 mg/km per vehicle for LDV up to 3.5 t. This value was adopted in the
recently published impact assessment to propose limiting brake PM10 of LDV to 3.5t to
7 mg/km per vehicle. PM; 5 emission factors are approximately 25-40% of PMjq [28,30].
Regarding particle number emissions, the results are more diverse [24]. Emission lev-
els varying between 10°-10'® #/km have been reported in the literature [25,30-32]. This
range of values highlights the critical contribution of volatile particles emitted sometimes
by brakes that can increase the emissions by orders of magnitude [33]. Studies link the
exceedance of a certain temperature threshold with the release of a separate volatile nucle-
ation mode peaking at 10-30 nm [31,34-37]. However, this temperature threshold is not
well-defined since it depends upon various parameters (e.g., the brake system type, the
brake components’ thermal masses, bedding condition, and the temperature measurement
method) [30,38]. PN size distribution typically exhibits a peak around 1-2 pm, contributing
to the mass [29,38-41]. Sometimes a peak around 100-300 nm is also reported [29,41,42].

The results reported in the literature are not readily comparable due to different
approaches/methodologies, brake dynamometer setups, testing cycles, and measurement
instrumentation [43]. A recent study discusses the most common configurations and
their advantages and disadvantages [25]. To overcome this problem, the Working Party on
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Energy and Pollution (GRPE) mandated the PMP group to develop a standard methodology
for sampling and measuring brake wear particle emissions from LDV up to 3.5 t. The overall
process included several steps, with the most important being the development of a new
braking cycle representative of real-world conditions, the definition of an appropriate setup
for sampling brake wear particles, the definition of the appropriate instrumentation for
measuring brake wear particle emissions, and the validation and further refinement of
the overall methodology following the organization of an Inter-Laboratory Study (ILS).
These steps have been described in detail elsewhere [44]. Additionally, in 2021, the GRPE
mandated the PMP group to develop a Global Technical Regulation (GTR) governing the
measurement of brake wear particle emissions from LDV up to 3.5 t. Larger vehicles (heavy-
duty buses and trucks) will be addressed in the second phase as the braking mechanism
differs from that of LDVs and more data are required for understanding the share of friction
brakes to real-world brake emissions of these vehicles (e.g., contribution of engine and
regenerative braking, representative test cycle).

Based on this background, the PMP developed the first set of recommendations for
sampling and measuring brake particle emissions and organized an ILS to assess and
further refine the proposed methodology for determining brake PM and PN emissions.
The recommendations for measuring brake PN emissions heavily relied on the existing
regulatory framework for exhaust emissions. The ILS study concluded that the proposed
method is suitable for measuring solid brake PN emissions. Some minor refinements
were introduced to the final proposal to consider the specific design needs of the brake
emissions measurement setup. In addition to the solid PN (SPN) emissions, the ILS
explored the feasibility of sampling and measuring total PN emissions (TPN) (i.e., solids
and volatile particles). The ILS campaign confirmed literature findings concerning brake
PN concentrations. In some cases, the brake released a volatile particle fraction, resulting
in PN concentrations 1-2 orders of magnitude higher than the SPN measurements [33].
More profound research on brakes for this fraction is lacking compared to exhaust volatile
nucleation mode [45]. The UN GTR proposed including TPN measurement specifications
to generate more data that can be collected and used to improve understanding of the
phenomenon and its possible occurrence in real-world situations.

The current paper presents the proposed setup for measuring SPN and TPN within
the UN GTR for brake wear particle emissions from LDV up to 3.5 t. Additionally, this
paper discusses PN penetration factors and the impact of the design criteria. The main aim
of the paper is to evaluate the proposed methodology and estimate differences that could
be found between different facilities. Additionally, we aim to provide guidance to testing
facilities in setting up their measurement system in accordance with the GTR. Lastly, the
paper provides a detailed comparison with the setup used in exhaust regulation.

