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Objectives

Within PEMs4Nano project the particle emissions from vehicles should be evaluated under real driving conditions.
As it is possible to measure thesenissions on the chaissdyno with the LabSystem fouls23 nm particles
(calibrated in previous work durimgport D2.02 and D2.04), there is also the needé&wve anon-board system

(OBS) foreal driving emission (RDE) measurement. For these purpasasd@nsation particulate counter (CPC)

has been calibrated by the project partner TSkeport D2.05. HORIBA Eurojsedesignated to deliver at the end

of this deliverable a fully functionable mobile exhaust measurement equipment for particle emissions@nm
onwards. The PEMs4Nano proposal is projecting Month 25 (October 2018) as a target for completion of the above
described orboard system including all modifications. The necessary investigations and calibrations have been
finalized and the instruma is ready for shipment to Bosch for single cylinder engine test bench measurements.
After initial testing and correlation measurement it is later shipped then to the project partner IDIADA to fully
characterize and validate the equipment during real wattiving.

Methods

Creating the PEMs4Nano PEMS prototype for at least 10 nm, a modification of the CPC iD2a@ighé well as

the replacement of the original catalytic stripper (CS) with an optimized CS has been performed. The main purpose
for developing a calibration setup for these small particles had been on maintaining the best consistency and
interchangeability according to 23 nm PEMS devices.

The following procedures have been performed, explained and analyzed in detail.

9 Flow calibration

1 # -value / PCRF evaluation

1 Volatile Particle Removal (VPR) efficiency
1 System efficiency

In addition to the# -value (PCRRalculationof the standard PEMS calibration (originally done at 200 nm
monodisperse soot) the PMP complianterage using 100 nm, 50n and 30 nm including further values like 23
nm and 15 nm have been investigate.

Results

The overall targets according to the setup and delivering a PEMS device, which is capable of measuring down to
10 nm, has been achieved. However, further improvetrarthe ontboard system as well as for the calibration
setup isconsidered and will bdiscussed within this report.

Comparing the originally BSONE PN# -value determinationwith the fully compliant PMP method for
determining the particle count reducin factor (PCRF), the system stays within the allowable valoasy Gown
to smaller particle sizes like 10 nr nmor 23 nmthis methoddelivers a lot more particle losses in the VPR.

Considering any final definitions of extendédfactors (PCRF) alswluding smaller particle sizes, it should be
suggested tha#t -factors need to be included for smaller particle siZesnsidering the results @204 for the
laboratory system the definition 6f -value (PCRF) should be chosen wisely according tizlpasizes as well as
by considering statistics of real emitted size distributions of currently prevailing modern engine concepts.
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According to the schedule of the PEMs4Nano project the development of the measurement equipment is on its

final stage. Whd emission measurements on Singlglinder and MultCylinder testbencheshave already been
performed with thePEMs4Nano LabSysteadditional investigations must be done on the chassimds well as
on the real road to show reproducibility and its pot&l for future duties and responsibilities according to the
measurement capabilities.

For that purpose, HORIBA Europe is deseghto develop £EMs4Nano PEMS well as its calibration procedure,
which will be presented in this D2.07 report.

There areseveral modifications accordirig the 23 nm PEMS donéJost important, which are directly relevant
on the performanceto measure particles below 23 nare the following adaptations and modificatiorithe
condensation particle counter (CPC) has been calibrated by the project partnerD205r0 achieve at least
50% couning efficiencyfor 10 nm particlesin addition to that in collaboration withUniversity of Cambridge
supples an improved catalyt stripper for minimized partiel losses at low particle sizes, was developed,
integrated and characterized.

The task within this project deliverable for HORIBA is teuped reliable and accurate calibration test bench to
reproduceable calibrate the sigsn according to its particle losses and system efficiency.

After this modification andalibration of the PEMs4Nano PEMSich is pojecting nonth 25(October 2018as
targetfor completion of the above described PEMS modificatitimsinstrument will le transferred to the project
partner Bosch for initial measurement on temgle cylindeenginedyno. After that, the devices handed over to
IDIADA forcassis dyno emission tests aml driving emission measurements.
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A new test procedure called WLTC (Worldwide harmonized Light Duty Test Cycle) has been introdut&adfsince
September 207 for new types oéngines anagince ' of September 2018or all new vehiclesnladdition to that

all vehicles are monitored f&®DE legislatiowhich requires an oboard measurement equipmefi2;3]. A particle
number limit has been introduced for all gasoline light duty vehicles with direct injection system in September
2014 with asolid particleimit of 6x10712 #/km and hasbeenloweredto 6x10711 #cm3 in September 2017. For
RDE legislation théniit of solid particlesvith a$  of 23 nmhas been set to 6x10"1¥eMm3 with a conformity

factor of 1,5which is referringo measurement uncertaintgf the equipment within the variety of RDE boundary
conditions.

For measuring this number of emitted pigles, the UNECE Particle Measurement Programme (PMP) previously
developed a measurement procedure for the quantification of solid,-valatile particles of about 23 nm and
larger. This method is well described in the previous re@2:04 for a solid prticle number counting system
(PNCS) ditly sampling from a CW8nnel.

2.1 Overview on solid exhaust sampling for PEMS

As requirements to the instrumentation for on road testing are different from laboratory instruments, no PN
counter in the market can ffill the setup laud out by the PMP so far. The concept of ouPENIS system stays
close to the standard PMP laboratory sfsis with a preconditioning unit, consisting of an evaporation unit in
between two dilution stages and a condensation particle ceu(€PC), which is optimized by mobile applications.

