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ABSTRACT

As the legislation on vehicle emissions is becomimgre and more stringent, increasing
attention has been paid to the fine particles ewhitty diesel and gasoline vehicles. The high
number emission of fine particles has been showmat@ a large impact on the atmospheric
environment and human health. Researchers havenstiat gasoline engines, especially
Gasoline Direct Injection (GDI) engines, tend toitelarge amounts of small size particles
compared to Port Fuel Injection (PFI) gasoline regiand diesel engines fitted with Diesel
Particulate Filters (DPFs). As a result, the pltimumber emissions of GDI engines will be
restricted by the EUG6 legislation. The particulateission level of GDI engines means that

they would face some challenges in meeting the Ed@irement.

This thesis undertakes research in the followirgpafirstly, the filtration efficiencies of
glass fibre filters were quantified using a CamimusDifferential Mobility Spectrometer 500
(DMS500) to see if all of the particles from themgded gas can be collected by the filters.
Secondly, various valve timings and different itij@e modes such as double injection with a
second injection after compression, single earfgction and split early injection were
implemented to measure the Particulate Matter (Péfhissions and combustion
characteristics of a GDI engine under warm-up dpegaconditions. Thirdly, the techniques
for removing volatile particles were investigatesing a catalytic Volatile Particle Remover

(VPR) and an Evaporation Tube (ET) with hot aiutidn under various test conditions.



The results show that for the glass fibre filtastéd here, the transmission efficiencies of the
particles are very low, indicating that PM samplusging fibre filters is an effective method

of studying the particulate emissions from the eagi

Particle number emissions using double injectioti wijection after compression were much
higher than those with single injection during theake stroke. Under 1200 rpm, 110 Nm
cold engine operation, no reduction effect on PMssians was shown by using split intake
injection to further facilitate homogeneous mixtdoemation compared with single intake
injection. Valve timings showed moderate effectgarticulate emissions. Properly adjusted
timing for exhaust valve closure led to reducedipalate emissions by a factor of about 2

and the combustion characteristics were not adiyeasiected much.

The VPR temperature and exhaust residence timaatishow much effect on the catalytic
VPR performance once the mass flow rate of exhewast above 0.09 g/s. Generally, the
transmission efficiencies of the VPR follow thenigls of the scaled PMP counting efficiency
specification. Hot air dilution is effective in necing the small size particles. At 23 nm, the
transmission efficiencies are within the error g the PMP specification. The catalytic
VPR and the Evaporation Tube were all found tofbectve in reducing the particle number
of small size (nucleation mode) particles. Bothays have some particle loss mainly due to

the physical effects of diffusion and thermophaesi

Until now, GDI engines have not been optimised retucing particulate emissions as the
focus has been on gaseous emissions and fuel egohditth careful re-optimisation of the
catalyst light-off and engine calibration (espdygi&br transients) then there is scope for GDI

engines to meet forthcoming emissions legislation.



CONTENTS

Chapter 1. Overview on Particulate Matter (PM) Esioiss from Motor Vehicle.................... 1
00 R [ (0o [ [ £ ] [P PPPPPPPPPPPPPR 1
1.2 Overview of Legislation on Vehicle EMISSIONS...........ccoovvviiiiiviiiiiiiiiiee e eeeeeeenn 3
1.3 Overview on Recent Research of Particle M@sseant................coeevvvvviciiiinnneeenn 4
1.3.1 Particle Measurements from Gasoline ENQINeS...........cccceeiviiieieeeeeeeeeeeeeieeeenn, 8
1.3.2 Formation Mechanisms for Particle Emissioos Gasoline Engines.................... 25
1.3.3 Volatile Nucleation PArtiCIES ........ e ieeeeeeiiiiiiiiiiiineeee e eeeeeeeeeeeeeeeeeeeeeennaees 30
1.3.4 Effects of Fuel Characteristics on Parti@®IBmISSIONS.............cccevvvivviiiiiiiiennnnnns 32
1.3.5 Reduction of Particle Emissions from GDI BRG..........cccceeeeveieeeeeeiieeeiieiiiivso 34
1.4 SUIMIMAIY ..ottt e e e e ettt e e e et ettaa e e e e eee s mmaea e e e e eeesnnn e eeeennnnnns 35

Chapter 2. Experimental Equipment and Data Proogddethods ... 38.
P20 R [ (0T [UTox 1 o] o [ PRSPPI 38
2.2 V8 Engine Test Bench and Data Acquisition SYSte..............cvvviiiiiiiiieeeeeeeeeeeee. 38

P RV A W K 1 2 €1 L U PPSRP 39
2.2.2 Data Acquisition System for V8 ENQINe .........coevvuiviiiiiiiiiiiiieeeeeeeeeeeeeeeiieeeee 43
2.3 TeSt Data PrOCESSING ....cccieiiiieieeseeemmmmse s s s e e e e e e e e e e e e e e eeeeeeaaeeeaas s e e e e e e aaeeaaaes 46
2.3.1 DMS500 Data INterpretation ..........cucccccceeeeerrrermianieeeeeeeeeeeeseesessseeesnnseeennnnn.. 46
2.3.2 Data Processing Program for V8 ENQINE weeooeeeiiiiiiiciieee e 58
2.4 SUIMIMIATY ottt e e e e et e e e et e e e et e e e et e e e eaa e e e et aeeaene s eeeesa e eeesaneeeenns 63

Chapter 3. Filter Sampling Tests and Filtrationdi#hcy Analysis.........cccoooovvviiiiiieiieen, 65
G0 A [ o (oo (3 Tox 1 o] o PSPPI 65
3.2 Mechanisms for Particulate DepPOSItION ...ccceeervvveviiiiiiiiieieee e 65
3.3 EXPerimental APPAratUsS ........coooeeee oo e e e eeeeeeeeeaetttaies s s e e e e e e e e e e enaaaeeeaaeeeeeeeeesnes 77
3.4 Measurement of the Filter Transmission EffiCken.............ccccovvvvviiiiiiiiccicccee 80
3.5 SUMIMIATY ettt e e et e e e et e e e et e e s e ne s e e e et e e eeb e eeenns 94

Chapter 4. The Effects of Fuel Injection Timing avalve Timing on PM Emissions from a

GDI Engine during Engine Warm-Up ConditioNS ..........cuvuuuiiiiiiiiieieeeeeeeeeeeeeeeeeiveeeeeee 96
70 R 11 oo [ 3o 1o [PPSR 96
4.2 Experimental Apparatus and TeSt Method . ooeeeeeeeeiiieiieiiiiicecee e eeeeeee 99
4.3 ReSUItS aNd DISCUSSION........uuiiiiiiiieieeeee et e e e e e e eeeeeabb bbb e e eees 101



4.3.1 Effects of the Fuel Injection on PM EMISSIONS............cuvvviiiiiiiiiiiiieeeeeeeeeeen. 101

4.3.2 The Effects of Valve Timing on the PM EMISEO...........cooovviiiiiiiiiiiiiiiienn. 119
YN 0] 4 1 =1 YT UP PP PR 126
Chapter 5. The Effects of a Catalytic Volatile R4et Remover (VPR) on the PM Emissions

fromM @ GDI ENQINE ..o e e e e e e e e e e e e e e e e e e e e e e neaeesseansann e e as 128
oI A [ oo To (U Tox 1 o] o IO U PP PPPPPP 128
5.2 Catalytic VPR System and Experimental SetzUp..........oooeeiiiiiiiiiiiiiiiiiiinee. 129
5.3 Effects of VPR on Engine Particulate EMISSIONS.............cooovviiiiiiiiiiiiiiiinnneee 139

5.3.1 Effects of VPR Temperature and Residenc@ imVPR Performance.............. 139
5.3.2 Effects of VPR Temperature and Residence TmVPR Performance............. 146
5.4 SUMIMATY ..ttt e e ettt e e e et ettt e e e e e eeeta e e e e e e eetaasaaaaaeeeensann e aeeeensnnnns 156

Chapter 6. The Effects of Hot Air Dilution and awaporation Tube (ET) on the PM

EMIsSIoNs from @ GDI ENQINE ......oevviiiiiiciciee e eree e e a e e e e e e e e 158
6.1 INTTOTUCTION ...ttt e e e e e e e e e eeeeb bbb e e e e e e eeaaeeaeeas 158
6.2 Evaporation Tube and Experimental Set-Up.............ouuvviiiiiiiiiiniieeeeeeeeeeceeeeeen, 158
6.3 Effects of Hot Air Dilution and Evaporation @@ on Engine Particulate Emissions 166
6.4 Calculation of the Particle Loss in the Evapion Tube System............ccccoeevvvnee 517
8.5 SUMIMAIY ..ottt e e ettt e e e e e et b seee e e e e e eesbaa e e eaeennnnnns 180

Chapter 7. Conclusions and Suggestions for FULEKW...........cccooeeviieeieieeiieveeeeiiiinnns 181
7.1 CONCIUSIONS ...ttt e e e e e e e e aaaaaaeeeeeeaaeeaeeeennnnenns 181

7.1.1 Filtration Efficiency Analysis for the Filt&ampling Tests...........ccccevvveviiinnns 182
7.1.2 The Effects of Engine Operating parameterBMrEmissions during Engine Warm-
(0 @] o 1110 ] o 1< U UUPPP PP PPPUPPPPRTR 183
7.1.3 The Effects of a Catalytic Volatile Parti@emover (VPR), Hot Air Dilution and an
Evaporation Tube (ET) on the PM Emissions from d GBgine..........ccccceevvieeeeennnnn. 184
7.2 SugQgestions fOr FULUIE WOIK........... e eeeeeeeereiiiiiiaaaaaseeeeeeeeeeeeeeeeessseeeeeesennnees 186
TS (=TT [ TP 189
Y o] o 1= T [y PP 200



ACKNOWLEDGMENTS

| would like to express my sincere gratitude to supervisor Professor Richard Stone for
offering me the DPhil studying opportunity, withdiie guidance and help from whom my
research would not have been possible. | wish aokhProfessor Stone for his professional
advice, technical assistance, strategic directidis. kindness and generous support has
always strengthened my confidence to overcomecdities, which is also crucial to the

completion of my project.

| want to send my special appreciation to Chinac&skhip Council (CSC) and Education
Section of the Chinese Embassy in the UK for thelp and financial support to my DPhil
study and Jaguar Land Rover for contributing tafabory expenses. Thanks also to Roger

Cracknell from Shell for the provision of the téstls.