2. Materials and Methods
2.1. Overview of Setups

The brake wear emissions GTR provides a methodology for measuring particulate
emissions from brakes used on LDV up to 3.5 t. The tests use a brake dynamometer
executing a prescribed cycle, namely the worldwide light vehicles test procedure brake
cycle (WLTP-Brake cycle) [46]. The brake is installed in an enclosure to prevent untreated air
from entering and contaminating the air flowing around the brake assembly. The climatic
conditioning system circulates filtered and conditioned air while sampling from a tunnel
connected to the brake enclosure. The setup uses separate sampling probes for PM and
PN emission measurements. The PM sampling separates particles with an aerodynamic
diameter of up to 10 um (PM;jg) and up to 2.5 pum (PMj5). The PN measurement can be
performed either with separate sampling probes or through the same sampling probe
using an appropriate flow-splitting device. The PN measurement covers particle sizes
from approximately 10 nm to 10 pum depending on the cut-off size of the pre-classifier.
Depending on the thermal pre-treatment of the individual aerosol streams, the PN setup
counts SPN and TPN (abbreviated SPN1y and TPNjg, respectively, based on the lower
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cut-off diameter of 10 nm). Figure 1 summarizes the primary components of the PN setup,
including the following:

e  Probe(s) to extract the diluted sample. The setup can use a single probe followed
by a flow-splitting device. Alternatively, two probes can sample TPN;y and SPNyg
separately. In such a case, the setup consists of two different PN layouts.

o  Nozzle(s) fitted to the probe’s end to achieve isokinetic sampling. The nozzle(s) must
have its axis parallel to the dilution tunnel ensuring that the aspiration angle does not
exceed 15°.

e  Cyclonic separator(s) to remove particles larger than 2.5 pm, which typically do not
contribute to the PN concentration but might contaminate the PN system(s). The
system can use a cyclonic separator with a higher cut-off point of up to 10 pm. Two
cyclonic separators must be applied when using different probes for sampling TPN1j
and SPNjg or when the cyclonic separators are downstream of the flow-splitting
device. The cyclonic separator(s) must be mounted directly at the sampling probe’s
outlet or the PN system’s inlet.

e A flow splitter (optionally) is necessary when two PN systems are sampling from the
same probe (Appendix A, Figure A1l). The splitter, if used, may be installed before or
after the cyclonic separator.

e  Transfer tube to the PN system (optionally), abbreviated as particle transfer tube (PTT).
Only one PTT for each PN system can be used. The PTT must be placed before or after
the cyclonic separator.

e A Dilution system (DIL) for TPNj or a volatile particle remover (VPR) for SPNyg. The
DIL dilutes the aerosol sample with clean air and the VPR dilutes the aerosol sample
and removes volatile particles. For SPNyy, the setup mandates a catalytic stripper at
350 °C to remove volatile particles. The minimum total dilution (before and/or after
the catalytic stripper) must be at least 10:1.

e  Particle number counter (PNC) that counts particles from approximately 10 nm electri-
cal mobility diameter and larger.

e Internal tubing, abbreviated as internal transfer line (ITL), connects the DIL or VPR to
the PNC.

-+ PN setup >

<4—— PN system —»
Two-probe layouts

|nozz|e |—| probe |—| Cycl. H H DIL |—| ITL |—| PNC | TPNyq
|nozz|e |—| probe |—| Cycl. H H VPR |—| ITL |—| PNC | SPNyp

|nozz|e |—| probe H H Cycl. |—| DIL |—| ITL |—| PNC | TPNyg
|nozzle |—| probe H H Cycl. |—| VPR |—| ITL |—| PNC | SPNyg

Figure 1. Particle number (PN) setup parts and layouts with two-probe. PN system in red (three

last red boxes). The one-probe layout can be found in the Appendix A. Cycl. = cyclonic separator;
DIL = diluter; ITL = internal transfer line; PNC = particle number counter; PTT = particle transfer
tube; Split. = flow-splitting device; VPR = volatile particle remover.

The last three parts (DIL or VPR, ITL, and PNC) comprise the “PN system”. To en-
sure minimal particle losses, tubes upstream of the PN system may have only one bend
complementing other technical requirements (e.g., maximum length, allowed ranges for
internal diameters, and maximum residence time). The particle number setup (i.e., all
parts from the nozzle to the PNC, including the splitter) must be of electrically conduc-
tive materials to avoid reactions with the brake particles. Using stainless steel with an
electropolished finish (or equivalent) provides an ultra-clean and ultra-fine surface for the
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nozzle and the probe. The particle number setup must be electrically grounded to avoid
electrical/electrostatic effects.

Figure 1 summarizes the allowed PN measurement configurations. The preferred
setup uses two sampling probes for the PN emissions measurements, one for TPNjo and
one for SPNjg. The two-probe setup may come in two configurations:

e  With the cyclonic separator directly mounted to the probe’s outlet and followed by
the PTT,

e  With the cyclonic separator directly mounted to the inlet of the DIL or VPR and
preceded by the PTT.