The exhaust flow is variable by directly sampling from the tailpipe in comparison to a certification measurement
with a CVS tunnel. Therefgran exhaust flow meter (EFM) has to be applied.

Figure 21 illustrates a schematic structure of @n-board particle number counting system by sampling from an
exhaust flow meter after the tailpipe of the vehicle.

On Board PNCS
Exhaust Flow Meter (Particle Number Counting System)
Pitot Tube

PND1
PND2
(Particle Number
Dilutor)

PN Extraction I i (Particle Number cs

Dilutor)
1%t dilution directly at
sampling point

Exhaust Sampling (Catalytic Stripper)

Gas Extraction
Exhaust Sampling

Figure2-1 Schematic of a setup for particle numbeneasurement for an orboard system

The Volatile Particle Remover implemented in this setup iptheonditioning unit as described the regulation
2017/1154 of ¥ of June 2017 to thamending Regulation (EU) 2017/1151 of the European Parliajgent

Theflow delay timesof the aerosolbetweenthe sampling poinand the CPC is regulatedo prevent further
particle formation ornucleation it is recommendedtkeep the residence time as low as possible, but at least
< 3s. For the HORIBA GBRE PN thigesidence time is much less due to direct dilutiothet PN extraction point.
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2.2 HORIBA OBSNE PN working principle

Figure 22 illustrates the flow schematic through the HORIBA-ORE& PN unit with the sample extraction point
within the EFM (pitot tube)Referring to Figure-2 the length of thesampling line iseduced to a minimum
because thdirst dilution stage (PND1) directlylocated at the sample probe inlet.

The basic working principle of the PEMS components will be shortly introduced and exjlamdzhckto-front
looking at the aerosol stream, thus starting at the CPC as final particle detector

— Sample flow line
— Dilution flow line OBS-ONE-PN

----------- 1
_______ I | - 1
Aerosol inlet i Primary : I| Pre-classifier Catalytic i i :
- - — i = I > .
(from tailpipe) | Diluter 1| (cyclone) ?;ggfg)r I : CPC |
e I N L NG, I
I Humidity |1 | : ] | I
I sensor_ | | i 1 @ i |
. 1 L 1
I: ! i I ! ] 1 I
I === i I Secondary I
I i A i Diluter | I
I: [ Fifter 1 Desiccant _@_ — |: ---------- I
h Dryer : I
] |
: |

Primary Diluter

Figure2-2 Flow Schematic of OBSNE PN4]
CPC

HORIBA OBSNE PN system includes a TSI modi@&Owhich is optimized for the operation at espard
measurements. It works withn Isopropanol soaked wick eliminating the need of hazardous liquid reservoir during
operation. It 6 designed as a bypass flow CPC to achiewe &p10°5 particles/cmivhich leads to a maximum
total particle concentration of around 5x107%/cm3, including the dilution stages.

The aerosol flow through the CHs determined by an internal flogrifice, resulting in a flow of approximately
0,1 liters/minute (SLPM) at standard conditions 8825 K (20°C) and 101,3 kPa.

PND2(Secondary Diluter)

Thedilution ratio (defined assample flowdivided by the dilution flowpf the secondParticle NumbeDiluter in

the OBSONE PN isnline-determined ands initially set tca constantvalueof 1:9. Here the dilution ratio cannot
be directly controlled by a mass flow controller or a flow orifice. To maintain an accurate dilatitam, it is
monitored during the measurement. This is mainly dobg means of a critical pressure measurement across the
flow orifice. Thepressure drop of the HEF#er in the dilution air flow and the flow orifice in the sample flow are
primarily responsible for the second wilon factor. As described théactor is permanently monitored and
therefore thisvariable dilution factor is a part of the calculation for overall particle concentration.

Catalytic Stripper (CS)

The heated catalytic stripper in the OBSBIE PN is connected stainless steel tubes and is heated up to 350°C
for a designed flow of 0.7 SLPM. The inner core of the catalytic stripper consists of a standard ceramic monolith
material with an oxidation coating supplied on it.

PND21(Primary Diluter)

The first Partie Number Diluter in the OBSNE PN withraonlinedetermineddilution factor ofaround1:10 is
designed to supply dry and clean air directly at the front end of the sapiplee at the exhaust flow meter. It is
monitored in the same way as PND2 througficav orifice and a pressure sensor. Within this cycle a pump is
implemented which is responsible to maintain the flow at a constant value of around 6,3 standard liters per minute
(SLPM)

GA #724145 7126
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Cycloneg(Preclassifier)

The shown HORIBBBSONE PNs equipped wih a g/clonewithin the PND1 to remove large particlésthe -
dilution air by inertial deposition. This prevents contamination of subsequent compori@nfarticles greater
than 1 pum.

Exhaust flow meter (EFM)

An exhaust flow meter is connected the tailpipe of the vehicle. Itontainsof 2 sampling points, one for
particulate number emission measurement and one for the gaseous emission measur&imglotatiors of the
probes br PN analyzer and Gas analyzer are defiffad probe ofthe PN andyzeris installed upstream othe

Gas analyzein addition to that, upfront these two sampling locations there is a pitot based differential pressure
measured to calculatthe current exhaust mass flow, which is crucial in order to determine the to&ldmission

of exhaust gas components of the vehicle.

2.3 Challenges on su23 nm measurements for PEMS

This section shortly summarizes the challenges for the modification of a HOBIB2NE PNystem leading to
the PEBVIs4ANanoPEMSThis system consequentlill be available for the upcomirgmissions measurements at
the project partners test benches.

