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Executive Summary

This report describes the work of an experimental study on the comparison of particle
measurement instruments. The work was performed as a Swiss contribution in the framework
of the Particle Measurement Programme (PMP). The measurements were carried out by
EMPA and representatives of instrument manufacturers at the EMPA laboratories during a
three-week period in June 2002.

The investigation was aimed at the generation of a uniform data set of comparable
characteristic values for a wide range of particle measurement systems that allows the
assessment with regard to their suitability for future type approval testing.

A total of 21 particle measurement systems were investigated by simultaneous measurements
on a heavy-duty engine test bench and tests with an aerosol generator. The group of
instruments included the following metrics: number, length, surface area, volume and mass.

The individual instruments applied one or a combination of the following methods:

Detection Dilution

* electrical mobility * full-flow constant volume sampling (CVS)
e filter weighting * secondary dilution tunnel

e laser-induced incandescence e mini-dilution tunnel (partial-flow CVS)

* oscillating inertial microbalance e ejector pump dilution system

* photoacoustic absorption * rotating disc dilution system

* impaction * several instrument-internal dilution systems

* coulometry

* condensation optical counting
» diffusion battery

e light scattering

* light extinction

» diffusion charging

* photoelectrical charging

e gas analysis

The measurements were focused on providing information on the repeatability, sensitivity,
linearity, time response, limit of detection and robustness of the particle measurement
systems.

The outcome of the study revealed that several measurement techniques are equal or better in
performance with regard to repeatability, sensitivity and limit of detection than the regulated
filter method, and further investigation of these techniques can be recommended for Phase III
of GRPE-PMP.
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1 Definitions, Acronyms, Abbreviations

ACEA Association of European Automobile Manufacturers
ASTRA Swiss Federal Roads Authority (Bundesamt fiir Strassen)
BG Background measurement

BUWAL Swiss Agency for the Environment, Forests and Landscape (SAEFL)

CO Carbon monoxide, gaseous pollutant

Ccov Coefficient of variation, COV = 1 standard deviation / mean

CPC Condensation Particle Counter

CVS Constant Volume Sampler

DF Dilution factor

d, Particle diameter

EC Elemental carbon

ECE Economic Commission for Europe

EMPA Swiss Federal Laboratories for Materials Testing and Research
(Eidgendssische Materialpriifungs- und Forschungsanstalt)

ESC European steady-state test cycle

ETC European transient test cycle

GRPE Working Party on Pollution and Energy

LOD Limit of Detection

METAS Federal Office for Metrology and Accreditation Switzerland (METAS)
MMD(p) Mass Medium Diameter of primary particles

MSD Mass Surface Diameter

nm Nanometre = 1-10” metre

NOx gaseous pollutant comprising NO and NO,

NSD Number size distribution

oC Organic carbon

PM Particulate matter

PM10 Particulate Matter of particles with an aerodynamic diameter less than 10 pm
measured by mass

PM2.5 Particulate Matter of particles with an aerodynamic diameter less than 2.5 pm
measured by mass

PMP Particle Measurement Programme (under auspices of UNECE WP29/GRPE)

ppm Parts per million

SCT Step change test cycle (own definition)

SM Single Mode Test
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SOF Soluble Organic Fraction

SUVA Swiss Institution for aAcccident ilnsurance
(Schweizerische Unfallversicherungsanstalt)

T.HC Total hydrocarbons as measured by FID according to regulations, group of gaseous
pollutants

TD Thermodesorber

UNECE United Nations Economic Commission for Europe

2 List of Diagrams, Figures and Tables

List of Figures

Figure 1: Schematic of the exXperimental SCI-UP ...............cceceeeuereeercierieeiiecteeceeteseesteesessaesaesseesseaseensesnsesseenseens 15
Figure 2: Set-up of instruments for simultaneous particle MeaSUreMEnLS. ...............ccecvveeeeeeeeveerieesieerenieeneenseens 17
Figure 3: Pattern Of the SCT CYCI.........uouveiieieeeeeeeeeee ettt ettt ettt sae s aesntesseenseanseensesseenseens 22
Figure 4: Definition of characteristic times in the SCT CYCle..........coooveiieiieieieiieeeee ettt 23
Figure 5: Variation of engine parameters/gaseous emissionSETC high-emiSSion............ccccccuveevoeeroveceeseesennnns 27
Figure 6: NO conversion rate as a function of time for all ETC CYCIES. ........cccoeeeieeiieroiieiiieseeteeeeeeiene 28
Figure 7: Relative standard deviation of each instrument (R21 here total number) /ETC high-emission............ 29
Figure 8: Variation of engine parameters/gaseous emissions/ETC [OW-EMISSION ..........ccccoevevcereircenieneseneneaen, 30
Figure 9: Relative standard deviation of each instrument (R21 here total number)/ETC low-emission ............. 31
Figure 10: Relative standard deviation of the engine parameters / gaseous emissions for each step in the SM test
[ SM REGR-@IUISSION ........eveeeveiieieeie et eteste ettt eteeete et e s te e teesbeesbeessessaesseeseanseenseessenssasaenseenseessesssesssansesseas 32
Figure 11: Relative standard deviation of all SM measurements for each instrument / SM (total) high-emission 33
Figure 12: Relative standard deviation of each instrument / SM high-emiSSiOn .............ccccovvercevcueneesenienennen. 34
Figure 13: Relative standard deviation of the engine parameters / gaseous emissions for each step in the SM test
/S IOW=@IMESSTON ...ttt et et e b e bbbttt s et e et e sae e bt emteemeees e e et e enbeenteenaeeneas 35
Figure 14: Time-resolved deviation of the individual measurements from mean value during the SM low-
emission. Comparison between exhaust flow and PASS (C08) as an example. ..............cccccevvevoiroenceanncnne. 35
Figure 15: Relative standard deviation of all SM measurements for each instrument / SM (total) low-emission .36
Figure 16: Relative standard deviation of each instrument / SM lOW-@MISSION..........coceeeeeieveeseeerieereecreerenenens 37
Figure 17: Noise-to-mean ratio for the background measurements at the engine test bench...................c...co..... 38
Figure 18: Relative standard deviation of the background measurement. ...............ccoevueeeeereeveesieesveeenieenrennens 39
Figure 19: Ratio of measured raw concentrations for ETC low-emission and engine background tests, R21 total
SIZE FANZEC ettt ettt et et e st e s h et e s ate e st e e st e e st e e s st e e bt e e s st e e bt e e st e e bt e e bt e e bb e e bt e e bt e e bt e ebte e baeenbee s 40
Figure 20: Ratio of measured raw concentrations for ETC high-emission and engine background tests............. 40
Figure 21: Ratio of measured raw concentrations for ETC high-emission and the LOD. R21: DMA fixed to 80
IOV ETC RIGR-CIISSION ...ttt ettt e ettt et e e te s atesneesaeesaeenseeneeeneesneeseans 43
Figure 22: Ratio of measured raw concentrations for ETC low-emission and the LOD. ..............ccccccccevvveuenucn. 43
Figure 23: Characteristic times in the SCT cycle regarding the up-step / average over all steps, R21 fixed to 80
nm, data for R14 and R23 are based on raw data (marked) .................cccocevveeveioiioiioiniinieieeeeeeens 44
Figure 24: Characteristic times in the SCT cycle regarding the down-step /average over all steps, R21 fixed to 80
nm, data for R14 and R23 is based on raw data (MArked) ...............c.ccoeevveeeeeieceiciiieseenieere e eveseenieens 45
Figure 25: Time-resolved sequence of the ETC cycle / ETC high-emisSion / Mass...........cccccceveueecveevecneceennns 46
Figure 26: Time-resolved sequence of the ETC cycle / ETC high-emission / Number ..............cccceeevevvecuennnnn. 47
Figure 27: Time-resolved sequence of the ETC cycle / ETC high-emission / Surface..........c.c.ccceceeevcnennn. 48
Figure 28: Time-resolved sequence of the ETC cycle / ETC high-emission / OpPACity.........c.cccoeeeveeceecvneeennenn. 48
Figure 29: Absolute value of total number concentration on ETC high-emission R21 fixed to 80 nm,R22 total
TUIMDET W/O fIIEEF SIAZE ...ttt ettt ettt ettt e st satesaeenae e bt eateeneenneenaeans 50

M. Mohr, U. Lehmann, 13.05.03 6/156 Report-No.: 202779



GRPE Particle Measurement Programme (PMP) EMPA \( ;’
v

Comparison Study of Particle Measurement Systems

Figure 30: Absolute value of total mass concentration on ETC high-emiSSION .............cceevveeveeveeeveeiveeeeenreesreenens 50
Figure 31: Absolute value of total number concentration during ETC low-emission R21 fixed to 80 nm,R22 total

TIUIDEE W/O JIIEOF SIAZE ...ttt ettt ettt ete e te et e esbeesbessaesseesseesseenseensesssessseseans 51
Figure 32: Absolute value of total mass concentration on ETC [oW-eMiSSION ..........ccccocevvinercinienieseneninenenene 52
Figure 33: Comparison between ETC high and ETC low-emission (R21: DMA fixed to 80 nmy).......................... 53
Figure 34: Absolute number and mass results for ESC high and low-emissions / ESC high/low-emission........ 55
Figure 35: Comparison between ESC high and ESC l0OW-@MUISSION...........cccceevceecueneeninininenteieiesienenienieseenens 56
Figure 36: Total number concentration / total mass concentration / SM high-emiSSiOns ............ccccccccevevennn. 57
Figure 37: Total number concentration / total mass concentration / SM lOW-emiSSIONS............cceecveveeeuenncnn. 58
Figure 38: Comparison between SM high and SM I0W-€MISSION .............cccoocuieiiiiiiiiiiii ittt 59
Figure 39: Chemical composition / ETC RiGR-@MISSION ............cccocuevieiieiiiaiiiiesieesieee ettt 60
Figure 40: Key to the following graphs (Figure 41 t0 FigUre 60) .............ccouevueevueseesieeereeieeiieseeseesseesessessesseens 61
Figure 41: Correlation between C03 and selected instruments / engine measurements ............coceeceeeeereenenennens 61
Figure 42: Correlation between C04 and selected instruments / engine measurements .............coceceeeeeeeenenennen. 62
Figure 43: Correlation between C05 and selected instruments / engine measurements .............cocceceeeeeveervenennen. 62
Figure 44: Correlation between C06 and selected instruments / engine measurements ............cocceceeeeevvervenennenn. 63
Figure 45: Correlation between COGE and selected instruments / engine measurements ..............coeeeeeevereneennen. 63
Figure 46: Correlation between C0O8 and selected instruments / engine measurements ............c..cceeeveecveeeeeeeneens 64
Figure 47: Correlation between R10 and selected instruments / engine measurements. ............coccueeveeeeereveennnens 64
Figure 48: Correlation between R11 and selected instruments / engine measurements. ............c.ccueecveeeeereveennens 65
Figure 49: Correlation between R11E and selected instruments / engine measurements ..............cocceeeeeceereeennenns 65
Figure 50: Correlation between R14 and selected instruments / engine measurements..............ceceeeeeeeenenennen. 66
Figure 51: Correlation between R15 and selected instruments / engine measurements............c.cceeeeeeeseeneneenenn. 66
Figure 52: Correlation between R16 and selected instruments / engine measurements. ............c.cceceeeeereervenennen. 67
Figure 53: Correlation between R17 and selected instruments / engine measurements. ............c.coceeeeerverenennen. 67
Figure 54: Correlation between R18 and selected instruments / engine measurements. ............c.ceceeeeerverenennen. 68
Figure 55: Correlation between R19 and selected instruments / engine measurements..............c..ceceeeeeverenennen. 68
Figure 56: Correlation between R20 and selected instruments / engine measurements..............c..oceeeeeeverrenenen. 69
Figure 57: Correlation between SMPS (R21) and selected instruments / only SM / engine measurements .......... 69
Figure 58: Correlation between R22 and selected instruments / engine measurements............ccceecveeeeeeeeeenens 70
Figure 59: Correlation between R23 and selected instruments / engine measurements............c.ceeeveeeeeeeeeeennens 70
Figure 60: Correlation between R24 and selected instruments / engine measurements. ..........cc.cueeeeeeereneeanenn. 71
Figure 61: Number Size Distribution (NSD) / ETC high/IoOW-@MiSSION ...........ccveeeeeveecriereireseesieesseeseeeesieenseens 73
Figure 62: Number Size Distribution (NSD) / ESC high/lOW-@MISSION ...........ccccvueereeeriiceeiieieeseeireeseeseseenseens 74
Figure 63: Number Size Distribution (NSD) / SM high/IOW-emMiSSION ..........c.cccuevveeieererieeiieneeneesieesessesseneeens 76

Figure 64: Results of the CAST calibration at METAS before and after the measurement programme at EMPA 77
Figure 65: Relative deviation on CAST measurements before & after the engine test period / CAST size A ........ 78
Figure 66: Relative deviation on CAST measurements before & after the engine test period / CAST size B ........ 78
Figure 67: Ratio on CAST measurements, Ratio between concentrations measured at 0% CAST setting (i.e. zero-

check) And 10%6 CAST SCUUNG ........ccuevueruiririeiiiteieteeeete ettt sttt ettt ettt st sae et et te e nes 79
Figure 68: Noise-to-mean ratio on CAST measurements, concentration setting: 10% ............cccceveeevecuevucnuennenn. 80
Figure 69: Noise-to-mean ratio on CAST measurements, concentration setting: 90% ............cccoceeveeevecuevcnennen. 80
Figure 70: Linearity of size A (upper figure) and size B (lower figure) measurements / CAST measurements.. 82
Figure 71: Correlation between C03 and selected instruments / CAST measurements.............c..coeeeevvervennenn. 83
Figure 72: Correlation between C05 and selected instruments / CAST measurements................cceeveveeevvennnans 84
Figure 73: Correlation between C08 and selected instruments / CAST measurements.................cceevevueevvenneans 84
Figure 74: Correlation between R10 and selected instruments / CAST measurements ..............cccceeveceercvenennns 85
Figure 75: Correlation between R15 and selected instruments / CAST measurements ..............cccceeeeeeeecvenenns 85
Figure 76: Correlation between R16 and selected instruments / CAST measurements .............ccceecveeveeeeeeeennenns 86
Figure 77: Correlation between R17 and selected instruments / CAST measurements ..............cccceeceeeeeeveenuenns 86
Figure 78: Correlation between R19 and selected instruments / CAST measurements ..............cc.cceecveeeeeenuenn. 87
Figure 79: Correlation between R20 and selected instruments / CAST measurements ............c.coceeeeeeeeeneanenn. 87
Figure 80: Correlation between R21 and selected instruments / CAST measurements ............ccoceeeeeeeneneeanen. 88
Figure 81: Correlation between R22 and selected instruments / CAST Measurements ...........ccooeceeeeeeeeneneeanen. 88
Figure 82: Mode of NSD of the CAST measurements before and after EMPA measurement programme /

TEASUFCA DY METAS ......oceeeeeeeee ettt ettt te st e st esaeeaeesvesse e e st e e te e seesseesseessesssesseesseesseensesssesseenseenseans 89
Figure 83: Mode of NSD as measured by DMS (C03) on the CAST MEASUFEMENLS ..........c.cccuervvereerriarierenvenenans 89
Figure 84: Mean of primary particles as measured by LI2ZS4 (C05) on the CAST measurements ........................ 89

M. Mohr, U. Lehmann, 13.05.03 7/156 Report-No.: 202779



. <
GRPE Particle Measurement Programme (PMP) EMPA ‘( "

Comparison Study of Particle Measurement Systems

Figure 85: Median of active surface distribution for the CAST measurements as measured by MasMo (R10) ....90

Figure 86: Mode of NSD for the CAST measurements as measured by EDB (R16) ..........cc.ccoocvevveeevecreecreenennans 90
Figure 87: Mode of NSD for the CAST measurements as measured by SMPS (R21) ........ccocovvvveevveeeiecriecrieiennnns 90
Figure 88: Mode of NSD for the CAST measurements as measured by ELPI (R22) .........ccccoovervvenivenvecrrerennnns 90
Figure 89: Time-resolved data of engine power and instruments C03, C05, C08, R10, R12, R12, R13 for SCT at
RIGN-CMISSION COMFIGUFALION .....o..oveeeeeveereeieeie et ette st et et e et et este e s e essesasesstesseesseansesssessseseenseensennsenanas 123
Figure 90: Time-resolved data of engine power and instruments R14 ([ng/s],[ng/Ncm3]), R15, R16, R17, RI8 for
SCT at high-emiSSiOn CONfIGUFATION .........cccoeeueeeeeiiniiriiniiniietetet ettt sttt ettt et st be et neense e 124
Figure 91: Time-resolved data of instruments R19 R20, R21, R22, R23 ([cm3/s], [cm3/Ncm3]), R24 for SCT in
RiGN-EMISSION COMFIGUIATION ..ottt ettt ettt et ettt et e bt et e b enteeneesaeas 125
Figure 92: Total number / SM Righ/IOW-@MISSIONS .......cc.cooueeiiiiiiiiiiesest ettt 126
Figure 93: Total number / SM RiGR-EIMISSIONS ...........ccoecveeeeerieeiieieeieseesteesteese e e eeae e e sseeseessessaesreesaeesseenseenns 127
Figure 94: Total mass / SM RigR-@MISSIONS .........c...ceevueevesreesreesieeieeeteseesseesseeseesesssesseesseessesssesssesssesseesseesessns 128
Figure 95: Total number / SM IOW-MUSSIONS ...........ccceevevueecrieiieieeiesieesieeesesaeseesreesseesesssesssassaesseesseessesssesnnas 129
Figure 96: Total number / SM IOW-EIISSIONS .........ccccueeiesieseeeieeciesteseesteeseeeseesesssessaesseesesssesssesseesseesssensennes 130
Figure 97: Total mass / SM IOW-@MESSIONS .........c.ccueuereesriesieesieeesesteseesstesseaseesesssesseeseesesssesssesssesseesseensesnes 131
Figure 98: Total number / SM IOW-EIISSIONS .........c.cccueeeesiesieeeieeeiesteseestesteeseeaessaessaesseesesssessaesneesseenseensennns 132
Figure 99: Number Size Distribution (NSD) / SM high-emiSSiOn .............ccceccueiieieeiieieseeeeee e 133
Figure 100: Number Size Distribution (NSD) / SM IOW-@MISSION ..........cocveiieeiaieiiesieeseeee e 134
List of Tables
Table 1: Instruments and MEASUFEIMENTE MEIVICS .........cccccereeeeeecueniieieseeeeie ettt sttt sttt et sae sttt aeeaeeae 12
Table 2: ENGINE PAFAMELEFTS .......cc.eeiueeueeeee ettt ettt ettt et e et e s et e sae et e e et eneeesee bt ebeeneeentesmeesneenneeneeenes 14
Table 3: Instruments and their sampling location/dilution during the measurements with the engine ................. 16
Table 4: CAST settings as determined by a SMPS 3934 (TSI) .....ccoeoueeoiiiiieieeitee et 18
Table 5: Groups for the CAST MEASUFEIEALS ............c..cceeeueeeeeieeseesreeeseeeeeseesseesseessessesssesssesseessesssessesseesseesseenns 19
Table 6: Test cycles for the measurements USING the ENGINE .............c.occueeeveeeesieesrieireeeeeieseeseesseeeseseeseesseesseenns 20
Table 7: ENGINe LeSt PrOGIAMIME ........c.c..ccuvecueeeeeneeeieesseeseeseeesesteesseeseesesssesssesseesseesseessasssasssesseessesssesssesseesseensesnns 20
Table 8: AVAIIADIE DALA..............c.cooueeeiriiiciiiieiieicte ettt ettt ettt 25
Table 9: Absolute VAIUES Of LOD...........cc.ccceeeeeeieeiieeiieiieteetesteseeteete s aestesaeesseesessseessessaeseessesssesssesseesseensennes 42
Table 10: Particle components measured by the individual inSIrUMENLS ..............c.ccvecueecveevesienieesiesceesreneeneeenns 60
Table 11: Particle size measured by the individual iNStIUMENLS ...............cccocovirviriinienceeiiinininenteeeeeeeseeneeeie e 72
Table 12: Measured concentration of selected instruments for CAST SEIHINGS ........ccccvevververiereeecueneninireneneenns 79
Table 13: Diesel-fuel specifications (CEC-REF-060-99) .........cccouoiiiiiaeeeee ettt 120
Table 14: Lubricant oil specifications (Shell Myrina TX Oil 10W=40)........cccccceiviiiiniaiieiieeeeneeee e 121
Table 15: Time schedule Of MEASUTEINENLS ..............ccccueiieiieiieeeeeeee ettt sttt ettt saee e 122
Table 16: Detailed sequence of CAST Measuring ProQUamme. .............ccueeeeeveeveeeceesieesseesseessessesssesssesseessessssssnes 122

M. Mohr, U. Lehmann, 13.05.03 8/156 Report-No.: 202779



GRPE Particle Measurement Programme (PMP) EMPA ‘( ;’
s

Comparison Study of Particle Measurement Systems

3 Introduction

Emissions primarily produced by automotive road vehicles are an important source under
investigation. Particles in the exhaust gas of diesel engines in particular, and to a lesser extent
particles from gasoline engines equipped with direct injection technology, are of major
concern.

Because of the adverse effect of particles from combustion on human health, particle
emissions of road vehicles have been restricted in terms of mass for many years. The
continuous improvement of engine technology and the development of after-treatment
systems has resulted in a sharp reduction in the particle emissions of present-day vehicles.
The effective limits of measurement in the current legislative method are consequently being
approached.

A more sensitive method would make it possible to continue the present progress in lowering
limit values. Representatives from the United Kingdom, Germany, France, Sweden, the
Netherlands and Switzerland have therefore initiated a programme for the development of a
new particle measurement system. This Particle Measurement Programme (PMP) is a
collaborative programme operating under the auspices of the UNECE WP29/GRPE Group. It
is focused on a new approach to the measurement of particles in vehicle exhaust emissions,
which may be used to complement or to replace the existing regulated mass-based measuring
system. The output will be a draft text with a proposal for a new measurement system.

The PMP is divided in three phases. The first two phases are based on several isolated
national sub-programmes with the focus on developing and validating new particle
measurement systems. It is planned that the third part will deal with testing of the preferred
systems on different advanced vehicle technologies at different laboratories in a round robin
test.

Several national programmes covering the task of phase 1 of the programme were run. In
Switzerland, two studies were carried out looking at the performance of the NanoMet system'
in comparison with the scanning mobility particle sizer (SMPS 3934, TSI) ([HTL Biel (1), 2001],
[HTL Biel (2), 2001]). The United Kingdom presented two reports of studies comparing different
electrical mobility methods (SMPS, DMS), CPC, Oscillating Microbalance (QCM, TEOM)
([Ricardo, 2002], [AEAT, 2002]). The performance of a thermodesorber was investigated in
Sweden ([MTC, 2003]).

All these studies significantly added to knowledge on recent particle measuring systems.
However, as always a limited number of instruments were investigated in each study under
different testing procedures, and the meaningfulness of an overall comparison is very limited.
The Swiss authorities therefore initiated an investigation to obtain a uniform overview of the
performance and quality of the particle measurement system within the PMP. The intention
was to compare all available measurement systems in the same test procedure at the same test
facility and at the same time. The tests were carried out in the laboratories of EMPA in
Duebendorf in June 2002.

This report presents the main results of this investigation. It is obvious that the study cannot
deliver exact specifications for all the individual instruments. However, the study will provide
comparable information about the performance of 21 particle measurement instruments and, it
is hoped, will in this way contribute to the development of a future particle measurement
system for certification purposes.

! The NanoMet system consists of a diffusion charger, a photoelectric charge, a diffusion battery and a rotating
disk dilution system.
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3.1 Financing

This study was financed by ASTRA, EMPA and BUWAL with contributions from Volvo,
METAS, SUVA and R&P. The particle instrument manufacturers participated at their own
expense.

