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Method

Introduction Dilution	tunnel	sampling	during	steady‐state	operation
Gasoline direct injection (GDI) engines offer higher specific power output and
fuel economy compared with port injection gasoline engines, but generally emit
more particles (both by mass and number) and are therefore a potential source
of ambient particle pollution in urban areas. The introduction of a particle
number limit for gasoline vehicles in the Euro 6 emissions standards is expected
to lead to widespread adoption of the gasoline particle filter (GPF). Particle
emissions from combustion engines are usually a combination of solid particles
and condensed semi-volatile material. The solid particles include soot
aggregates and ash; the latter can be a source of catalyst poisoning in coated
GPFs. In this study, the nature of particulate emissions from a GDI engine was
investigated using a range of instruments to determine the size distribution, the
effect of removing the semi-volatile fraction and to measure the density.

A 2.0 litre turbocharged GDI engine generating a maximum power of 180kW at 5500rpm was
mounted in a transient engine dynamometer cell equipped with a constant volume sampling (CVS)
tunnel. The engine was fuelled with Euro 6 Gasoline (E10).

A Differential Mobility Spectrometer (DMS) was used to sample raw exhaust upstream of the
turbocharger, with and without a catalytic stripper in the sample line, and with the engine
undergoing a Worldwide harmonised Light vehicle Test Cycle (WLTC).

Tests were repeated under steady-state conditions with the engine speed at 2700rpm (where torque
at full load was 365Nm). A sample was drawn from the CVS and the number size distribution was
measured with a Scanning Mobility Particle Sizer (SMPS) comprising a TSI Differential Mobility
Analyser (DMA) 3081 and a Condensation Particle Counter (CPC) 3775.

To investigate the nature of the particulate matter in more detail, DMA-classified particles taken
from the peak of each mode that appeared in the size distributions were directed through a solid
particle counting system that was set up according to the Particle Measurement Programme (PMP)
specification. This included a Volatile Particle Remover (VPR) consisting of an evaporation tube (ET)
heated to 300°C, cold dilution and a PMP-compliant TSI CPC 3790 (which has a D50 of 23nm). The
diluted flow was also directed to the CPC 3775 (which has a D50 of 4nm). The number mass
distributions of the classified particles were then scanned with a Centrifugal Particle Mass Analyser
(CPMA).

Three WLTCs were run on the engine (with cooldown modes in-between), the first without a
catalytic stripper in the DMS, then with it connected but not heated (“off”), and lastly with the
stripper heated (“on”). As shown in Figure 1a, particle number emissions over the cycle are
dominated by an 8nm mode that is largely removed by the catalytic stripper. Figure 1b shows the
average number size distributions during the extra high speed section; while semi-volatile 8nm
particles were removed, an additional mode at 20nm persisted through the catalytic stripper along
with the expected soot accumulation mode at 70nm.

Figure	1:	DMS	spectra	obtained	upstream	of	the	turbocharger,	with	and	without	a	catalytic	stripper	
(CS)	in	the	sample	line,	a)	averaged	over	the	entire	cycle	and	b)	averaged	over	the	extra	high	speed	
section	only.

Figure	4:	a)	CPMA	scans	of	DMA‐classified	particles	taken	from	the	peaks	of	the	modes	that	appear	in	
the	solid	particle	spectra	and	b)	the	effective	density	values	that	emerge	(blue	crosses)	plotted	with	GDI	
soot	data	obtained	by	Momenimovahed &	Olfert	(2015)	who	also	used	the	DMA	and	CPMA	in	tandem

While the engine was run at 2700 rpm, diluted exhaust aerosol was sampled from the CVS. In
repeated SMPS measurements an apparent shoulder on the main accumulation mode is evident at
20nm (see Figure 2). To verify that these particles are solid, DMA-classified particles were directed
through the ET, initially with its heater off and then with the heater activated (see Figure 3).

The masses of particles selected from the 20nm and 70nm modes with the DMA were scanned with
the CPMA; the results shown in Figure 4 are consistent with an effective density relationship for GDI
soot aggregates (and are not indicative of some other composition, e.g. metallic ash).
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Figure	2:	Number	size	distribution	of	exhaust	particles	sampled	from	the	dilution	tunnel	measured	with	
the	SMPS.

Figure	3:	CPC	logs	while	DMA‐classified	20nm	and	70nm	particles	are	alternately	directed	through	a	
cold	then	hot	(300°C)	ET.	The	3775	has	a	lower	cutpoint size	(4nm	vs	23nm	for	the	3790)	and	detects	
small	nucleated	particles	originating	from	volatile	contaminants	within	the	ET	that	come	off	when	its	
heater	is	activated	(reaching	setpoint	within	30	sec).

There are numerous studies in the literature which show that unlike diesel soot, GDI soot size
distributions are not lognormal but are instead asymmetric on the log scale with higher
concentrations for smaller particles (e.g. Harris & Maricq (2001)) – this is reflected by the data in
Figure 2. GDI particles generally exhibit higher mass-mobility exponents than diesel, which indicates
a fundamentally different aggregate structure; TEM images in the literature reveal an increase in GDI
primary particle size with aggregate size (e.g Barone et. al (2012)).

Further investigation is required to understand the 20nm mode that is distinguished in the raw
exhaust DMS measurements and hinted at in the SMPS data from the dilution tunnel.

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1.E-04 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01

M
as

s 
S

pe
ct

ra
l D

en
si

ty
 (

dN
/d

Lo
g(

M
p*

)/
cc

)

Particle mass (fg)

20 nm
mode: 0.0043 fg

 = 1.03 g/cc

70 nm
mode: 0.11 fg

 = 0.61 g/cc

dm = 20nm, ρeff = 0.99 g/cc  
dm = 70nm, ρeff = 0.60 g/cc  

a) b)

0.E+00

1.E+05

2.E+05

3.E+05

4.E+05

5.E+05

6.E+05

7.E+05

8.E+05

9.E+05

1.E+06

1 10 100 1000

S
iz

e 
sp

ec
tr

al
 d

en
si

ty
 (d

N
/d

Lo
g(

D
p)

/c
c)

Particle electrical mobility diameter (nm)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /None
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /None
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