Alternatively, a single sampling probe for TPNjy and SPN1y may apply an appropriate

flow-splitting device using three possible configurations (for details see Appendix A,
Figure Al):

2.2. Technical Specifications

Figure 2 gives a detailed overview of the technical requirements for the PN setup.
Many available solutions in the market fulfill the UN GTR requirements, with some
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Figure 2. Overview of the technical requirements of the particle number (PN) setup. acc = accu-
racy; CE = counting efficiency; d = diameter; dev = deviation; DF = dilution factor; DIL = diluter;
HEPA = high-efficiency particle air filter; L = length; noz = nozzle; P = penetration; p = pressure;
PAO = polyalphaolefin; PCRF = particle concentration reduction factor; PNC = particle number
counter; PND = particle number diluter; Q = flow; tun = tunnel; R = radius; RT = residence time;
sp = splitter; V = velocity; VRE = volatile removal efficiency; VPR = volatile particle remover.
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The probe’s diameter range (10-18 mm) and the residence time restriction of 3 s
translates to a minimum flow rate of 1.6-5.1 L/ min (Reynolds numbers 215-370), depending
on the probe diameter. The setup can use higher flow rates without the risk of entering into
a turbulent regime, which typically starts at Reynolds numbers > 2000—4000.

The choice of the nozzle for achieving isokinetic sampling depends on the tunnel
flow rates and the probe and their respective inner diameters. Assuming a tunnel with
an inner diameter of 200 mm (the acceptable range is 175-225 mm) and a flow rate as low
as 200 m®/h (the minimum permitted operational flow must be between 100-300 m3/h),
a minimum flow rate of 0.8 L/min in the probe would result in a 0.6 isokinetic ratio (the
UN GTR allows 0.6-1.5). However, the residence time in a 10 mm probe would be 5.9 s
which is almost double the maximum of 3 s allowed. Thus, the flow rate should be at least
1.6 L/min with the respective isokinetic ratio being 1.2. For the same tunnel settings, a
10 mm probe without any nozzle or a larger probe with a 10 mm nozzle and a 5 L/min
probe flow rate would result in an isokinetic ratio of 0.6. On the other hand, a 10 times
higher tunnel airflow (2000 m?®/h) combined with a 4 mm nozzle would need at least
8 L/min probe airflow to exceed the minimum isokinetic ratio of 0.6. The application of an
instrument with a 5 L/min air flow combined with a (moderately high) tunnel airflow of
1250 m3/h (with a 4 mm nozzle) or a low tunnel airflow of 200 m3/h and a 10 mm probe
(or nozzle) yields the same isokinetic ratio of 0.6.

2.3. Background Levels

The PN concentration at the tunnel measured with the PN system must not exceed
20 #/cm3, which provides an upper limit for the background emissions (including the
tunnel and brake enclosure). For flow rates between 100 m3/h and 2000 m3/h, the upper
limit for the background emissions translate to 4.5 x 107 to 9 x 108 #/km, respectively.

3. Results

3.1. Scenarios
This section examines two scenarios:

e PN setup based on the specifications described above with minimum particle losses,
and thus maximum penetration, abbreviated as “max penetration”.

e PN setup with all permissible flexibilities in the technical requirements maximizing
particle losses, abbreviated as “min penetration”.

Table 1 summarizes the parameters for calculating the penetrations of the various
parts of the “min penetration” and “max penetration” PN setups. The evaluations include
cyclonic separators with two different upper cut-off sizes (2.5 um and 5.0 um).

Table 1. Assumed parameters for the estimation of particle losses for the two scenarios.