4 Objectives of the Programme

The objective of this study was to obtain a uniform overview of a wide range of state-of-the-
art particle measurement systems. The capability and quality of the systems was to be
investigated with regard to application for future legislative purposes. Comparable
information about robustness, repeatability, linearity, sensitivity, limit of detection and
response time of the single instruments was to be obtained. Characterisation of the
instruments and correlation between the instruments was also an important item in
consideration of the selection of core candidate instruments for PMP phase 3.

5 Methodology and approach

The measurement programme was undertaken in co-operation with the participating
instrument manufacturers. All interested manufacturers of particle measurement instruments
and laboratories were invited to participate with their own system or systems. The
maintenance and operation of the systems during the test programme were in the
responsibility of the manufacturers’ representatives. EMPA assisted with the installation and
provided advice on the individual set-up. Representatives of the instrument manufacturers
could decide to take the sample from the raw gas line or from the full-flow CVS tunnel and
were free in the conditioning of the sample flow for their instrument.

The measurements were carried out simultaneously with all systems according to a well-
defined standard test protocol.

The experimental phase of the programme was divided into two phases. In the main phase,
the instruments were compared using a real diesel exhaust of a modern heavy-duty engine.
These tests comprised transient and steady-state tests cycles. The tests were performed at two
different emission levels: post-particle-trap level and about 60% of the Euro 4 limit value for
particulate matter for the ETC cycle. This phase was aimed at evaluating the candidate
systems under practical conditions. In a second phase, an aerosol generator was used as an
emission source to obtain information about the performance of the instruments
independently of the engine.

The instrument manufacturers were also involved in the data evaluation. Using detailed
guidelines and specified data sheets, the representatives of the systems synchronised their
individual raw data sets to the engine data and converted them to particle concentration
(whatever metric). All further data evaluation (e.g. averaging, exclusion of outliers, system
comparisons) and the compilation of this report were dealt with by EMPA.
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6 Experimental

6.1 Particle Measurement systems

There was no pre-selection of any system for participation in this comparison study, and all
manufacturers or institutes developing particle measurement systems were invited to
participate. The candidate systems had to consist of a

e Sampling line

e Sample treatment unit (e.g. sample heater, dilution unit(s), thermodesorber) [optional]

* Size classification unit [optional ]

* Detection unit

*  On-line data recording [optional]

e Concept for calibration check

It was open to the manufacturer to decide where to take their sample, either from the full-flow
CVS tunnel or directly from the raw exhaust line.

A total of 21 particle measurement systems were involved in the three-week measurement
programme. This group comprises state-of-the-art and prototypes technologies. The AVL
opacimeter (R24) is not considered as a PMP candidate system but was included by EMPA
for its own interest, as it is part of the standard test bench facilities.

The instruments (detection units) and their measurement metrics are listed in Table 1.
A more detailed description of the instruments can be found in the appendix.
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C03 | DMS 500 Cambustion electr.lcal mObll.l ty number Y NSD prototype
electrical detection
Gravimetric Operated by weighing of filters standard
Co04 EMPA before and after filter mass N - modified
filter methods loading
laser-induced Av. size of
C05 | LI2SA ESYTEC incandescence mass Y prim. part. prototype
filter evaporation
C06 | MEXA 1370PM Horiba method mass N - standard
gas analysis
C07 | TEOM 1105 Rupprecht & OS¢ inertial mass Y - standard
Patashnick microbalance
. photoacoustic
C08 | PASS TU Munich absorption mass Y - prototype
Mass Monitor . el. mob., impaction Av. active
R10 DMM (MasMo) Dekati electrical detection mass Y surface area prototype
Operated by filter method
RIT| Coulometry SUVA/EMPA elect.-chem. titration mass N ) standard
R12 | DustMonitor Grimm laser scattering number NSD standard
Seq. SMPS'C / . electrical mobility
R13 JUPC 5400 Grimm cond. optical counter number N NSD standard
. light extinction Av. size of
R14 | DPSO-1 Hartridge opacimeter k-value Y prim. part. prototype
diffusion charging Active
RIS 1 LQI-DC Matter Eng. electrical detection surface Y ) standard
el. diffusion battery
R16 | EDB 200 Matter Eng. clectrical detection number Y calc. NSD prototype
photoelectrical charging
R17 | PAS Matter Eng. : . mass Y - standard
electrical detection
R18 | PM-300 Sensors laser light scattering number Y NSD standard
R19 | CPC3022A TSI cond. particle counter, | o - standard
laser scattering
turbulent diff. charging
R20 | EAD 3070A TSI electrical detection length Y - standard
Scan. SMPS electrical mobili
R21 | 3936-L10/ TSI cond. opfical cour;?er number N NSD standard
/CPC3010A - op
. impactor principle
R22 | ELPI Dekati clectrical detection number Y NSD standard
R23 | DQL WIZARD laser hght' extinetion volume Y A\.]' size of prototype
opacimeter prim. part.
operated by light extinction
R24 | AVL 439 EMPA opacimeter mass Y - standard

Table 1: Instruments and measurement metrics
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6.1.1 Particulate mass measurement by gravimetric filter method

The conventional mass measurement by filter loading (C04) was based on the European

regulations. In order to evaluate the potential of an improved gravimetric filter method as

much as possible, some specifications of the US EPA2007 regulations were adopted. Due to

the short preparation period for this study, the complete US EPA2007 regulations could not

be applied. In the following respects, the gravimetric filter measurement was modified to be

in line with the US EPA2007 regulations:

» filter quality and dimensions (Pallflex TX40HI20WW)

» filter holder and pre-classifier assembly (supplied by Rupprecht&Patashnick)

* face velocity

* filtering of primary and secondary dilution air

e conditioning in temperature and humidity of microbalance workstation and filter
stabilisation environment

* thermal isolation of transfer lines and pre-classifier (lower temperature limit of 315 K was
not met in all cases.)

Parallel to the filter loading system, an identical assembly (incl. pre-classifier) was installed
downstream of the secondary dilution tunnel for the particle measurement system of the
manufacturer Horiba (C06). Downstream of the pre-classifier for the C06 branch, the flow
was split once more to feed the TEOM (CO07). To clarify, it should be mentioned that all three
instruments use the same sampling line as far as downstream of the secondary dilution tunnel.
All transfer tubes, both pre-classifiers and both filter holders were thermally isolated to keep
the sample at a higher temperature, but always below the upper limit temperature of 325 K.
Using a mini-tunnel (AVL Smart Sampler SPC 472), additional filter sampling was carried
out from the raw exhaust gas for the coulometric analysis (R11). The partial flow dilution
system was operated in CVS mode with the same dilution ratio as the full flow system.

The filters were weighed on a microbalance (Mettler MT5) with a readability of 1 pg and a
measurement uncertainty of 2.6 pg for the applied mass range.

Pure quartz-fibre filters of the same quality were used for MEXA (C06) and the coulometric
analysis (R11).

6.2 Engine test facilities

6.2.1 Engine

The engine tests were carried out with a heavy-duty diesel engine manufactured by Volvo.
This type of engine is typically installed in buses and was certified in combination with a
particle filter system CRT"™ according to the Euro 3 regulations. More technical information
on the engine is provided in Table 2.
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Volvo HD engine
Certification level [-] Euro 3
Displacement [litres] 7
No of cylinders [-] in-line, 6
Rated power [kW] 190
Rated speed [1/min] 2200
Max torque [Nm] 1030
Engine technique [-] turbocharger (waste gate),
intercooler

After-treatment system CRT system

(oxi-cat and particle filter)

Table 2: Engine parameters

To allow measurements to be performed at two different emission levels, a bypass was
installed parallel to the CRT system to increase the particle concentration in the exhaust line.
By having two gates, one in the bypass and the other upstream of the division, it was possible
to adjust the particle emission level without changing the back-pressure settings of the engine.
For measurements at a higher emission level, the gate of the bypass was adjusted to a level
corresponding to about 60% of the future emission standard Euro 4 regarding the PM
emissions in the ETC cycle. The specific emission (g/kWh) was therefore 40% lower than the
corresponding limit value for the ETC. For the subsequent measurements at the low-emission
level, the bypass was removed.

6.2.2 Engine Fuel and Lubricant

All engine tests were undertaken with diesel fuel, CEC-RF-06-99, with less than 10 ppm
sulphur. The engine was run with high-quality lubricant oil, with the SAE classification
10 W-40 and about 3900 ppm sulphur. The specifications are given in the appendix.

6.2.3 HD test bench

The heavy-duty test bench at EMPA consists of an asynchronous motor, state-of-the-art
emission measurement equipment and a full-flow dilution system for the regulated
measurement of particulate matter and gaseous components. The dynamic test bed is suitable
for transient test cycles. In order to exclude any contamination and interference, a separate
full-flow dilution tunnel is used for engines powered by compressed natural gas (CNG) or
liquefied petroleum gas (LPG). The air for primary and secondary dilution is temperature-
controlled and filtered by coarse filters, activated carbon filters and fine filters. The filters
fulfil the requirements of the US EPA 2007 regulations. The combustion air is filtered and
temperature and humidity-controlled.

Further information on the HD test bench at EMPA can be found in the appendix.
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6.2.4 Experimental set-up

A schematic of the set-up is shown in Figure 1. The samples for the instruments were taken
either from the primary full-flow CVS tunnel, from the secondary tunnel of the CVS system
or from the raw exhaust gas line according to the preference of the manufacturers. The probes
were placed at disposal and installed by EMPA. For the sampling from the CVS tunnel, all
probe openings were in approximately the same plane at the end of the 4.5 m long tunnel. Due
to the larger number of sampling points and the smaller diameter of the exhaust pipe, two
locations - each for three probes - had to be defined for the raw gas sampling. In order to
prevent any interference, the planes were about 0.5 m apart and at least 6 times the diameter
of the exhaust pipe downstream of the last bend.

[ PASS [TU Munich] |-

DMS [Cambustion] |
positive displacement pump
PDP

=0 0

heat exchanger \ (K J 7
LIPSA [ESYTEC]

dilution tunnel ( for diesel engines )

\

pre-heated ambient air

T<191°C

(1

mixing orifice

coarse filter
activated carbon fiter >*®, mass flow Gontroller  secon
il

dary
fine filter dilution air ilution

particulates mass flow controller
filter holders o ooy sampling probe

bl
o6~
PM - 300 [Sensors] —[ Diff. Bat. [Matter]
Rotating Disk ‘

temperature and DPSO-1 [Hartrid —
ge] Rotating Disk i " "
innlgnkugwayiroommued ] _\g LQ1-DC [Matter] Seq. SMPS*C / UPC 5400 [Grimm] ‘

! PAS 2000 [Matter]
clctia | _ ~ {swes i
net Ejector Ejector

CPC [TSI]

asynchronous motor EAD [TSI]

MasMo_[Dekati] |

ELPI [Dekati]

Rotating Disk

D Dust Monitor [Grimm]

DQL [Wizard] |

Figure 1: Schematic of the experimental set-up

The probes for the filter sampling for coulometric analysis (R11) and the standard opacity
measurement (R24) were located in the raw gas line about 1 m and 2 m downstream of the
other probes respectively.

The individual set-ups of the measurement systems, i.e. the transfer lines and the additional
dilution units, were the responsibility of the representative; EMPA provided assistance and
gave advice. For the raw gas sampling, the transfer lines to the first dilution unit or detection
unit were heated for all instruments.

Table 3 presents an overview of the sampling location and dilution for the individual
instruments. The dilution factors as stated in the table were used for high-emission
measurements. For the low-emission measurements, the dilution factor was lower for some
instruments (R10, R15, R16, R17; R19, R20, R21, R22).

Because of the application of different sampling and dilution systems, it cannot be assumed
that the instruments will necessarily measure the same aerosol. In particular, the detection of
nuclei particles/condensed material depends greatly on the sampling conditions.
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C03 | DMS CVS tunnel - >4 -
C04 | Gravimetry CVS tunnel sec. dilution tunnel >6 -
C05 | LI2SA CVS tunnel - >4 -
C06 | MEXA 1370PM CVS tunnel sec. dilution tunnel >6 -
C07 | TEOM CVS tunnel sec. dilution tunnel >6 -
C08 | PASS CVS tunnel - >4 -
R10 | MasMo raw gas line double stage ejector, heated 95/10 473 K
R11 | Coulometry raw gas line part. flow dilution tunnel >6 -
R12 | DustMonitor raw gas line rotating disc, heated 164 393K
R13 | SMPS'C/UPC 5400 | raw gas line rotating disc, heated 164 393 K
R14 | DPSO-1 raw gas line internal ? 373K
R15 | LQ1-DC raw gas line rotating disc, heated 123/21 393 K
R16 | EDB 200 raw gas line rotating disc, heated 148/15 393 K
R17 | PAS 2000 raw gas line rotating disc, heated 123/21 393 K
R18 | PM-300 raw gas line internal 10 463 K
R19 | CPC 3022A raw gas line double stage ejector, heated 95/10 473 K
R20 | EAD 3070A raw gas line double stage ejector, heated 95/10 473 K
R21 SMPS 3936-L10 raw gas line double stage ejector, heated 95/10 473 K
R22 | ELPI raw gas line double stage ejector, heated 95/10 473 K
R23 | DQL raw gas line internal <2 383K
R24 |AVL 439 raw gas line - 1 373K

Table 3: Instruments and their sampling location/dilution during the measurements

with the engine

The regulated gaseous components were continuously measured in the raw and diluted
exhaust gas during the tests. In addition, a NOx analyser was installed upstream of the particle
trap to measure the NO and NO; concentration emitted by the engine in order to determine the
NO conversion rate of the CRT/bypass system. In this way, the stability of the flow split at
the bypass could be checked for the different test cycles.
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6.3 CAST test facilities

Besides the engine tests, additional measurements were carried out with a combustion aerosol
generator. The purpose of these measurements was to obtain data independent of the more
complex engine exhaust.

6.3.1 CAST

The CAST (Combustion Aerosol STandard) is a stand-alone soot generating burner based on
a co-flow diffusion flame which generates air suspended sub-micron combustion soot
particles. These particles correspond to the particles emitted by diesel engines in the most
important characteristics. The concentration and size distribution of the particles are
reproducible and are calibrated by the Swiss Federal Office of Metrology and Accreditation
(METAS). Further details are presented at (http://www.sootgenerator.com/). During the
measurement programme, the CAST was operated by a representative of METAS.

6.3.2 Experimental set-up

Downstream of the burner, the aerosol was diluted by two consecutive dilution units, first by
a rotating disc dilution unit (MD19) and then by an ejector-based dilution unit (VKLI100,
Palas). After dilution, the aerosol flow of about 30 1/min was split by an 8-fold flow-splitter
(T-connector) for simultaneous measurement by the instruments. The transfer tubes between
the flow-splitter (8) and the instruments had an identical length of 2 m for all instruments.
Figure 2 shows the set-up that allowed measurements with the CAST for up to 8 instruments
at the same time. As a consequence of the limited aerosol flow rate, comparison of the
candidate instruments had to be performed in two groups.

[ 1

|2

3

CAST 14
with MD19  f VKL100 —=(8] 5

|7

18

Figure 2: Set-up of instruments for simultaneous particle measurements.

7 Description of the test programme

The measurement programme started with a two-day test phase with the particle generator
CAST (see section 7.1), followed by an eight-day test phase on the HD engine (see section
7.2) and ended with a repetition of the CAST measurements.
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The candidate systems were operated and maintained by the representatives of the
manufactures. They ran their systems at their own responsibility throughout the measurement
programme.

7.1 CAST measurements

The purpose of these tests was to obtain information about the calibration, detection limit and
linearity of the instruments.

7.1.1 Size settings / Emission levels

The CAST was set to two well-defined lognormal size distributions, each at four different
concentrations (90%, 60%, 30%, 10%). Before and after the measurement programme, these
settings were calibrated by METAS in Wabern (Switzerland) using a scanning SMPS (3934-
C,TSI). The following mean values were determined:

Setting A Setting B
Mode NSD [nm] 35 140
Concentration 10% [cm™] 13700 5300
30% [cm™] 50900 15600
60% [cm™] 110150 29700
90% [cm™] 155450 39700

Table 4: CAST settings as determined by a SMPS 3934 (TSI)

The four different concentration settings were made by changing the speed of the rotating disc
dilution unit, while neither the combustion nor any detail of the set-up was changed.
Background measurements (concentration 0%) were also performed, by stopping the rotating
disc dilution system.

7.1.2 Measurement programme

Because of the restricted aerosol flow of the CAST set-up, the measurements had to be carried
out in two series. An additional CPC (TSI, 3022A) was operated during all tests as a
monitoring instrument. Unfortunately, the instrument malfunctioned and the results could not
be used for reference purposes. The settings of the CAST for each group were identical same
and the measurements were performed according to a well-defined protocol.
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before engine tests after engine tests
Group 1 Group 2 Group 1 Group 2
LI2SA DMS LI2SA DMS
TEOM MasMo PASS MasMo
PASS CPC (R19) PM-300 LQ1-DC
LQ1-DC EAD CPC (R19) EDB
EDB SMPS (R21) EAD PAS
PAS ELPI SMPS (R21) ELPI
PM-300 DQL
CPC EMPA CPC EMPA CPC EMPA CPC EMPA

Table 5: Groups for the CAST measurements

The test procedure of the two series followed the same schedule:
e warm-up CAST: 45 min

* concentration setting

* stabilisation phase: 5 min

* measurement period: 10 min

* next concentration setting

» stabilisation phase after size change: 20 min

The detailed sequence of the tests can be found in the appendix.

7.2 [Engine measurements

7.2.1 Test cycles

The test programme comprised two steady-state and two transient test cycles. The main focus
was on the European transient cycle (ETC), which is the official transient certification test
cycle in Europe. For the steady-state test, five operation modes were selected from the
European steady-state cycle (ESC) for a so-called single mode test cycle (SM). The modes
were run for 15 minutes one after the other without interruption.

To obtain information about the time response of the particle systems, a so-called step change
test (SCT) was defined, consisting of a repeated switch between two loads, with a three-
minute stabilisation phase between two switches. Finally some runs of the complete European
steady-state certification test cycle (ESC) were carried out. Details of the test cycles are
presented below (Table 6) and in the appendix.

At the beginning of each day of measurement, background measurements (BG) were carried
out by running the complete CVS dilution system and all measurement instruments, but the
engine was switched off. The tests were run for 30 minutes, which is the same duration as for
the ETC test cycle.
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Test Name Phases Durz!tion
[min]
ETC European transient cycle transient |urban, rural, highway 30
SM Single mode test cycle steady- |B100, C75, A50, 75
state B25, idle
SCT Step change test transient | 12 steps; 34
repeated switch
between 90% and
10% load at engine
speed of 1630 rpm
ESC European steady-state steady- |13 steps 28
cycle state
BG Background measurement - - 30

Table 6: Test cycles for the measurements using the engine

7.2.2 Conditioning of the engine

The conditioning of the engine and the engine exhaust system was carried according to the
EPEFE protocols (European Programme on Engines, Fuels and Emissions, ACEA, Brussels).
1. Standard warm-up of the engine (until the oil temp was 80°C)

2. Running the engine at rated power for one minute

3. Running the engine at idle for about one minute

4. Running the engine at B100 for two minutes

In the case of the SCT test, the engine was run at 90% load for 4 minutes in addition to the
described conditioning procedure before starting the test.

7.2.3 Measurement programme

The engine tests started with the bypass set-up (high-emission), followed by the tests with the
full trap set-up. Preconditioning of the engine, trap, exhaust lines and CVS tunnel were
carried for several hours between the two series. Table 7 shows the test sequence for the
engine test programme.

High-emission (bypass set-up) Low-emission (full trap set-up)
Day 1 Day 2 Day 3 Day 4 Day 1 Day 2 Day 3
BG BG BG BG BG BG BG
ETC ETC ETC ESC ETC ETC ETC
ETC ETC SM ESC ETC ETC SM
ETC ETC ESC ETC ETC SCT
SM SM SCT SM SM ESC
SCT SCT SCT SCT ESC
Table 7: Engine test programme
M. Mohr, U. Lehmann, 13.05.03 20/156 Report-No.: 202779
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8 Measured parameters and calculations

8.1 Data evaluation methodology

Measurements and data recording for the particle measurement systems were carried out by
the individual representatives. During the tests EMPA supplied each participant with a
starting trigger signal to synchronise the data sampling from the test bench and the particle
systems. A back-up of the raw data from each system was collected at the end of each
measurement day by EMPA for quality control purposes. For the data evaluation, the
participants had to fill in their time-resolved raw data for each test on a separate specified
spreadsheet and had to transfer them to emission values as guided by a detailed formula
provided by EMPA.

After receiving the filled-in tables of each participating instrument, EMPA carried out a
careful check of the data and performed the subsequent data evaluation.

The data evaluation followed the standard ISO/FDIS 16183 for conversion of the values to
emission values.

All engine tests were carried out at least three times, with the exception of the ESC cycle for
low-emission (twice). Special attention was paid to the ETC and the background
measurements that were performed seven times for each configuration. For this reason, all
emission values shown in this report are mean values of the measured tests unless otherwise
stated. The variation of the single measurements is given by the standard deviation (stdv).

s = \/Ll [Ezn: ()_c -X; )2] n: number of test runs
n-= i

In the bar charts (diagrams), the range bars indicate +/- one standard deviation.

For the steady-state tests the variation of the second-by-second values xi (k: consecutive
numbers) over the tests were calculated according to

1 & .
stdv x; = \/ — z (xi, P X )2j m: number of the one-second intervals of the whole test
m \ k=1

The coefficient of variation (COV) is a measure of relative dispersion and is given by

standard deviation
cov = =
mean

s
X

For the time-resolving systems, the uncertainty of the single measurements (noise) was
determined, defined as three times the standard deviation of the single measurements:

5 3% stdv x,

i=1 X;

l

1
noise | mean = —
n
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Noise-to-mean ratios were determined for the background measurements with the engine (the
engine was shut off) (see section 7.2.1) and for the CAST measurements for the 10% and 90%
concentration settings (see section 7.1).

8.2 Limit of detection

The limit of detection (LOD) of the particle measurement systems was calculated by taking
three times the standard deviation of the mean value of a set of measurements at very low
concentrations.

We decided to calculate the LOD from the ETC low-emission tests and not from the engine
background tests, as the repeatability was better for the ETC tests than for the background
measurements at the same low concentration level. In addition, for the background
measurements temperatures and flow rates are significantly different than real exhaust
measurements. The LOD as defined and determined provides a comparison of the instruments
within this programme and cannot be used generally.

|LOD =3X(ETC low)|

8.3 Sensitivity

The sensitivity of the systems is deduced from the ratio of the concentrations measured for the
measurements at high and low-emission level of the individual test cycles (see section 8.6).
This characterisation is influenced by the limit of detection of the instruments, by the
measured particle composition and naturally also by the sampling conditions. The
quantification by the sensitivity therefore provides a comparison of the instruments within this
programme; it cannot be used generally.

8.4 Response time

The response time is the time a system or

functional unit takes to react to a given Engne PMP@EMPA / SCT
input. A special test cycle was defined to R e T e T T
determine the response time of each
instrument. This so-called step-change-
test (SCT) consists of one repeated
change of engine power every 3 min by
switching between 90% and 10% load at .
a constant engine speed of 1630 rpm (see - - - - - — T
Figure 3). The duration of the whole test 240 600 960 2000
cycle consisting of 11 steps was 34
minutes. The test cycle (as shown in
Figure 3) started after a well-defined conditioning phase (see section 7.2.2).

Each cycle consisted of 5 up-steps and 6 down-steps. For the data evaluation and the
calculation, the individual cycle sequences were divided into two groups: the up-step and the
down-step. For the purposes of the calculations, the first down-step was not taken into
account for further calculations.