In subsection 2.7 of the previous repofi204 the main challengesr the PEMs4NantabSystenalready have
been addressed and are summarized as follows:

f CPCalibration from$ ¢d ito$ p 1t [ to be able to measure from Im onwards with the
risk of measuring artifacts like volatiles coming frormueleation before or after the™ dilution stage

1 Evaporation Tube (ET) has been changed to Catalytic St(ipS¢ to catalytically treat nesolid particles
to minimize the risk of measuring artifaatse to renucleation

1 CS must be optimized regarding particle penetration to avoid too many particle losses (diffusion;
thermophoresis)

These modifications haveeen done as described for tiREMs4Nand.abSystemFor thePEMs4Nano PEMS the
challenges arsimilar, but the starting point is different. In the HORIBA @B PN there is already a catalytic
stripper implemengéd to avoid measuringartifacts even at 23wm, dueto re-nucleation of volatiles or semi
volatiles because of the design of th& Bilution stage and the different temperature/humidisonditionwhere
the OBS can bemployed Therefore, it is necessary to increase the particle penetration effigibpogimizing
the catalytic stripper, which has been done and is presented in the results section of this report.

In addition to the size and mass limitation for artomard systemthere is only limited power available, therefore
the increase of the powr consumption byncreasing CPC saturator temperature is a challenge. A higher saturator
temperature will also increase the consumption of the working flBioth chalenges have been investigated and
presented in the previouseport D205 andthe desiredtargets are met.
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In this section there ian overviewabout the desired layouts and tests, which are necessary to fully characterize
the PEMs4Nano PEM=r initial calibration,liere are several steps that need to be performeanake sure that

the system is working correctly. Accordingetisting 23 nniegislation, it isiecessaryo performthe calibration
procedurefor maintenance on an annubhsis[3].

In report D205 in section 2.5he calibration of the CPC insideeti©OBSONE PN has been describ&therefore,
thisreport is considering it setup as a starting poinfo initiallycalibrate the CPC cuiff curvecorrecty, the
CPdlow needs to be adjustedtven thoughhe starting point has been well definedhe flowneedsto be either
corrected or adjusted due to changes in the equipment sndkscribed in the subection 3.3.1 in this report.

The results of the HORIBA experimental setup can be found in this report in section 4.

3.1 Overview Calibration Setup

The calibration oPMP complianPNC3ike the HORIBA MEXX00 SPCSv&ll described irthe former report
D2.04 insection 2.4andequations aretransferred intothis report includinghe calculationsvhich aredescribed
in the following sectinsincluding their suksections (of report D2.04).

The schematic of the calibration setup used for the PEMs4Nano PEMS calibration is shown inffigndeti3e
referencedevices arecalibratedaccording to 1ISO27891][5

optional
dilution stage

miniCAST 6204c
incl. ET and Dilution

Charge Classifier & DMA optional
Conditioner Size 10-200nm Charge Conditioner

Palas DNP 3000

1
| optional

| polydisperse PSD optional
1

Catalytic Stripper

y Reference CPC
CPC3776/ CPC3772

Exhaust on-board PNCS (e.g. OBS-ONE PN)
duct (Particle Number Counting System)

PND1
(Particle Number cs PND2
Dilutor) (Particle Number

1%t dilution directly at (el Sprpen Dilutor)

sampling point

Figure3-1 Schematic of thealibration setupat HORIBAor an onboard measurement PN system

The main intention of the calibration setup ighat a monodisperse or polydisperssize distributioncan be
generatedby a particle generatofincluding classifier)and that the generated aerosak measure by the
equipment in comparison to a reference device. It is mandatory to have a reliable particle size distribigion
from cast to have a high accura@nd reproducibilityfor the cdibration.

As described in report D2.05 and &pufe 31 shows, therds the necessity to implememgadiation sourcs to
achieve a good conditioning pérticles over lhe whole size range of interest (here 10 nm to 200 .nfimere are
multiple stages whereptional radiation sources can be implemedt In addition to charge conditioningf is
mandatory to reduce the number of volatiles and serlatiles generated bthe miniCASarticle generator
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Therefore, acatalytic stripper has been implemented atigihally. Further optimizationgo minimize the number
of volatiles and semiolatilesin the aerosolvill be discussed in the results and conclusion section

Below, the followingdeviceswhich were usedor the calibrationare listed. Some of #qm and their main functions
are already described in the sigection 3.2.1 of report D2.04. Tiseotaerosolgeneratos will be degribed in
detail in section 3.2

1 FlowMeters
o TSI4140
o FilmFlow Meter HORIBA STEC
9 Soot Generator
o Palas DNP3000
o MiniCAST 6204c
9 dassifier & DMA
0 Hectrostatic particle size classifieFSI 3080
o DMA:; TSI -BRIR1 “Long
1 ReferenceCPC (UFCPC, REF)

o CP€100
o CPC3772
o CPC3776

To achieve accurate and reliable resutismereferencemeasurementfiave been performed with a CAOO(full
flow at 1 SLPM witl ¢ d 1) like they are implementeih HORIBA MEXA SPCS 2X00 series, a TSITQPC
(full flow at 1 SLPMvith $ p 1t i) and a TSI CPC 37uéréfine CPC with partial flod ¢l T 1, where
the flow can be adjusted to 0,3 SLPMIg5 SLPMIn section 4he results withthe TSI CPC 37,A6hich has been
selected for reference due to availability reaspase presented and discussedeTflow of this measurement
device has kept constant and wast $0 1,5 SLPM.

3.2 Methodologies(particle generation)
While performing the OBSNE PN calibratigiwo different particle(soot) generatioormethods have been used.