During the course of my doctorate study | have miade of friends, in particular in the
Internal Combustion Engines Group (Longfei Chenn Baviney, Mike Braisher, Huayong
Zhao, Mengchen Hu, Felix Leach, Nathan Hinton, Kiang, Paul Bailey and Mike Dadd).
It is their help and friendship that makes my Hkfeciting. | would also like to thank all the
staff in the Electronic and Mechanical Workshopowiave ever facilitated me in building

up testing equipment.

Last but not least | would like to express my eatmgatitude to my parents and my former
supervisors Professor Jianxin Wang, Professor rSl8jiuai and Professor Zhi Wang at
Tsinghua University for their consistent supportl @alvice towards my research. Had it not

been their encouragement, | would not have madgress this far.



Nomenclature

S.1. units and standard notations for chemical el@s) formulae, and abbreviations are used

in this thesis. Other abbreviations are listed Wwelo

Acronyms

ABDC After Bottom Dead Centre

Acc Accumulation Mode

AFR Air Fuel Ratio

ATDC After Top Dead Centre

BMEP Brake Mean Effective Pressure
BSFC Break Specific Fuel Consumption
BSP British Standard Pipe

BTDC Before Top Dead Centre

°CA Crank Angle Degree

Cl Compression Ignition

CMD Count (number) Mean Diameter
CO Carbon Monoxide

CO, Carbon Dioxide

CPC Condensation Particle Counter
CPMA Centrifugal Particle Mass Analyser
CPS Cam Profile Switching

CRDI Common Rail Direct Injection
CS Catalytic Stripper

CVI Closed Valve Injection

CVS Constant Volume Sampling

DAM Diameter of Average Mass

DAQ Data Acquisition

DDC Dekati Diffusion Charger

DRV Diesel Fuelled Vehicle

DI Direct Injection

DISC Direct Injection Stratified Charge
DISI Direct Injection Spark Ignition
DMA Differential Mobility Analyser
DMS Differential Mobility Spectrometer
Dp Particle Diameter

DPF Diesel Particle Filter

DR Dilution Ratio

ECU Engine Control Unit

EGR Exhaust Gas Recirculation

ELPI Electrical Low Pressure Impactor
EOI End of Injection

ET Evaporation Tube

EVC Exhaust Valve Closing

Vi



EVO Exhaust Valve Opening

FID Flame lonization Detector

FTP Federal Test Procedure

GCMS Gas Chromatography and Mass Spectrometry
GDlI Gasoline Direct Injection

GF/A Whatmafi Glass Microfiber filter Grade GF/A
GFV Gasoline Fuelled Vehicle

GMEP Gross Mean Effective Pressure

GRPE The Working Party on Pollution and Energy
GSD Geometric Standard Deviation

HC Hydrocarbon

HDAQ High Speed Data Acquisition

HEPA High Efficiency Particulate Air (filter)
HWFET Highway Fuel Economy Test

IMEP Indicated Mean Effective Pressure

IMEPN Net Indicated Mean Effective Pressure
IUFC15 Inrets 15 x Urbain Fluide Court

IVC Intake Valve Closing

VO Intake Valve Opening

kph Kilometre per Hour

LabVIEW Laboratory Virtual Instrument Engineeringovbench
Lambda Relative Air Fuel Ratio

LAT Laboratory of Applied Thermodynamics
LDAQ Low Speed Data Acquisition

LEPA Low Efficiency Particulate Air (filter)

LIl Laser-Induced Incandescence

LPM Litre per Minute

LS Lab’s Own Systems

MAP Manifold Absolute Pressure

MATLAB Matrix Laboratory

MFB Mass Fraction Burned

MFM Mass Flow Meter

N> Nitrogen

NA Naturally Aspirated

NacCl Sodium Chloride

NEDC New European Drive Cycle

NI National Instrumentd’

NMHC Non-Methane Hydrocarbons

normpdf Normal Probability Density Function

NOx Mixture of Nitric Oxide and Nitrogen Dioxide
Nucl Nucleation Mode

O, Oxygen

oviI Open Valve Injection

PAH Polycyclic Aromatic Hydrocarbon

PAS Power-Assisted Steering

PFI Port Fuel Injection

Pl Positive Injection

PID Proportional-Integral-Derivative

PISI Port-Injection Spark-Ignition

PM Particulate Matter

Vil



PMEP
PMP
Pn
PNC
PND1
PND2
ppm
PURA
rpm
RS
SGDI
Si
SMPS
SOF
SOl
SPCS
SPSS
Std
TD
TDC
TGA
THC
TTL
TWC
ubDC
ULEV
UN-ECE
VCT
VPR
VPR-DF
VVE
VVI
VVT
VVTH
VVTL
WGDI
WOT

Pumping Mean Effective Pressure
Particle Measurement Program
Particle number

Particle Number Counter
Primary Hot Diluter

Secondary Cold Diluter

Part per Million

Shell PURA (gasoline)
Revolutions Per Minute
Reference System
Spray-Guided Direct Injection
Spark Ignition

Scanning Mobility Particle Sizer
Soluble Organic Fraction

Start of (fuel) Injection

Solid Particle Counting System
Solid Particle Sampling System
Standard Deviation
Thermo-Denuder

Top Dead Centre
Thermo-Gravimetric Analysis
Total Hydrocarbon
Transistor-Transistor Logic
Three Way Catalyst

Urban Driving Cycle
Ultra-Low Emission Vehicle

United Nations Economic Commission for Ewwop

Variable Cam Timing

Volatile Particle Remover

VPR Dilution Factor

Exhaust Valve Retard Angle

Intake Valve Advance Angle
Variable Valve Timing

Variable Valve Timing with High Lift
Variable Valve Timing with Low Lift
Wall-Guided Direct Injection

Wide Open Throttle

Particle Radius

Cunningham Slip Correction Factor
Velocity Jump Coefficient

Thermal Creep Coefficient
Temperature Jump Coefficient
Particle Diffusion Coefficient

Fibre Diameter

Particle Diameter

Total Efficiency of a Filter
Single-Fibre Efficiency for Diffusion

Vil



Ku

m

MFM add gas
MFM air
MFEM bypass
MFMpwus
MFMpwms+FiD
MFM exhaust
MFMeitter
MFM pump
P

Pait

Pe

P

Interaction Term for Interception and Diffusion
Single-Fibre Efficiency for Impaction
Single-Fibre Efficiency for Interception
Single-Fibre Efficiency

Boltzmann Constant

Thermophoretic Coefficient

Thermal Conductivity of the Gas

Thermal Conductivity of the Particle
Kuwabara Hydrodynamic Factor

Mass Flow Rate Through the VPR

Mass Flow Rate of the Additional Gas
Mass Flow Rate of Dilution Air

Bypass Mass Flow Rate

Sampling Mass Flow Rate of the DMS
Sampling Mass Flow Rate of the DMS and FID
Mass Flow Rate of Exhaust

Mass Flow Rate through the Filter

Mass Flow Rate through the Vacuum Pump
Number Concentration of the Particle with Diamele
Penetration Efficiency

Particle Penetration of Diffusion

Peclet Number

Particle Mass

Particle Number

Prandtl number

Particle Penetration of Thermophoresis
Specific Gas Constant of Exhaust

Stokes Number

Residence Time

Face Velocity

Terminal Settling Velocity

Volume Flow Rate through the VPR

Greek letters

Volume Fraction of Fibres (solidity)

Gas Mean Free Path

Dynamic Viscosity

Transmission Efficiency of the Particle with Dietard,
Count (number) Mean Diameter

Geometric standard deviation

Density of Particle
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Chapter 1. Overview on Particulate Matter (PM) Emissions from Motor

Vehicle

This chapter starts with a literature review, ahtha end of this chapter there is an overview

of the thesis structure and the contributions ftbencurrent work.