Figure 3: Pattern of the SCT cycle
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The definition of the characteristic times is shown schematically in Figure 4 for an up-step as
well as for the down-step sequence.

particle concentration SCT up-step particle concentration SCT dOWﬂ-StCP

high level high level
90 % line 90 % line

50 % line 50 % line

10 % line 10 % line
time [s] time [s]
low level low level

t10 t50 tgﬂ tsettling t90 t50 t10 tsettling

Figure 4: Definition of characteristic times in the SCT cycle

According to these definitions, the following two characteristic times were calculated for each
step and for each instrument.

up-step down-step
tso — tio corresponds to tso — too
too — tio corresponds to t0 — too

In addition teuing Was defined. This characteristic time was defined as the time when the
concentration started to be stable within +/- 10% of the final value. However, the exhaust of
the engine became not adequately stable within the 3 minutes to determine characteristic
times of the instruments. For the three SCT runs, the mean value and the standard deviation of
all 15 up-steps as well as of the 15 down-steps were calculated for the instruments. The
characteristic times for the individual instruments are given in section 9.1.5.1.

8.5 Linearity

Linearity is the relationship that exists between two quantities when a change in one of them
produces a directly proportional change in the other. The instruments were checked for
linearity by means of four different concentration settings with the CAST.

8.6 Repeatability

Repeatability is defined as the closeness of agreement between independent test results
obtained under repeatability conditions, i.e. the independent test results are obtained using the
same method on identical test items in the same laboratory by the same operator using the
same equipment within short intervals of time. Repeatability depends only on the distribution
of random errors and does not relate to the true value (ISO 5725).

The degree of repeatability is usually expressed in terms of the standard deviation of the test
results. In this report, the “coefficient of variation” (COV) is defined as one standard
deviation.
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Precision

The closeness of agreement between independent test results obtained under stipulated
conditions. Repeatability conditions are a particular set of extreme conditions. As precision
demands weaker conditions, this report is focused on repeatability.

Accuracy

The closeness of agreement between the result of the measurement and the accepted reference
value of the quantity. As no reference values of the particle emissions for the individual
metrics were available, the accuracy of the individual instruments could not be determined.

Reproducibility

The closeness of agreement between independent test results obtained under repeatability
conditions, i.e. the test results are obtained with the same method on identical test items in
different laboratories with different operators using different equipment. By definition, it was
not possible to determine reproducibility within the EMPA measurement programme.

8.7 Owutliers

Inconsistent values in a set of measurement values were identified by a simple test according
to Dixon [Dixon, 1953]. In addition, the outlier had to deviate by at least 40% from the mean
of the other measurements in the same set. A maximum of one value per set was defined as an
outlier.

8.8 Robustness

No analysis of the robustness of the particle measurement systems was carried due to the
short duration of the programme. Only a personal impression is reported, based on availability
during the tests in consideration of the schedule of test series and the ambient conditions.
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9 Results and Discussion

Table 8 presents an overview of the available data, which were available to EMPA for data

evaluation.

ETC SM SCT ESC CAST BG

£ s 5 5/ &8 5 & 858 ., ¢

2|2 % 2| 2% 2 7 |®» |8 2

5 E E|E B E | E E|E |8 z

° o ® o o ® o |2 0 2 &

T B : 2 E B E B % 2%<% 2%

@] ) — ) — ) — s = M8« mo
DMS C03 v v v v v v v v | nm. v v
Gravimetry Co4 v v v v v v v v | am. | nm. v
LI2SA CO05 v v v v v v v v v v v
MEXA 1370PM | C06 v v v v v v v v | am. | nm. v
TEOM C07 | nd. | nd. | nd. | nd. | nd. | nd. | nd. | nd. | nd. | nd. | nd.
PASS CO08 v v v v v v v v v v v
MasMo R10 v v v v v v v v v v v
Coulometry R11 v v v v v v v v | nm v v
DustMonitor R2 | v! lom | v!' | om | v! am | v | am | nm | om v?
SMPS'C/UPC RI3 | v am | v om  v! 'am | v |am | am | am | v?
DPSO-1 R14 | v |nd. | v |nm | v |nm | ¥ | nm | nm | nm | nd.
LQ1-DC R15 v v v v v v v v v v v
EDB R16 v v v v v v v v v v v
PAS R17 v v v v v v v v v v v
PM-300 RI18 v v v v v v v v v | nm. v
CPC 3022 A R19 v v v v v v v v v v v
EAD 3070A R20 v v v v v v v v v v v
SMPS 3936-L10 | R21 v v v v v v v v v v v
ELPI R22 v v v v v v v v v v v
DQL R23 v v v v v v v nm. | nm. | nm. n.d.
Opacimeter R24 v v v v v v v v | am | nm. v
Exhaust Gas An. v v v v v v v v | am | nm v

Table 8: Available Data
v number of measurements was significantly lower than scheduled

v’?2 | Less than three background measurements

n.m.

not measured

n.d.

no data were delivered to EMPA
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9.1 Engine measurements

9.1.1 Robustness

None of the participating instruments had serious problems in running the tight and 2.5 week
long test programme. This cannot be regarded as a matter of course because the instruments
were exposed to ambient temperature up to 30° C for more than a week. Some losses of data
occasionally occur, mainly due to incorrect operation, missing of the start signal or failure in
communication. The prototype DMS was still being optimised during the measurement
programme, skipping some measurements at the beginning.

9.1.2 Repeatability

The results for the determination of the repeatability of the instruments are based on the
particle concentration per exhaust gas volume, ie. [x/Nem’]. The repeatability of the
instruments is characterised by what is known as the coefficient of variation (COV), defined
as one relative standard deviation of the test (see section 8.2)

9.1.2.1 European Transient Test (ETC) / ETC high-emission

Seven ETC cycles were carried out at a high-emission level, i.e. by using the bypass (see
section 6.2). These cycles were measured on three successive days.

The stability and repeatability of the engine is shown in Figure 5, looking at some important
engine-related data and the regulated gaseous components. The engine was very stable during
the seven tests on three different days, which is an important condition to be met for the
investigation of the performance of the particle instruments.

Although the variations in the engine exhaust emissions are very small, their contribution to
the variation of the particle measurement results cannot be determined. Within a group of
instruments with the same metrics, the instrument with the lowest variation provides the upper
limit of the engine’s contribution.
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= 10%
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S ETC total
= high emission
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°
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°
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B 2%t
2 _ [ ] I
- N
0% I
exhaust engine Temp
flow power co THC NOx NO () coz after CRT
[ETCHIGH| 0.53% | 0.10% 5.2% 10.3% 1.2% 2.0% 0.5% 0.9%

Figure 5: Variation of engine parameters/gaseous emissionsETC high-emission

The absolute concentrations of CO and T.HC are very low, causing a higher variation. The
NO concentration was measured in the raw gas downstream of the trap. Because the CRT
system affects the NO/NO, ratio, the good repeatability of the NO concentration is an
indication of the stable flow-splitting during test series. In Figure 6, the integrated NO
conversion rate of the CRT system is plotted against time for all ETC cycles. The conversion
rates for bypass and full-trap configuration are different, as expected, but show roughly the
same variation. This is another indication of stable flow-splitting during the test series.
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Figure 6: NO conversion rate as a function of time for all ETC cycles.

Figure 7 shows the coefficient of variation (COV) defined as one relative standard deviation
for the ETC high-emission tests. The four graphs represent the COV of the three repetitions
within the first and second day, of the first per day measurement on three days and for all
seven tests. Looking at the repeatability for all measurements, the COV for most of the
instruments is within the range of about 10% or better. Exceptions are coulometry (R11) and
DSPO (R14). Coulometry showed fairly poor repeatability throughout the test programme,
which is surprising and could not be explained. The huge variation in the DPSO is caused by
insufficient sensitivity and a cross-sensitivity to NO,.

Notes to the following figures:

| One outlier was not taken into account for calculation

[ ] Less then 6 measurements were available for calculation
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9.1.2.2 European Transient Test (ETC) / ETC low-emission

The low-emission measurements refer to the set-up without filter bypass installed, i.e. the full
exhaust passed the CRT system. In line with the high-emission tests, seven measurements
were conducted, spread over three successive days. Figure 8 shows the repeatability for the
low-emission tests. The variations of CO and T.HC are higher than for the high-emission
measurements as the absolute values are close to the detection limit for both components.

40% —

)
X
2 35% A
c
() ETC total
= 30% - P
= low emission
S all measurements
'8 25% -
g 20% 1
©
S 1B% - w1
b
7]
c>: 0% - 1 |~
=
) 5% |
e T

0% = =

exhaust engine Temp
flow power co THC NOX NO (r) coz after CRT
\ETC LOW| 0.54% 0.07% 15.1% 39.7% 0.6% 2.5% 0.6% 1.3%

Figure 8: Variation of engine parameters/gaseous emissions/ETC low-emission

The low-emissions of CO and T.HC are achieved by the oxidation catalytic converter of the
CRT system. No significant change is observed for the other parameters and components.

Notes:

[ ] One outlier was not taken into account for calculation

[ ] Less then 6 measurements were available for calculation

The DMA of R21 was set to select 80 nm particles on the first day
— there are no ETC data of R21 on the first day

R21
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Figure 9 shows the COV for the low-emission tests. The variation is higher than for the high-
emission tests for all instruments. An exception is the opacimeter AVL439 (R24), although
the absolute value is similar to the value for the high-emission configuration. This implies that
the signal at both configurations is caused by NO, rather than by the particulate matter. Most
of the instruments still show acceptable repeatability for the low post-trap concentration. The
COV of the soot-sensitive instruments (C05, CO6E, C08, R17) is in the range of 10%,
although the soot fraction is very low downstream of the trap. An exception is the
repeatability of the EC value measured by coulometry (R11E), which shows very poor
repeatability for this very low concentration close to zero. The high variation of the DMS
(C03) can be explained as being mainly due to nucleation effects measured with this
instrumental set-up.

9.1.2.3 Steady-State Tests (SM) / SM high-emission

The same analysis of the repeatability was carried out for the single mode tests. Here each
data set comprises three measurements for each of the five modes. Figure 10 shows the COV
of some engine parameters and gaseous components. With the exception of the idle mode, the
variation is similarly low as in the case of the ETC. The good repeatability of the NO
concentration indicates stable operation of the flow-splitting and after-treatment system.

— 18%

S 6o _

= 16% 1] SM |l mide [
.% 14% |+ | high emission | ________________||_____ OB100 [ -
B 12% R | @c75 r------
: £ e OA50 |------
B

8 8% - mB25 |
=

S 6%t
w2

o 4% """/ |\{\-——ft -
2

~—

<

o

S

. o~ AR e Bl

e’;'l‘:v‘;s' engine power co T.HC NOx NO (1) co2 af;‘i"(‘:‘;ﬂ
[midie 0.179% 0.462% 1.81% 12.04% 2.63% 16.2% 0.92% 0.30%
lmB100|  0.134% 0.198% 2.84% 12.42% 0.89% 0.7% 0.05% 1.14%
mC75 | 0.094% 0.019% 1.29% 6.40% 1.06% 1.6% 0.06% 0.42%
TA50 0.074% 0.001% 0.79% 5.30% 1.19% 1.4% 0.11% 0.49%
mB25 0.223% 0.001% 2.75% 3.12% 0.72% 2.0% 0.10% 0.40%

Figure 10: Relative standard deviation of the engine parameters / gaseous emissions
for each step in the SM test / SM high-emission

Figure 11 and Figure 12 show the variation for the idle and for the four load modes
respectively. No significant change in repeatability is observed for the steady-state conditions
compared to the transient conditions. Similarly to the ETC tests, the COV of several
instruments is within the range of 10% or better. The DMS (C03) measured a very high
absolute concentration for B100, which is most probably caused by nucleation effects. An
unstable nuclei mode could be the reason for the wide variation.
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At idle, the COV for LI2SA (CO05) is rather high compared to the other modes, which might
be explained by the low EC concentration. Owing to problems during the measurements, no
results are available for the PM-300 (R18).
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Figure 11: Relative standard deviation of all SM measurements for each instrument /
SM (total) high-emission

| Only two measurements included due to outlier or absent data
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9.1.2.4 Steady-State Tests (SM) /SM low-emission

In Figure 13 the repeatability of some engine parameters and gaseous components is shown
for each single mode for the low-emission configuration.

In agreement with the ETC tests, CO and T.HC show increased relative standard deviations
for the low-emission configuration, which is explained by the very low absolute values, as
mentioned previously.
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Figure 13: Relative standard deviation of the engine parameters / gaseous emissions
for each step in the SM test / SM low-emission

Figure 14 shows deviation of the three individual measurements from the mean value for the
exhaust flow and by way of example for the PASS (C08). Although the variation in the
exhaust flow is fairly small, a similar time course at a much higher variation level is also
observed for the particle concentration even if expressed in [x/Nem’]. This clear correlation
was observed for all instruments in the case of B100.
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Figure 14: Time-resolved deviation of the individual measurements from mean value during
the SM low-emission. Comparison between exhaust flow and PASS (C0S8) as an
example.
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Figure 15 shows the relative standard deviations of each instrument in the SM test with the
low-emission configuration. Detailed analysis of the time-resolved result show that at least in
the B100 mode the variation is significantly superimposed by the engine variation.
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Figure 15: Relative standard deviation of all SM measurements for each instrument /
SM (total) low-emission

Note:

[ ] Atleastone outlier - was not taken into account for calculation

M. Mohr, U. Lehm

ann, 13.05.03

36/156

Report-No.: 202779



6./20C :'ON-Hodey OGT/LE €0°S0°S) ‘uuewyaT ‘N JYON ‘I

UOISSTUI-NO] NS / JUIUINAISUT QUG%\Q uoyvINIp pADPUD]S 241ID]IY 9] D.H.Dwﬁm

%61 | %VE | %LE | %S L[ %9Y [%1L] %es | %68 | %5z | %6k [ | [%904] %Sz [ %iz [ wer | [%L€[ %L L] %ee | %S) | %9L]5e8| %V’ | %88 %8EL] %8V | %EE | %82 [%00L] %EL [ %6°L | %9t | | [%€8L ] ze | %es % 0L [ %9t [ %21 [%5 1] %Ll | %22 05V
ved | eed | zeu | 1o | ozd | 61 [ 81 | 21 [ova [ sha | vk | zia [3nia] L [ ova [ 800 | 200 [3800] 900 | 500 [ v00 [ €00 %0 vzd | €2d | 22y | 12d | Ocd | 61d | 81 | 21u | 9vy | Gl | vl | zhd [3bha] L | ovd | 800 | £00 [3900] 900 | 900 | 500 | €00 | %0
[ /0
- %0L 7 | %0k 3
—
= 2
=3 o =
rir-———"""""~77 |- - - w\QoONM \\QONqu
- %08 & 2 i | B | T %0€ 5
£ s
Sjuswainseauw ||e -
- %0y & } I - %0v &
a uoIssiwa MO| a
sjuswainsesau ||e o oSy nAu
UOISSIWS MO| F %08 2 - %08 2
1SSl (10} NS =
gzg - %09 3
L A (- -{tf-------—--—-——4+--—-—-—-—-"—"=-—"—-"=—"=—"—"—"———— T /o
B30} NS Rt —_
X X
- bwor = | - R R %0 S
%08 %08
%6 L] %S'E[ %T 0] %6G [ %9V [ %Ll %bL] %y [%EE[%0V [ | | [%BOM] %EL| %EZ[%9W] | %EL[%09] %SV | %EC | %Ly [SLI] 250 Treos o [vrs [ ee [ vosa [ e [wms [rana [rors ] | Ton ot [rows [ocs | et [t [ [t [ [0
vy | e2d | zzd | v2d | 0za | 61y | 8uy | Zbd | ovd | gid | v | €k | zhd [3a] 1 | 01 [ 800 | 200 [3900] 900 | 500 [ %00 | €00 | %0 o T [z v ot Toar T v orar era i ] 2 (3 sva [ ovs [ ouo | 200 (3909 s0o [ 500 [v00 [ 200 %0
[ 70
- %0l =
oL 3 - %0L &
2 &
- %oz 2 woz =
602 2 - %02 2
g 2
- %0E 5 - %0e E
= =3
sjuswainsesuw || - ]
- %07 & - %0v &
uoissiwe MO| a by
L] o S
§.0 - %05 S R B T e %05 <.
|ejo} NS Wuv. sjusweainseau ||e .WIov
L] 1) - =
“““““““““““““““““““““ %09 S UOISSIWS MO| %09 S
3 s =
- %0L = [E10} NS - %0, =
%08 %08

SWO)SAS JUIWAINSBIN d[o1IRd JO ApmiS uosuredwo)
»<QEW (JINd) dwmeiSoq JUdUIINSEIA dPNIed TIAD



. <
GRPE Particle Measurement Programme (PMP) EMPA ‘( "

Comparison Study of Particle Measurement Systems

9.1.3 Background measurements

9.1.3.1 Noise and repeatability

Background measurements in the exhaust line system were carried out at the beginning of
each day with engine tests. The pump of the CVS system was running, but the engine was
switched off. As it was the first measurement of the day, the complete exhaust and dilution
system was at ambient temperature. The set-up for the instruments was exactly the same as
for the engine tests. Note that the background concentrations were not subtracted from the test
cycle results according to the PMP methodology protocol.

Two different variations were considered for the analysis of the background tests: the noise
describes the variation of the second-by-second values during a test run, whereas the COV
describes the test-to-test variability. For the instruments that are able to provide time-resolved
data, both characteristic values were determined from the background measurements.

Figure 17 shows the noise/mean ratio within the 30 min test run. The values were averaged
from the eight engine background measurements. Obviously the ratio cannot be determined
for the filter sampling methods (C04, C06, CO6E, R11, R11E). For most of the instruments
the noise is greater than the measured value. The exceptionally high ratio for EAD (R20) can
be explained by a zero-point drift problem of the instrument. This problem was observed
during the whole measurement programme. The low ratio of LI2SA might also be caused by
the lack of sensitivity at this low concentration. In some cases lack of sensitivity was observed
during the CAST measurements.
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Figure 17: Noise-to-mean ratio for the background measurements at the engine test
bench
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Figure 18: Relative standard deviation of the background measurement.
DMA of R21 was fixed to select 80 nm particles
R12, R13: only 2 measurements

Figure 18 shows the relative standard deviation of the background concentration as measured
by the instruments during the seven background tests. Each test was carried out on a different
day. For most instruments, the standard deviation for the background measurements were
found to be higher than for the ETC low-emission measurements. For this reason we conclude
that the variation is dominated by the aerosol and not by the measurement uncertainty of the
measurement systems. The wide difference between the instruments may be related to the
different properties of the particles that are measured. It cannot be taken for granted that all
particle properties vary to the same extent for the different tests. Coulometry (R11) and EAD
(R20) show exceptionally high uncertainties. For the EAD (R20), it is assumed that the zero
drift causes the problem, whereas no explanation could be found for the wide scattering of
coulometry (R11).

9.1.3.2 Ratio of ETC emission levels to background levels

The comparison between the concentrations measured during the ETC (high and low-
emissions) and the background tests makes the emission levels of the different tests and
configurations clearer. The data shown in the diagrams in this section are based on the
effective concentrations measured by the instruments (Figure 19 to Figure 21).

Figure 19 and Figure 20 show the ratio of the concentration for ETC and background tests for
the high and the low-emission levels respectively. The majority of the instruments measured
approximately the same concentration for the background test and the ETC in the low-
emission configuration (Figure 19). The high ratio for DMS (C03) is probably caused by
nucleation during the ETC. The high ratio for PM-300 (R18) could not be fully explained, but
indicate clearly different measurement performance depending on transient or steady-state
cycle. This finding is supported by the steady-state test results. No explanation can be given
for the low ratios determined for coulometry (R11) and MasMo (R10).
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The situation is completely different for the high-emission configuration (partial flow through
the bypass, Figure 20). A wide difference is observed between the instruments. Mass-based
instruments show a significantly lower ratio than those that are based on number, length or
surface area.
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Figure 19: Ratio of measured raw concentrations for ETC low-emission and engine
background tests, R21 total size range
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Figure 20: Ratio of measured raw concentrations for ETC high-emission and engine
background tests
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An exception is PAS (R17), which is calibrated for mass but applies the principle of particle
charge measurement in a similar way to EAD (R20), ELPI (R22) and LQ1-DC (R15).
However, the charging efficiency for PAS depends heavily on the surface composition. The
high value of the ratio might therefore also be caused by different composition of the
particles.

The exceptionally high ratio of PM-300 (R18) reveals the inconsistency in the results for the
different test cycles.

The SMPS (R21) was operated using different settings for the ETC and background
measurements. For the background measurements, the SMPS was in the scanning mode,
while during the ETC cycles the counter of the SMPS measured only the 80 nm particles or
the total number of particles depending on the concentration level. Therefore the ratio
between ETC high and background cannot be compared with the other instruments and is not
included in the Figure 20.

9.1.4 Limit of detection (LOD)

The results represent the situation for this specific set-up and configuration of the exhaust gas
system and particle measurement instruments and not a general specification. In this study,
the Limit of Detection (LOD) is determined by taking 3 times the standard deviation of the
ETC low-emission measurements (Table 9). We decided to calculate the LOD from the ETC
low-emission tests and not from the engine background tests, as the repeatability was better
for the ETC tests. Moreover, the test conditions for the ETC were defined better and closer to
the engine exhaust measurements than for the engine background tests. For the latter,
temperature and flow rates are significantly different than the real engine measurements. This
approach is in line with the regulations and the PMP methodology protocol that the
background concentrations are not subtracted from the test cycle results.

For the comparison of the LOD of the systems, it has to be borne in mind that one group was
connected to the raw exhaust line and the other to the CVS tunnel.
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3*stdv ETC low
DMS Co3 [1/Ncm3] 1.62E+06
Gravimetry Cco4 [ng/Ncm3] 0.189
LI2SA C05 [ng/Ncm3] 3.70E-02
MEXA 1370PM C06 [ng/Ncm3] 6.05E-02
CO6E [ng/Ncm3] 4.19E-03

TEOM co7 -
PASS Cco08 [ng/Ncm3] 2.94E-02
MasMo R10 [ng/Ncm3] 3.59E-03
Coulometry R11 [ng/Ncm3] 0.357
R11E [ng/Ncm3] 0.139

DustMonitor R12 [1/Necm3] -

SMPS+C/UPC R13 [1/Ncm3] -

DPSO-1 R14 [ng/Ncm3] -
LQ1-DC R15 [um2/Ncm3] 97.023
EDB R16 [1/Ncm3] 1.67E+04
PAS R17 [ngEC/Ncm3] 1.97E-03
PM-300 R18 [1/Ncm3] 8.96E+04
CPC 3022A R19 [1/Ncm3] 4.04E+03
EAD 3070A R20 [mm/Ncm3] 0.181
SMPS 3936-L10 R21 [1/Ncm3] 4.02E+03
ELPI R22 [1/Ncm3] 5.34E+03
DQL R23 [cm3/Ncm3] 9.51E-11
Opacitymeter R24 [ng/Ncm3] 1.219

Table 9: Absolute values of LOD

The ratio between the concentration measured during the ETC test cycle for the high-emission
level and the LOD also gives an indication of how closely the instruments measure at their
LOD for this typical emission level (Figure 21).