Part ! “Max Penetration” Setup “Min Penetration” Setup
Nozzle Isoaxial © = 0° Anisoaxial 6 = 15°
Nozzle Isokinetic ratio = 1.0 Anisokinetic ratio = 1.5
Probe Qpro =5 L/min, dpro = 10 mm, Lpro =1 m Qpro =5 L/min, dpro = 10 mm, Lpro =1m
Splitter none none
Probe bend No bend Rpend,pro = 40 mm
Transfer (PTT) No transfer tube Qprr =5 L/min, dprr =4 mm, Lprr =5 m
PTT bend No bend Rpend prT = 100 mm
Internal (ITL) QITL =1 L/min, dITL =4 mm, LITL =04m QITL =1 L/min, dITL =4 mm, LITL =1m
ITL bend No bend Rpend 1L = 40 mm
Gravitational Only in the probe, ITL Only in the probe, PTT, ITL
VPR P1oam = 52%, P15nm = 68%, P1oam = 30%, P15nm = 53%,
VPR P3onm = 92%, P5onm = 101%, P1gonm = 104% P30nm = 87%, P5gnm = 101%, P1gonm = 105%
VPR 50% at 8 um [47]
PNC P1oam = 80%, P15nm = 95%, 50% at 9 pm [48]

! Examining cyclonic separators at 2.5 pm and 5 um (i.e., 50% penetration at 2.5 pum and 5.0 um respectively).
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The anisokinetic, anisoaxial, diffusional, inertial, and gravitational penetrations used
the equations in the Ref. [49] based on [50-52]. Furthermore, the analysis assumes the
electrostatic deposition to be negligible due to the required use of electrically conductive
materials. The quantifications used the cyclonic separation of the pre-classifiers from the
Ref. [49] based on the equations in the Ref. [53]. The theoretical curves of the cyclonic
separators were also cross-checked with experimental penetrations from calibration cer-
tificates. No data were available for small nanoparticles (i.e., <10 nm) and some losses
were expected. We assumed the losses of a tube with the same residence time and flow
as in the cyclone. No losses were considered for the splitter (or that there is no splitter).
This assumption is valid for equal flows at the two paths for sub-micron particles, as it is a
regular check for the calibration of PNC instruments, with a split bias in the range of <1%
(which is the experimental uncertainty). This assumption needs to be checked in the future
for particles in the micrometer range. However, the technical requirements set a maximum
difference for the flow and the particle losses between the two branches of 5%.

The VPR penetration is the ratio of the average particle concentration reduction factor
(PCREF) to the PCREF at a specific size (see details in the Ref. [54]), given in the calibration
certificates of the instruments. Note that this ratio can take values slightly higher than unity
due to this definition in the regulation. There is no information available for losses at large
sizes. The losses of different dilution concepts can give indications of expected losses of
commercial systems. For example, ejector (venturi) diluters have negligible losses up to 1
um [55,56], but they may become significant at bigger sizes depending on the design [57].

Similarly, orifice losses can be significant in the 1 pm range [58] or larger size ranges [59].
Rotating disks also have losses in the um range [47]. The penetration of the PNC at small
sizes was considered in the counting efficiency (CE) as given in the calibration certifi-
cates. At large sizes, such information is not available. For this reason, the published
data from a 10 nm PNC were taken [48]. However, the penetration at large sizes is PNC
model-dependent. For example, a 2.5 nm and a 23 nm PNC exhibited losses (or decreased
counting efficiency) from 1 um [60,61].

It should be noted that the diameters refer to aerodynamic diameters at large sizes
and mobility diameters at small sizes. The “effective density” links the two diameters [62].
For this paper, this distinction is not essential and only the term “diameter” is used in
the figures.

3.2. Penetration

Figure 3 presents the penetration of the “max penetration” PN setup with a 5.0 pm cy-
clonic separator (details in Table 1). Figure 3a focuses on the small particle sizes (5-1000 nm),
while Figure 3b on the larger (1-6 pm). Note that the penetration can be slightly higher
than unity due to how particle losses are considered in the VPR (or DIL). At small sizes, the
VPR (or DIL) determines to a large degree the penetration curve and the contribution of dif-
fusion, inertial, and gravitational losses in the tubes are small. The PNC counting efficiency
determines for which particle size the overall penetration drops to zero. At large sizes, the
cyclonic separator dictates the penetration curve, but the contribution of the VPR, PNC,
and tubing is also essential. However, this does not occur at sizes smaller than 2.0-2.5 um,
which seems to be the most relevant for brake emissions measurements [29,38,41]. A cy-
clonic separator with a larger cut-off size does not significantly improve the penetrations
even for this “max penetration” scenario. The 50% penetration with a 5 um cyclonic sepa-
rator is 4.2 um, while with a 10 um cyclonic separator is 5.0 um. Thus, the risk of higher
contamination of the PN systems is not accompanied by a significant improvement in
penetration at large sizes.
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Figure 3. Penetration of the PN setup assuming minimum losses and using a 5 um cyclonic separator
(“max penetration” setup): (a) logarithmic x-axis; (b) linear x-axis.