1.1 Introduction

As the regulation for C©Qemissions of cars is becoming more and more stningrehicle
manufacturers are increasing their efforts to lother fuel consumption of cars, and high
efficiency combustion engines are needed to achilese Gasoline direct injection (GDI)
engines have shown benefits in fuel consumptionr peet fuel injection (PFI) engines [1].
So many companies have been devoting themselhas/&oping GDI engines over the past
few years. Moreover, downsized gasoline enginesmhining turbocharging and direct
injection - have shown significant improvement ne fuel economy over naturally aspirated

PFI engines with the same performance [2,3].

Kirwan et al. [4] show that the 3-cylinder turboojeed GDI engine is a cost effective
powertrain for the compact car segment. Fig. 1.dwshthat downsizing results in a load
increase to higher BMEP at constant speed and gmedsg results in higher load and
lower engine speed. Both downsizing and downspegedinuld lead to higher overall

efficiency and thus reduced fuel consumption. Tahawged GDI engines offer higher low
end torque compared to turbocharged PFI enginegatieeir improved intake scavenging
efficiency and intake charge cooling to reduce eadinock tendency, which is essential to

maintain good driveability with downsizing and dapeeding in turbocharged engines.
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Fig. 1.1 Schematic representation of engine dowmgiand downspeeding on an
engine map [4].

On the other hand, the limits on vehicle pollutantissions are becoming lower and lower,
increasing attention has been paid to the finaghestemitted by diesel and gasoline vehicles.
Researchers have shown that Gasoline Direct InjeqisDI) engines tend to emit large
amounts of small size particles compared to Poel Fyjection (PFI) gasoline engines and
diesel engines fitted with Diesel Particulate Fdt€DPFs). These contribute to a small
portion of the particle mass emission but they cbuate to a large portion of the particle
number emission. Since there is a growing awaretieststhe particle number has more
impact on the environment, a particle number measant will be required by EUG6
emissions legislation. Thus, collaborative partioeasurement programmes have been
executed by EU governments, and particle measutsnin@ve been carried out at different
research institutions for both diesel and gasokeleicles. The particulate emission level of
GDI engines means that they would face some clgdieim meeting the EU6 requirement.

So it is important to further investigate the cluteastics of GDI particle emissions,
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including their chemical composition, physical dweristics, formation mechanisms and

elimination methods.

This chapter gives an overview of the legislation particle emissions from vehicles and

recent research on particle measurement techniques.
1.2 Overview of Legislation on Vehicle Emissions

Table 2.1 and Table 2.2 show the EU5 and EU6 eamssiandards, respectively [5]. It can
be seen that the particle mass limit for passeoges with Gasoline Direct Injection (GDI)
engines will be implemented in the EU5 emissiomasad. Further, in EU6, a patrticle
number limit will be determined and implementedatirspark ignition engines, for which the
value would be defined before September 2014. Timmber limit for diesel engined
passenger cars has been set to 8x4@8m. Thus, not only diesel engines are facing a
challenge in meeting a further particle emissiomst] but also gasoline engines, especially
direct injection engines, which will have to empkyme additional methods or strategies to

fulfill the legislative requirements.

Preliminary results have shown that, the direadtipn gasoline engines emit more particles
than either port fuel injection (PFI) gasoline e or diesel engines with a diesel
particulate filter (DPF). The characteristics oftjgdes emitted by gasoline direct injection

engines have to be further investigated.
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Table 1.1 EUS5 emission limit [5]

Limit values
s of Mass of
Refer- | Mass of ass o non- Mass of . .
total hy- 29 Mass of particu- Number of
ence carbon ) methane oxides of o) i @
- . drocar- . late matter particles
mass monoxide bons hydrocar- nitrogen (PM) (P)
(RM) (CO) (THC) bons (NOy)
(kg) (NMHC)
L, , ,
L, (mg/km) (rﬁgx’km) L; (mg/km) | L, (mg/km) | Ls (mg/km) L (#/km)
g;‘f; s PL |c |pr |cI|Pl |[cT |PI |cI | PI® CI PI |CI
M - All 1000 | 500 | 100 | - 68 - 60 | 180 5,045 | 5045 |- 6x10"
I IS\(/)ISS 1000 | 500 | 100 | - 68 - 60 | 180 5,045 | 5045 |- 6x10"
1305
Ny 1I <RM<| 1810 | 630 | 130 | - 90 - 75 | 235 5,04,5 | 5,045 |- 6x10"
1760
mo| 0% | 2270 {740 160 |- 108 [- |82 |280 |5045 |5045 |- | 6x10M
N, - All 2270 | 740 | 160 | - 108 | - 82 | 280 5,045 | 5045 |- 6x10"

Key: PI = Positive Ignition, CI = Compression Ignition

(1) A revised measurement procedure shall be introduced before the application of the 4,5 mg/km limit value.
(2) A new measurement procedure shall be introduced before the application of the limit value.

(3) Positive ignition particulate mass standards shall apply only to vehicles with direct injection engines

Table 1.2 EU6 emission limit [5]

Limit values
Mass of Mass of ﬂ/(I)z:ls;s of Mass of
) i total hy- oxides Mass of particu- | Number of
Reference | carbon methane . : @
: . drocar- of nitro- | late matter particles
mass monoxide ikt hydrocar- OPM) P)
(RM) (k) | (CO) (TO?ISC) bons gf% y
(NMHC) i
L, L, L; Ly / #/k
(mg/km) (mg/km) (mg/km) (mg/km) Ls (mg/km) Ls (#/km)
4
S;‘If; e pr |c [Pt |c|p |ca |pfa @ |a  |[P5 o
o
o - All 1000 | 500 | 100 |- [68 |- |60 |80 |5045]5045]- 6x10"
<
I 11?35_ 1000 | 500 | 100 |- |68 |- [6O |80 |5045]|5045]- 6x10"
1305
N, I <RM < 1810 | 630 | 130 | - 9 | - 75 | 105 | 5,0/4,5 | 5,0/4,5 | - 6x10"
1760
mo | g% 2270 | 740 | 160 |- 108 |- |82 [ 125 | 5045 5045 |- | 6x10"
N, - i 2270 | 740 | 160 | - 108 | - 82 | 125 | 5,0/4,5 | 5,0/4,5 | - 6x10"

Key: PI = Positive Ignition, CI = Compression Ignition

(1) A revised measurement procedure shall be introduced before the application of the 4,5 mg/km limit value.
(2) A number standard is to be defined for this stage for positive ignition vehicles.

(3) Positive ignition particulate mass standards shall apply only to vehicles with direct injection engines.

(4) A number standard shall be defined before 1 September 2014.

(5) A new measurement procedure shall be introduced before the application of the limit value.

1.3 Overview on Recent Research of Particle Measament

A brief summary of the particulate matter (PM) fation is given by Stone [6]. PM is



Chapter 1. Overview on Particulate Matter (PM) Eiaiss from Motor Vehicle

formed in both spark ignition and diesel enginest because the emissions from spark
ignition engines are not visible (being sub-micrtm}y have been ignored in the past. The
particulate matter legislation for diesel engines lbecome increasingly stringent, and for
automotive applications a diesel particulate filfePF) is invariably needed. The particulate
matter emissions from a compression ignition engiite a diesel particulate filter can now

be lower than from direct injection gasoline engiffgee Section 1.3.1), so it is not surprising
that legislation for gasoline engines now includegiculate matter. Eastwood [7] provides a
very comprehensive review of the formation, compmsj characterisation, toxicology, and

after treatment of particulate matter.

The origins of the particles and their ensuing bation to the particle composition are

summarized in Fig. 1.2.

CARBONACEQUS
PLISL FRACTION
ORGANIC
LUBRICANT FRACTION
AIR INORGANIC
IMPURITIES FRACTION
MATERIAL SULPHATE
DISINTEGRATION FRACTION
Fig. 1.2 Routes for the formation of particulatetteg adapted from Eastwood [7].

In Fig. 1.2 the carbonaceous fraction comes fromolggis of the fuel and oil, while the
organic fraction is from the partial combustion tbe fuel and oil. Wear products will
normally be metallic and this leads to the inorgdmction, along with any metals that have
been present in the fuel or oil (possibly as aded). Any sulphur in the fuel or oil is

oxidized and combines with water, leading to thedpiction of sulphuric acid and sulphates;
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it is of course inorganic but of sufficient quantio justify separate identification.

The mechanisms for the production of the primangigas are complex and their modelling
is especially challenging, and Eastwood [7] prosidecomprehensive review. The primary
particles are partly graphitic in structure, whichs a planar structure with a hexagonal
arrangement of carbon atoms — like a ‘matrix’ ohzene rings with the hydrogen removed

and then fitted together.

When there are aromatic components present inuék it is easy to imagine how the
combustion process leads to a benzene riggld@vhich is intrinsically stable), but primary
particles are also formed from fuel with no aromatntent, and this can be formed by the
polymerization of acetylene ¢(H,). Acetylene is a common intermediate species in
combustion, especially with rich mixtures. Eventhie overall air fuel ratio is weak of
stoichiometric, inhomogeneities in the mixture Walhd to locally rich regions. Other species
can also lead to the formation of aromatic compsurte precursors of graphite are the
polycylic aromatic hydrocarbon (PAH) compoundswdfich some examples are shown in

Table 1.3.