For most of the instruments based on number, length and surface, the concentration is higher
by more than a factor of 400 compared to the LOD (=3 x stdv ETC low). In contrast, most
mass-based instruments show a significantly lower ratio. There are some instruments that do
not fit into this picture. The very high LOD of the DMS (C03) is caused by strong nucleation
effects during the ETC low-emission measurements. The MasMo measured a comparatively
low absolute mass concentration for the ETC low-emission measurements, resulting in a low
LOD. In the case of SMPS (R21) the relatively low ratio is explained by the different
operating mode of the instrument (bandpass mode, DMA fixed to 80 nm), which results in
lower concentration than the total number measurement.
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Figure 21: Ratio of measured raw concentrations for ETC high-emission and the
LOD. R21: DMA fixed to 80 nm for ETC high-emission
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Figure 22: Ratio of measured raw concentrations for ETC low-emission and the

LOD.
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9.1.5 Response Time

9.1.5.1 Characteristic response times

A so-called «step change test (SCT)» was used to determine characteristic response times for
the instruments on a typical test bench set-up as applied. The test consists of abrupt changes
every three minutes between two loads at constant speed. Details are described in section 8.4.
It is obvious that the response is affected not only by the instruments but also by the engine
and the dimensions of exhaust and sampling lines. The data evaluation is merely based on
one-second resolved data of the total emissions (i.e. expressed in [x/s]) in order to improve
the comparability between the instruments connected to the CVS tunnel and raw exhaust line.
During the measurements it was observed that the particle emissions were not completely
stable during the three-minute constant load steps. For this reason, the determination of a
settling time as described in Figure 4 was omitted.

SCT runs were carried out for the high and low-emission configurations. However, at the low-
emission level almost no instrument showed a response that could be clearly related to the
particle emissions. The analysis was therefore limited to the high-emission configuration.
Figure 23 and Figure 24 show the characteristic response times for the increase and decrease
in particle concentration respectively. The values represent the average of 15 step changes.
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Figure 23: Characteristic times in the SCT cycle regarding the up-step / average
over all steps, R21 fixed to 80 nm, data for R14 and R23 are based on
raw data (marked)

The instruments DPSO-1 (R14) and DQL (R23) measured such a low response compared to
the absolute concentration that this results in a phase-opposite response when the
concentrations are converted to emissions expressed by [#/s]. For these two instruments, the
characteristic times were calculated on the basis of the raw data (in units [#/Ncm3]).
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The instruments DustMonitor (R12), PM-300 (R18) and the AVL opacimeter (R24) showed
an opposite-phase response for the raw concentrations compared to the other instruments and
the definition in Figure 4. These instruments were not considered in the data evaluation.

The instruments show wide differences regarding the characteristic times. For t50-t10, the
response varies between about 1 s and 10 s and for t90 — t10 between about 2 s and 1 min.
The wide differences could be caused by the different particle properties that are measured by
the instruments. It is obvious that the emission of carbonaceous material becomes stable more
quickly than volatile material, which is affected far more by the non-stable temperature
profile in the exhaust line, for example.

The DMA upstream of the CPC3010 (R21) was set to select 80 nm particles. Taking this into
account, the very long response time of scanning SMPS in the DMA-bandpass mode (R21)
can be explained by the comparatively low flow rates and the additional transport volume
through the long DMA and the interconnecting SMPS hardware.
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Figure 24: Characteristic times in the SCT cycle regarding the down-step /average
over all steps, R21 fixed to 80 nm, data for R14 and R23 is based on raw
data (marked)

Time-resolved results are shown in the appendix.

M. Mohr, U. Lehmann, 13.05.03 45/156 Report-No.: 202779



GRPE Particle Measurement Programme (PMP) EMPA \( ;’
v

Comparison Study of Particle Measurement Systems

9.1.6 Time-resolved results

Time-resolved particle concentrations (on a second-by-second basis) are presented for the
investigated systems in this section.

9.1.6.1 Time-resolved data /SCT cycle
The time-resolved data of the SCT cycle are shown in the appendix.

9.1.6.2 Time-resolved data / ETC cycle

The time-resolved data of the ETC cycle are plotted for a selected sequence (three minutes) of
one of the seven measurements at high-emission level.

Figure 25 to Figure 28 show the data for the number, mass, length/surface and opacity-related
instruments. The purpose of the graphs is to give a qualitative impression of the time response
of the individual instruments more than detailed analysis. With the exception of DPSO-1
(R14) and DQL (R23), all the instruments show a clear correlation to the engine power.
However, it cannot be concluded that the correlation is always based on the particle emission,
as it could also be related to the NOx emission. It is notable that CPC3022A (R19) and
scanning SMPS in the DMA-bandpass mode (R21) measured a relatively high concentration
during the idle phase.
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Figure 25: Time-resolved sequence of the ETC cycle / ETC high-emission / Mass
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Figure 26: Time-resolved sequence of the ETC cycle / ETC high-emission / Number
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Figure 28: Time-resolved sequence of the ETC cycle / ETC high-emission / Opacity
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9.1.7 Absolute values

In this section, the results of the absolute values are plotted for the different instruments. The
purpose of the presented figures is not to assess the individual instruments by analysing the
discrepancy between the absolute values. As the instruments for the most part are based on
completely different measurement principles and measure different particle properties, the
absolute values have to be different. The objective of the comparison is to analyse the
plausibility of the results of an instrument in comparison with others. For example, an
instrument that measures only elemental carbon should detect an equal or lower mass than an
instrument that is calibrated for total mass.

For the figures, the measurement systems are divided into two groups according to the
calibrated metrics: number and mass. The instruments LQ1-DC (R15), EAD 3070A (R20)
and DQL (R23) are not calibrated for either of them but to length and active surface area
respectively. In order to enable at least a rough comparison of these instruments to the others
to be made, their results were converted to number values, using very simple assumptions for
the particle properties. The conversion was calculated for spheres of a unified size of 60 nm in
diameter. The results from ELPI are based on the aerodynamic diameter sizing and were not
corrected for particle density. The total number were calculated without the filter stage
fraction (dso = 35 nm). It is evident that a quantitative analysis of the number results is not
possible for these instruments.

9.1.7.1 European Transient Test (ETC)

9.1.7.1.1 High-emission

Figure 29 and Figure 30 show the absolute particle concentration for the ETC cycle in the
high-emission configuration for the mass and number-based instruments respectively. For the
number results, the values vary by about one order of magnitude. An exception is the
DustMonitor (R12), which measures a three orders of magnitude lower concentration. This is
probably explained by the insufficient sensitivity for small particles of this optical instrument.
Looking only at the instruments measuring total particle number (C03, R13, R16, R19, R22)
and excluding the DMS due to its completely different dilution concept, the difference
between the instruments is reduced to less than a factor of two. The manufacturer of the PM-
300 (R18) gives a lower size detection limit of 300 nm (see Appendix).

For the mass measurement instruments, the concentration varies by about a factor of five. By
excluding the instruments PAS (R17) and the opacimeter (R24), the factor is reduced to 1.4
for the total mass instruments (C04, C06, R10, R11) and to 2.2 for the carbon-sensitive
instruments (C05, CO6E, C08, R11E).

Notes:
[ ] Atleast one outlier - was not taken into account for calculation
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Figure 29: Absolute value of total number concentration on ETC high-emission
R21 fixed to 80 nm,R22 total number w/o filter stage
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Figure 30: Absolute value of total mass concentration on ETC high-emission
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9.1.7.1.2 Low-emission

In Figure 31 and Figure 32 the absolute values for number and mass are plotted for the low-
emission configuration. The number concentrations vary by about two orders of magnitude.
The large concentration measured by the DMS (C03) is probably caused by the large fraction
of nucleates, as can be seen from the NSD shown in Figure 61. The sampling from the CVS
tunnel without additional dilution as applied only to the DMS, raises the suspicion of stronger
nucleation effects than for other measurement systems. The lowest concentrations are
measured by the single counting measurement instruments, the CPC’s (R19, R21). The mass
detection instruments show a variation of more than one order of magnitude. The opacimeter
(R24) is not taken into account for this comparison as the exceptional high concentration
suggests strong NO, interference. The filter methods (C04, C06, C011) show good agreement
within 10%. It is reasonable that the carbon sensitive methods (C05, CO6E, C08, R11E) detect
a lower concentration than the total mass instruments. This shows that the EC fraction is
rather low downstream of the particle trap.

The low mass concentration measured by MasMo (R10) may be explained by the fact that the
predominant volatile fraction is removed by the hot dilution procedure.
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Figure 31: Absolute value of total number concentration during ETC low-emission
R21 fixed to 80 nm,R22 total number w/o filter stage

Notes:
[ ] Atleast one outlier - was not taken into account for calculation
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Figure 32: Absolute value of total mass concentration on ETC low-emission

9.1.7.1.3 Ratio of high to low-emission level

The ratio between the concentrations measured at the high and low-emission configuration
gives a good indication of the sensitivity of the individual instruments. In the high-emission
configuration, the exhaust flow was split into two branches, one past the trap, the other the
bypass. For this reason, the comparison between the two configurations (high and low-
emission) cannot be used to assess the trap efficiency.

In Figure 33, the ratios are plotted for the ETC. Large differences of about two orders of
magnitude are observed between the mass-related and the number/length/surface-related
instruments. The reason for this exceptionally large difference can be explained by the higher
sensitivity of the instruments that are based on number, length or surface, as could already be
seen from the ETC high/background ratios (Figure 20). The discrepancy in sensitivity
between particle mass, determined by the filter method, and particle number had already been
observed in earlier studies and has mainly been explained by collected condensed material on
the filter for the post-filter sample. This explanation cannot be sufficient for the findings in
this study as non-filter methods as well as methods sensitive only to EC show similarly low
ratios.

Some instruments show different behaviour in comparison with the general observation,
which can be explained in most cases. For DMS (C03), EDB (R16) and PM-300 (R18)
significantly higher concentrations were observed for the low-emission configuration,
resulting in a lower ratio. The MasMo (R10) shows a fairly high ratio compared to other mass
instruments. The measurement method applied for MasMo is very similar to instruments C03,
R15 and R20 and is based on electrical current measurements which are proportional to the
Fuchs surface of the particles. Particle mass uses the density information which is also
measured. On the basis of the measurement principle, the MasMo (R10) consequently belongs
to the number/length/surface group. The ratio for DQL (R23) is similar to the mass-based

M. Mohr, U. Lehmann, 13.05.03 52/156 Report-No.: 202779



. <
GRPE Particle Measurement Programme (PMP) EMPA ‘( "

Comparison Study of Particle Measurement Systems

instrument, which can be explained by the fact that the principle of measurement is based on
the metrics of volume.
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Figure 33: Comparison between ETC high and ETC low-emission (R21: DMA fixed

to 80 nm)
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9.1.7.2 European Steady-State Test (ESC)

9.1.7.2.1 High and low-emission

Figure 34 shows the absolute concentrations expressed in emission per output work [1/kWh]
measured for the ESC at the high and low-emission levels.

In general, the figure of the absolute ETC values is quite similar to the figure of the absolute
ESC values, for both emission levels. An exception is PM-300 (R18). Relative to other
instruments, the concentration measured by R18 is two orders of magnitude lower in the ESC
compared to the ETC, at both high and low-emission levels.

The high ratio for DMS (C03) is caused by a strong nucleation effect in the low-emission
configuration.
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9.1.7.2.2 Ratio of high to low-emission level

Figure 35 shows the ratios between the concentrations at ESC high and low-emission level.
Compared to the ratio between the ETC cycles (Figure 33), the ratio for the
number/length/surface related instruments is much lower, while the ratio of the mass-related
instruments is not very different.
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Figure 35: Comparison between ESC high and ESC low-emission

9.1.7.3 Steady-State Tests (SM)

9.1.7.3.1 High and low-emission

Figure 36 and Figure 37 show the results for the two selected single modes (C75 and B25) at
the high and low-emission configurations respectively. The results for the other operating
modes (idle, B100 and A50) can be found in the appendix. The concentrations are at a similar
level to those for the ETC and ESC for almost all instruments. As for all steady-state tests, the
concentrations measured by the PM-300 (R18) are exceptionally low compared to the ETC.
The total number concentrations of the R13 and R21 are calculated from the measured NSD
(number size distribution) measurements.
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9.1.7.3.2 Ratio of high to low-emission level

Figure 38 shows the ratios between the high and low-emissions for the five single modes.
Similar results are obtained to those for the ETC and the ESC. The clear difference between
the individual modes is likely to be due to different flow splitting at the bypass for the high-
emission set-up. The flow-splitting between bypass and trap varies depending on the
backpressure due to the exhaust flow.
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—
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© 2500 f - OoA50 -~ EEIREE| I B
—
> 0B25
R 2000 f - e - - --- -
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=)
- p—
= 1500 |
x 1000
=]
o
~
-]
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0 iL R || B “ﬁ
C03 | C04 | CO5 | C06 |COBE| CO7 | CO8 | R10 | R11 |[R11E| R12 | R13 | R14 | R15 | R16 | R17 | R18 | R19 | R20 | R21 | R22 | R23 | R24
@B100 | 2.75 | 2.60 | 5.61 | 1.96 | 17.2 8.48 | 25.6 | 4.08 | 7.39 18.6 | 14.9 | 15.1 | 406 | 26.9 | 20.1 | 24.5 | 18.8 | 3.59 | 2.41
WC75 117 | 3.89 | 7.17 | 3.02 | 14.4 13.82| 170 |12.52| 25.2 110 | 79.1 | 103 | 253 | 125 | 61.0 | 165 | 137 | 3.74 | 0.84
OA50 191 | 2.66 | 7.32 | 3.39 | 13.0 13.0 | 798 | 5.76 | 36.2 300 | 122 | 352 | 104 | 828 | 790 | 875 1489 | 3.93 | 0.47
OB25 589 | 7.1 | 232|763 |74.2 41.6 | 2956 | 67.1 | 41.7 1313 | 649 | 1187 | 155 | 2790 | 2681 | 3004 | 2676 | 10.7 | 0.67
W Idle 206 | 1.39 | 1.17 | 2.11 | 2.66 220 | 224 | 6.37 | 114 241 87.7 | 101 | 3120|1176 | 2586 | 4287 | 2.37 | 0.29

Figure 38: Comparison between SM high and SM low-emission
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9.1.7.4 Particle composition

Only some of the instruments are able to distinguish between different components of the
particles or their detection is based on a selective component, e.g. soot. Table 10 shows the
list of instruments that provide information about at least one selective component. For
clarity, and with the consequence of simplification, the components are grouped.

Code Instrument Soot/EC SOF/OC Sulphate
C05 LI2SA v

Co8 MEXA v v v
Co08 PASS v

R11 Coulometry v v

R17 PAS v

Table 10: Particle components measured by the individual
instruments

In Figure 39, the results are presented for ETC high-emission configuration. The total mass
concentrations measured by the gravimetric filter method (C04) and MasMo (R10) are added
to the figure for comparison. Although the mass concentration determined by the individual
instruments is similar (with the exception of PAS (R17)), the results for the single
components are not consistent. This applies particularly to the soot/EC fraction.

10 ¢
9t
g ETC total
: high emission
7 e absolute mass values
6t all measurements

Mass concentration [ng/Ncm3]
(@)

e R
34
24
14-
N
C04 C05 Co6 Co8 R10
0S04 0.087
0O0C SOF 0.782 0.911
EIEC Soot 1.682 0.987 2.189 1.532 8.684
OMass 2.158 2.565

Figure 39: Chemical composition / ETC high-emission
(range bars are omitted in order to achieve better readability)
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9.1.8 Correlation between instruments

The correlation between the instruments is shown in this section. To keep track of the
measurements, each participating instrument is compared to three selected instruments, which
are the gravimetric filter analysis (C04), the EC fraction of coulometry (R11E) and the
condensation particle counter CPC 3022A (R19).

The correlation is made using all driven transient cycles and steady-state tests at high-
emission level (H) as well as at low-emission level (L). The labelling used for the cycles is
presented in Figure 40. Some additional comments on the correlation are given in note form
for each instrument in the corresponding figure. Exceptionally high concentrations were
measured for the gravimetric filter analysis (C04) in engine operating mode B100 and for the
CPC 3022A (R19) at idle, most probably due to condensation/nucleation effects. In many
cases, these items were excluded in the calculation of the correlation function.

Note that the quality of the correlations a priori is dominated by the high concentration
measurements.

OETCH OETCL & SM B100 H & SM B100 L
ASMC75H ASMC75L X SM A50 H X SM A50 L
XSM B25 H XSM B25 L —SMldle H —SMldle L
OSCTH OSCTL +ESCH +ESCL

Figure 40: Key to the following graphs (Figure 41 to Figure 60)
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Figure 41: Correlation between C03 and selected instruments / engine measurements
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Figure 42: Correlation between C04 and selected instruments / engine measurements
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Figure 43: Correlation between C05 and selected instruments / engine measurements
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Figure 44: Correlation between C06 and selected instruments / engine measurements
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Figure 45: Correlation between CO6E and selected instruments / engine measurements
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Figure 46: Correlation between C08 and selected instruments / engine measurements
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Figure 47: Correlation between R10 and selected instruments / engine measurements
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Figure 48: Correlation between R11 and selected instruments / engine measurements
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Figure 49: Correlation between RI1E and selected instruments / engine measurements
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Figure 51: Correlation between R15 and selected instruments / engine measurements
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Figure 58: Correlation between R22 and selected instruments / engine measurements
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Figure 59: Correlation between R23 and selected instruments / engine measurements
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9.1.9 Size Information

This section describes the measurements of particle sizes by some of the instruments. Out of
the participating measurement systems, eight instruments are capable of providing size
information. Most of them apply different measurement principles in determining an
equivalent diameter, which depends on the measurement principle. This diameter is different
from the geometric one, as the particles from combustion processes are agglomerated and
therefore not spherical and vary in density. For this reason it is not possible to compare the
instruments for a “correct” mean size or size distribution of the particles.

The two SMPS, the seq. SMPS+C (R13) and scanning SMPS (R21), are not capable of
measuring transient cycles. Their results are only included for the steady-state tests (see
section 9.1.9.3).

Table 11 gives the equivalent particle size property that is determined by the individual
instruments. In order to obtain a better overview of the measured sizes, the distributions
shown in Figure 61 to Figure 63 are normalised.

Code |Instrument Equivalent particle size property

Co03 DMS electrical mobility diameter of agglomerate NSD
Co05 LI2SA transport surface (heat) of primary particle mean
R10 MasMo active surface area of agglomerate median
R12 DustMonitor | light scattering diameter of agglomerate NSD
R13 SMPS+C electrical mobility diameter of agglomerate NSD
R14 DPSO-1 light extinction diameter of primary particle mean
R16 EDB mechanical mobility diameter of agglomerate NSD cal.
R18 PM-300 light scattering diameter of agglomerate NSD
R21 SMPS electrical mobility diameter of agglomerate NSD
R22 ELPI aerodynamic diameter of agglomerate NSD
R23 DQL light extinction diameter of primary particle Mean

Table 11: Particle size measured by the individual instruments

9.1.9.1 Number size distribution and average size for ETC

Figure 61 shows the results for the ETC for the high and low-emission configurations.
Looking at the high-emission measurements, the instruments DMS (C03), MasMo (R10),
EDB (R16) and ELPI (R22) are in surprisingly good agreement. The ELPI (R22) detected a
significantly higher concentration at its lowest size class (dp < 35 nm), for which a filter stage
is used. LI2SA (CO05) measures the primary particles and cannot be compared to others. For
the light scattering instruments DustMonitor (R12) and PM-300 (R18), the midpoint diameter
of the lowest size class is about 300 nm.

Wider differences between the instruments are observed for the low-emission measurements.
Note that in this case the emission level was at the background level. Two additional modes
can be seen for the DMS (C03). The mode below 10 nm is probably caused by nucleation.
The second mode at about 500 nm measured in high-emission tests is most likely an artefact
caused by the instrument.
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Figure 61: Number Size Distribution (NSD) / ETC high/low-emission

M. Mohr, U. Lehmann, 13.05.03 73/156 Report-No.: 202779



GRPE Particle Measurement Programme (PMP) EMPA \( ;’
v

Comparison Study of Particle Measurement Systems

9.1.9.2 Number size distribution and average size for ESC

Figure 62 shows the results for the size measurements for the ESC for high and low-emission
set-up. The NSD, mean and median represent the weighted average over the ESC. All
instruments measure the particles in the same size range as for the ETC. DMS (C03) detects
more nucleates for both emission levels for this test cycle. No data from LIS2A (C05) were
available for the low-emission set-up.
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Figure 62: Number Size Distribution (NSD) / ESC high/low-emission
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9.1.9.3 Number size distribution and average size for single modes

Figure 63 plots the number size distributions, mean and median as measured by the
instruments during a high-load mode (C75) and a low-load mode (B25) of the engine. The
results of the other single modes are shown in the appendix. The diagrams include data from
the two mobility particle sizers (R13, R21). In general, good agreement between the
instruments is observed with the exception of the optical instruments (R12, R18). It is notable
that the DMS (C03) measures a significantly smaller width of the distributions than the other
instruments. The seq. SMPS+C (R13) is the only instrument that shows a large particle mode
at about 250 nm. This is in all probability an artefact originated by the instrument. For the full
trap set-up single mode B25, the concentration is very low, resulting in wide scatter,
especially for the DMS (CO03). As already noted for the ETC and ESC, the ELPI (R22)
measures fairly high concentrations with its filter stage for the high-emission set-up.
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9.2 CAST measurements

Using the aerosol generator CAST, tests were performed to obtain measurement data
independent of the engine. The focus of the CAST measurement was to gather information on
the linearity and detection limit of the instruments.

The following methods did not successfully participate in the CAST measurements for
various reasons: gravimetric filter sampling (C04), MEXA (C06), Coulometry (R11),
DustMonitor (R12), seq. SMPS+C (R13), DPSO-1 (R14), PM-300 (R18), DQL (R23),
AVLA437 (R24).

9.2.1 Calibration of CAST

Before the beginning of the measurement programme at EMPA, the CAST was calibrated
using a scanning mobility particle sizer (SMPS 3934, TSI) at METAS. After the programme,
1.e. 24 days later, the calibration was repeated at METAS. Figure 64 shows the result of the
calibration measurements. All values with the exception of 90% at size A could be repeated
with a drift of less than 10%. The mode of the size distribution showed a drift of about +5 nm
for the particle size B and +2 nm at size A.
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2 0E+05 4 - —®—Calibration CAST @ METAS / before / size A

1 8E+05 ” | Calibration CAST @ METAS / after / size A |

r | =@ Calibration CAST @ METAS / before / size B
1.6E+05 11 o ~atibration CAST @ METAS / after /siva R [~

g Calibration CAST @ METAS / after / size B
1.4E+05 |
1.2E+05 - e
1.0E+05 |
8.0E+04 |
BOEH04 -
4.0E+04 |
2.0E+04 |

0.0E+00 £ L ‘ ‘ ‘ ‘
0% 20% 40% 60% 80% 100%
CAST setting

Number concentration [1/cm3]

Figure 64: Results of the CAST calibration at METAS before and after the
measurement programme at EMPA
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9.2.2 Repeatability during the CAST measurements

Cast measurements were carried out before and after the engine test period.

For each instrument, the deviation between the measurement before (referred to as “before”)
and after the engine test (referred to as “after”) relative to the measurement before were
calculated. Figure 65 shows the deviation for CAST size A and in Figure 66 for CAST size B.
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Figure 65: Relative deviation on CAST measurements before & after the engine
test period / CAST size A
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Figure 66: Relative deviation on CAST measurements before & after the engine
test period / CAST size B
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9.2.3 Noise level of instruments for CAST measurements

In a similar way to the engine tests, the results from the CAST measurements were analysed
to obtain further information about the noise levels of the instruments. The noise-to-mean
ratio was determined according to the definition described in section 8.2. The ratios were
calculated for 10% and 90% concentrations for both CAST size settings (Figure 68 and Figure
69). In addition, a zero-check by setting the CAST at 0% concentration was carried out. This
background test is compared to the measurements at 10% CAST setting in Figure 67.

Table 12 gives absolute values in number and mass measured by selected instruments. Figure
67 to Figure 69 show the noise/mean ratios for the individual instruments. It should be
mentioned that only the instruments LQI1-DC (R15), EDB (R16) and PAS (R17) measured
with their dilution unit upstream of the detection unit. This means that the actual measured
concentration was lower by the dilution factor for these instruments in comparison with the
other instruments. As can be seen from the results, the noise/mean ratios are significantly
lower compared to the engine background measurements. This finding indicates that the
higher noise for the engine test bench results is at least partly caused by the exhaust gas and
dilution system.