Figure 4 presents the penetration of the “min penetration” PN setup using a 2.5 pum cy-
clonic separator (details in Table 1). Figure 4a focuses on the small particle sizes (5-1000 nm),
while Figure 4b on the larger (1-6 um). While diffusion, gravitational, and inertial losses in
the tubes and the PNC counting efficiency are relevant, the VPR determines the penetration
curve at small sizes. On the other hand, the cyclonic separator determines the penetration
curve at large sizes. For this reason, anisokinetic or anisoaxial sampling is not considered
necessary; however, it becomes crucial for particles larger than 2.5 um.

anisoaxial
cyclonic seperator 0=15°
100% R 100% frm= B -—— ———————— ——
-’ PNC /. v/ \ O N Ny e e iy
— 80% re — 80% g N
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Figure 4. Penetration of the PN setup assuming maximum flexibilities from the technical requirements
and using a 2.5 pm cyclonic separator (“min penetration” setup): (a) logarithmic x-axis; (b) linear x-
axis. Symbols (squares, triangles, circles) are experimental penetrations from three cyclonic separators.

4. Discussion
4.1. Penetration for Various Size Distributions

The particle loss analysis in the results section showed the PN measurements cover a
range of approximately 10 nm to 10 um. The particle size range with penetration above
50% is determined mainly by the VPR (or DIL) at the lower end and the cyclonic separator
at the upper end. For most commercial PN systems with a 2.5 um cyclonic separator,
the penetration is above 50% between approximately 15 nm and 2 um. Table 2 presents
the penetration for different size distributions at the inlet of the PN setup. The GSDs for
large particles were assumed to be two, based on fittings of published size distributions
(e.g., [29]). Also, the calculations apply the parameters from Table 1 for 2.5 and 5 pm
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cyclonic separators. Lastly, Table 2 summarizes the results with the “max penetration”
setup of Figure 3 and the “min penetration” setup of Figure 4. Although not shown,
assuming a much larger GSD of 2.5 would result in <4% (absolute) differences for all sizes.

Table 2. Calculated penetrations of two PN setups (with “min penetration” and “max penetration”)
using 2.5 pm and 5.0 um cyclonic separators. See Table 1 for details on the different setups.

Scenario “Min Penetration” Setup “Max Penetration” Setup

GMD; (GSD;) and GMD,

(GSD,) with Cy:C, 2.5 uym 5.0 pm 2.5 um 5.0 pm
10 nm (1.5) 25% 25% 43% 43%
15 nm (1.5) 46% 46% 64% 64%
20 nm (1.5) 62% 62% 76% 76%
30 nm (1.5) 81% 81% 90% 90%
50 nm (1.5) 96% 96% 99% 99%
100 nm (2.0) 101% 101% 101% 101%
500 nm (2.0) 99% 100% 100% 101%
700 nm (2.0) 93% 96% 95% 99%
1000 nm (2.0) 82% 89% 85% 94%
1500 nm (2.0) 65% 77% 69% 85%
2000 nm (2.0) 50% 66% 54% 75%
3000 nm (2.0) 30% 47% 33% 57%
20 nm (1.5) and 1500 nm (2.0) o o o o
with a ratio of 91 63% 64% 76% 77%
20 nm (1.5) and 1500 nm (2.0) o o o o
with a ratio of 41 63% 65% 75% 78%
20 nm (1.5) and 1500 nm (2.0) o o o o
with a ratio of 1:1 64% 70% 73% 81%
100 nm (1.5) and 1500 nm (2.0) 97% 98% 98% 100%
with a ratio of 9:1
100 nm (1.5) and 1500 nm (2.0) o o o o
with a ratio of 41 93% 96% 95% 98%
100 nm (1.5) and 1500 nm (2.0) 839% 899% 85% 939%

with a ratio of 1:1

C = concentration; GMD = geometric mean diameter; GSD = geometric standard deviation.

As expected, the overall penetration of the “min penetration” setup after the 2.5 um
cyclonic separator is around 50% when the inlet size distribution has a geometric mean
diameter (GMD) of 15 nm or 2000 nm. The penetration of the setup is above 80% in the size
range of 30 nm to 1000 nm, while achieving maximum penetration for size distributions
with GMDs in the range of 50 nm to 700 nm.