Table 1.3 shows how the same number of carbon nagdorm different shapes, and that 5
atom carbon rings are possible, in which case tbkeeule will not be planar. The level of
aromaticity also varies (shown by the circle thepresents molecular orbitals above and
below the plane of the carbon atoms, but each contpa3 electrons). The position of the
benzene ring can vary within some PAHSs, and foivargnumber of rings both the number
of hydrogen atoms and the number of carbon atomsag. The PAH molecules are mostly
planar, and when they stack together a graphitiecttre is formed, while if they are

orientated randomly this results in an amorphougsire.
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Table 1.3 Polycylic aromatic hydrocarbon (PAH) compounds

Phenathrene
Ci4Hyo

Anthracene
CisH1o

e
s (OO0 OO0

Pyrene Corannulene O Q
C16H10 Q C20H1O g !

Modelling the growth of PAH molecules is computationally very demanding, Raj et al [8],
and requires identification of the different types of site on a PAH molecule, as shown in
Fig 1.3. PAH molecules can grow by the hydrogen-abstraction—carbon-addition (HACA)
mechanism involving the addition of acetylene (C,H;) or other species at aromatic radical
sites. The model reported by Raj et al [8] describes the structure and growth of planar PAH
molecules and is based on reactions at radical sites available in the literature, and additional
reactions obtained from quantum chemistry calculations. This provides a detailed model of
soot particle composition and the associated surface growth and oxidation reactions using
quantum chemistry and Kinetic Monte Carlo (KMC) simulations. It is necessary to use a

statistical representation of the PAH molecules and their functional sites because tracking
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every single molecule is computationally prohilstivt is also necessary to model when the
molecules are held together in a particle througysizal forces (rather than chemical bonds)
to form aggregates, and to include the condendatisorption of hydrocarbons onto the

surface of the aggregates.

Zig-zag (ZZ) Armchair

Y .~ (AC)
7
X

Free-edge_’ i

(FE) & T N . 5-member
Fig. 1.3 Different types of site on a PAH molecwé&h acknowledgement to Markus

Kraft, University of Cambridge.

1.3.1 Particle Measurements from Gasoline Engines

With the tightening of emissions legislation, mamsearch institutions are concerning
themselves with particle emissions from gasolingireas, especially those with direct

injection.

Recently, much attention has been given to theiénite of fine particulate matter (PM) in
the atmosphere on human health. Concerns aboubjmasverse health effects of particles
from engines, led to a re-examination of PM stadislaand measurement protocols by
Kittleson [9]. Fig. 1.4 shows idealized diesel exsigparticle number and mass weighted size
distributions. The particle emissions can be didideto three modes, namely nucleation
mode, accumulation mode and coarse mode. Mostegbditicle mass exists in the so-called
accumulation mode in the 0.1-Qu& diameter range. This is where the carbonaceous
agglomerates and associated adsorbed materialderefhe nucleation mode typically

consists of particles in the 0.005-040% diameter range. This mode usually consists of
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volatile organic and sulphur compounds that formrduexhaust dilution and cooling, and
may also contain solid carbon and metal compouhias.nucleation mode typically contains
1-20% of the particle mass and more than 90% ofptmticle number. The coarse mode
contains 5-20% of the particle mass. It consistaafumulation mode particles that have
been deposited on the cylinder and exhaust systeiaces and later re-entrained. By number,
most of the particles emitted by a diesel engihe @ame is true for a spark-ignition engine)
are nanoparticles. Kittleson [9] proposed thatifioparticles would be a problem from diesel
engines, then spark-ignition engines may be impbsaurces too. And if nanoparticles are
primarily composed of volatile materials, as was ¢hse in engines they tested, then they are
formed as the exhaust dilutes and cools. The nuriesize of nanoparticles would depend
upon the details of the dilution process. Thus,ospheric dilution should be simulated in

order to make representative measurements.

Fine Particles
1 Dp <2.5 um

Q.
o
g | Nanoparticles
2 Dp < 50 nm
%{ Ultrafine Particles PM10
5 Dp < 100 nm Dp <10 um
8 ,_i
T
3
5
(&) B 5\
T /
S :
s .
£ Nuclei ; . Coarse
2 Mode /" Accumulation Mode
. ’ Mode A
0.001 0.010 0.100 1.000 10.000
Diameter (um)
[ ------ Mass Weighting Number Weighting ]
Fig. 1.4 Typical engine exhaust size distributitorsmass and number weightings [9].

A number of vehicles with port fuel injection (PRijere tested by Maricq et al. [10] from

Ford. They concluded that particles were generdteohg acceleration and cold start in the
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FTP cycle. After catalyst light-off, particle emimss diminished to near negligible levels at
moderate cruise speeds and during deceleratioticleamissions from diesel and gasoline
vehicles were tested by Geller et al. [11]. And finysical and chemical characteristics of
PM were studied. A Scanning Mobility Particle SiZ&MPS), a Condensation Particle
Counter (CPC), an Electrical Low Pressure Impa@&Pl) and a Dekati Diffusion Charger

(DDC) were used to measure the particle numberesdration, particle size distribution and

the active surface area of airborne patrticles.

A Scanning Mobility Particle Sizer (SMPS) can bedito measure particle size distributions
and concentrations [11]. It consists of a neutealzharger, a mobility section, a particle
detection instrument, and a computerized contral data acquisition system. Particles
coming from a diluted exhaust sample pass firsbuph a radioactive source bipolar ion
neutralizer. This brings the particle charge disttion level to a minimum Boltzmann’s
distribution of charge. The aerosol then entersntiodility section close to its inner surface.
Clean sheath air flows close to the central rodeWh voltage scan is applied to the rod,
charged particles move in the radial direction irdvar outward, depending on their polarity.
Particles with the right polarity and electrical lnildy exit through holes at the bottom of the
central rod. A Condensation Particle Counter (CR®)itors the number concentration of
the total particle population [11]. It consists afaturator, condenser, particle sensor, flow
meter, and pump. The aerosol entering the instramdirst saturated with alcohol and then
cooled in the condenser tube. During the coolingcess, the alcohol condenses on the
particles, and droplets of approximately 5t0in diameter are formed. The droplets flow
from the condenser tube into a particle-sensingpne? laser light source is focused on a
narrow volume in this region. The CPC operates single particle count mode for particle
number concentrations lower than the threshold evalli counts pulses generated by

individual particles passing through the view vokimn Electrical Low Pressure Impactor

10
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(ELPI1) monitored the number weighted size distitnutin real time [11]. It consists of three
main components: a cascade impactor, a unipoladedicharger and a multichannel
electrometer. The charger is used to charge sanmalgitlies to a well defined charge level.
The charged particles are then introduced into dascade impactor that classifies the
aerosols into 12 size fractions according to tirertia and consequently their aerodynamic
diameter. A Dekati Diffusion Charger (DDC), a pitytme diffusion charger calibrated by the
Laboratory of Applied Thermodynamics (LAT) at Aofe University in Thessaloniki,
measured the active surface area of airborne [Emtin real time [11]. lons were used to
label the aerosol and the output signal correspbhal¢he electrical current generated by the

ion accumulated onto the particles.

Fig. 1.5 shows that the particle number emittedti gasoline engine was an order of
magnitude lower than the conventional diesel, wthike diesel engine with a DPF exhibited

the lowest particle number emission.

PM emissions from four PFI vehicles were testec amassis dynamometer by Kasper et al.
[12]. The particle number concentrations were |dMow speed cruise conditions, but were
significantly higher during hard acceleration agltly transient phases of the test cycles. Also
on-road size distributions of five Sl vehicles werempared with a diesel vehicle by
Kittelson et al. [13]. Under steady highway crugsmditions, they were unable to measure a
significant particle signature above background day of the cars. However, during full
throttle accelerations from 80 to 113 km/h, theoedtive test fleet produced size
distributions similar to modern, heavy-duty diegehicles (Fig. 1.6). The gasoline vehicles

emitted lower particle number concentrations in tnyger end (60- 300nm) of the

accumulation mode where most of the particle mageund. However, older, high mileage

vehicles emitted a greater number of nucleation enpdrticles compared to the lower
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mileage vehicles.
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Fig. 1.6 Average on-road acceleration size disttibns for five PFI and one diesel

engined vehicles [13].

Four laboratories in France (IFP, PSA, RenaultdméAC) conducted an interlaboratory test
on the determination of the exhaust particle numiseng CPC and ELPI analyzers [14].
Fig. 1.7 shows the total particle number of ther feehicles tested. The EU3 diesel with DPF
(Diesel 3) showed the lowest particle number emigsand EU3 (Diesel 1) and EU4 diesel
(Diesel 2) without DPF showed the highest partimlenber, while the EU4 PFI gasoline
engine (Gasoline) with stoichiometric operation washe middle. Also, the CPC and ELPI

analysers gave quite similar spectra for the dartiamber versus time on the NEDC.