CAST setting CPC (R19) PASS (C08)
[1/cm?] [ng/cm?]
conc. level 0% 6.8E-01 4.7E-04
conc. level 10% size B 4 .96E+03 9.25E-03
conc. level 10% size A 1.51E+04 3.88E-04
conc. level 90% size B 5.19E+04 7.51E-02
conc. level 90% size A 1.80E+05 2.98E-03

Table 12: Measured concentration of selected instruments for CAST settings
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Figure 67: Ratio on CAST measurements, Ratio between concentrations measured at
0% CAST setting (i.e. zero-check) and 10% CAST setting
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Figure 68: Noise-to-mean ratio on CAST measurements, concentration setting: 10%
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Figure 69: Noise-to-mean ratio on CAST measurements, concentration setting: 90%
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9.2.4 Linearity

Figure 70 shows the relative concentration measured by the instruments for the size setting A
(mode of NSD at CAST size setting A) and B (mode of NSD at CAST size setting B). These
two size ranges covered two different mass and number ranges. The measurements were
carried out at EMPA before and after the engine test measurements. The data are normalised
to the 90% value for each individual instrument. The range bars indicate the confidence
interval of +/-1 stdv due to the variation within the 10 min measurement period.

Good performance in linearity is generally observed. There are some exceptions: LI2SA
(C05) measured an almost constant concentration for the complete series of size A, for EDB
(R16) the concentrations were too low for A30%, A10% and B10%, LQ1-DC (R15) showed
rather high concentration for A10%.
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Figure 70: Linearity of size A (upper figure) and size B (lower figure) measurements
/ CAST measurements

The slightly higher values of LI2SA (C05) at CAST size B measurements can be explained by
an offset of the instrument. This can also be seen in the correlation between LI2SA and other
instruments (Figure 72).

9.2.5 Correlation between instruments

Figure 71 to Figure 81 show the concentrations measured by the individual instruments for
the CAST measurements. For each instrument the results are correlated to three selected
instruments, which are the CPC 3022A (TSI) operated by METAS, the LI2SA (C05) and
coulometry (R11). Note that the measurements were not carried out simultaneously in most
cases.
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The filter sampling from the CAST for the coulometric analysis was carried out the day after
the official measurements were finished. In order to achieve sufficient loading on the filters,
only the 90% settings could be run and the duration of the single sampling was up to 2 hours.
At least three runs per size setting were performed to quantify the measurement uncertainty,
which is indicated by the range bars (+/- 1 stdv).

Some additional comments on the correlation are made in note form for each instrument in
the corresponding figure.
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Figure 71: Correlation between C03 and selected instruments / CAST measurements
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Figure 72: Correlation between CO05 and selected instruments / CAST measurements
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Figure 73: Correlation between CO8 and selected instruments / CAST measurements
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Figure 74: Correlation between R10 and selected instruments / CAST measurements
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Figure 76: Correlation between R16 and selected instruments / CAST measurements
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Figure 77: Correlation between R17 and selected instruments / CAST measurements
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Figure 78: Correlation between R19 and selected instruments / CAST measurements
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9.2.6 Size information

Two size settings were investigated with the CAST aerosol generator. Figure 82 plots the
modes of the NSD’s as measured by METAS in their laboratories before and after the
measurement programme at EMPA. A scanning mobility particle sizer (SMPS 3934-C, TSI)
was used for this calibration.
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Figure 82: Mode of NSD of the CAST measurements before and after EMPA
measurement programme / measured by METAS

Figure 83 to Figure 88 show the results of the particle size measurements of the individual
instruments with the CAST. The purpose of the graphs is to show the stability of the
measurements for the individual instruments. The absolute values cannot be compared
between the instruments due to the fact that different measuring principles are applied.
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Figure 83: Mode of NSD as measured by DMS (C03) on the CAST measurements
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Figure 84: Mean of primary particles as measured by LI2SA (C05) on the CAST
measurements
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Figure 85: Median of active surface distribution for the CAST measurements as
measured by MasMo (R10)
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Figure 86: Mode of NSD for the CAST measurements as measured by EDB (R16)
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Figure 87: Mode of NSD for the CAST measurements as measured by SMPS (R21)
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Figure 88: Mode of NSD for the CAST measurements as measured by ELPI (R22)
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10 Discussion

At the time of completion of this report, there was as yet no detailed catalogue of criteria in

existence within PMP for the assessment of the candidate systems. This fact affected the

present experimental study in the following ways:

* The participating systems could not be optimised for this catalogue of criteria that will be
defined in a later phase of PMP.

* The manufacturers applied their own individual strategy for their measurement set-up
with the consequence of reduced comparability between the candidate systems.

* A clear assessment and ranking of the systems for the suitability for future legislation was
not possible owing to the missing criteria.

Complete measurement systems were investigated in this study, consisting of sampling and

a detection unit. Some of the instruments took their sample from the exhaust gas line, others

from the primary full-flow CVS tunnel and a third group took it from the secondary dilution

tunnel. The use of different sampling systems has to be taken into account by comparing the

instruments only to each other.

In order to generate emission values (e.g. in units per kWh), the particle concentrations

measured from raw gas exhaust line has to be multiplied by the time-synchronised exhaust

gas flow that is measured separately. The separate procedure of exhaust flow measurement

has not been taken into account for the assessment of the candidate systems as it is a general

requirement for all applications of raw gas measurements.

For the assessment of the candidate systems, the following criteria were investigated in this
study:

®,

¢ Robustness
» suitability for type approval tests

7/

*» Repeatability

> transient tests

» steady-state tests
+» Time response

» capability to follow a transient cycle

» response on step changes in engine operation
¢ Linearity

s Sensitivity
> Ratio between two emission levels
% Detection limit

» Variation of several low concentration measurements
» Noise-to-signal ratio

X/
£ %4

Plausibility of absolute values
> Correlation between instruments

Further aspects for the assessment were considered but were not investigated in this study

+» Ease of calibration
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> link to traceable references

Criteria that were not considered due to lack of data but should be considered in future studies

o,

¢ Reproducibility
» accuracy and precision (determined by measurement with different instruments of the
same model for the same emission source)

% Response to variation in particle properties

» composition of particles (soot, adsorbates, etc.)
» morphology, density

% Response to variation in sampling conditions
» temperature, humidity, pressure conditions, residence times, flow rates

% Concentration range
» defines the demands on the dilution system

DMS (C03)

Robustness

The version of DMS that was tested at EMPA was a prototype. The instrument was still being
optimised during the measurement programme with the result that some measurements were
skipped. No fundamental problems in robustness were identified that would restrict use for
type approval tests.

Repeatability

The conditioning of the sample for the DMS was not optimised as no additional dilution or
thermal treatment was used downstream of the sampling from the primary CVS tunnel. As a
consequence, the DMS measures significantly volatile particles more often and in a much
higher concentration during the test runs compared to other measurement systems. The
presence of nuclei particles had a detrimental effect on the repeatability of the results, mainly
for the low post-trap set-up (i.e. low-emission configuration). In the few cases without
nucleation, the DMS showed a COV in the range of 15% or better.

Response time

The response time (tso.10) of the DMS to well-defined concentration changes was observed to
be fast, within a few seconds. The tgo.19 times showed slightly higher values in the range of 10
to 20 s, probably due to the non-stable contribution of volatile particles. The DMS was able to
follow a transient test cycle and to detect individual peaks in particle concentration due to
brief load peaks during the transient ETC.

Limit of detection (LOD)

The LOD of the DMS shows a rather high value caused by nucleation effects, resulting in a
very low (about 15) ratio between ETC high-emission and LOD.

The LOD is larger than the concentration measured at ETC low-emission level. No
proposition was therefore possible for the ETC low-emission configuration (post-trap).
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Sensitivity

The results are affected by the frequently detected nucleation particles (very high LOD).

The use of an modified sampling system in order to get rid of the nucleation phenomena will
greatly improve the sensitivity of the instrument.

Linearity
The DMS showed flawless performance in linearity during the CAST tests.

Comparison with other instruments

The frequent detection of nucleation particles again made it difficult to interpret the absolute
values. Owing to this effect, the DMS measured significantly higher number concentrations
than the other number-based instruments in most cases. But significant discrepancy is also
observed for the CAST measurements between the absolute values measured by CPC
(METAS) and those measured by the DMS, which cannot be explained by nucleation.
Nevertheless, a rather close correlation between DMS and the CPC (R19) was observed
(R?=0.89) for the engine data when modes with obviously strong nucleation were excluded.

Calibration

The calibration procedure of absolute number concentration by a traceable standard is not yet
fixed. The calibration of size can be carried out by means of standard reference particles
(latex, gold).

Summary

The tested DMS was a prototype, and it is assumed that further development will improve the
performance. The DMS provides time-resolved and size-discriminated data that most
probably exceed the requirements for a future type approval test procedure. The benefit of the
number-based instrument is the very high sensitivity and the ability to distinguish between
different modes of particles by the size information.

The results obtained by the DMS were greatly affected by the detection of nucleation particles
due to non-heated sampling. For this reason, the true performance of the DMS could not be
evaluated. However, discrepancies in number concentration were also observed for the CAST
measured where no nucleation took place.

Gravimetric filter method (C04)

Robustness

The application as the regulated method for type approval tests for more than twenty years
proves the robustness of the gravimetric filter method. No detrimental effects was observed
due to the adoption of some specifications of US 2007 Federal Register.

Repeatability

Good repeatability was observed for all test measurements. The COVs of the measurement
results were found to be within 10% for the high-emission configuration and 20% for the
post-trap (low-emission) configuration.
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Response time
The method does not provide time-resolved results.

Limit of detection (LOD)

The LOD was found to be about 60% of the measured ETC low-emission concentration.
The concentration for the ETC high-emission (about 60% of Euro 4) was about 11 times
higher than the LOD.

Sensitivity

The gravimetric filter method showed comparatively small differences in concentration
between the two investigated emission levels configuration with and without bypass. For all
test cycles, the ratio between high (60% of Euro 4) and low-emission (post-trap) configuration
was below 10.

The concentrations for the background and post-trap were measured in the same range as for
most instruments.

Linearity

No tests for linearity were carried out with CAST due to the high flow rates required for the
filter methods.

Comparison with other instruments

Rather poor correlation to other measurement systems was generally observed. For the single-
mode B100, significantly higher concentrations were found in comparison with other
instruments probably due to condensed material. Almost perfect correlation was found to the
MEXA 1370 PM (C06) (R? = 0.96). The regression factor (R?) for the correlation to the other
instruments did not exceed 0.56.

Calibration

A calibration procedure is established for the regulated gravimetric filter method which is
based on reference weights.

Summary

The gravimetric filter method as applied in this study is based on EU Directive 1999/96/EC.
However some specifications of the US 2007 Federal Register were adopted. The main
modifications affected the use of a pre-cyclone and filter holders for filters of 47 mm
diameter, filters of different quality, the thermal insulation of the sampling system and the
conditioning of the dilution air.

The gravimetric filter method performed very well in the repeatability tests. The relatively
low sensitivity compared to number/surface-based systems has to be assessed less favourably.
The poor correlation to most of the other instruments is probably due to the volatile fraction.
Whereas most instrument detect only solid particles, the particle mass collected on the filter
also includes volatile material due to the sampling conditions.
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LI2SA (C05)

Robustness

Although the LI2SA is a fairly new measurement instrument, it gave the impression of being
very robust during the measurement programme.

Repeatability

Very good repeatability was observed for most test cycles. The COVs of the measurement
results were found to be within 4% for the high-emission configuration (60% Euro 4) and 8%
for the post-trap (low-emission) configuration of the transient ETC. A higher variation up to
30% was only found for some single modes at the low-emission level..

Response time

The response of the LI2SA to concentration changes were observed to be fast and stable
within a few seconds (tg.10 < 4 s). The LI2SA was able to detect individual peaks in particle
concentration during the transient ETC test cycle due to brief load peaks.

Limit of detection (LOD)

The LOD was found to be about 22% of the measured ETC low-emission concentration.
The concentration for the ETC high-emission was about 45 times above the LOD.

Sensitivity

The LI2SA showed comparatively low differences in concentration between the two
investigated emission levels with and without bypass. The ratio between high (60% Euro 4)
and low-emission (post-trap) configuration did not exceed 15 for any test cycle.

The concentration for the background and post-trap were measured in the same range as for
most instruments.

At the CAST measurements the LI2SA showed insufficient sensitivity for the low-mass
settings.

Linearity

During the CAST tests, the LI2SA showed a flawless performance in linearity for the larger
size setting (CAST size B). For the size setting (CAST size A), LI2SA did not show any
response at all, as the mass concentrations of these samples with smaller particles were too
low according to the specification of the instrument (see Appendix).

Comparison with other instruments

Good agreement to other mass-based methods was generally observed for the high-emission
configuration. Very good correlation was found to EC mass-based instruments (CO6E: R* =
0.97, C08: R* = 0.99) and to the MasMo (R10: R* = 0.99). Moreover, the LI2SA showed good
correlation to the CPC 3022A (R19) (R2 = 0.96). For the high-emission configuration, the
agreement of the absolute values was within 12% of the EC values measured by coulometry
(RI1E) and 25% for PASS (C08). Significantly higher concentration compared to coulometry
(RI11E) and MEXA (CO6E) were measured for the post-trap configuration. Poor performance
was observed in the CAST measurements at CAST size setting A (lower mode of the number
size distribution). Here, the LI2SA did not show any response, in contrast to most other
instruments.

M. Mohr, U. Lehmann, 13.05.03 95/156 Report-No.: 202779



GRPE Particle Measurement Programme (PMP) EMPA ‘( ;’
s

Comparison Study of Particle Measurement Systems

Calibration

The LI2SA can be calibrated for EC mass by the coulometric reference method.
With regard to the primary particle size, no calibration method is as yet available to the
authors’ knowledge.

Summary

The LI2SA provides time-resolved real mass data including information on the mean size of
the primary particles. The instrument performed very well in relation to repeatability and
showed good correlation to other instruments. However, the sensitivity is low in comparison
with number-based instruments and was not sufficient for some very low concentration
settings. It should be mentioned that the LI2SA is able to measure from the raw gas line,
which would have increased the sensitivity by the dilution factor. According to the
manufacturer, the sensitivity has been improved in the latest version of the instrument.

MEXA 1370 PM (C06)

Robustness

The filter sampling and its analysis by the instrument were found not to pose any problems
during the measurement programme.

Repeatability

Good repeatability was observed for all test measurements. For the ETC, the COV of the
measurement results was found to be within 2% for the high-emission configuration (60%
Euro 4) and 6% for the post-trap (low-emission) configuration. For the steady-state tests a
higher COV of up to 20% was observed for both configurations. Looking at all cycles
performed at high-emission level, the COV values of EC tend to have higher values.

Response time
This method does not supply time-resolved results.

Limit of detection (LOD)

The LOD was found to be about 20% of the measured ETC low-emission concentration.
The concentration for the ETC high-emission (about 60% of Euro 4) was about 31 times
higher than the LOD.

Sensitivity

The MEXA 1370 PM showed comparatively small differences in total mass between the two
investigated emission levels with and without bypass. For all test cycles, the ratio between
high (60% Euro 4) and low-emission (post-trap) configuration was below 10. Higher ratios of
between 13 and 70 were determined by looking only at the EC fraction. For both, total mass
and EC mass, the values were measured in the same range for the background and post-trap as
for most instruments.

Linearity

No tests for linearity were carried out by CAST due to the high flow rates required for the
filter methods.
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Comparison with other instruments

The MEXA showed almost perfect agreement to the gravimetric filter method (C04). The
deviation of the slope of regression line was within 1% with R* = 0.96. This is also a result of
the identical sampling procedure applied for both filters. With regard to correlation to other
instruments, a good result was found for the EC mass (RI11E: R” = 0.94, C05: R? = 0.97).
However, the MEXA detected about 60% of the EC mass measured by coulometry.

Calibration
The instrument is calibrated by CO, and SO, calibration gas.

Summary

The MEXA 1370 PM is a filter-based method where weighing is replaced by gas analysis
after vaporisation. The method performed very well in the repeatability tests. The very good
agreement compared to the gravimetric filter method (C04) was due to the identical sampling
procedure.

The MEXA shows low sensitivity similar to the gravimetric filter method (C04) and most
other mass-based instruments in comparison with the number-, length-, surface-based
instruments. Because the method is able to distinguish between different species of particles,
the sensitivity can be improved by taking only the EC mass into account for the
quantification.

TEOM (C07)

The TEOM participated in the measurement programme, but EMPA has never received any
measurement results for further data evaluation. For this reason, no assessment of the
instrument is possible.

PASS (C08)

Robustness

The PASS tested at EMPA was a prototype, but proved to be very robust during the
measurement programme.

Repeatability

A very good repeatability was observed for most test cycles. The COVs of the measurement
results were found to be within 2% for the high-emission configuration (60% Euro 4) and
13% for the post-trap configuration of the transient ETC. A higher variation of up to 32% was
only found for some single modes at the low-emission level.

Response time

The response of the PASS to a defined concentration changes was found to be fast and stable
within a few seconds (tg.10 < 4 s). The PASS was able to follow a transient test cycle and to
detect individual peaks in particle concentration due to brief load peaks during the transient
ETC.
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Limit of detection (LOD)

The LOD was found to be about 40% of the measured ETC low-emission concentration. The
concentration for the ETC high-emission (about 60% of Euro 4) was about 74 times higher
than the LOD.

The PASS showed fairly high noise-to-signal values for the CAST measurements.

Sensitivity

The PASS showed comparatively small differences in the ratios between high (60% Euro 4)
and low-emission (post-trap) configuration. Ratios between 8 and 41 were determined for the
different test cycles (ETC: 28). These results are significantly lower than for most number
/length/surface-based instruments.

Linearity

During the CAST tests the PASS showed flawless performance in linearity for both size
settings studied.

Comparison with other instruments

Good agreement with other mass-based methods was generally observed for the high-
emission configuration. Very good correlation was found to EC mass-based instruments
(CO6E: R* = 0.95, C05: R* = 0.99). Moreover, the PASS showed good correlation with the
CPC (R19) (R2 = 0.94). Looking at the high-emission level, the agreement of the absolute
values compared to the EC values measured by the coulometry is within 37%, and agreement
in comparison with LI2SA (C05) is about 25%. Significantly higher concentrations compared
with coulometry (R11E) and MEXA (CO6E) were measured for the post-trap configuration.

Calibration

The PASS can be calibrated for EC mass by comparison with the coulometric reference
method.

Summary

The PASS provides time-resolved real mass data. The instrument performed very well in
repeatability and showed good correlation with other instruments. However, the sensitivity is
low in comparison with number-based instruments. Some discrepancy in absolute values was
found for very low concentration compared to EC values. Although the PASS tested at EMPA
was a prototype, the instrument showed convincing performance.

MasMo (R10)

Robustness

Although the MasMo is a fairly new measurement instrument, it proved to be very robust
during the measurement programme.

Repeatability

Good repeatability was observed for most test cycles. The COV of the measurement results
was found to be within 8% for the high-emission configuration (60% Euro 4) and 24% for the
post-trap (low-emission) configuration of the transient ETC. Only for some single modes at
the low-emission level was a higher variation of up to 52%.
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Response time

The response to a defined concentration change was observed to be fast and stable within a
few seconds (tgo-10 < 8 s). The MasMo was able to follow a transient test cycle and to detect
individual peaks in particle concentration due to brief load peaks during the transient ETC.

Limit of detection (LOD)

The LOD was found to be about 72% of the measured ETC low-emission concentration.

The concentration for the ETC high-emission (about 60% of Euro 4) was about 715 times
higher than the LOD, which is somewhat high for a mass-based instrument.

The MasMo showed a rather low noise-to-signal value within single CAST measurements.

Sensitivity

Relatively high differences between high (60% Euro 4) and low-emission (post-trap)
configuration were measured by the MasMo. Ratios between 25 and 3000 were determined
for the different test cycles (ETC: 520). The MasMo showed high sensitivity in comparison
with other mass-based instruments.

In contrast to most other instruments, the MasMo measured a significantly higher mass
concentration for the background than for the post-trap configuration.

Linearity
The CAST tests exhibited flawless performance in linearity for the MasMo.

Comparison with other instruments

Good agreement with other mass-based methods was generally observed for the high-
emission configuration. Very good correlation was found to EC mass based instruments
(COGE: R* = 0.95, C05: R* = 0.99). The agreement of the absolute values was within 37%
compared to the EC values measured by the coulometry (R11E) and 25% in correlation to the
LI2SA (CO05).

The MasMo also benefited from the use of a heated sampling line and the heated dilution unit.

Calibration

A calibration by a traceable standard would be a problem as the mass is calculated from a
surface-related size distribution. The calibration of absolute surface area concentration by a
traceable standard has not yet been solved.

Summary

The MasMo provides time-resolved mass concentrations including some size information.
The mass and size information is calculated using size distribution for the active surface and
the particle density. The reliability of the median active surface area diameter was not
investigated in this study. The mass median diameter will be calculated in the updated
software version.

The instrument performed very well in repeatability and showed good correlation with other
instruments for mass concentration. The sensitivity was found to be high in comparison with
other mass-calibrated instruments. Although the MasMo is a very new measurement
technique, the instrument showed convincing performance. As the algorithms assume a
monomodal symmetric distribution of the measured aerosol, more experience has to be gained
with aerosols that do not fulfil this condition, e.g. aecrosol downstream of a trap, bimodality by
additives.
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Coulometry (R11)

Filter sampling using the partial flow system AVL Smart Sampler was found to operate
without any problems during the measurement programme.

Repeatability

In view of the fact that the coulometry is a reference method, the results for the repeatability
were not very satisfactory. The COV of the EC+OC mass was found to be within 19% (EC:
23%) for the high-emission configuration (60% Euro 4) and 41% (EC: >700%) for the post-
trap configuration of the transient ETC. For some single modes higher variation up to 180%
was found for the low-emission configuration. The high variation for the EC mass at the
close-to-zero level indicates offset instability of the instrument.

Response time
The method does not provide time-resolved information.

Limit of detection (LOD)

For both, EC+OC and EC, the LOD was found to be about 120% of the measured ETC low-
emission concentration. The concentration for the ETC high-emission (about 60% of Euro 4)
was about 6.6 times higher than the LOD.

For the EC measurements (R11E), the ratio between ETC low-emission and LOD is about
0.04, while the ratio between ETC high-emission and LOD is about 11.

Sensitivity

The coulometry showed comparatively low differences in concentration between the ratio
between high (60% Euro 4) and low-emission (post-trap) configuration for EC+OC. Ratios
between 4 and 60 were determined for the different test cycles (ETC: 8). EC alone revealed a
significantly higher sensitivity. The values for the ratios between high and low were found to
be between 7 and 260 (ETC: 260). Only slightly lower sensitivity was consequently
determined for EC mass measured by coulometry than for the number/length/surface-based
instruments.

Significantly higher EC+OC and EC mass concentration was measured for the background
than for the post-trap configuration.

Linearity

No tests for linearity were carried out with CAST due to the high flow rates required for the
filter methods.

Comparison with other instruments

Acceptable agreement to other mass-based methods was generally observed for the high-
emission configuration. For the ETC post-trap measurements, the absolute PM values
measured by the coulometry, by the gravimetric filter sampling (C04) and by the MEXA 1370
(C06) showed less than 10% variation in total mass. Better correlation with other instruments
was found for the EC mass fraction (CO6E: R%= 0.94, CO05: R’ = 0.95, R?= 0.95, R10: R%=
0.94, R19: R* = 0.95) than for OC+EC (C04: R* = 0.51). The agreement of the absolute EC
concentrations was within about +40% to the PASS (C08), LI2SA (C05) and MEXA (CO6E).
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Calibration
Coulometry is a reference method for the quantification of elemental carbon (EC).