Table 2 also lists the penetration using a 5 pm cyclonic separator for the “min pen-
etration” setup. The 50% penetration is below 3 um and not at the cyclonic separator’s
50% penetration (5 um) because the losses in the other parts of the setup become dominant.
Cyclonic separators with larger cut-off sizes do not provide any advantage in determining
the particle number concentration due to the relatively high losses in this setup.

The other interesting finding is that a nucleation mode around 20 nm has a penetration
of about 65% similar to the penetration of 1.5 um solid particles. For this reason, the
concentration ratio between the two modes of 20 nm and 1.5 um does not significantly
impact the results. The results differ when particles in the 50 nm to 700 nm range are
measured. For example, when one peak is at 100 nm the penetration is at least 93%
when the ratio of the two modes is 4:1 or higher. In these cases, the cut-off size of the
cyclonic separator does not play a significant role because the smaller particles dominate
the particle concentration.

The “max penetration” setup has 50% penetrations for GMDs closer to 10 nm and
2-3 um. As a result, 20 nm and 1.5 pm size distributions demonstrate much higher pene-
trations of 75-80% compared to the 63-70% penetrations of the “min penetration” setup.
When measuring 100 nm and 1.5 pum size distributions, differences between the two setups
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are minimal (85-100% vs. 83-98%). Thus, the importance of optimizing the setup and using
a larger than 2.5 pm cyclonic separator depends on the expected size distributions.

The calculations only present the PN system’s penetration for the different scenarios.
Losses also occur in the brake enclosure and the sampling tunnel; however, these are outside
of the scope of this paper. Depending on the enclosure design and airflows in the tunnel,
the penetration for 10 um particles can range from 65-70% [29,63,64] to 90-95% [32,65].
One study using a heated line up to the instrument’s inlet estimated 31% sedimentation
(gravitational) losses of 10 um particles [66]. Another study found negligible losses for
an onboard vehicle sampling system in the 40-700 nm range. Outside that range and
depending on the flow rate of the sampling system, losses increased, reaching 40% to 80%
for 10 pm particles [41]. Similar computational fluid dynamics (CFD) results for other
onboard vehicle systems estimated approximately 90% penetration at 4-5 pm and 40% at
10 um [67,68].

No data are available for penetrations of the complete PN setup because the technical
specifications from the UN GTR are recent; thus, no such systems are available for evalua-
tion. Previous studies evaluated instruments connected directly to the tunnel and, in many
cases, with minimum lengths of tubes or no dilution or VPR units. One study [29] assessed
the penetration from the brake enclosure to the measurement instrument and found it to be
above 93% at 55-65 nm, with most of the losses attributed to coagulation. These results
align with this research’s estimations (96% to 99%).

4.2. Differences between PN Setups

Two PN setups may exhibit differences due to the variations in penetration levels in
the various parts or components. The results from Table 2 allow the engineer to estimate
the maximum differences anticipated between various PN setups sampling from the same
tunnel. Figure 5 provides an overview of the anticipated differences between various setups
in Table 2 as a function of the measured geometric mean diameter (GMD). The differences
were calculated based on the penetrations for various size distributions. For example, a
setup with 60% penetration will measure 25% less than a setup with 80% penetration. For
small particles, one curve is plotted, reflecting the difference between the “max penetration”
and “min penetration” scenarios. Commercial systems are much closer; thus, smaller
differences are expected [69].

GMD (nm)
10 100 1000 10000
0%
-10%
L 20%
3
3 —— P(min,2.5) / P(max,2.5)
9 _300
Il I N e P(min,5.0) / P(max,5.0)
_40% ---- P(max,2.5) / P(min,5.0)
—— P(min,2.5) / P(max,5.0)
-50%

Figure 5. Differences between various setups with max penetration (“max”) and min penetration
(“min”) setups and cyclonic separators of 2.5 pm and 5.0 pm.

Nevertheless, even for the opposite cases (“min penetration” and “max penetration”
setups), the differences are less than 20% for GMDs of 20 nm or larger. The 20% value was
chosen arbitrarily as an acceptable level of difference and the differences are negligible
in the range of 50 nm to 500 nm. For large sizes, the blue lines are differences between
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the “min penetration” and “max penetration” setups using the same cut-off size cyclonic
separators. In contrast, the red lines show the differences between the “min penetration”
and “max penetration” setups using different cut-off sizes cyclonic separators. The most
significant differences are for cyclonic separators with different cut-off sizes. When the
setups have cyclonic separators with the same cut-off size, the differences are below 20%,
even at 3 pm. System setup differences could be further reduced (or increase the size range
with acceptable differences) by focusing on the cyclonic separator and the VPR for size
distributions peaking at the setup’s smaller and higher cut-off sizes.