A PFI gasoline and a CRDI diesel light duty velsclehich were compliant with ULEV and
EURO 4 regulations were evaluated by Lee et al}, W&ere the particle number and size
distribution characteristics were tested undered#iit engine operation conditions and
vehicle certification modes, such as NEDC, FTP&lg HWFET [16]. The particle size

distribution was analysed by a DMS500 and the ties®lved particle number concentration
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level was measured through the procedure recomrddmngéhe PMP [17]. It was concluded
that the PM size distributions measured in the lgas@and diesel engines were bi-modal
(with nucleation and accumulation modes). Gasolergines mainly emitted PM in

nucleation moded, < 50 nm), while diesel engines mainly generatecuiailation mode

(d, > 50 nm) particles. The aftertreatment of the Jascengine had a slight effect on PM
reduction at various part load conditions, whiletigle number concentration levels were
reduced by a maximum of 3 orders of magnitude ey IPF fitted to the diesel engine.
Gasoline and diesel fuelled vehicles both emit Piind) transient operation. The total
particle concentrations with various test modesgfsoline and diesel showed similar levels

(Fig. 1.8).

In 1999, a Mitsubishi car with 1.8L gasoline dirécfection (GDI) engine was tested by
Graskow et al. [18], where particle size distribatiwas measured using SMPS and CPC
from engine-out exhaust before the TWC. The averpgsdicle number concentration
increased from 1.1x£@articles/crm at 13 km/hr to 2.8xFparticles/cri at 70 km/hr, where
the engine was working under stratified operatiét. 90 km/hr, the particle number
concentration reduced to 9.3¥Ifarticles/cml where the engine was running with a
stoichiometric mixture. Fig. 1.9 shows the partisiee distributions reported by them. From
32 km/hr to 90 km/hr, the majority of the particlesitted were in the accumulation mode

(i.e. 30 nm <dp < 1pum).

Laser-induced incandescence (LII) and ELPI haven hetitized by Smallwood et al. [19] to

investigate the soot concentration of a gasolimectlinjection vehicle during the FTP and
HWFET driving cycles. Both LIl and ELPI demonstitihat the maximum emission rates
occurred during acceleration transients. From tHerdsults, there was a clear correlation

between acceleration and soot emission rates. $hggested that the wide measurement
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range and low detection limit of LIl make it a peld standard instrument for soot

measurements.
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Fig. 1.9 Number-Weighted Exhaust Particle Sizeribistions [18].

The patrticle size distributions for gasoline andséi engines were examined by Harris and
Maricq [20] using a SMPS, for engine dynamometetstehat were performed without
catalyst aftertreatment. The number weighted sis&ilbutions of GDI engine particulate
emissions during stratified operation are showrriop 1.10. Also, Harris and Maricq [20]
reported that when the GDI engine was running hamegusly with early injection, the
shape of the particle size distributions were simibut the overall particle emissions were
about 100 times lower than those during stratifiperation. They concluded that the soot
formation in both diesel and GDI gasoline engingshed to universal asymptotic size
distributions that represent distinct signatures the two engine types, and these
characteristic distributions were lognormal (or s@doto) and not the self-preserving

distributions predicted from coagulation dynamics.

A tandem DMA-ELPI measurement of exhaust partidfective densities from two light-
duty diesel vehicles and a GDI vehicle were perfdnby Maricq and Xu [21]. They

concluded that there was a characteristic steepedee in effective density as the patrticle
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mobility diameter increased, regardless of wheswat was generated by a rich ethylene
flame or emitted by diesel or GDI engines. At 50t effective density was about 1.2gfcm
varying weakly with soot source, whereas by 300nhad fallen fourfold to about 0.3g/ém
The level of accuracy, the possibility of transi@M mass measurement, and freedom from
hydrocarbon artifacts make the calculation of PMssndrom particle size distribution

measurements an attractive alternative to filteedameasurement.
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Fig. 1.10 Number Weighted mobility diameter disitibns of GDI engine particulate
matter emissions under various spark timing andatipn timing [20].

Particle measurements were performed in the exlwduste light-duty vehicles at +23, -7,
and -20 °C ambient temperatures by Mathis et &l. [Bhe PFI and CI-DPF vehicles showed
the lowest particle emissions, while particle emoiss for Cl vehicle were the highest. And

the level of particle emissions from GDI vehiclesnaetween that of PFI and CI vehicles

(Fig. 1.11).

17



Chapter 1. Overview on Particulate Matter (PM) Eiaiss from Motor Vehicle

4 5E+141
4.0E+14+ CPCwithout™ M ___________|
‘_‘g 3.5E+14 |(firstpartofthe UFC15)f | |
22 3084144 -9*8C_____ WMl ____]
£ c .
30 25E+141+-8-7°C 8 L
-
2 S 20E+14+-- g20c -—----| W -----------]
f<i IR =33 V'8 EONGERERRER AU ———
< O
QS 10E+4f - ——-—-—— S T
© 5.0E+13+--1-- —J— ’:— —————————
0.0E+00- T r : T
PISI 1 PISI 2 Cl CI-DPF DIsI
(A) vehicle
4.5E+14 1
CPC withTD
. 4OE+14 Nfirst part of the IUFC15)[ ]~~~ ~~~~ "7
A e [
22 30E14t-9*BC _______ o]
E c .
362564141+ -87C —— W Lo
SE20E+4T-g20Cc —— | B [T
£ § 15E+14r-—-----~ 2l Bttt
© O
S5 1.0E+4+-——-—-—-- W --------- |
© 50413+ --{ |--~= F-{ M t-------= |
0.0E+00- T T T :
PISI1  PISI2 Cl CI-DPF  DisI
(B) vehicle
3.0E+04 7
DC without TD
2.5E+04 1 (first part of the IUFC15) . | _ _ _ _ _ _ _ _ _ _ _|
e @+23°C
SE20+04f- - -- |-
s
S 5 1.56+041 - _o0c ——--—| B [-------- L
=)
B & 1.0E+04+ - ——---—1+-| M t-------- -
t
=
% 50e405; -] [--——] |-BO }-——————— L
0.0E+00 : r : r —
PISI1  PISI2 Cl CI-DPF DISI
©) vehicle

Fig. 1.11 Cold start emissions of particles durthg I[UFC15 driving cycle at +23, -7,
and -20 °C ambient temperatures (PISI: port-injecti spark-ignition, Cl: compressed
ignition, DPF: diesel particle filter, GDI: direcirjection spark-ignition) [22].

An overview of the results on light duty vehicledlected in the “PARTICULATES” project

was presented by Ntziachristos et al. [23], whitheal at the characterization of exhaust
particle emissions from road vehicles. The mairaidéthe sampling system was to provide
sampling conditions which favour nucleation modenrfation and this was achieved by using
a moderate primary dilution ratio (12.5:1) and aoglof the exhaust with conditioned air at

32 °C. They argued that the diesel vehicle withePF showed the highest PM emissions,
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and the trap equipped diesel could reduce the Pibeuby 2 to 4 orders of magnitude. PFI

gasoline vehicles were found to be emitting at elow the levels of DPF equipped diesel

vehicles. However, GDI engined vehicles may havicdlty meeting the EU5 legislation,

though their emissions are well below the dieselBumit (Fig. 1.12).
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Fig. 1.12 Correlation of different particle propes with the regulated PM procedure.

Emissions collected over the NEDC cycles (cold laotdstart) and the three Artemis Cycles.
(a) Total mass in gravimetric impactor, (b) Actisarface from the diffusion charger, (c)
Total solid particle number from the ELPI, (d) Togaarticle number from the CPC.
"Nucleation" designates the side of the correlatwhere nucleation mode should become

visible [23].

The particle emissions from a number of EU4 veBideerating with different fuels were

tested by Ericsson et al. [24] using CPC and ElRBtruments. The CPC was arranged
according to the most recent version of the Partibéasurement Programme (PMP) protocol
for the NEDC. In Fig. 1.13, higher particle numla@d mass emissions are observed for the

DI vehicles (E and F). The particle numbers forstheehicles are similar, around*3¢km,
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while the spray-guided direct injection (SGDI) wdhi (F) shows remarkably lower PM
emissions by mass compared to the wall-guided Wirgection (WGDI) vehicle (E),
indicating significantly smaller particles in thase of the SGDI vehicle. For the SGDI
vehicle, it was found that the vehicle switcheddgan mode after the first UDC cycle, and
stayed at high lambda values throughout the cydie avfew exceptions, which were likely
to be due to regeneration of the leanN&p. In the search for a correlation between
particulate number and the lambda trace, they coded that the continuous contribution of
particle emissions originated from the stratifiedd®, as the particulate number decreases
dramatically at low values (lambda < 1.1). The aliéince in particulate number between
homogeneous and stratified mode was approximait@lyirdes (calculated at the 70 km/h

steady state lambda shifts at t ~ 900 s and 1000 s)
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Fig. 1.13 Particulate numbers measured with ELPH &@PC and particulate mass

measured gravimetrically, over the NEDC for différ@ehicles (A-F). The proposed post-
Euro IV legal limits are indicated for comparisoi: E5 PFI, B: E5 PFI, C: E85 PFlI, D:
Diesel CRDI with DPF, E: E5 WGDI, F: E5 SGDI [24].