Summary

Coulometry provides real mass concentrations for elemental carbon (EC) and organic bound
carbon (OC). Due to the sampling, no time-resolved data is obtained. The principle is widely
used for the regulation of EC exposure at workplaces in many countries. The measurements
carried out in this study did not show very good repeatability, but good correlation of the EC
concentration with many other instruments. However, the sensitivity is low compared to
number-based instruments.

Dust Monitor (R12)

As the instrument took part in a very limited number of measurements, only a very reduced
assessment of the system is possible.

Robustness
The number of measurements was too low for an assessment to be made.

Repeatability

The very limited number of measurements available for the instrument did not allow an
evaluation of repeatability to be made.

Response time

For the DustMonitor, the characteristic times (response values) could not be determined as the
instrument responded to load changes during the SCT in the opposite way . The DustMonitor
was able to follow the transient ETC but it is questionable whether the signal was related to
the particle emission.

Limit of detection (LOD)

The LOD could not be determined because the instrument did not measure at engine low-
emission level.

The DustMonitor showed a rather high noise-to-signal value within single measurements for
the engine background.

Sensitivity
No findings about the sensitivity of the DustMonitor could be obtained as the instrument did
not participate in the measurements with the post-trap (low-emission) configuration.

Linearity
No measurements with the CAST were carried out for linearity tests.

Comparison with other instruments

The DustMonitor showed a concentration about three orders of magnitude lower than other
number-based instruments.
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Calibration

Calibration of absolute number concentration by a traceable standard has not yet been solved.
The calibration of size can be carried out using standard reference particles (latex, gold).

Summary

The DustMonitor is based on a light scattering method and provides time-resolved particle
number concentrations. In this study, the instrument measured much far low particle
concentrations in comparison with other instruments. Due to the principle of measurement,
the instrument is focused on the detection of particles in a far higher size range than the
typical emissions level of a modern diesel engine. This version of the DustMonitor proved not
to be suitable for future type approval purposes.

Seq. SMPS+C/UPC (Ultrafine Particle Counter) (R13)

As the instrument took part in a very limited number of measurements, only a very reduced
assessment of the system is possible.

Robustness
The number of measurements was too low for an assessment to be made.

Repeatability

The very limited number of measurements available for the instrument did not allow an
evaluation of repeatability to be made.

Response time

A measurement with the seq. SMPS+C requires a stable aerosol for a few minutes. For this
reason SMPS+C is not able to perform transient measurements, and a stand-alone CPC was
therefore used for these tests. The UPC showed fairly long response times (too-10> 15 s, tig-90>
60 s). The long response times are probably caused by the low flow rate through the UPC
and/or by the non-stable contribution of volatile particles. The UPC was able to follow a
transient test cycle and to detect individual peaks in particle concentration due to brief load
peaks during the transient ETC.

Limit of detection (LOD)

The LOD could not be determined because the instrument did not measure at low engine
emission level.

Sensitivity
No findings on the sensitivity of the seq. SMPS+C could be obtained as the instrument did not
take part in the measurements with the post-trap (low-emission) configuration.

Linearity
No measurements with the CAST were carried out for linearity tests.
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Comparison with other instruments

Only a few measurements were available for the comparison with other instruments. With the
reservation that different dilution systems were used, the comparison of the SMPS+C (R13) to
the SMPS3936-L10 (R21) revealed significant discrepancies in number concentrations up to a
factor of 2. A deviation of up to 35% was observed for the stand-alone CPCs. For both set-ups
the Grimm instrument (R13) measured the lower concentration.

Calibration

Calibration of absolute number concentration by a traceable standard has not yet been solved.
The calibration of size can be carried out using standard reference particles (latex, gold).

Summary

The SMPS+C provides detailed number size distributions. The advantage of particle size
information is offset by the inability to follow a transient test cycle, as constant particle
emission for several minutes is needed for the measurement. Due to the very short period of
participation in the programme, performance could not be properly evaluated. The few results
obtained by the SMPS+C indicated a significant discrepancy in concentration compared with
other number-based instruments. A stand-alone CPC was able to measure transient cycles
with high sensitivity, but any size information became lost. As the CPC is very susceptible to
nucleation particles, the removal of such particles (e.g. by a thermodesorber) is highly
recommended for repeatable results to be obtained.

DPSO-1 (R14)

Robustness
The instrument proved to operate very robustly during the measurement programme.

Repeatability

Due to the strong NO, sensitivity, only the data measured at the high-emission level could be
evaluated. The DPSO-1 showed poor repeatability for the ETC cycles (COV = 144%) and for
the single modes, repeatability being in the range of 40%. However, it is not known to what
extent these results are also affected by the NO, concentration.

Response time

Characteristic times (response values) could not be determined for the DPSO-1 because the
instrument showed opposite behaviour in relation to load changes during the SCT compared
to other instruments. The DPSO-1 was able to follow the transient ETC, but it is questionable
whether the signal was related to the particle emission.

Limit of detection (LOD)

Due to the strong NO, interference, it was not possible to determine a limit of detection for
particle measurement.

Sensitivity
The sensitivity of the instrument was too low and the NO, interference was too high for
reliable measurements at low-emission level.
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Linearity

The particle concentration provided by the CAST was too low for linearity tests with the
DPSO-1.

Comparison with other instruments

It was difficult to relate the interpretation of the results to particle concentration because of
the strong NO, interference of the instrument. It was therefore not possible to make a
comparison of absolute values. Poor correlation with other instruments was generally found.

Calibration

The DPSO-1 is calibrated for the extinction coefficient by zero & span check. There is no
generally valid relationship between k-value and particle mass.

Summary

The DPSO-1 is an opacimeter that uses sensors at three different wavelengths. Although the
multiple sensors allow the interference of NO, to be reduced, the instrument had serious
problems in measuring reliable particle concentrations in this study.

The cross-sensitivity of NO, was dominant, especially at low-emission level. This version of
the DPSO-1 was found not to be suitable for future type approval purposes.

LOI-DC (R15)

Robustness
This instrument was found to operate very robustly during the measurement programme.

Repeatability

Good repeatability was observed for most test cycles. The COV of the measurement results
was found to be within 7% for the high-emission configuration (60% Euro 4) and 34% for the
post-trap configuration of the transient ETC. Higher variation up to 56% was only observed
for some single modes for the low-emission configuration.

Response time

The response time (tso.10) of the LQ1-DC to well-defined concentration changes was observed
to be fast, within a few seconds. The too.19 times showed slightly higher values in the range of
15 to 20 s, probably due to the non-stable contribution of volatile particles. The LQ1-DC was
able to follow a transient test cycle and to detect individual peaks in particle concentration
due to short load pulses during the transient ETC being limited.

Limit of detection (LOD)

The LOD was found to be in the same range as the measured ETC low-emission
concentration. The concentration for the ETC high-emission (about 60% of Euro 4) was about
430 times higher than the LOD.

The LQ1-DC showed fairly low noise-to-signal values within single measurements on CAST
measurements.
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Sensitivity

The LQ1-DC showed comparatively large differences in the ratio between high (60% Euro 4)
and low-emission (post-trap) configurations. Ratios between 19 and 1300 were determined for
the different test cycles (ETC: 440). The results demonstrate high sensitivity.

The concentration for the background and post-trap were measured in the same range as for
most instruments.

Linearity
The tests with the CAST tests revealed flawless performance in linearity for the LQ1-DC for
both investigated size settings.

Comparison with other instruments

The absolute values measured by the LQ1-DC could not be compared to other instruments as
the LQ1-DC is the only instrument calibrated on active surface area. However, a cross-check
by the transfer to number, applying very simple assumptions gave reasonable results. Very
good correlation was obtained to some number (R19: R* = 0.99) and mass-based instruments
(C05: R* 0.99, R11E: R* = 0.97). The correlation to the EAD (R20), which is based on the
same principle of diffusion charging, showed a correlation with R* = 0.98.

Calibration
The calibration of absolute surface concentration by a traceable standard is not yet available.

Summary

The LQI1-DC is based on diffusion charging and provides time-resolved data on an integral
surface area. The instrument performed very well in repeatability and showed very good
correlation to most other instruments. The sensitivity of the instrument is very high. The
measurement is susceptible to nucleation particles, but less pronounced than number-based
methods. Nevertheless, the removal of volatile particles (e.g. by thermal treatment) is highly
recommended in order to obtain more repeatable results. The rotating disc dilution unit
(heated to T = 393 K), as used for the LQ1-DC (and R16, R17, R12, R13), gave no indication
of significant interference by volatile particles. Calibration is found to be very difficult as the
integral active surface area has to be calculated by means of the number concentration of a
monodisperse aerosol.

EDB (R16)

Robustness

The EDB tested at EMPA was a prototype but proved to be very robust during the
measurement programme.

Repeatability

A very good repeatability was observed for most test cycles. The COV of the measurement
results were found to be within 2% for the high-emission configuration (60% Euro 4) and
within 10% for the post-trap configuration of the transient ETC cycle. A higher variation of
up to 70% was only observed for some single modes at the low-emission level.
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Response time

The response time of the EDB to defined concentration changes was observed to be fast and
stable within a few seconds (tgo.10 < 3 s). The EDB was able to follow a transient test cycle.
The detection of individual peaks in particle concentration due to short load pulse during the
transient ETC cycle was limited.

Limit of detection (LOD)

The LOD was found to be about 30% of the measured ETC low-emission concentration. The
concentration for the ETC high-emission (about 60% of Euro 4) was about 560 times higher
than the LOD. The EDB was not able to measure the engine background concentration.

Sensitivity
The EDB showed only moderate ratios between the high (60% Euro 4) and low-emission

(post-trap) configurations. Ratios between 15 and 650 were determined for the different test
cycles (ETC: 165).

Linearity
The tests with the CAST showed moderate linearity performance for the EDB for both

investigated size settings. It should be noted that the concentration of the test aerosol was
lower by a factor 15 than most other instruments because of using an additional dilution unit.

Comparison with other instruments

The EAD showed agreement in total number with the CPC (R19) and the ELPI (R22) within
20% for the ETC high-emission configuration. For the post-trap configuration, the measured
concentration was about 10 times higher than with other instruments. Very good correlation
was obtained to the CPC (R19: R* = 0.99) and mass-based instruments (R11E: R* = 0.97).

Calibration

Calibration of absolute number concentration by a traceable standard has not yet been solved.
The calibration of size can be carried out using standard reference particles (latex, gold).

Summary

The EDB provides time-resolved real number concentrations, including some size
information. The instrument performed very well in repeatability and showed good
correlation to other instruments for the high-emission configuration (about 60% of Euro 4).
Measurements at post-trap emission level showed wide discrepancies in number
concentrations and lack of sensitivity for this early-stage prototype instrument. It is expected
that further development will overcome these shortcomings. As the algorithms assume a
monomodal lognormal distribution of the measured aerosol, more experience has to be gained
on aerosols that do not fulfil this condition, e.g. post-trap aerosols. The calibration for number
concentration is found to be difficult as the instrument applies size-dependent diffusion
charging and the size channels of the diffusion battery are very wide..
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PAS (R17)

Robustness

The instrument was found to operate without any problems during the measurement
programme.

Repeatability

Very good repeatability was observed for many test cycles. The COV of the measurement
results was found to be within 5% for the high-emission configuration (60% Euro 4) and 10%
for the post-trap (low-emission) configuration of the transient ETC cycle. The variation was
observed to be larger than 50% for the low-emission configuration for all single modes.

Response time

The response time of the PAS to well-defined concentration changes was observed to be fast
and stable within a few seconds (tgp.10 < 7 s). The PAS was able follow a transient test cycle.
Detection of individual peaks in particle concentration was limited due to short load peaks
during the transient ETC.

Limit of detection (LOD)
The LOD was found to be about 30% of the measured ETC low-emission concentration.

The concentration for the ETC high-emission (about 60% of Euro 4) was about 4400 times
higher than the LOD.

Sensitivity

The PAS showed comparatively small differences in concentration between high (60% Euro
4) and low-emission (post-trap) configurations. Ratios between 15 and 1440 were determined
for the different test cycles (ETC: 1440). The results demonstrate good sensitivity of the
instrument.

The concentrations for the background and post-trap were measured in the same range as for
most instruments.

Linearity

The tests with the CAST revealed flawless performance in linearity of the PAS for both
investigated size settings.

Comparison with other instruments

The PAS showed very poor agreement in the absolute values compared to other instruments.
For the ETC high-emission configuration, the measured EC mass concentration exceeded by a
factor 3 to 5. According to the manufacturer, the instrument was not correctly calibrated. Very
good correlation was observed to the CPC (R19: R? = 0.97) and coulometry (R11E: R? =
0.95).

Calibration

In principle, the PAS can be calibrated for EC mass by comparison to the coulometric
reference method.

Summary

The measurement principle of PAS is based on the photoelectric charging of the particles. The
instrument provides time-resolved data calibrated on EC mass concentration. A large
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discrepancy in the absolute values with other instruments was observed, giving an indication
of poor calibration of the instrument. The instrument performed very well in repeatability and
showed good correlation to other instruments. Generally applicable mass calibration is found
to be very difficult as charging is highly sensitive to the properties and is related to the surface
area. This means that changes in size distribution, morphology or slight adsorption processes
can significantly affect the result. From our point of view, these major difficulties
significantly restrict the suitability of the method for type approval applications.

PM-300 (R18)

Robustness

The PM-300 operated stably during most of the project, but some measurements had to be
skipped due to problems with a mass flow controller for the dilution unit.

Repeatability

For the transient test cycle ETC, good repeatability with a COV of 8% was observed for the
high-emission configuration (60% Euro 4). For the post-trap configuration, a COV of 40%
was measured. The absolute concentration for the steady-state tests were exceptionally low
compared to other instruments, so there was no point in evaluating repeatability.

Response time

For the PM-300 the characteristic time response values could not be determined as the
instrument reacted to load changes during the SCT in the opposite way. The PM-300 was able
to follow a transient test cycle and to detect individual peaks in particle concentration due to
short load pulses during the transient ETC.

Limit of detection (LOD)
The LOD could not be evaluated for the PM-300 due to inconsistent results.

Sensitivity
With reservation for inconsistency, the PM-300 showed comparatively moderate differences

in concentration between high (60% Euro 4) and low-emission (post-trap) configurations.
Ratios between 40 and 400 were determined for the different test cycles (ETC: 40).

Linearity

The particle concentration provided by the CAST was too low for the linearity check of the
PM-300.

Comparison with other instruments

The concentrations measured for the different cycles by the PM-300 are not consistent in
comparison with all other instruments. The concentrations of the transient cycles ETC and the
SCT were measured as about four orders of magnitude higher compared to the steady-state-
cycles SM and ESC. This is in clear contrast to all other instruments, which measured the
concentration of SM and ETC in the same range. This inconsistency is observed for the high
and low-emission configurations. Concerning the ETC, the values for the absolute
concentration are in the same range as for most other number-calibrated instruments. But the
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reliability of these results is questionable in view of the very low concentrations as measured
for the steady-state tests.

Calibration

Calibration of absolute number concentration by a traceable standard has not yet been solved.
The calibration of size can be carried out using standard reference particles (latex, gold).

Summary

The PM-300 is based on the light-scattering method and provides time-resolved particle
number concentrations. Inconsistent results were obtained in this study.

The particle concentrations of the steady-state test measured by this instrument were far too
low compared to other instruments. Due to the principle of measurement the instruments are
focused on the detection of particles in a size range that is higher than the typical emissions
from diesel engines. From our point of view, the PM-300 has little potential for future type
approval application.

CPC 30224 (R19)

Robustness

The instrument was found to operate without any problems during the measurement
programme.

Repeatability

The CPC showed very good repeatability for all tests in the high-emission configuration (60%
Euro 4) (ETC: 2%, SM: 5%). Higher variation was determined at the low-emission level with
a COV of 24% for ETC and up to 77% for SM. The high variation is probably caused by
nucleation effects due to the inadequate performance of the heated dilution system.

Response time

The response time (tso.19) of the CPC to well-defined concentration changes was observed to
be fast within a few seconds. The tgy.19 times showed larger values up to 60 s. Significantly
longer times were observed for the down-steps compared to the up-steps. The long response
times are probably due to an error in the data read-out software. The CPC was able to follow a
transient test cycle and to detect individual peaks in particle concentration due to short load
pulses during the transient ETC.

Limit of detection (LOD)

The LOD was found to be about 70% of the measured ETC low-emission concentration.
The concentration for the ETC high-emission (about 60% of Euro 4) was about 1950 times
higher than the LOD.

Sensitivity

The CPC showed high differences in the ratios between high (60% Euro 4) and low-emission
(post-trap) configuration. Ratios between 27 and 3100 were determined for the different test
cycles (ETC: 1400). The results demonstrate very high sensitivity for the instrument.

The concentrations of the background and post-trap measurement were measured in the same
range as for most instruments.
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Linearity
The tests with the CAST showed flawless performance in linearity for both investigated size

settings. For most of the concentration settings, the instrument operated in the photometric
mode.

Comparison with other instruments

In general, acceptable agreement with other number-based methods was found with few
exceptions. For the ETC, very good agreement in absolute values was found in comparison
with the ELPI (R22) and EAD (R20) within 20%. A surprisingly wide difference of 30% was
observed in comparison with the CPC3010 (R21) for the ETC post-trap (low-emission)
measurements. This could be explained by the lower cut size of 7 nm for the CPC 3022A
(R19), compared with 12 nm for the CPC 3010, which was used for the SMPS (R21).

In general, the CPC showed good correlation to most other instruments but not to filter
methods (C04, C06) and some optical instruments (R14, R18). For the EC mass-based
instruments (CO6E, C08, R11E, C05) values for R” were always higher than 0.94. Even better
results for R* were found for the relationship to number/length/surface-related instruments
(e.g. R22: 0.99, R15: 0.99,: R10: 0.95).

Calibration
Calibration of absolute number concentration by a traceable standard has not yet been solved.

Summary

The stand-alone CPC provides time-resolved total number concentrations. The instrument
performed very well in repeatability and showed very good correlation to most other
instruments. The sensitivity of the instrument is very high, but is very susceptible to
nucleation particles which can completely distort the measurement of solid particles
concentration. The CPC showed unusually long relaxation times. According to the
manufacturer, the long relaxation were caused by an error in the data read-out software.
Removal of volatile particles (e.g. by a thermal treatment) is highly recommended for
repeatable results. The heated double ejector-based dilution as applied for the CPC (and R22,
R10) proved not to be sufficient to eliminate all nucleation particles during all engine
operation modes.

EAD 3070A (R20)

Robustness

The EAD 3070A was found to operate without malfunction but had a zero drift problem
throughout the measurement programme. According to the manufacturer, the problem was
due to an insufficiently long warm-up period before zeroing the instrument.

Repeatability
The EAD showed very good repeatability for all tests of the high-emission configuration
(ETC: 2%, SM: 9%). Significantly higher variation was determined for the low-emission
configuration with a COV of 53% for the ETC and up to 63% for the SM. The high variation
is probably caused by nucleation effects due to the inadequate performance of the heated
dilution system.
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Response time

The response of the EAD to well-defined concentration changes was observed to be fast and
stable within a few seconds (tgo.10 < 4 s). The EAD was able to follow a transient test cycle
and to detect individual peaks in particle concentration due to short load pulses during the
transient ETC test cycle.

Limit of detection (LOD)

The LOD was found to be about 160% of the measured ETC low-emission concentration.
The concentration for the ETC high-emission (about 60% of Euro 4) was about 1370 times
higher than the LOD.

Sensitivity

The EAD showed high differences in the ratios between high (60% Euro 4) and low-emission
(post-trap) configuration. Ratios between 20 and 2700 were determined for the different test
cycles (ETC: 2200). The results demonstrate very high sensitivity for the instrument.

The concentration for the background and post-trap were measured in the same range as for
most instruments.

Linearity

The tests with the CAST revealed flawless performance in linearity of the EAD for both
investigated size settings.

Comparison with other instruments

The absolute values measured by the EAD could not be compared to other instruments as the
EAD is the only instrument calibrated on integral particle length. However, a cross-check by
transferring the length to number applying very simple assumptions gave reasonable results.
Very good correlation was obtained to the CPC (R19: R* = 0.98) and to coulometry (R11E:
R? = 0.91). The correlation to the LQ1-DC (R15), which is based on the same principle of
diffusion charging, showed correlation with R* = 0.98.

Calibration

The calibration of absolute length concentration by a traceable standard has not yet been
solved.

Summary

The EAD 3070A is based on turbulent diffusion charging and provides time-resolved data on
an integral particle length. The instrument performed very well in repeatability and showed
very good correlation to other instruments for the high-emission configuration (about 60% of
Euro 4). The sensitivity of the instrument was found to be very high, but problems were found
at low concentrations due to zero-point drifting. The measurement is susceptible to nucleation
particles, so the removal of volatile particles (e.g. by thermal treatment) is highly
recommended in order to obtain more repeatable results. Calibration is found to be very
difficult as the integral particle length has to be calculated using the number concentration of
a monodisperse aerosol.
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Scan. SMPS 3936-L10 (CPC3010) (R21)

These instruments were operated in three different configurations depending on the test cycle
and the emission level: SMPS scanning mode for all steady-state operating modes, stand-
alone CPC for transient low-emission tests (CPC3010 alone without using the DMA) and
DMA-CPC combination with fixed voltage setting for transient high-emission tests (scanning
SMPS was in the DMA-Bandpass mode with CPC detection). An integrated assessment is
consequently difficult.

Robustness

The instrument was found to operate without any problems during the measurement
programme.

Repeatability

Very good repeatability was observed for SMPS scanning mode setting and DMA-CPC
combination at high-emission level with a COV of 4% and 5% respectively. For the post-trap
configuration, the SMPS and the stand-alone CPC showed significantly higher COV values of
59% and up to 33%.

Response time

A measurement with the scanning SMPS 3936-L10 requires a stable acrosol for at least one
minute. For this reason it is not able to carry out transient measurements. The combination
DMA-CPC with fixed voltage on the DMA in order to select a defined particle diameter was
slow (t90-10 > 60 s). The long response times are probably due to by the large aerosol volume
inside the DMA and an error in the read-out software.

The DMA-CPC combination (selection of defined particle diameters) was able to follow a
transient test cycle. The detection of individual peaks in particle concentration was limited
due to short load peaks during the transient ETC.

Limit of detection (LOD)

The LOD was found to be in the same range as the measured ETC low-emission
concentration. The concentration of the 80 nm bandpass mode was about 670 times higher for
the ETC high-emission (about 60% of Euro 4) than the LOD.

Sensitivity

The SMPS 3936-L10 showed high differences in the ratio between high (60% Euro 4) and
low-emission (post-trap) configurations. For the SMPS, ratios between 24 and 3000 were
determined for the different single modes. Because of different settings of the SMPS 3936-
L10 in ETC low-emission measurements, a ratio between the ETC high and low-emission
levels could only be calculated from a few measurements. The ratio comparing the ETC
cycles by measuring the 80 nm particles was calculated at about 1660.

The concentration for the background and post-trap were measured in the same range as for
most instruments.

Linearity

The tests with the CAST revealed flawless performance in linearity of the SMPS for both
investigated size settings.
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Comparison with other instruments

The engine tests showed that the SMPS measured only about 60% of the particle
concentration as determined for the stand-alone CPC (R19) and the ELPI (R22). A similar
finding was also observed for the smaller size setting of the CAST measurements.

Two major reasons are assumed to explain the discrepancy: the difference in the lower cut
size and the diffusion losses in the DMA. The lower size range was 12 to 14 nm for the SMPS
3936L-10 (R21) compared to 7 nm for the stand-alone CPC 3022A. Diffusion losses of the
particles smaller than 20 nm caused by the low flow rate and the length of the DMA may play
an important role. The direct comparison to the seq. SMPS+C (R13) revealed a significant
discrepancy approximately a factor of 2 higher for the steady-state tests and about 35% higher
concentration for the stand-alone CPC3010 compared to the UPC5400 (R13).