The penetration calculation presented so far are independent of the PN concentration.
However, one mechanism not considered in penetration calculations is agglomeration
or accumulation, which depends on the PN concentration. High particle concentrations
in the tunnel promote agglomeration in the probe and transfer tube resulting in lower
concentrations and larger particle sizes. Depending on residence time in the tubing up to
the first dilution, agglomeration can be significant at concentrations above 107 #/cm?3. For
example, a 107 #/cm? concentration for a 50 nm size distribution reduces by 1.5% with
a 3 s residence time. At 10® #/cm? the concentration reduces by 13%. In practice, such
differences could be significant between setups with and without PTT (max residence time
1 s) and different flow rates that can result in differences in the residence time in the probe
(max residence time 3 s). However, concentrations of 107 #/cm3 are rare in light-duty
vehicles during everyday driving.

On the other hand, very low concentrations, close to the background levels (approxi-
mately 5 x 108 #/km, see Section 2.3) mask any differences due to different penetrations
and are due to the different background levels.

4.3. Significance of Upper Cut-Point

The number-to-mass ratio as a function of GMD puts the significance of the losses at
the larger sizes in perspective. Table 3 presents the relationship between number and mass
for various size distributions. For example, a size distribution of GMD = 200 nm possesses
a ratio of 2.60 x 10! #/mg. In other words, a limit of 1 mg/km (per brake) would be
equivalent to 2.60 x 10'” #/km having a density of unity. The same limit would translate
to less than 4.3 x 108 #/km for particles 1000 nm or larger, which is the background level of
the PN setup (see Section 2.3). Thus, the importance of particle numbers for large particle
distributions is minor if there is a mass limit. Thus, the number concentration of large
particles can be meaningful only if their mass emissions are very high.

Table 3. Relationship between number and mass for various size distributions, assuming a density of
unity and a setup with a cut-off at 10 pm.

GMD GSD Number-to-Mass Ratio
(nm) (nm) (#/mg)
20 1.5 1.08 x 10
60 1.7 2.36 x 1012
200 2.0 2.60 x 1010
500 2.0 1.69 x 10°
1000 2.0 2.35 x 108
2000 2.0 0.45 x 108
3000 2.0 0.22 x 108

Considering the Euro 7 brake PM mass proposal of 7 mg/km per vehicle, any PN limit
above 1 x 10'° #/km can capture high PN emitters that still fulfil the PM limit (but with
GMDs < 500 nm). Thus, the PM mass metric is very important to capture high emitters
with large GMDs. It should be emphasized that the 1 x 10! #/km value is 60 times lower
than the exhaust PN limit of 6 x 10™ #/km.

4.4. Comparison with Exhaust Setups

Table 4 summarizes the main differences between the exhaust and brakes PN setups.
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Table 4. Comparison of SPNy system requirements for vehicle brake and exhaust emissions. The
table lists only the standard requirements for the brake and exhaust systems; the additional require-

ments for the brake systems are in Figure 2.

Part Symbol Brakes (Non-Exhaust) Engine (Exhaust)
Nozzle - Required Not prescribed
. No requirements
Probe ) Required (Typically a bend in the tunnel)
o . Recommended
Pre-classifier - Cyclonic separator (Cyclone, Impactor, Hat)
dsoo 2.5-10 um 2.5-10 pm
P >80% (number) (d1.5,,m) >99% (mass) (d1m)
Transfer tube Flow Laminar Laminar (Re < 1700)
RT <ls <3s
VPR - Required Required
PND1 Required Required
DF >10:1 (total) > 10:1 (Primary)
Tmix >150 °C (recommended) >150 °C (Required)
. Required
CS Required (at recommended system)
o o 350 °C (£10 °C)
Tes 350 °C (#10°C) (at recommended system)
Internal tubing d >4 mm >4 mm
RT <1.0s <0.8s
PNC - Required Required
Material PAO, soot, silver PAO, soot

CS = catalytic stripper; dsoy, = diameter with 50% penetration; DF =dilution factor; P = penetration;
PAO = polyalphaolefin; PNC = particle number counter; PND = particle number diluter; RT = residence time;
T = temperature; VPR = volatile particle remover.