In recent years, the Particle Measurement Progra(mil?) has been set-up as a working
group of the UN-ECE GRPE, focusing on the develamnté new particle measurement
techniques to complement or replace the existintjqodate mass measurement technique,

with special consideration to measuring particleissions at very low levels [17, 25].
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Fig. 1.14 shows that the particle measurement sy¢teference system (RS)) consists of a
cyclone, a primary hot diluter (PND1), an evapanattube (ET), a secondary cold diluter
(PND2) and particle number counters (PNCs). Fit5 Ishows the particle number results
from their tests. Mean emissions from the DPF-gueipDiesels were lower thant@km

except for DPF#3 which can be considered a speeais¢. Emissions from the PFI were
statistically similar to the Golden Vehicle (a dieseference vehicle equipped with a DPF),
while GDI emissions levels were 40 to 140 timeshkig Conventional diesel particle number

emissions were larger than 2*3gkm.

They concluded that the particulate mass emissioliewved the following general trend:
Conventional Diesel > GDI > porous DPF ~ PFI ~ DRfhile the particle number emissions

are in the following order: Conventional Diesel BIG> porous DPF > PF| = DPF.
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Fig. 1.14 Schematic reference system (RS). PNDifingpy diluter, PND2: secondary

diluter, ET: evaporation tube, LEPA: low efficienpwrticle filter, HEPA: high efficiency
particle filter, PNC: particle number counter, Lab’s own systems [25].
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Fig. 1.15 Particle Number Emissions and Repeaitgiilata — All Vehicles [17]

The particle emissions from a number of EU4 or Etésnpliant vehicles have been
measured by Braisher et al. [26]. It was shown thatparticle number emissions from a
spray guided GDI engine were much higher than tiiase a PFI or a DPF equipped diesel
engine, especially under engine cold start andl@@te®n operations in the NEDC. A latest
generation turbocharged GDI vehicle has been tdsyeHeckham et al. [27] using a PMP
solid particle counting system and a DMS500 (Fig6) The DMS500 lognormal fitting was

used to give the accumulation mode particle numbeey reported that the particle number
from the vehicle over the NEDC was 2*4fkm, where a large portion of the particles was
emitted within the first 200 s in the driving cycleven small lambda fluctuation between
0.97 and 1.03 during steady-state cruise afterlyshtdight-off would increase particle

number emissions. A high level of particle numberissions was seen under acceleration

and high load operations with rich lambda transiemder these conditions.
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Fig. 1.16 NEDC particle number results for PMP @DilS500 systems [27].

CONCAWE has undertaken some research on the measntef particle emissions from
light-duty vehicles [28]. Two diesel vehicles ambtGDI vehicles were tested for particulate
mass and particle number emissions under reguMEHC driving cycle. Particle number
emissions were compared using procedures that éexl developed in two different studies:
the procedure previously used in the DG TREN “Raldites” Consortium Study (2001) and
a second that has been adopted for Euro 5b catidfit of new light-duty diesel vehicles

based on results from the Particle Measurementr&muge (PMP).

It was concluded that the measurement techniquegaiticle number emissions used in the
DG TREN programme (using an ELPI) and this PMPofeHup study (using a CPC) gave
comparable results on similar vehicles and fuebspde different exhaust dilution and
sampling protocols. The particle numbep)(Bmissions from GDI cars were about the same

order of magnitude as from the DPF-equipped diesleicles (Fig. 1.17 and Fig. 1.18).

Although most research has found that particle remgmissions from GDI engines were

higher than those of DPF-diesel or PFI gasolinerersgby an order of magnitude [17, 22-25],
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the research from CONCAWE [28] showed thaemissions from the GDI vehicles were of
the same order as those from the DPF diesel vehisier the NEDC cycle. So it is of interest
to further investigate the particle emissions frtma most recent GDI vehicles. It is well
known that when a GDI engine operates in stratibgdrall lean conditions, it will emit a
high concentration of particle numbers. But durstgichiometric operation, if using a
piezoelectric injector with a GDI engine, and usimgltiple injections to further support
homogenization and low spray penetration, therissions may be lowered. By combining
turbocharging for downsizing, stoichiometric GDIgares would show advantages on fuel

economy over turbocharged PFI engines [1-4] anceted R emission compared with lean

GDI engines.
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Fig. 1.17

R Emissions from diesel Vehicles over the NEDC fioenDG TREN Study
and from the Current PMP Follow-up Study. DA, DRlaapresent different diesel fuels, and
A, B, E and F represent different diesel vehickaifd F equipped with DPF) [28].
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Fig. 1.18 R Emissions from GDI Vehicles over the NEDC from i@ TREN Study
and from the Current PMP Follow-up Study. GA and BBresent different gasoline fuels,
and C, D, G and H represent different GDI vehi¢Rs.

1.3.2 Formation Mechanisms for Particle Emissionfom Gasoline Engines

As the mixture preparation and combustion processgasoline engines are quite different
from those in diesel engines, there is a greatewdiffce between the PM emission
characteristics of gasoline and diesel engine,Atsr the gasoline engines, there seems to
be some relationship between PM emissions and HSsams [15,19,29]. In recent years,
some research has been carried out to investigatméchanism of PM formation in gasoline

engines.

The mechanism of particle formation in PFl engirveas investigated by Kayes and
Hochgreb [29-31]. The effects of engine operatingditions, fuel, oil and catalyst on PM
formation were experimentally investigated. A plgdly-based model was formulated to

characterize mechanisms leading to measured PMsiemisT heir conclusions are as follows.

1. Whenequivalence ratiovaried over the range of 0.7 to 1.3, HC emissiarsed by less
than an order of magnitude, while PM number andsnzascentrations varied by 1 and 2
orders of magnitude, respectively. The combinabbrihe effects of nucleation, oxidation

and growth all contribute to the behaviour of PMhaiespect to equivalence ratio.
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2. Fuel injection timing would affect PM emissions. Open valve injectio®/[) showed

higher PM emissions than closed valve injection }CV

3. Decreasedoolant and oil temperaturesresulted in a lowered rate of fuel evaporation in
the intake port for PFI engines, thus raising tbhecentration of in-cylinder liquid fuel and
this led to higher HC emissions. Also the increabqdid fuel in the cylinder produced
higher PM emissions, because the liquid fuel cam land generate soot as well as increased

HC emissions which can then adsorb onto the pasticl

4. The variation of PM concentration with respexspark timing reflects the competing

effects of both flame and post-flame temperatureawcleation and oxidation, as well as the
effect of HC concentrations on adsorption. Advansgark timing resulted in increased peak
temperature and thus raised the rate of PM nuoleats well as enhancing the post-flame
oxidation. As spark timing advanced, exhaust teaipees decreased, leading to slower post-

flame HC oxidation.

5. As EGR was increased, the inlet manifold temperatureeiased, resulting in a higher
evaporation rate. At fixed manifold pressure, tineoant of air supply to the engine was
decreased with increased EGR. The reduced contientraf gas and liquid phase fuel
combined with decreased in-cylinder temperatursslted in a sharp decrease in the amount

of PM nucleated as the EGR rate increased.

6. Asengine loadincreased, the PM concentrations increase. Aeasgd engine load, the

mass of fresh charge taken into the cylinder ire@daand the residual gas fraction was
reduced, leading to a decreased intake temperdthre.has an adverse effect on the liquid
fuel evaporation, and as a result, the increasgddifuel concentration and the increased in-

cylinder temperature led to an increase in the PiMtleated. Also, as the oxygen
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concentration increased, the PM nucleated throwgfdl fuel burning would increase, since
the probability of liquid fuel ignition and subsesqu soot production is strongly dependent
on the oxygen concentration. In contrast, the ilmdgr and exhaust temperature increased as
the load increased, and this favours PM oxidat&lso, the reduced HC emissions at the
increased load resulted in reduced HC adsorptiorth& increase in PM with increased load
indicates that the effects of increased nucleai@nstronger than the increased oxidation and

decreased growth.

7. The effect oengine speedn PM emissions was not clear. The lack of monottends

may reflect competing formation, growth, and oxiolatmechanisms.

8. Fuel characteristics showed a marked effect on PM emissions. For \njatnd/or
molecular weight iso-octane increased the PM eomsscompared with Propane, and for
chemical composition toluene increased the PM eamsscompared with iso-octane. The
very low PM emissions using propane relative teséhasing iso-octane suggests that either
PM nucleation from burning liquid fuel or nucleatidrom high molecular weight partial
oxidation products would lead to greater rates Mf fBrmation. Although toluene and iso-
octane have similar boiling point, the partial @tidn products of toluene are much more
likely to be soot precursors than those of iso4oetavhich would grow into PAHs that

facilitate PM nucleation.