Calibration

The calibration of absolute number concentration by a traceable standard has not yet been
solved.
The calibration of size can be carried out using standard reference particles (latex, gold).

Summary

The SMPS provides detailed number size distributions. The abundance of size information is
offset by the inability to follow a transient test cycle, as a constant particle emission of at least
a minute is needed for the measurement. The measurement of number concentrations within a
single mobility channel as applied in some measurements of this study enables transient
measurements and can exclude the interference of nucleation particles in most cases. But the
method delivers very little information, and small shifts in the size distribution affect the
result significantly. For this reason a stand-alone CPC would be the better option for future
type approval applications.

A significant discrepancy in total particle number as measured by SMPS and stand-alone CPC
was observed in the study. A correction for the diffusion losses and the specification of the
lower cut size would probably improve the results. Removal of nucleation particles is strongly
recommended for more repeatable results as the CPC is highly susceptible to such particles.

ELPI (R22)

Robustness

The instrument was found to operate without any problems during the measurement
programme.

Repeatability

Good repeatability was observed for the test cycles at the high-emission level (60% Euro 4).
For the transient ETC cycle, the COV of the measurement results were found to be within
10%. For the post-trap configuration the COV was in the range of 30% for the ETC and SM,
but with one exception (A50: 140%).

Response time

The response time of the ELPI to well defined concentration changes was observed to be very
short (tso.10 < 3 s). For too.19 times were found to be between 4 s and 15 s. The ELPI was able
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to follow a transient test cycle and to detect individual peaks in particle concentration due to
short load pulses during the transient ETC.

Limit of detection (LOD)

The LOD was found to be about 90% of the measured ETC low-emission concentration.
The concentration for the ETC high-emission (about 60% of Euro 4) was about 1800 times
higher than the LOD.

Sensitivity

The ELPI showed high differences in concentration between the high (60% Euro 4) and low-
emission (post-trap) configuration. Ratios between 25 and 4300 were determined for the
different test cycles (ETC: 1500). The results demonstrate very high sensitivity of the
instrument. Slightly higher number concentration was measured for the post-trap than for the
background configuration.

Linearity

The tests with the CAST revealed flawless performance in linearity of the ELPI for both
investigated size settings.

Comparison with other instruments

In general, an acceptable agreement to other number-based methods were found with few
exceptions. For the ETC, good agreement in absolute values was found to the CPC (R21) and
EAD (R20) within 20%. The ELPI showed very good correlation to the CPC (R19: R?=10.99)
and coulometry (R11E: R* = 0.90) and to many other instruments.

Calibration

The calibration of absolute number concentration by a traceable standard has not yet been
solved.
The calibration of size can be carried out using standard reference particles (latex, gold).

Summary

The ELPI is a low-pressure impactor that provides time-resolved number size distributions.
The instrument performed very well in repeatability and sensitivity and showed good
correlation to other instruments. The measurement principle of the ELPI is quite complex as
the measured number concentration and sizing is affected by the particle morphology and
bulk density. The concentration of particle below 35 nm as determined by a filter stage
revealed significant discrepancies in relation to other instruments. As the filter stage
undergoes further development, performance is expected to improve. The ELPI is susceptible
to nucleation particles. The removal of volatile particles (e.g. by a thermodesorber) is
therefore highly recommended for more repeatable results. The calibration for number
concentration is found to be very difficult, as charging and sizing are based on different
physical principles.
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DQL (R23)

Robustness

The instrument was found to operate without any problems during the measurement
programme.

Repeatability

The DQL showed good repeatability at the high-emission level (60% Euro 4). The COVs of
the measurement results were found to be within 10% for the ETC and 12% for the SM. The
COVs showed comparable low variation for the low-emission tests (ETC: 16%, SM: < 35%)),
but it is questionable whether the signal is related to the particle concentration only and not
influenced by NO,.

Response time

The response of the DQL was found to be rather slow (tgo.10> 40 s). The DQL was not really
able to follow a transient test cycle in a satisfactory manner due to a long relaxation time after
high peaks of the signal.

Limit of detection (LOD)

The LOD was found to be about 50% of the measured ETC low-emission concentration.

The concentration for the ETC high-emission (about 60% of Euro 4) was about 21 times
higher than the LOD.

Due to the low concentrations the DQL was not able to measure the engine background and to
participate in the CAST measurements. Therefore, a limit of detection (LOD) of the
instrument in relation to the background could not be determined.

Sensitivity

Whereas the concentrations of the CAST aerosol were too low, the DQL was able to measure
during the low-emission configuration of the engine tests. The DQL showed low differences
in concentration between the high (60% Euro 4) and low-emission (post-trap) configurations.
Ratios between 2 and 10 were determined for the different test cycles (ETC: 10). The results
revealed very low sensitivity for the instrument.

Linearity

The particle concentration provided by the CAST was too low for the DQL for the linearity
check.

Comparison with other instruments

The absolute values measured by the DQL could not be compared with other instruments as
the DQL is the only instrument calibrated on integral particle volume. However, a cross-
check by transferring the volume to number applying very simple assumptions gave
reasonable results. Very good correlation was obtained to the CPC (R19: R* = 0.94) and to
coulometry (R11E: R? = 0.96).

Calibration

Calibration of absolute number concentration by a traceable standard has not yet been solved.
The calibration of size can be carried out using standard reference particles (latex, gold).
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Summary

The measurement principle of the DQL is based on laser light extinction at three wavelengths
and applies a very extensive optical absorption path. The DQL provides time-resolved data on
integral particle volume and a calculated mean size of the primary particles. The instrument
tested in this program was a prototype and was not yet optimised regarding sensitivity and
time response behaviour. In general, the instrument performed very well in repeatability and
showed good correlation to other instruments. The sensitivity was observed to be low
compared to many other instruments. Due to the lack of sensitivity, the DQL was not able to
measure the low concentrations of the CAST aerosol. The DQL represents an advanced
development of the light-extinction method to overcome the low sensitivity and the NO;
cross-sensitivity of common opacimeters. Nevertheless, the results show the limited
suitability of the instrument for future low-emission levels.

AVL 439 (R24)
The AVL439 is not considered as an option for a future measurement technique for type
approval, but has been included in the programme for the sake of completeness.

The measurements revealed a strong NO; sensitivity of the instruments that did not allow a
straightforward data evaluation and comparison to the other measurement systems. For
example, the instrument had the tendency to measure higher concentrations for the post-trap
(low-emission) than for the bypass (high-emission) configuration.

CAST

The CAST produced a very stable aerosol during the continuous operation phases of 10
minutes duration. The COV for the majority of the instruments were within 5%. The
adjustment of the relative concentration levels by means of a rotating disk dilution could be
carried out in a very repeatable way. For the tests for linearity in this investigation the CAST
fulfilled the requirements completely and in a good manner. The absolute values for
concentration and size distribution could be repeated after a break of two weeks within the
specified measurement uncertainties of 30% by the majority of the instruments. With a few
exceptions, all the instruments measured lower concentrations for the repetition, indicating a
drift of the CAST. The drift could be caused by the clearly different ambient conditions for
the two measurement phases. A final assessment of the CAST for calibration use was outside
the scope of this study and cannot be made on the basis of these data.
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11 Conclusions

In this comparison study, twenty-one measurement systems were investigated and compared
to each other. The aim was to generate a uniform data set of the performance of a wide range
of instruments with regard to their suitability for future type approval application.

On the basis of the data and the experience gained during this investigation, we suggest four
major criteria that have to be taken into consideration for the definition of future particle
measurement systems.

Sensitivity

The future legislative measurement system will have to face emission levels well below the
Euro 4 emission level and a wider variation in particle composition than at present. This will
also be the consequence of the application of particle traps and SCR systems. In the future,
more economically and technically optimised particle traps may penetrate the market, which
will result in lower pressure drop and reduced regeneration efforts, but perhaps also in lower
precipitation efficiency. Methods with high sensitivity would be able to identify clear
differences in emissions on a very low level.

Our study revealed a significantly higher sensitivity of number-based, length-based or
surface-based particle measurement methods than for the mass-based methods. Advanced
mass measurement methods that are based on solid matter, mainly EC, did not improve the
situation significantly.

Reproducibility

An important aspect is the stability of the measured particle concentration in respect of the
sampling conditions. As volatile components are an important source that causes variation in
the particle concentration, measurement methods based on solid particles (material) will
achieve better repeatability and reproducibility. Most systems in this study were only
sensitive to solid matter or followed the strategy of removing volatile material before the
detection.

Our measurements gave some indication that the elimination of volatile particles by a hot
dilution procedure was not always sufficient. Another option is the application of a
thermodesorber, but its performance was not investigated in this study.

Relation to impact on health

Diesel engines generate particles mainly in the size range below 100 nm. Although there are
many unanswered questions about the mechanisms of impact on health, recent studies
indicate the possible adverse effect of small particles (diameter smaller than 100 nm) on
human health. Future measurement methods should therefore be able to detect particles in this
low particle size range. In this study optical instruments based on extinction and light
scattering (without CPC) were found to have limited sensitivity for such small particles. The
mass-based instruments detect small particles, but in principle their measured result is
dominated by the larger particles. Restricted to solid particles and mono-modal NSDs a
decrease in mass also results in a decrease in number.
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Calibration

A very important aspect for future measurement methods is the ability for them to be
calibrated according to a traceable standard. A concept is mainly established for mass-based
methods, whereas a standard for particle number does not yet exist. As well as the metrics of
number, this open question also applies to length and surface area. In principle, the
concentration of number, length and surface area is affected by the coagulation process in
contrast to the mass concentration. For this reason sampling conditions need to be specified in
absolute concentration range, dilution ratio and residence time.

The feasibility of calibration of the instruments was not investigated in this study. The
measurements with the aerosol generator CAST showed promising performance with regard
to stability and repeatability and could be a suitable approach for a particle number standard.

As a final conclusion, we wish to stress that there are several candidates for measurement
systems that are of great value to be considered for closer investigation within Phase III of the
GRPE-PMP. Their individual potential for the future type approval application depends
mainly on the requirements defined in a detailed catalogue of criteria.
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14 Appendices

Appendix A : Fuel specifications

Limit
Analyse unit result low high method

Density at 15°C kg/m’ 834.4 800 845  ASTM D 4052
Viscosity at 40°C mm?*/s 3.36 1.50 4.00 ISO 3104
Flash point °C 99.0 55 ISO 2719
Cloud point °C -25 -10 IS0 3015
CFPP °C -22 20  EN 116
Carbon residue (10% Dist.) mass.% <0.01 0.3  ISO 10370
Water content (KF) mg/kg 50 200 ASTM D 1744
Sulphur content mg/kg 8 350 ASTM D 5453
Sulphur content mg/kg 8 350 EN 24260
Ash content mass.% 17.2 ISO 6245
Elemental analysis ASTM D 5291

Carbon mass.% 87.30

Hydrogen mass.% 13.32
Caloric value DIN 51900

Heat of combustion, gross MlJ/kg 45.94

Heat of combustion, net MlJ/kg 43.03
Cetane number 57.6 49.0 ISO 5165
Aromatics Vol.% 17.2 ASTM D 1319
Benzene (Benzol) Vol.% <0.1 EN 238
Olefins Vol.% 10.9 ASTM D 1319

Table 13: Diesel-fuel specifications (CEC-RF-06-99)
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Analyse unit result method

Density at 15°C kg/m3 861 DIN 51757
Viscosity at 40°C mm?*/s 89.7 DIN 51562/1
Viscosity at 100°C mm?/s 14.41 ISO 2719
Additive XRF/ICP

Barium g/100g n.n.

Calcium g/100g 0.504

Magnesium g/100g 0.002

Phosphorus g/100g 0.119

Sulphur g/100g 0.387

Zinc g/100g 0.134
Chlorine mg/kg <20 WD - XRF

Table 14: Lubricant oil specifications (Shell Myrina TX Oil 10W-40)

Appendix B : HD-engine test bench at EMPA

Fixed asynchronous motor with 6-pulse static converter (AEG) for 4 quadrant operation

Dynamic engine test bench Schenck DYNAS 680 for engines up to 680 kW

Technical data  Rated power of brake (as generator and motor) 680 kW
Maximum speed 4000 rpm
Maximum torque (up to 2600 rpm) 2500 Nm
Maximum angular acceleration (no load) 3300 rpm/s
CVS system (Pierburg) 120 WT (PDP)
Exhaust-gas analyser system (Horiba) MEXA-9200 DF
Online [g/s]: CO, CO,, T.HC, NOx undiluted
Bag [g/kWh]: CO, CO,, T.HC, NOx, CH,4 diluted
Particle measuring system (Pierburg) PS-2000

Fuels Diesel/Gasoline (Petrol)

Natural gas/Liquefied petroleum gas

All the various test cycles used throughout the world can be run on an EMPA dynamic test bench

(ECE R49, BSO, ISO 8178, ESC, ETC, ...)

The use of modern, extremely flexible control and evaluation software allows real-world driving
conditions to be simulated, including vehicle loads, road gradient, aerodynamic drag, vehicle

starting, engine braking and shifting operations.
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Appendix C : Total measuring Programme

Day Configuration Action
1 Th | CAST set-up, linearity tests
2 Fr |CAST set-up, linearity tests
3 Mo | Engine & Filter bypass set-up, pre-tests
4 Tu | Engine & Filter bypass BG,3ETC,1SM,1SCT
5 We | Engine & Filter bypass BG, 3 ETC, 1 SM, 1 SCT
6 Th | Engine & Filter bypass BG, 1 ETC, 1 ESC, 1 SCT
7 Fr | Engine & Filter bypass BG, 2 ESC
8 Mo | Engine & 100% trap BG, 3 ETC, 1 SM, 1 SCT
9 Tu | Engine & 100% trap BG, 3 ETC, 1 SM, 1 SCT
10 We | Engine & 100% trap BG, 3 ETC, 1 SM, 1 SCT, 2 ESC
11 Th | CAST set-up, linearity tests
12 Fr |CAST Sampling for coulometric analysis
13 Mo |CAST Sampling for coulometric analysis

Table 15: Time schedule of measurements

Appendix D : Detailed sequence of CAST measuring programme

Action Size setting | Concentration Duration
setting
warm-up 200/ 150 nm 10 % 45 min
measurement 150 nm 10 % 10 min
change conc. 5 min
measurement 150 nm 30 % 10 min
change conc. 5 min
measurement 150 nm 60 % 10 min
change conc. 5 min
measurement 150 nm 90 % 10 min
change conc. & size 20 min
measurement 50 nm 10 % 10 min
change conc. 5 min
measurement 50 nm 30 % 10 min
change conc. 5 min
measurement 50 nm 60 % 10 min
change conc. 5 min
measurement 50 nm 90 % 10 min
Table 16: Detailed sequence of CAST measuring programme
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Appendix E : Time-resolved data for SCT
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Figure 89: Time-resolved data of engine power and instruments C03, C05, COS,
RI10, R12, R12, R13 for SCT at high-emission configuration
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Figure 90: Time-resolved data of engine power and instruments R14
([ng/s],[ng/Nem3]), R15, R16, R17, R18 for SCT at high-emission

configuration
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Figure 91: Time-resolved data of instruments R19 R20, R21, R22, R23 ([cm3/s],
[ecm3/Ncm3]), R24 for SCT in high-emission configuration
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GRPE Particle Measurement Programme (PMP) EMPA@

Comparison Study of Particle Measurement Systems

Appendix I : Test cycles

Sesqtsg n/ce ESC SM ETC SCT
No tstart tend | tsample | start tend tsample | tstart tend | tsample | ttart tend tsample
[s] [s] [s] [s] [s] [s] [s] [s] [s] | [s] | I[s] [s]
1 91 240 | 150 181 900 720 1 600 600 | 181 | 540 360
2 281 360 80 1081 | 1800 | 720 | 601 | 1200 | 600 | 541 | 900 360
3 381 480 | 100 | 1981 | 2700 | 720 | 1201 | 1800 | 600 | 901 | 1260 | 360
4 501 600 | 100 | 2881 | 3600 | 720 - - - 1261 | 1620 | 360
5 671 720 50 | 3781 | 4500 | 720 - - - 1621 | 1980 | 360
6 791 840 50 - - - - - - - - -
7 911 960 50 - - - - - - - - -
8 991 1080 | 90 - - - - - - - - -
9 1101 | 1200 | 100 - - - - - - - - -
10 1241 | 1320 | 80 - - - - - - - - -
11 1391 | 1440 | 50 - - - - - - - - -
12 1511 | 1560 | 50 - - - - - - - - -
13 1631 | 1680 | 50 - - - - - - - - -
total - - - - - - 1 1800 | 1800 1 2040 | 2040
SM i=1.5) Last 12 min of steps are evaluated (red light phase)
ESC (i=1.13): Evaluated period of step depends on step (red light phase)
ETC  (i= I(urban), 2(rural), 3(highway)) Red light phase 1800 s w/o interruption
SCT (i=1.5) Red light phase 2040 s w/o interruption
BG i=1) Background, red light phase 1800 s w/o interruption
Stage 1 2 3 4 5
ESC stage 8 12 5 9 1
Mode B100 C75 A50 B25 idle

M. Mohr, U. Lehmann, 13.05.03

135/156 Report-No.: 202779



GRPE Particle Measurement Programme (PMP) EMPA ‘( ;’
v

Comparison Study of Particle Measurement Systems

Appendix J : Instruments

Instrument DMS 500 Code Co3
Manufacturer | Cambustion Ltd.
Metric Number & Size
Principle The sample gas is first passed through an impactor to remove any particles
greater than 1um. It is then passed through a diffusion charger to positively
charge any particulates present in the sample. The charged sample is then
introduced into the centre of the classification column near the high voltage
electrode along with a clean sheath flow of matched velocity. The charged
particulates drift through the sheath flow under the influence of the strong
electrical field in the classification column and land on one of several
electrometer rings arranged along the column. The aecrodynamic mobility of
a particle dictates upon which of the rings it lands.
The measured currents are then converted into size and number information
using a non-negative least squares fit algorithm with Lagrangian
regularisation.
Schematic
Virtual Earth Electrode Rings
Sample Aerosol Inlet ;
Charged Particle Trajectories
High voltage
electrode
Sampling The sample is usually taken direct from a CVS tunnel, although a heated
requirements | sampling system is available allowing direct measurement from the tailpipe.
Size A spectrum of the particle distribution is produced from 5nm to 1um.
information
Interference No cross sensitivity to other species has been detected. Main interference is
caused by vibration.
No distinction between volatile and solid material
Adjustment Each of the ring electrometers is calibrated prior to dispatch using a precision
Calibration current source. The size classification of the instrument is then checked by
using various aerosols of PSL spheres of a known size and the number
calibration is checked against a CPC using the above aerosols.
As a check calibration for the analyser an aerosol of D.O.P. in alcohol is
suggested to confirm weekly repeatability.
Commercially | Yes, Delivery approx. |Price (approx.) in € 100,000
available 6 months
Contact Cambustion Ltd.
address The Paddocks, Cherry Hinton Road, Cambridge, England, CB1 §8DH.

M. Mohr, U. Lehmann, 13.05.03 136/156 Report-No.: 202779




GRPE Particle Measurement Programme (PMP)

i
EMPA2

Comparison Study of Particle measurement Systems

Instrument Gravimetric filter methods (Gravimetry) Code Co4
Manufacturer
Metric Mass
Principle filter method/balance the filter
filter weighing before and after filter loading and conditioning
provision for the measurement of particulate matter from diesel engines EU
Directive 1999/96/EC, modified by some specifications of the US2007
Federal Register
Schematic
\_LZ <
Cyclone Aerozol In
thermal isolation
i temnp stahilisation
Purnp @: — =
Sampling According to the provisions of EU Directive 1999/96/EC.
requirements | In addition, some specifications of the US 2007 Federal Register were
adopted (pre-cyclone, filter holders for filters of 47 mm diameter, filters of
different quality, thermal isolation of the sampling system and conditioning
of the dilution air).
Size -
information
Interference No distinction between volatile and solid material
Adjustment
Calibration
Commercially |yes Price (approx.) in€  |--------
available
Contact EMPA Duebendorf
address
M. Mohr, U. Lehmann, 13.05.03 137/156 Report-No.: 202779




GRPE Particle Measurement Programme (PMP)

Comparison Study of Particle Measurement Systems

EMPA2

Instrument LI2SA —system Code Co05
Manufacturer | ESYTEC Energie- und Systemtechnik GmbH,
Metric Soot Concentration ¢ [mg/m’] ¢=0.05... 5mg/m’ (sample CVS)
¢=0.01...200 mg/m’ (Raw gas)
Spec. surface a [m?/mg] a=0.03...0,3 m¥mg
Total surface A [m?*/m?] A=0.0017 ...67 m*m?
Conc. of primary particles [1/m*] n=10" ... 10" I/m?
Principle Laser-Induced Incandescence Soot Analyser (LI2SA)
Schematic M M‘ % -
Sampling Operating temperature: 15-35°C
requirements | Humidity: 10-90%
Pressurised air: 200 1/min, 5 bar
Cooling water: 10 I/min, 3 bar
Size Diameter of primary particle d, [nm] / d, = 10 ...100 nm
information
Interference Not known
Adjustment Comparison with coulometry and gravimetry
Calibration
Commercially |yes Price (approx.) in € 7?
available
Contact ESYTEC Energie- und Systemtechnik GmbH
address Am Weichselgarten 6

D-91058 Erlangen, Germany
Phone: ++49-9131/9959700
Email: info@esytec.de
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Instrument Super-Low —Mass PM Analyser (MEXA-1370PM) |Code Co06

Manufacturer |HORIBA, Ltd.

Metric soot mass, SOF mass, sulphate mass and total PM mass
(It is available to detect down to 0.2 micrograms )
Principle A process of vaporisation, oxidisation and deoxidisation is used to measure

the mass of the PM components. First, the particulate laden particulate filter
is installed in the furnace (980 deg.C), in a nitrogen gas flow. The SOF
component, which vaporises, is oxidised and detected as CO,. The sulphate
component, which undergoes deoxidisation at high temperatures, is
measured as SO,. Next, oxygen flows through the furnace, oxidising the soot
trapped at the filter, so that it, too, can be detected as CO,.

Schematic System Flow
02
Furnace : 980 deg.C

N, ﬁl (==) [QuartzFiber QuanzFiber—®—®q

02 PM co, SO,
on Quartz Filter Detector Detector

Deoxidization of SO, Oxidization of VOF

-
] N2 02
o
[ 4
2
o €02 SIGNAL
x _
© ,
N y
- B
< > 2N
z ==s0F . 502 SIGNAL &= soot
. L SULFATE
O]
0 40 80 120 160 200 240
TIME (s)
CO; and SO, Signal
Sampling Particulate must be collected on the filter
requirements
Size -
information

Interference Not known

Adjustment CO; and SO, gas are utilised for the calibration

Calibration Known concentration span gas is introduced into the system and that span
gas is filled in the constant volume tube that temperature is controlled
constantly. Thus, the mass of span gas can be calculated and it is introduced
into the gas detector. By measuring the area of detector’s signal, it becomes
possible to obtain the coefficient gas mass and signal area.

Commercially | Available Price (approx.) in € 127k€
available

Contact HORIBA EUROPE GmbH, Hauptstrasse 108,

Address D-65843 Sulzbach / Ts, Germany
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Instrument TEOM / Series 1105 diesel Particulate Monitor Code Co7

Manufacturer | Rupprecht & Patashnick Co., Inc., Albany, USA

Metric Oscillating inertial microbalance for direct (filter-based) mass measurement
Mass concentration: +/- 0.2 mg/m3
Mass rate: +/- 10™ g/sec

Principle The TEOM Series 1105 diesel Particulate Monitor incorporates a patented
intertial balance that directly measures the mass collected on an
exchangeable filter cartridge. It monitors the change in the natural oscillating
frequency of a tapered element (see photo) as additional mass collects on the
filter. The sample flow passes through the filter, where particulate matter
collects, and then continues through the hollow tapered element on its way to
a dynamic flow control system and vacuum

Schematic : : i =

Sampling Sample temperature has to be less than 47°C

requirements | Actual sample flow rate: 3-4.5 1/min

Size --

information

Interference Not known

Adjustment The mass calibration may be verified, however using an optional Mass

Calibration Calibration Verification Kit that contains a filter of known mass.
A flow controller maintains the sample flow rate input by the user.