The most important differences between the brake setups are:

e  Isokinetic sampling is required; however, with a relatively relaxed range of tolerance:
0.6-1.5.

e A cyclonic separator is required in the brake setup but is only recommended for the
exhaust PN systems.

e  The primary dilution of the brakes VPR does not need heating to 150 °C; however, the
VPR needs a catalytic stripper at 350 °C. For exhaust systems, the first dilution must be
hot (>150 °C), and the catalytic stripper is required only for the recommended system
provided as an example in the exhaust regulation. The volatile removal efficiency
requirements with tetracontane particles are identical (see Figure 2).

e The primary dilution factor of the brakes system is undefined as long as the total
dilution is at least 10:1, while for the exhaust PN systems, the primary dilution has to
be at least 10:1.

PN systems in the market for exhaust emissions measurements already fulfill the
brake emissions requirements of the VPR, ITL, and PNC for measuring SPN1,. Turning off
all their heaters will fulfill the requirements for DIL, ITL, and PNC for the measurement of
TPNjo, where the only requirement is that the diluted sample temperature is <38 °C. This
requirement is based on the typical saturator temperature of the PNCs at that range. There
is no exhaust regulation for TPNj( but only recommendations [45].

There are two critical differences compared to the exhaust measurement systems,
which provide flexibility for future solutions related to the primary dilution:

e It does not have a minimum ratio as long as the total dilution is 10:1 or higher.
e It does not need to be hot.

This flexibility allows a combined solution for the measurements of solid and total
PN within one system (Figure 6). However, the current UN GTR does not allow such a
solution for regulatory measurements; thus, such solutions are suitable only for research
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projects or onboard vehicle systems. There is a current proposal for exhaust PN systems for
measurement of TPN measurements which are not regulated [45].

PND2 1 PNC

PNC

o
P
O
(I
(@)
wn
1
o
P
O
N

Figure 6. PN system combining total and solid particle number measurements. CS = cat-
alytic stripper; DIL = diluter; PNC = particle number counter; PND = particle number diluter;
VPR = volatile particle remover.

5. Conclusions

In this paper, we described the PN setup of the current draft brake’s GTR. The losses
in the parts (nozzle, probe, tubing, cyclone, diluter, and particle counter) were estimated
for a “max penetration” case and a “min penetration” case using all the flexibilities allowed.
Depending on the case, the penetration of the setup was 50% for size distributions with
means 10-15 nm and 2000-3000 nm, while >95% was in the range of 50 nm to 700 nm.
Based on the two extreme cases, in the field, differences of less than 20% for GMDs of 20 nm
or larger are expected due to losses in the setup. Theoretical estimations showed that in the
case of a mass limit, a PN limit makes sense to capture small particles that do not contribute
to the mass. One to two orders of magnitude higher than the background level’s PN limit
can capture particles < 500 nm that fulfill the PM’s proposed limit of 7 mg/km. The solid
PN setup was based on the exhaust PN setup with some small differences.
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Appendix A

In the case of a single sampling probe for TPN;g and SPNy there are three possible
configurations using a splitter (Figure A1):
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Figure A1. Particle number (PN) setup parts and layouts using one-probe. PN system in red (three

(*) | nozzle H probe H Split.

last parts). The asterisk (*) indicates a one-probe configuration not allowed in the current GTR version.
Cycl. = cyclonic separator; DIL = diluter; ITL = internal transfer line; PNC = particle number counter;
PTT = particle transfer tube; Split. = flow-splitting device; VPR = volatile particle remover.

e  With the cyclonic separator directly mounted to the probe’s outlet and followed by
the flow-splitting device and the PTT;

e  With the cyclonic separator directly mounted to the inlet of the PN system and pre-
ceded by the flow-splitting device and the PTT, respectively;

e  With the cyclonic separator directly mounted to the inlet of the PN system and pre-
ceded by the PTT and the flow-splitting device, respectively.

Note that the current version of the GTR does not allow the single-probe configuration
with the order: splitter, cyclonic separator, and PTT and combinations (e.g., TPN1g with
PTT and cyclonic separator after the splitter, while SPNyg with cyclonic separator and PTT
after the splitter).
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