9. Oil composition and viscosityhad a moderate influence on PM emissions. There wa
little difference in PM emission between viscos3y-mineral oil and viscosity-40 mineral oil.
But when viscosity-30 synthetic oil was used, tihé émissions were 70 % higher compared
with those of viscosity-30 mineral oil, suggestitigt synthetic oil was more inclined to

generate PM.
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10. It was found that thefficiency of a catalyst on PM emissionwas less than that on HC,
CO and NQ emissions. And the particle size was not signifisareduced as exhaust passed
through the catalyst, which had been expected doice due to the elimination of HCs

adsorbed on particles.

HC emissions and soot emissions from a direct figecstratified charge (DISC) spark
ignition engine was discussed by Sandquist et3&]. [The experiments were conducted at
engine part-load, stratified operation. The inj@cttiming was varied to alter the mixture
preparation time. The measurements indicated theataxing (quenching) at the boundaries
of the mixture cloud, and undermixing both in tipeay centre and the surface of the piston
bowl are the dominating mechanisms for HC emis$stwmation in the engine. Also, when
the injection timing is retarded, blowdown HC immsed, indicating a higher level of

undermixing which led to increased soot formation.

In-cylinder combustion process and soot formati@s wmvestigated by Wyszynski et al. [33]
on a single cylinder GDI optical engine. Measuretaemere performed with early injection
and late injection. For early injection, soot indascence was seen in two distinct areas, with
a peak corresponding to peak pressure, and a sagopdak at lower temperatures and at
later image timings. The first soot peak was intiveaof a pool fire, which was caused from
liquid fuel wetting the piston crown. The later s@eak corresponded to late oxidation of
soot, probably formed during combustion of liquidief For late injection, soot

incandescence occurred when the MFB was ~50 %Ifoases.

PM emissions from spray-guided GDI (SGDI), walldgd GDI (WGDI) and PFI engines
were compared by Price et al. [34] in a singlerddir engine using different fuels. The spray

guided GDI showed significantly lower PM emissidhan an engine with a wall guided
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combustion system (Fig. 1.19). The PM emissionmftbe spray-guided GDI engine was
similar to that from the PFI engine, where sigmifit accumulation mode PM was not
detected. The number concentration of the sprageguGDI engine was also similar to that
of the PFI engine and less than an order of magmitonore. So the elevated injection
pressure and reduced fuel impingement on the cadimbushamber contributed to the

reduced PM emissions. The main influencing factor$?M emissions were in the following

order: fuel type > air-fuel ratio > injection tingr> ignition timing.

[« DisI |3
-e~ SGDI |]

dN/dlogd, (1/em®)

dp (nm)

Fig. 1.19 Representative PM size distributiontfe GDI engine and the SGDI engine
[34].

In-cylinder soot formation and oxidation in a sfratl-charge gasoline direct injection (GDI)
engine was studied in an optical engine [35-37]e Phincipal soot sources for stratified
operation were measured. It can be argued that $mst was formed as a partially premixed

flame propagated through the locally rich zones,this soot oxidized rapidly due to its high
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temperature and rapid mixing with surrounding leainl regions. Second, soot was formed in
a pool fire caused by thin films of liquid fuel ¢me piston surface. This kind of soot can exist
until late in the engine cycle, when further oxidatwas unlikely, which was indicated by
the lower temperature and disappearing OH* chemiastence. Third, using a multihole
injector can reduce the maximum wall film mass byoader of magnitude compared with

using a hollow-cone swirl injector.

In some research, the soot formation process rhexs ledelled. A phenomenological engine
model has been developed to study direct injectibfiquid fuels in diesel and gasoline
engines by Siewert [38], where emissions sub-mdaelslO,, soot and unburned fuel were
added. A detailed model for the formation of sootimternal combustion engines was
presented by Mosbach et al. [39], in which a detbdhemical kinetic mechanism describing
the combustion of primary reference fuels was aledrto include small polycyclic aromatic

hydrocarbons as soot precursor species.

1.3.3 Volatile Nucleation Particles

It is difficult to measure the number of volatilaatkeation particles, because they experience
physical changes during the sampling process aedhayhly sensitive to the dilution
conditions, i.e. the configuration of the dilutiepstem and dilution ratio [40, 41]. Nucleation
and coagulation are likely to change particle numdmncentrations as dilution is varied,;
nucleation is favoured by lower dilution ratios amgl likely to increase the number
concentration of the nucleation mode under thoselitions [40]. Other research shows that
the results from particle mass measurement (inatudiolatile particles) showed poor
repeatability (~55 % variability), while the resulfrom particle number measurement
(measuring non-volatile particles) showed relativgbod repeatability (~40 % variability)

[42].
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Nucleation particles are more likely to be formedengines with high soluble organic
fraction (SOF) emissions. Also, GDI vehicles weoarrfd to have the same level of total
particle number as solid particle number emissj@3% While diesel engines equipped with
a DPF were found to tend to generate high levelgotdtile nucleation particles during the
DPF regeneration process. During regeneratiorpahtcles emitted from a loaded DPF were
measured to be 200 times that of a similar regénardut from an empty DPF [43]. PMP
measurements also showed a large portion of velg#rticles during the regeneration
process. During non-regeneration cycles, there wats much difference between the
emissions of semi-volatiles + solids and the emrssiof solids. On the other hand, the
emissions of semi-volatiles + solids from a regatien NEDC cycle can be 6500 times that
of a non-regeneration cycle and the regeneratianfaand to take place at intervals of about
every 1100 km or once every 98 NEDC cycles for tist vehicle [17]. If semi-volatile
particles and regeneration effects are includedha emissions regulations, the particle
number emissions of diesel engines with DPF woeldnloich higher than the case when only
considering solid particles. This would be suffici¢o increase NEDC cycle emissions by a
factor of ~60. While for GDI vehicles, the semi-atles + solids emissions are
approximately the same as the solid particle emmssiSo the effects of nucleation particles
from diesel and gasoline engines on the environnaedt human health, as well as their

measurement method, need to be further investigated

Large PAHs with 6-8 aromatic rings were detectethenfine particulate matter emitted from
gasoline vehicles [44]. The PAH emissions and ttemtial carcinogenicity for the measured
PAHs per km driving distance were found to increa#@ increasing average speed for the
gasoline fuelled vehicles (GFVs), while the diekedlled vehicles (DFVs) displayed the
opposite trend [45]. Furthermore, the DFVs tendecmit higher amounts of PAHs and

displayed a higher potential carcinogenicity of theasured PAHs than the GFVs in the
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urban driving cycle, while the opposite was foundthe rural road and motorway driving

cycles [45].

1.3.4 Effects of Fuel Characteristics on Particuke Emissions

It was found that the sulphur content did not steowlear influence on particle emissions
from GDI vehicles [46]. Both nucleation and accuatign particles did not seem to be
affected by the sulphur content of gasoline. THect$ of oxygenate fuel blends on PM
emissions from a spray guided gasoline engine wesstigated by Price et al. [47]. The
lowest PM number concentrations were measured 8. EJsing gasoline, E30 and M30
generally emitted similar particle emissions b bighest PM number concentrations were
consistently found when using M85. M85 seemed toeggte a higher level of nucleation
particles than gasoline. For late injection, fuelatility determined whether the time for
evaporation or piston and wall wetting was the dwmt source of PM emissions. Ericsson et
al. [24] also found that E85 showed lower PM enoissiboth on a mass and number basis
over the NEDC cycle. Alternative fuels such as dtibanol (E85), bio-diesel, and natural gas
displayed the potential to reduce particulate nuneineission due to their oxygen content or
low carbon fuel characteristics [48]. Using PFlieeg, the particle number emission of E85
was 37% lower than that of gasoline. As the ethammitent in gasoline increased, an
increase in both particle number and mass was foyr@hen [49] under both cold and warm
engine operating conditions. This is because bbth dpray break-up and evaporation
efficiency was affected by ethanol addition as sulteof its high vaporization enthalpy and

low energy density.

It was shown by Khalek et al. [50] on a GDI engihat the solid particle number emissions
using a fuel with high vapour pressure was muclelavan that using a fuel with low vapour

pressure. A PM index has been given by Aikawa et[%l], which showed that fuel
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components with low vapour pressure and high dobbled equivalent would increase PM

emission.

The effects of organometallic fuel additives on aparticle emissions from gasoline
passenger cars were examined by Gidney et al. T8y indicated that Mn and Fe additives
resulted in the formation of a distinct nucleatrande, where the particles in this mode were
nearly all solid (like metal oxides) and all beldte current lower size limit of the EU

number regulations.
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Fig. 1.20 Total particulate number (top) and togarticulate mass (bottom) emissions
for different PURA/ethanol blends in a cold (208@y a warm (80°C) engine [49].
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1.3.5 Reduction of Particle Emissions from GDI Eniges

As shown in recent research, the particle emissiamm PFl engines were about 1-2 orders
of magnitude lower than that of GDI engines, andl @bgines will have to meet stringent
regulation on particle number emissions from EWaéhé limit for particle number emission

of GDI engines is the same as that of diesel esginerrent GDI engines would face a
challenge in meeting the limit. So it is importaatreduce the particle emissions from GDI

engines.

If particle aftertreatment is not to be added,tste@ operation may have to be abandoned,
because stratified combustion showed higher pargchissions even with a spray-guided
combustion system [24]. Spray-guided combustioriesys have to be utilized, and finer
atomization has to be achieved to reduce the @nadf liquid fuel at the start of combustion.
In order to achieve further fuel economy gains d®€l engines, turbocharging systems have

to be used.