1. Diffusion flame soot generator (miniCAST 62(5t)
2. Graphite generator, producing carbon aerosols by spark discharge (BPALZSB00)6]

AminiCAST 6204c has been used to charims the measurement equipment and system efficiency curbe.
principle of the generation of casbot is illustrated in figure-32 and the settings are displayed in the ssixtion
3.2.1.

Dilution
A gases
Particle Quenching
f +—— Dilution
gases
Flame
Adr Fase0us Ay
Fuel

Figure3-2 Principle of Cast generatidrom aminiCAS5204c [§
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The supply ofjaseous fuglhere: propane)can be mixed witkadditionalnitrogen (N2) for dilutiopurposebefore

it is even supplied to the burner. Oxidation air can be varied and is supplied from the outside of thiiamain
whichis necessarjor ignition. Qiench gas can be varied, which is mainly there to immediately reduce the time
the fuel gas is burngn To avoid reucleation and to reduce volatile formatipadditional dilutbn gas can be
supplied in the direction to the particle output. With these different parameters it is possible to achieve high
concentrations osoot-like monodisperse aerosol.

Fa the calculation of thet -value (PCRF), the PALAS DNP3@80been used due to the different method of
generating particlesThe main benefit of this soot generator is that the soot is generated by spark discharge and
almost no volatiles or senviolatiles are created. In addition, higher concentratiomsre achieved between

30 nm and 100 nm.

3.2.1 miniCAST settings

In this subsection there are some exangp#own for paticle size distributions which results from different
miniCAST settirggFor casgeneratorsthe settingscannot be generalized due toanufacturability of the ignition
cell. Thereforeeach cast aerosol generator needs to be evaluated on its own.

Particle size distributions as shown in figur8 @nd table 3L, are applicable for thealibration for the particle
number counting system.

Table3-1 miniCASEettings for soot generation

Mixing Gas Oxidation Air Dilution Gas QuenchGas
N2 in ml/min in I/min
10 nm 26 60 0,37 3 2
15 nm 24 0,6 0,35 3 2
23nmto
100 nm 24 40 0,61 5 2
200 nm 23 0 0,57 3 2

Figure3-3 miniCAST settings for different particle size
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Since the particles generatdtbm 10 nm to 200 nm &ve to be solid, the aerosol supplied by the miniCAST is
thermally reated with an evaporation tube (ET) which is heaipdo 380°CToavoid recondensation of volatiles
and semivolatiles he aerosol is then diluted, which is aloseincluded in theminiCASEetup.

3.3 HORIBA Calibration / Validation

The generalyoutfor calibrating the system hvabeen illustrated in figure-3. The reference CPC and Hystem
havebeen measured with a flowplitter at the same timeAs described a CBZ76 has been chosen as reference
instrumert.

An adjustmentdue to the existence of different detection efficiency curves by the CPC in thEOBS  $ ]

in comparison to the CR8776[% $ ]is necessanyn figure 34 the detection efficiencies of the OESPC
and the TSI CRRZ76aredisplayed.

120%

] 110% .
D(30) = 0,98 ¢ l ® °
100% T e e 100% n
(23)F 0, A iy A ¢
o D(15)= 0,84 £ © < 80% i
: o8 = $
g g 70%
g 9 g
c & 7 ' 60%
S ] £
- D(10)=0,52 g o 7
S 0% ; £ 40% #
i 1=
6 é’ 30% ‘
20% H 20% ]
$ 10% k’.
=== : 3 0% o8
1.0 10.0 100.0
Particle Size, nm - Particle Diameter, nm 10

Figure3-4 Detection efficiency curve of OBFPC (left) from repoid205 and from CPC 3778 [right)

For comparison of the CPC concentrations it is mandatory to normalize the concentration as if it was measured
with the reference CPC. The calculation therefisdisplayed in equatio3-1.

A Eq 31
#o 7 5 . ) $

#
. o Eq. 32

The value for each particle diameteatdjastment is presented in tablg2.

Table3-2 Caption text for tables above the table.

X=Pnemag A TPaen A 0,52 0,84 0,96 0,96

The equations and calculations above are mandatory for the followinegssctions like# -value PCRJand
system eficiency measurement correction3he followingsub-sections are describing the necessatgps to
calibrate the PEMs4Nano PEMs.
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3.3.1 Flow

The frststep is to adjust the flows inside the device. Therefore, thereneeal tocalibrate the flows to a reference

flow measuring device. In the dmard system,there are 2 pumps implemented. The electric tension is
proportional to a differential pressure measured over a flow orifice. It is necessary to adjust this to standard
conditions because the flow is dependent on barometric pressure and temperatures lahkibeen considered,

a flow-correction factor (FCF) can be applied to adjust the flows. In the following figure, there is a flow schematic
for the PEM$ figure 35 illustrated. TheshortcutsF1 to Feexplainthe flows which are mandatory to be adjusted
correctly with the adequateeference flow meters.

Vehicle cs PND2

(Catalytic (Particle Number Dilutor)
Stripper)

Pitot Tube

Exhaust
Sampling

Figure3-5 Connection points for flow meters during flow calibration

Table3-3 lists the flowmeters, its descriptions and the calculatoimcluding thearget flows.