Commercially |yes Price (approx.) in € 7?

available

Contact Rupprecht & Patashnick Co., Inc.

address Robert C. Anderson

25 Corporate Circle, Albany, NY 12203, USA
Phone: (518)452-0065 « Fax: (518)452-0067
Email: info@rpco.com * www.rpco.com
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Instrument Photoacoustic Soot Sensor PASS Code Co8
Manufacturer | Technical University Munich
Haisch, Beck, Niessner
Metric EC mass
Principle Photoacoustic absorption measurement:
Absorption of a modulated IR laser beam by the soot particles leads to
modulated heating and, consequently, to modulated expansion. The resulting
pressure wave is recorded by a microphone in an acoustic resonator.
Schematic N - == ==
1 ' 1 i . .. =
Sampling Required only if the exhaust temperature is more than 52°C.
requirements
Size Size-independent, mass proportional signal.
information
Interference Not known.
Adjustment Initial calibration by gravimetry and coulometry.
Calibration No calibration drift found over about 1 year.
Calibration and blank value checks by internal performance check, can be
performed within seconds and repeated as many times as wanted.
Commercially |Not yet Price (approx.) in€  |--—-----
available
Contact C. Haisch or R. NieBner, Inst of Hydrochemistry, TU Munich
address Marchioninistrasse 17, D-81377 Munich, Germany
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Instrument Dekati Mass Monitor DMM Code R10
Manufacturer | Dekati Ltd. FIN-33700 Tampere, FINLAND
Metric Accumulation mode mass concentration and median diameter
Principle Particle charging in a diffusion charger, size classification in a low-pressure
cascade impactor, electrical detection of charged particles.
Particles in sample receive a known charge in an unipolar triode-type
diffusion charger, and after that they are size-classified (aerodynamic size) in
a cascade low-pressure impactor. The current measured from each collection
electrode is proportional to the amount of particles in each size range.
In addition, mobility size measurement is combined with aerodynamic size,
and that information is used for effective density calculation. Density
information is used for conversion from measured electrical currents to total
mass concentration.
Schematic Diffusion charger Mobility Impactor with electrical detection
Particle charging size Aerodynamic size classification
analyzer
f Il M VvV v Vv Vv vy
HV source for Mobility Multi-channel electrometer
particle charging | analyzer A/D —conversion and
field peripheral electronics
L
Density calculation: 4\ Current to mass conversion
Mobility / aerodynamic sizes _1/ Total mass concentration
Sampling Removal of volatile materials, no nucleation.
requirements
Size Mass median diameter in real time.
information
Interference Nucleation mode particles prevent the density measurement
Adjustment Annual factory calibration recommended.
Calibration
Commercially | Yes Price (approx.) in € 43°000
available
Contact Dekati Ltd. Tel. +358-3-3578100
address Osuusmyllynkatu 13 Fax. +358-3-3578140

FIN-33700 Tampere, FINLAND www.dekati.com
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Instrument Coulometry Code R11

Manufacturer | Stréhlein instruments

Metric Measurement of the organic bouned carbon (OC) and elemental carbon (EC)
Measuring range: 10 ppm — 100%

Principle The coulometric characterisation of carbon is based on the principle of
electro-chemical titration. Heating the filter sample to 650°C using oxygen
for oxidation of the carbonaceous compounds to CO2. CO2 is measured by
an absorption in a basic chemical solution (coulometric detection).

The separation of organic bouned carbon (OC) and elemental carbon (EC) is
done using Toluene/Isopropanol.

Method is in accordance with standard ISO 8245 / DIN 38409 H3 / NPR
6522

Schematic

Sampling

requirements

Size -

information

Interference

Adjustment Calibration with a liquid carbon standard (oxalic acid)

Calibration

Commercially |yes Price (approx.) in€  [--------

available

Contact

address
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Instrument ”IAQcheck®, model no. 1108 - Code R12
Portable Laser Dust Monitor (Aerosol Spectrometer)
with 15 particle size channels
Manufacturer | Grimm Aerosol Technik GmbH & Co. KG
Metric Particle counting up to 2 million particles/litre
Measures dust mass up to 100 mg/m?
Measuring range from 0.3 to 20 micron
15 different particle size channels
Principle Laser light scatterin
Sampling Active sample flow 72 litres per hour
requirements | Operating temperature: +4 to +45°C
Size only particles > 300 nm are detected
information
Interference
Adjustment Automatic internal calibration check
Calibration Routinely a yearly calibration check is recommended
Commercially |YES Price (approx.) in € ~ 11.000,--
available
Contact Grimm Aerosol Technik GmbH & Co. KG
address Uwe Golz, Sales Dept.
Dorfstralie 9, D — 83404 Ainring
Phone: +49 (0) 8654 578-0, Fax: +49 (0) 8654 578-35
Email: sales@grimm-aerosol.com, Homepage: www.grimm-aerosol.com
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Instrument SMPS + C — CPC (Condensation Particle Counter) | Code R13

”NANOcheck”, UPC model 5400, with Classifier,

model 5500
Manufacturer | Grimm Aerosol Technik GmbH & Co. KG
Metric Only CPC: Total number concentration, up to 10™ particles/litre

CPC+DMA: Particle size, 5 — 875 nm
Principle Nucleous condensation + differential mobility analyser
Schematic

1
_____ ->Absoroer
--rngiITer
| Optic (F) y—-
5 RS 232(i)
= — [Conc:‘fensej' ,T(GT]k:I:[M]
e e ] | Sttt ol P T TP Ol (]
sttt

Sampling Low flow 0.3 I/min
requirements | High flow 1.5 I/min

Operating temperature: +5 to +30°C
Size size range: 10 to 700 nm electrical mobility diameter
information
Interference No distinction between volatile and solid particles
Adjustment/ Automatic internal calibration check
Calibration Routinely a yearly calibration check is recommended
Commercially | YES Price (approx.) in € CPC ~28.000,--
available M-DMA ~15.000,--
Contact Grimm Aerosol Technik GmbH & Co. KG
address Dr. Ch. GERHART, Nanotechnology Division

Dorfstralle 9, D — 83404 Ainring
Phone: +49 (0) 8654 578-0, Fax: +49 (0) 8654 578-35
Email: sales@grimm-aerosol.com, Homepage: www.grimm-aerosol.com
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Instrument DPSO-1 advanced opacimeter Code R14

Manufacturer |Hartridge Test Products
DT Assembly & Test — Europe Ltd, UK

Metric Opacity (k value, units m-1)  (can be converted to mg/m3)

Principle Exhaust enters centrally into a 400mm long by 25mm dia. smoke chamber.
Broadband light shines through the chamber and sensors tuned to specific
wavelengths measure the light intensity. No light and full light (no exhaust in
the chamber) signals are recorded for calibration. Opacity for each
wavelength is calculated, then used to extract particle size based on Mie
theory for extinction. The basic analysis assumes a dominant particle size
and spherical particles. It looks at a likely range of particle refractive indices
for the signals measured to extract a particle size. An opacity of at least 0.01
m™ is required for sizing. Resolution is 0.001 m™ . A preconditioning unit
has been added to reduce noise and drift resulting from temperature and
pressure changes in the exhaust sample.

The unit is portable and can be powered from 12V DC making it suitable for
road test emissions measurement. Data is continuously transmitted at a rate
up to 20 samples/sec to allow transients to be effectively observed.

Schematic ra:v exhaust inlet clean air

: preconditioning unit ¢
 ——— i e
T zeroing solenoid
. IJsmoke inlet T
. A% ¥,
G ' G4+ Tep ‘ D—P signal processing unit
lamp A smoke chamber (400 mm) ~ multiwavelength l
T sensor head
clean air clean air RS232 output

Sampling 10mm ID minimum dia. tube directly into the raw exhaust flow.

requirements | Approx 60 litres/min flow rate.

Pressure: 0 to 1000 Pa static pressure at the probe inlet.

Size Particle sizing in the range 50-200 nm diameter calculated using Mie theory

information for light extinction.

Interference Sensitivity to nitrogen dioxide can be reduced by choice of sensor

Adjustment Automatic zero & span adjustment.

Calibration Manual linearity check by insertion of a neutral density filter.

Commercially | April 2003 Price (approx.) in € 15K

available

Contact Tingewick Rd, Buckingham, MK18 1EF, UK

address Phone: +44 (0)1280 828492

Email: mjones@dtindustries.com.
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Instrument LQI1-DC Code R15
Diffusion Charger

Manufacturer | Matter Engineering AG, CH 5610 Wohlen

Metric Active Surface by diffusion charging; measurement using an electrometer
amplifier

Principle A corona discharge is used to produce small ions which attach to the aerosol
particles by diffusion. The average charge per particle is proportional to its
active surface. All particles including the charged ones precipitate on an
electrically insulated filter which is connected to a current amplifier. The
current represents the total active surface of the measured aerosol.

Schematic

corona—w'rs measuring-filter
- |
aerosol in — 4 \\> : out
]
high-voltage grid-voltage ion-trap
@' current amplifier
ion-current

Sampling Dilution is recommended, especially if condensation of volatile particles is to

requirements | be avoided. Dilution is required if particle concentrations in the sample
exceed the sensor’s range.

Size The LQ1-DC does not provide any information about the size of the sampled

information particles.

Interference Diffusion charging is independent of particle material, no distinction
between solid and volatile particles is possible in particular. Interferences
with gases have not been encountered.

Adjustment The zero-point of LQI-DC is adjusted using a small trimpot at the front

Calibration panel. The amplification factor that converts current into active surface is
calibrated using a DMA and a CPC. Monosdisperse aerosol from the DMA
is fed into LQ1-DC and a CPC. The DMA settings provide the active surface
per particle which is multiplied by the number measured in the CPC to
calculate the total active surface in the monodisperse aerosol. The LQ1-DC
amplification factor is tuned until the LQI1-DC display matches the
calculated value. The procedure is repeated at various particle sizes and an
average LQ1-DC amplification factor is used.

Commercially |yes Price (approx.) in € 11k

available

Contact Markus Kasper, Matter Engineering AG, CH 5610 Wohlen

address Phone: +41 56 618 66 30

Email: mkasper@matter-engineering
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Instrument EDB 200 Code R16
Electrical Diffusion Battery

Manufacturer | Matter Engineering AG, CH 5610 Wohlen

Metric Number Size Distribution using diffusion charging and a diffusion battery;
measurement using electrometer amplifiers

Principle A corona discharge is used to produce small ions which attach to the aerosol
particles by diffusion. The particles pass several series of electrically
insulated screens to which they eventually attach by diffusion. Smaller
particles have a higher diffusivity and are therefore removed earlier than
large particles. The particle charge is captured and amplified for each series
of screens and a backup filter. From the electric currents the parameters of a
monomodal or bimodal lognormal distribution function (LNDF) are
calculated.

The sum of all currents represents the active surface of the particles.

Schematic

corona charger diffusion battery
) diffusion screens backup
high voltage stage1 2 3 4 fiter
corona electrode ~ Insulators
J I ]:g
ion collector ior‘lttrap % % s %
electrode ) ) voltage
{Z {Z %Z %Z {7_213‘553?;“:”
Port
|,

Sampling Dilution is recommended, especially if condensation of volatile particles is to

requirements | be avoided. Dilution is required if particle concentrations in the sample
exceed the sensor’s range.

Size The EDB 200 is designed to measure number size distributions. The

information calculation is based on the assumption of a monomodal or bimodal
lognormal distribution function.

Interference Diffusion charging is independent of particle material, no distinction
between solid and volatile particles is possible in particular. Interferences
with gases have not been encountered.

Adjustment The zero-point of EDB 200 can be determined before each measurement

Calibration (implemented). The EDB 200 is calibrated using a DMA (particle size) and a
CPC (number concentration).

Commercially |only prototype Price (approx.) in € 60 k

available

Contact Markus Kasper, Matter Engineering AG, CH 5610 Wohlen

address Phone: +41 56 618 66 30

Email: mkasper(@matter-engineering
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Instrument PAS 2000 Code R17
Photoelectric Aerosol Sensor
Manufacturer | EcoChem Analytics, ¢/o Matter Engineering AG, CH 5610 Wohlen
Metric Elemental Carbon Mass by photoelectric charging; measurement using
electrometer amplifiers
Principle Aerosol particles are illuminated using a UV lamp. The particles are
electrically charged by emitting photoelectrons upon light absorption.
Aerosol photoemission depends on particle bulk and surface material, and on
particle size. All particles including the charged ones precipitate on an
electrically insulated filter which is connected to a current amplifier. The
measured current correlates with elemental carbon (EC) mass concentration.
Schematic
quartz-tube
uv-lamp
] | measuring-filter
J 5 hn J
aerosolin —» @/’% [
1
ion-trap
current amplifier
Sampling Dilution is recommended, especially if condensation of volatile particles is to
requirements | be avoided. Dilution is required if particle concentrations in the sample
exceed the sensor’s range.
Size The PAS 2000 does not provide any information about the size of the
information sampled particles.
Interference Photoelectric charging of particles very strongly depend on the adsorbates on
the surface. Interferences with gases have not been encountered.
Adjustment The zero-point of PAS 2000 is adjusted automatically during the
Calibration measurement. The PAS 2000 is calibrated by comparing it to a reference
instrument which is also a PAS 2000. The reference instrument is calibrated
against an elemental carbon (EC) reference method. The correlation factor
between EC mass and PAS current may vary with different sources.
Commercially |yes Price (approx.) in € 14 k
available
Contact Markus Kasper, Matter Engineering AG,
address CH 5610 Wohlen

Phone: +41 56 618 66 30
Email: mkasper@matter-engineering
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Instrument PM 300 Code R18

Manufacturer | Sensors Inc., Saline (Michigan, USA), 6812 S. State Rd.

Metric Counts of particles related to particle size between 300 nm to 2 um diameter
Presenting numbers(counts) and particle diameter

Principle Measurement of scattered Laser light pulses when particles crossing the
laser beam

Schematic Raw exhaust is drawn through a heated sampling line in by a 5 1/min volume
sampling pump. The raw hot gas gets diluted with clean ambient air in a
micro diluter with adjustable dilution ratio (10-20-50-100). Hereafter, this is
diluted additionally by a fixed dilution factor of 1:100 and provided into the
laser beam area and vented to the drain output.

Sampling External heated line (195 deg C), internal heated sample line to 65 deg C,

requirements | adjustable mini diluter, Fine filter for ambient air filtering, dilutor w/ fixed
dil. ratio of 1:100

Size only particles larger than 300 nm are detected

information

Interference No distinction between volatile and solid particles

Adjustment PM 300 is initially calibrated at the factory in two steps

Calibration verification of the optics against a “mother unit” for proper size classific. &
distribution.
Cross reference calibration using spherical glass beads.
Under normal testing operations, with periodical internal cleaning and filter
replacement the unit need not be re-calibrated

Commercially | Yes, upon order Price (approx.) in € 36.000

available

Contact Sensors Europe GmbH,

address Papiermiihlenweg 74,

40882 Ratingen (Germany)
Phone 0049-2102-85680-0; att.: Thore Simon ext -30 / Peter Dierich ext -40
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Instrument High-Concentration Condensation Particle Counter | Code R19
(CPC), Model 3022A
Manufacturer | TSI Incorporated, St. Paul, MN (USA)
Metric Particle number concentration = d’ weighting unit: [P/cm”]
Principle The operating principle of TSI Model 3022A is based on physical
enlargement of ultrafine particles and their optical detection:
Schematic Vacuum HEPA AR Internal
ner PUmp r g O F®T Fliter
~ 1% } — =
M ‘ T Flowmeter _
Pump Exhaust 300 cmymin
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1200 {highy | }
cirmin
Sample Inlet 4
20D (o) or s r
e T
Liguld Pool
Liquid-scakad Felt
Sampling None.
requirements
Size Size range: 0.007 to >3 um
information
Interference No distinction between volatile and solid particles
Adjustment Calibration check (either):
Calibration Comparison with reference CPC;
Comparison with Aerosol Electrometer 3068 A measuring singly charged,
monodisperse aerosol.
Commercially |Yes Price (approx.) in € 39.500
available
Contact TSI GmbH
address Particle Instruments

Neuk®dllner Str. 4
D-52068 Aachen, Germany
Email: Particle-Europe@tsi.com
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Instrument Electrical Aerosol Detector (EAD), Model 3070A Code R20

Manufacturer | TSI Incorporated, St. Paul, MN (USA)

Metric Equivalent aerosol length = d' weighting unit: [mm/cm’]
Principle The operating principle of TSI Model 3070A is based on diffusional
charging of the particles, followed by detection of the aerosol via
electrometer:
Schematic
File ?'T‘Pm
1.0 Lpm
lan dat Flow
25 Lpr, || 15t Acrasol Flow
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Sampling None.
requirements
Size to >1 um
information

Interference No distinction between volatile and solid particles

Adjustment Calibration check (either):

Calibration Comparison with CPC measuring singly charged, monodisperse aerosol;
Comparison with calculated 1% moment values from SMPS.

Commercially | Yes Price (approx.) in € 21.500

available

Contact TSI GmbH

address Particle Instruments

Neuk®dllner Str. 4
D-52068 Aachen, Germany
Email: Particle-Europe@tsi.com
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Instrument Scanning Mobility Particle Sizer (SMPS) system Code R21

Manufacturer | TSI Incorporated, St. Paul, MN (USA)

Metric Particle size distribution and number concentration
= electrical mobility diameter & d° weighting unit: [P/ cm’]

Principle TSI’s SMPS Model 3936-L10 combines an Electrostatic Classifier for size
classification (model 3080) with long DMA (DMA 3081) and a
Condensation Particle Counter (CPC 3010-S) to measure the particle
number:

Schematic

Measuring using the configuration
Aerosol- "scanning SMPS 3936-L10 in the
Pre-impactor neutralizer DMA-Bandpass mode (with CPC
aha”q_k detection)" means that one selected
gas T . Sheath particles )size was pre-selected by
h_l_ T air the SMPS’ electrostatic classifier
Electrostatic l I 3080L (by setting the DMA to a
Classifier well  defined  voltage) and
DMA subsequently measured by the CPC
electrode | 3010-S.
Also called “single-size
|| measurement (over transient
————>— Excess air cycle)”
Only for a few measurements
g (transient tests), the CPC 3010-S
| was running without the upstream
Excess gas DMA. Such results are marked

Sampling Thermodenuder or two-stage dilution advisable to distinguish nucleation

requirements | effects.

Size Size range: 0.003 to 1 um

information

Interference No distinction between volatile and solid particles

Adjustment Calibration check (either):

Calibration Portable Atomiser Model 3079 with PSL size standards for sizing accuracy;
Comparison with Aerosol Electrometer Model 3068A measuring singly
charged, monodisperse aerosol for concentration accuracy.

Commercially |Yes, in variety of|Price (approx.)in€ From 92.000

available configurations.

Contact TSI GmbH

address Particle Instruments

Neukdllner Str. 4
D-52068 Aachen, Germany
Email: Particle-Europe@tsi.com
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Instrument Electrical Low Pressure Impactor ELPI Code R22
Manufacturer | Dekati Ltd. FIN-33700 Tampere, FINLAND
Metric Particle number concentration and size distribution
Principle Particle charging in a diffusion charger, size classification in a low-pressure
cascade impactor, electrical detection of charged particles.
The sample passes through a unipolar positive polarity charger where the
particles in the sample are charged electrically by small ions produced in a
corona discharge. After the charger, the charged particles are size classified
in a low-pressure impactor. The stages of the impactor are insulated
electrically and each stage is connected individually to an electrometer
current amplifier. The charged particles collected in a specific impactor stage
produce an electrical current, which is recorded by the respective
electrometer channel. A larger charge correlates to a higher particle
population.
The current value of each channel is proportional to the number of particles
collected, and thus to the particle concentration in the particular size range.
The current values are converted to a (aerodynamic) size distribution using
particle size dependent relations describing the properties of the charger and
the impactor stages.
Schematic sampe
Gorna ELPT unit
L HV & Controls &
Cascade Power source | | LCD display
Znigrikége %i e s
|
S P software
Sampling
requirements
Size Particle size distribution in real time
information 12 size channels in size range 7 nm — 10 pm
Interference -
Adjustment Annual factory calibration recommended.
Calibration
Commercially |Yes Price (approx.) in € 70 000
available
Contact Dekati Ltd. Tel. +358-3-3578100
address Osuusmyllynkatu 13 Fax. +358-3-3578140
FIN-33700 Tampere, FINLAND  www.dekati.com
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Instrument WIZARD-DQL Code R23
Manufacturer | WIZARD Zahoransky KG, 79674 Todtnau, Germany
Metric Volume (mass) concentration, mean diameter
Principle A sensor head @ containing three laser diodes of different wavelengths is
adapted to an optical long-path-cell ® with a base path length of 62.5 cm. A
mirror system (White principle) allows an adjustment of the optical path
length from 2.5 to 15 m.
For high-emissions, the spectral attenuation of the three wavelengths is
captured at a single detector and the particle diameter and concentration is
evaluated by the use of the Mie theory and shown on-line (mean diameter
and volume and mass concentration).
For low-emissions, the system works principally as a sensitive long path
opacimeter with the advantage of an optical path length of 10 to 15 meters.
This mode delivers the concentration information (volume and mass
concentration).
Schematic
Personal
Computer
| o j@? G o
=— o 1 %
Optical — = } D
System — g =1
F [ [o® o @ o 00 o o N
Measurement ;
Chamber ® oe niet
Sampling The system is capable to measure the hot, undiluted raw exhaust gas. The
requirements | probe is sampled by a vacuum pump ® through a heated and thermo-
controlled hose ® of 5 m length (standard). A nitrogen purging system keeps
the optics clean ®.
Size Average primary particle size is calculated
information
Interference The parallel determination of NO, concentration by one of the three
wavelengths is under development.
Adjustment The system can be checked by reference material (e.g. SiO, mono spheres)
Calibration for the size information. The concentration results can also be approved by
checking the optical system on its own by reference materials (e.g. lattices
in water solution)
Commercially |Yes Price (approx.) in € 70.000
available
Contact WIZARD Zahoransky KG Tel. 0049-7671 9233
address Schwarzwaldstr. 3 Fax 0049-7671 9234
79674 Todtnau Mail: info@wizard-zahoransky.de
Germany
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Comparison Study of Particle Measurement Systems

Instrument Opacimeter AVL 439 Code R24

Manufacturer |AVL List GmbH, Graz

Metric Opacity / time response: 0.1 sec

Principle Partial-flow system for online measurement of exhaust gas opacity (acc. to
Beer-Lambert-law) in diesel engines

Schematic A constant flow of exhaust gas is drawn from the exhaust pipe through a
welded sampling probe and conditioned sampling hose by means of a
diaphragm-type pump. In the conditioned sampling line, the sampled gas is
fed to the inlet of the measuring chamber with an optical path length of 430
mm at a temperature of 100°C. A new feature is the re-circulation of the
sampled gas via a return line to the exhaust pipe of the test engine.
The measurement results for opacity N (0 to 100%) and for the absorption
coefficient k (0 to 10 m-1) are available both at a serial interface and at an
analogue output.

Sampling Exhaust temp < 600°C

requirements | Sampling re-circulation

Size -

information

Interference Interference to NO2

Adjustment Calibration with a well defined light absorption filter

Calibration LIN-Check for linearity

Commercially |yes Price (approx.) in € 7?

available

Contact AVL LIST GmbH

address Hans-List-Platz 1
A-8020 Graz / Austria
Phone: +43 316 787-0
Homepage: http://www.avl.com

M. Mohr, U. Lehmann, 13.05.03
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