F4 —Inlet flow

PND1
(Particle
Number Dilutor)

F3 — Primary dilution flow

Table3-3 Caption text for tables above the table.

desiccant

F2 — CPC-bypass flow

\

F1 —CPC flow

FlowMeter  Description ' Should SLPM  Calculation Allowable Tolerance

F1 CPC Reference Flow 0,1 F1=F6 -

F2 Bypass Reference Flow 0,6 F2 =F7 -

F3 Dilution Reference Flow 6,3 F3=F8 -

F4 Inlet Reference Flow 0,7 F4 = F1+F2 -

F5 Sample2 Reference Flow 0,07 F5=F9 -

F6 CPC Flow 0,1 - +5,0%

F7 Bypass Flow 0,6 - + 16,0 %

F8 Primary Dilution Flow 6,3 - +3,0%

F9 Seconary SampleFlow 0,07 - +20%

For the calibration procedure, 5 different reference flow metensist be adapted. For eacinternal flow
measurement the correct Flow Correction Factorust be set. During operation the flows are monitored and
could cause an alarm signal if tHevice is not working proper anymore.

The fow throughthe secondary diluterfilter) cannot be varied directly because of the setting of a filter and a

flow orifice but it is monitored and therefore the'®dilution factor iscalculated within the softwar constantly

If the flow is set correctly for the CPC, the initial CPC calibration can be done. As this is not part of the report, the
calibration procedure continues with tlevaluation of theParticle count reduction factor (PCRIRH the# -factor

evaliation.
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3.3.2 COfactor & PCRF

The# -factor describesasize independent loss correction factor particleswithin the onboard measurement
device.Thisstandardvalue is determinedh the OBSONE PNby the 200nm point ofthe system efficiency curve

Thecalibration setup which is used has been illustrated in section 3i3adlhnot be further described heré&or
the evaluation of the# -factor at least threedifferent concentratios (# ; i=1;2;3 should be considered to
calculate as the following:

Eq. 33

# S I¥ 7

Whereas the# -factor for different concentrations needs to be adjustedth a linear regressioincluding the
point of origin.

As described above, it is possible to measure the concentration of the CPC referer@@(B%r6) and the OBS
ONE PN in parallel. Thereforeisi possible to use equation- from above for different particle diameters, like
described in the PMP regulation for PCRF calibration of a solid particle counting measurement system.

The equation & from reportD2.04 only needs to be adjusted the following for compari@mere: 34). In addition
to the currently calculated PCRF for 30 nm; 50 nm and 100 nm, it is evaluated if 15 nm; 23 nm also need to be
integrated into the definition of the PCRF.

o#2&nl | o#2®&nl | o#2@mmi |
028& 0#28& - & Eq. 34
# onml i #omnl i # punl i
4 4 p Eqg. 35
o
v s # coll # onml i #onl i # pnmnl i Eq. 36
T
4 u # pol il # ¢coll # onl il # onl il # prnl i Eq. 37
v
P # puoll # ol i # onii# ovnli # pnnli# ¢nnli Eq. 38
()

Oncethe # -value PCRFis set and implementedhe particle losses within the sysh should be compensate
into the system. In the next stdection, the system efficiency of the equipment is evaluated.

3.3.3 System Efficiency

For mobile application there are sonsgstem efficiency requirements which need to be achieved as result of
calibration[3]. In Table 24 there is the efficiency illustrated according to legislation targets for ardased
system.

Table3-4 PNanalyzer(including the sampling line) system efficiency requiremeipgs.

D, [nm] Sub-23 23 30 50 70 100 200

E(dp) PN analyser | To be deter- |(0,2-06(03-12(06-13|07-13]0,7-13]0,5-20
mined

In legislation, lve efficiency E% ) is defined as the ratio in the readings of the &idlyzersystem to a reference
Condensation Particle CounteZ P C with#\ = 10 nm or lower)Therefore, a TSI CPC 3772 with aaftiat
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10 nmcan be used. For efficiency measurement and calibration of a CPC below 23nm the TSI CPC 3772 would not
meet the reqiirements anymore. Therefora TSI CPC 3776 witlha = 2,5nmwill be used.

In the case of a 28Bm particle system for choard measurementthere are values defined for the detection
efficiency of monodisperse soot like the values above.

Althoughthesevalues are very broadhey are necessary for the sustain different types eboard measurement
equipment due to different measurement principles.

For a CPC based measurement technidie targets for the measurements have beenternally tightened by
HORIBA. Fohe standardOBSONE PN23 nm), used as starting point in this project, the system efficiency is
defined by the followingTable 35).

Table3-5 PNanalyzer(including the sampling line) sysi efficiency¢ HORIBAequirementsfor 23 nm
$ 11 41 50 70

X
A]A PN 60-110 70-110 90-110
in %

100 200

90-110

Sub23 (15) 23 30
20-60 30-110

<10 90-110

To maintain these ambitious targets forl@ nm CPC calibratigrthe efficiency targets for this initial calibration
have been set as shown Trable 36.

Table3-6 PNanalyzer(including the sampling line) system efficiengyProposedHORIBAequirementsfor 10 nm

A T1 ] abio0 10 15 23 30 41 50 70 100 200
——

P/m % | dewmnea | 2060 | 30110 | 30110 | 60110 | 70110 | 90110 | 90110 | 90110 | 90110
3.34 VPR

The volatile particle removal efficiency (VPR) of the PEMs4Nano PEMS is evaluated by the follapisb@en
in figure 36. The target for the removal efficiency of the syst&srset to be higher than 9% fo r 30=nm
tetracontane particles at a-thinute period.

Compressed
Air

Tetracontane
Generator

Reference CPC
CPC3776/ CPC3772

OBS-ONE-PN

Figure3-6 Experimental setup for evaluation of the volatile particle removafficiency of OBSONEPN[4]
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In this sectiorthe resultsof the calibration of the HORIBA GBSE PN unit are shown according to the described
calibration methodology (see section 3.3

The starting point for the calibration procedure performed at HORIBA Europe GmbH iscalflmated OB®NE

PN device witla modified CPC calibration performed by TSI (report DZT0kis, the flow calibration results are
displayed from the initial calibration. These values have been checked according to every modification as the
following test have been performed like thelfmhing:

1. Initial OBSONE PN calibration with original Catalytic Stripper implemeatetimodified CPC calibrated
to $ prt .
9 Calibration offlows performed at TSI and checked at HORIBA Europe GmbH
1 CPCadalibration performed at TSlresults displayed iReport D2.05
9 Calibration particle sizes: 200 nm, 3 concentrations
9 Calibration (System Efficiency) particle sizesarh5-200 nm

2. PEMs4Nano PEMS calibration after the modification at HORIBA
Modified system equipped with improved Catalytic Stripper
Flow calbration checked

Calibration particle sizes: 200 nm, 5 concentrations
Calibration (System Efficiency) particle sizes- 200 nm

VPR efficiency

=A =4 -8 -8 -9

Unfortunately, the adaptations to the -calibration setup have not been sufficientat
7 nm. Thereforethe resuls for 7 nm could not be reproduced and am@ presented within this reportin section
5 there will be a set of further optimizations discussed.

4.1 Flow calibration

The flows of the HORIBA GBSIE PN have been calibrated ldescribed in chapter 3.3.1 arHe results are
displayed in Tablel-1. The flow is well adjustetly meeting the tolerance criteriand therefore thenext
measurements can be performed.

The SLPM values for the GBSE PN are referring to 101,3 kPa and 20°C (293,15 K).
Table4-1 Flow Calibration Results

Reference Std. Deviation Value Deviation Criteria Pass
SLPM Ref. flow SLPM
CPC Sample Flow Rat| 0,101513 0,003597 0,1 1,51 % +5,0% yes
CPC Bypass Flow Rat| 0,604446 0,002123 0,6 0,74% + 16,0 % yes
15t Dilution Flow Rate | 6,250282 0,006843 6,3 -0,79 % +3,0% yes
2" SampleFlow Rate | 0,073161 0,000089 0,07 4,52 % +20% yes

4.2 CoOfactor & PCRF

As the flows are adjusted and the standalone CPC correction factors have been determined iDgQmihe
only value which is missing to fully calibrate the HORIBAGNESPN system is te-value.

Particle concentrations betweep OFA and v p mOFA  for 200 nm have been used fat -value
evaluation. This has been performed with the origimaplemented catalytic stripper and the by the project
partner University of Cambridge optimized catalytic stripper. Botivalues are displayed in figureldandit can
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be assumed that the solid particle penetration efficiency of the optimized catalytic stripper is improvedréy
than5 % at 200 nm.

. 60000 —
o e OBS-ONE PN (original CS) .
qs td
5 50000 2.
3 e OBS-ONE PN (modified CS) N
§ 40000 L2y =1,11234px
z — y=1,172318x s
o 1S PRl
g S 30000 T
o & LA
3 20000 e
[ e
0
R 10000 -
e
S
0
0 10000 20000 30000 40000 50000

OBS-ONE PN Concentration [P/cm?]

Figure4-1: PEMs4Nano PEMSStandardizedt -factor Calibration for OB®NE PN

This effect can be explained by the results of figu2 fvhere the solid particle penetration curve showas
improvementof around5-10 percent at 40 nm (comparison of 1 SLPM at 350°C). Heading for higher particle sizes,
the penetration efficiency stays at the same level and therefore it is assumed that the same effect is observable
at 200 nm.

In addition, there has been set an initial target for the particle penetration efficiency of the catalytic stripper which
should have akeast 50 % at 10nm. The initial setup already achieved 50% but it is optimized to 60% at 8 nm.

1

0,8

0,6

0,2

Penetartion Efficiency

0 El 10 15

20

41 5LPM-@ 350C
*155LPM @ 350 C
*25LPM @ 330C

25 30 35 40

Particlesize (nm)

1

0,8

0,6

04

0,2

Penetration efficiency

0
43 0
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x
¥

|
Hes—{in

=105LPM @ 25C
ADT755PM @ 25 C
" 105LPM @ 350C
4 075 5PM @ 350 C

40 50 60 70

Particlesize (nm)

Figure4-2: Solid particle penetration efficiency through catalytic stripper (left, original CS; right, ogxiiGig)

The calibration ofthe # -factor has been doneThere are no compliance criteria because the RDE measurement
system is not regulatedro compare witlthe standard PMP calibration methat -values have been measured
for 100 nm; 50 nm; 30 nm; 23 namd 15 nm.

These tests have been performed with a PALAS DNP3000dipelkrge particle generatofhe results are shown
in figure 43 and it can be observed that the targets (like described in rep@@4) can be met-or 10 nm it has
been difficult toachieve high concentrations with the spark discharge method, thereforeresljtsfrom 15 nm

onwards arenterpreted.

The result of the tesis displayed in figure-8 and it showshat the OBSONE PM -value determination would
be fully compliant iPMP method for determining PCRFould be adeéd to RDE legislation. However, by going
downto 10 nm,15 nm and 23 nnthe PMP PCRF calibratiorethod should be optimized due to the increase of
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the # -factor, forexampleto above 140 %t 23nm. For comparisomeasons, he HORIBA sdtrgets for 23 nm
(95% to 140%&and 15 nm(95%160%)have been taken from repoid204.

To improve the particle generator a miniCAST should be used as a soot generator but it is necessary to thermally
treat the aerosol efficientlyo avoid semivolatiles and volatiles. Therefore, an exchange of the evaporation tube

is considered within the miniCAST. To generate enough particles, any additional dilution shautiidesl,and

the lengths of the pipes should be minimized to avoidugifin losses.

9

13 9
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11
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0,7
0,6
0,5
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Figure4-3: PEMs4Nano PEM$ calibration- # -100 nmnormalized values over particle siz&s )

If the# -valueswould be normalized to 200 nsthe following results displayed in figufe4 can be achieved.he
tolerancefor the# -valueat 100 nm is set from 95 % to 110 % due to measurement uncertainty.
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Figured-4: PEMs4Nano PEMS$ calibration-# -200 nm normalized values over parfidizes$ )
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Analyzing the# -normalized values, the limit for standard PMP legislafmm30 nm and 50 nm can be achieved.
Going down to 23 nm the initial s&rget (referring to D2.04pf 140 % wouldagainnot be sufficiento achieve
as well as the¢arget for 15 nifor this system# ) evaluation.

4.3 System efficiency

After the # -value has beemleterminedfor the optimized PEMS#  plp p ¢ o it ip implemented into the
software of the system and in the followirstep, the system efficiency curve can beeasured. Br comparison,
the system efficiency curvesf the two compared catalytic strippease displayed in figure-8.

[ ] Systém Efﬁciént.:y;l o
1 standard CS C0=1,1732 =

\

0,8 ® System Efficiency;

[
§e)
+—
[&]
Q
]
0]
e
@
o optimized CS
£ C0=1,1123
O
206
g_ © System Efficiency;
2 optimized CS
S04 C0=1,1123; with PALAS
= DNP3000
£
Q
£ 02
+—
7]
)

0

1 10 100 1000

particle diameter (Dp) in nm

Figure4-5: PEMs4Nano PEMSSystenEfficiency with original and optimized CS

As expected the system efficiency (detection efficiency of particles by the whole system) is increasing for smaller
particles (in example below 70 nrhy changing the original CS to the 1t optimized CSThe effect can be
explained by the increade particle penetration efficiencyo 60% at 8 nmThe targets for a system efficiency,
which were displayed at table4 are achieved from 15 nm to 200 nm. Meeting the initial set targets from 23 nm

to 200 nm very well does show, that the calibration methodsudficient. Forl5 nm however, the particle
concentration is getting very low and therefore the efficiency with the target set at 30 % and a resul®of 30
efficiencyis at the edge of the boundary conditions. B&mm the concentration of the particlésom the particle
generator is too low (below 1000 P/cm3), that the results dificult to interpret, but they are included for
completeness.

In comparison to a different soot generation methodology a PALAS DNP3000 was used to generate pdfiicles at
nm; 15 nm; 23 nm and 30 nm and the results are displayed in the system efficiencygtaes) in figure 4.

It is observed that the syste efficiency increases for the loparticle sizeperformed with the Palas DNP3000 in
comparison to the miniCAST. TimeTable 24 set target of at least 20 % detection efficieratylO nmcan be
achieved, at least with the change of the soot generation method from diffusion flame soot to spark discharged
graphite particles.
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The system efficiency with the miniCAST ainb® of slightly above 10 %ould be explained by the following
reasons:

9 Particle loss increase from going down from 200 nm (100 nm) to 1@¥nmalue/PCREvaluation)

The definition of the# -valueshouldbe reconsideredby going down to 10 nm particle measurement for and on
board systemCurrentlyit is not regulated, how to perform the test to determine the particle losses for RDE
measurement. It is well known that particle penetration losses are increasing by goingtddeawer particle
diameters due to diffusion and thermal losses.

1 Measurement of volatile & senviolatile particles

It is mandatory to achieve a high standard by thermally treating amdlitioning ofthe calibrationaerosolthat
the presence of volatie and semvolatile particles becomes almost irrelevant. TherefoaeCS should be
implemented instead ofan ET atthe outlet of the miniCAST soot generatdn. addition, a second charge
conditioner should be implemented after the DMA.

1 Too low concentratio of particles at CPC / PND1 inlet

At 10 nm the diffusion losses increase significantly, therefore it is necessagiuoathe sizeandlength of the
tubes A dilution is necessary to avoidmecleation and recondensation of nossolidparticles,but this should be
reduced to a minimum.

In addition, it is necessary to keep the flows high and split the flows directly before entering the PND1 or the
reference CPC.

1 CPC cubff calibration adjustment if possible to slightly lower than 10 nm

It has been evalated, that the particle losses increase significantly within the system atril@herefore the CPC
$ calibration shoulde, if possiblebelow 10 nm. At the current stage the equipment is only available to detect
50% atl0 nm at its best. Increasingis rate would give more room for adjusting the-value(PCRFR)orrectly.

4.4 VPR

The results of the volatile particle removal efficiency of the PEMs4Nano PEMS are displayed inZTabte 4
according to the criteria the system has passed the test by ramovb9% of volatiles in the system.

Table4-2 VPR removal efficiency of PEMs4Nano PEMS

Reference Concentration | OBSONE PN Concentration Removal Efficiency Allowable Range @ Pass/

[cm3] [cm3] [%0] [%0] Fail
1,798D4 0,00E® 100% > 99 yes

In future application the Tetracontane generator can be exchanged &nE@il, where the target is set to > 99 %
removal efficiency for a polydisperse particle size distribution (PSD) of > 50 nm particles.

4.5 Summary

A calibration procedure has been described for arbmard system for particulate number measurement. The
calibration includes the following topics which need to be fulfilled correctly:

1 Flow calibration

1 # & PCRF evaluation

1 System Efficiency

M1 VolatileParticle Removal
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The CPC calibration and their connected checks have been already performeddf@igt is possible to adjust
an onboard measurement device to at least 10 nm. Howeteachievethe $ value forthe complete system
efficiency, the éllowing challenges need to be tackled:

9 Particle loss increase whegoing down from 200 nm (100 nm) to 10 ri#h-value/PCREvaluation)
1 Separatiorof volatile & semivolatile particles
9 Higherconcentration of particles at CPC / PND1 inlet

However, a lot ofessons have been learndibw to handle < 23 nm system for future calibrasoihis means, a
new calibration setups currently builtup with the implementation of all these above written modifications.

Thecomparisonbetween the modified and optimize@S to the origirlyy implemenied CS fits very well to the
expectations of aigher particle penetration rate and as such, lays the ground for the successful realization of a
sub23 nm PNPEMS. To achieveba system efficiency at 10 nm, a separate calibration of the CPC detector and
the VPR is no longer feasible, but the PEN\Ssystem detection efficiency needs to be calibrated as a whole. Also,
the PCRF definition needs to be redefined by the PMP. To adhisyéhe particle loss factors determined in this
report together with the upcoming practical tests of the system with real engine emission by our project partners,
will give valuable insight to define future legislations with the necessary accuracy.
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Conclusion

In this report, it has beedemonstrated, that a calibration procedure for s@B nmwith a threshold of at least
10 nm particles (for CPC efficiency and system efficianegsurements is feasibl&his includeshe adjustment
of current legislation targetfor 23 nm onboard systems to 10 nm eooard systems.

The# -factor evaluationwhich is currently done at 200 nm does show compliance to PMP standards for the actual
average from 30 nm, 50 nm and 100 dmadlition, it has been showythat the results of the extended VPR PCRF
calibration in comparison to the laboratory system (from report D2.04) require further optimization of the
equipment because thiémit for 23 nm at 140 % and the limit for 15 nm at 16086 been exceeded.

In conclusion the?’EMs4Nano PEMS prototypaild up has been finished and itaguipped with an optimized
catalytic stripper and a 10 nm CR@hich has been described in tR&EMs4Nano deliverable D2.05.

Recommendatios

According to theperformance of the measurement equipment, there are already a lot of recommendations

proposed for the PEMs4Nano LabSystem which can be easily adapted to the PEMs4Nano PEMS. This contains the

following points.

9 Parallel measurements should be performed wiitle 10 nm PEMS and a 23 nm PEMfich gives the
possibility to evaluate the difference in particle number concentration between 10 nm and 23 nm for
different engines and/or exhaust systenadso offering the ability to correct line losses caused by dliffus
for the PEMs4Nano modeling approach

1 Effects from changes between 10 nm and 23 nm with respect to a-imalfframe should be analyzed
to probably detect smaller particle size distributions

91 During transients of engine conditions, it might be possibldetect other particle formations at the 10
nm PNcounter which could be reproduced and analyzed with other analytical methods to gain the
knowledge where these particles are coming from

In addition to these recommended tests, a correlation betwéalSystem (either 10 nm or 23 nm) and PEMS
(either 10 nm or 23 nm) could be performed either in an engine test bench, direct sampling from tailpipe at an
emission chassis dyno or directly from the CVS tunnel.

Considering the PEMs4Nano PEMS developmenastbeen recommended in D2.04 to further increase the
catalytic stripper particle penetration (performed at UCAM). This has been done successfully and is shown in the
results. However, there is still some optimization possible for further improvementioths of reducing particle

losses in the system should not be only at the CS. In addition, the flows including the wiring can be optimized
within the system.

The# -factor evaluation YPR PCRF calibration methstould beadjused like already recommendeih D2.04

to a statistically based method according to prevailing modern engine concepts. The test results show in
comparison to the laboratory system that there is a need for thidboard measurement system due to the
increasing amount of particle losskg going down to 23 nm or 15 nm.

Considering the calibration and modification of the measurement equipment it caedmmmendedthat the
HORIBA system seems to be feasible with several modifications from 23 nm to 10 nm within a longer service
interval. Therefore, anoverlap in regulatiorirom 23 nm to 10 nnis not recommended.

To achieve gbust and reliable PMheasurement devices it is recommended to haveertain description or
regulation about how to generate particles and how they need to be therriratfed e. g. by usin@€AST aerosol
(as there seems to be too many volatiles at the moment in the test setup for 1@rfaiill more stringent targets
in every calibration laboratory within the EU (World for the future).
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There are no deviations in terms of time or content.
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Appendix B¢ Abbreviations / Nomenclature

TableB-1 List of Abbreviations / Nomenclature.

C Concentration of Particles in #/cm3
C(0) size independent loss correction factor for particles
CPC Condensation Particle Counter
Cs Catalytic Stripper
Cvs Constant Volume Sampling
D(p) Particle Diameter in nm
D(50) CutOff size where 50 % of thparticles are detected by the C
DMA Differential Mobility Analyer
E Detection Efficiency in %
EFM Exhaust Flow Meter
ET Evaporation Tube
HEPAfilter High Efficiency Particulate Air filter
OBS on-board system
PCRF Particle Count Reduction Factor
PEMS Portable Emission Measurement System
PMP Particle Measurement Programme
PN Particulate Number
PNCS particle number counting system
PND Particle Number Diluter
RDE real driving emission
SLPM Standard Liters Per Minute (here: 20°C; 101,3 kPa)
UNECE United Nations Economic Commission for Europe
UCAM University of Cambridge
VPR Volatile Particle Removal
WLTC Worldwide harmonized Light Duty Test Cycle
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