Possible methods for reducing particulate emissiiam GDI engines are listed as follows.

Avoiding rich mixture excursions.

» Use fuels with a low final boiling point and a lomasomatic content.

» Use a higher injection pressure to increase chaogeogeneity.

* Use hot EGR to improve charge homogeneity.

« Combine PFI and GDI injection systems; additiorexidfit of PFI is better efficiency
at part load operation since the charge is codss, Iso that pumping work is reduced

since the manifold absolute pressure is higheafgiven trapped mass.
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Particle traps have been proposed for the afténieyat system of GDI engines [53-55]. An
open flow filter and a wall flow filter were compat by Andersson et al. [54]. The result
showed that the open flow filter was not able tcetrtbe efficiency requirement, while the
wall flow filter showed a satisfactory reductionfieiency. In addition, an electrostatic
particle trap for GDI engine was preliminarily tedtby Rubino et al. [55]. The engine testing
result shows that, at moderate speeds and loadscapture efficiency was 60-85% for

homogeneous combustion and 50-60% for stratifiad ombustion.

The choice of a method for reducing particle emissifrom gasoline engine will have to be
made on the basis of a compromise between cosPihceduction efficiency. If the cost is
high and the benefit on fuel economy due to dingjeiction is relatively small, GDI engines

would not be that attractive compared with PFI diegel engines.

1.4 Summary

Gasoline Direct Injection Engines have been deesldpy automotive manufacturers in the
past 15 years because of their potential for reduftiel consumption. Combined with forced
induction, gasoline direction injection is a keyabler to facilitate engine downsizing.
However, the literature showed that GDI engines eanit one order of magnitude more
particulate matter number emissions than conveati®¥| engines. Particle number and
particle mass emissions from gasoline engines ldlllimited in the upcoming European
legislation. So it is essential to characterize M emissions from GDI engines to see if

their further development would be restricted kg ldgislation.

The literature on the PM emissions from GDI enginas been reviewed in this chapter. The
particle number emissions from GDI engines musintyggroved to meet further legislation.

First of all, the mixture preparation should beimed to form a more homogeneous fuel-
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air mixture. Thus, higher injection pressure sush2@0 bar rail pressure can be utilized to
achieve better fuel spray atomization and breakSgxondly, in-cylinder air flow motion
should be designed to be synergistic with the feiglay pattern, reducing fuel spray
impingement on the cylinder wall or the piston tdhirdly, the injection strategy during cold
start should be optimized to achieve both fastlgsttdight-off and lowered particle and
gaseous emissions. Also, the air to fuel ratio khdae kept as close as possible to
stoichiometric during engine acceleration and dmnge of load, decreasing the rich mixture
excursions under these engine conditions, as thielpanumber emissions from GDI engines
were found to be more sensitive to the rich demmiduring transient operations compared

to PFI engines.

The outline of the thesis is listed as follows.

* In Chapter 2, the experimental equipment is desdrih details. The data processing
methods for interpreting the data from the CambustDifferential Mobility
Spectrometer (DMS500) is discussed. A data integrgirogram was developed to
assemble data from the data acquisition systenginercontrol and management

system and the DMS500.

* In Chapter 3, the filtration efficiencies of gld#sre filters were quantified using the
DMS500 to see if all of the particles from the s#dpgas can be collected by the
filters. A theoretical calculation based on sindllere filtration mechanisms was

performed to make a semi-quantitative comparisdh thie experimental results.

* In Chapter 4, various valve timings and differemgection modes such as double
injection with a second injection after compressisingle intake injection and split

intake injection were implemented to measure thtideigate Matter (PM) emissions
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and combustion characteristics of a GDI engine undkl operating conditions.

* In Chapter 5 and 6, the techniques for removin@tiel particles were investigated
using a catalytic Volatile Particle Remover (VPR@laan Evaporation Tube (ET) with

hot air dilution under various test conditions.
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Chapter 2. Experimental Equipment and Data Processg Methods

2.1 Introduction

Most of the experimental work described in thedwiing chapters was conducted using a V8
AJ133 GDI engine and a differential mobility speateter DMS500. This chapter provides

details of the test engine, the test facilities dath processing methods.

The DMS500 has been extensively used in this siudyptain PM size distributions and total
particle number concentrations. Therefore the DMB8&ata processing is discussed in this
chapter on calculating the lognormal parametermftbhe raw size distribution. Different
calculation methods are compared, which are thaedogal fitting output by the DMS500

and a fitting program using a MATLAB optimizatiouarfction.

In order to integrate data from different souraeslata integration program was developed
using MATLAB software. The data files recorded I thigh speed and low speed engine
data acquisition (DAQ) system, engine control arghagement system and DMS500 are
analysed by the program and then the derived seaudt output to separate Excel files and a

single summary Excel file for all the test points.

2.2 V8 Engine Test Bench and Data Acquisition Syste

The engine test apparatus and data acquisitioerayate described in this section. The test
engine used here is a V8 5L naturally aspirated @&igjine from Jaguar. A data acquisition

system consists of sensors on the test bench, fearglianalogue to digital convertors and

data acquisition cards installed on a PC. The MatitnstrumentS" LabVIEW (Laboratory

Virtual Instrument Engineering Workbench) softwaseused to control and communicate
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with the data acquisition card.

2.2.1V8 AJ133 GDI

The test engine is a naturally aspirated, V8 gaeddirect injection (GDI) engine. The main
parameters of the engine are listed in Table 2hie Jaguar V8 Engine has a single spark
plug in each cylinder and each spark plug is cdlettoby an individual coil. The valve
timing, spark timing, injection timing, fuel pressuand relative air fuel ratio (Lambda) etc.
can be controlled using ETAS software installedaoRC, which is connected to the engine
control unit (ECU) through an interface module. TV engine employs a spray guided
direct injection combustion system. Fig. 2.1 illas¢és the layout of the injection and
combustion system. The six-hole solenoid injecsovertically mounted in the centre of the
cylinder whilst a 12mm spark plug is packaged ket injector and is installed at an angle
of 18 degrees to the vertical axis of the cylinf8]. The multi-hole injector produces six
spray plumes which direct fuel to various regiomghe cylinder with 2 plumes along both
sides of the spark plug. The V8 engine is fittedhwiour variable cam timing (VCT)
actuators and intake cam profile switching (CP)e Tnlet and exhaust camshaft VCT

phasers are designed to provide 62 and 50 degfeemriable valve timings, respectively.
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Table 2.1 Main Parameter of the Test Engine
Type NA V8 GDI, 4 Stroke
Bore x Stroke / mm 92.5 x 93
Displacement / cfh 4999
Compression Ratio 11.5
Nominal Power 283 kw
- at Speed 6500 rpm
Max Torque 515 Nm
- at Speed 3500 rpm
Injector High pressure 6 hole nozzle
Injection Pressure / MPa 15 max
Valves per Cylinder 2 intake, 2 exhaust
Inlet Valve Lift: Low 5.5 mm High 10.53 mm
IVO/IVC 34° ATDC/244° ATDC 24° ATDC/274° ATDC
EVO/EVC 244° BTDC/6° ATDC 244° BTDC/6° ATDC

Fig. 2.1 Combustion system layout [56].
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Fig. 2.2 Schematic of the Engine Test Bench

The schematic of the test bench is shown in FR). Phe exhaust from the two banks of the
V8 engine are joined together approximately 3-4awmktream of the catalysts. This allows
a sufficient sample length in order to take exhamsasurements. In the B Bank, two BSP

fittings have been welded onto the exhaust pipdregs and downstream the three-way
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catalyst (TWC), where the exhaust sample can bentak Cambustion DMS500 is used to
measure the particle number emissions from thenenghne details of which are described in
the next section. A flame ionization detector (FI®used to measure the Hydrocarbon (HC)
emissions, the specifications of which are desdrililow. Slow response pressure
transducers are utilized to measure manifold absqressure, atmospheric pressure, exhaust
pressure, oil pressure, low pressure fuel and ob@eessure. Thermocouples in the engine
are used to measure air temperature, exhaust tataperoil temperature and coolant in and
coolant out temperature. These data are then loggeda PC using a LabVIEW DAQ

system.

Hydrocarbon Analyser — Model 523

The hydrocarbon analyser detects and measures dayons using the flame ionization
detection (FID) method [57]. The specificationstloé analyser are listed in Table 2.2. The
signal of the FID is connected to one of the DMSa®@logue inputs and logged together

into the DMS data files.

Table 2.2 Analyser Performance

0-

Range Available 10/25/100/250//1000/2500/10000 ppm

Measurement Resolution 1 %FS

Repeatability +1 %FS
Linearity +1 %FS

Noise at Zero <0.25 %FS

Minimum Dete_ctable 0.1 ppm

Concentration
Zero Drift +1 %FS 24 hours
Span Drift +1 %FS 24 hours

Response Time 90 % to step change atinlet 1.5 s
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2.2.2 Data Acquisition System for V8 Engine

Fig. 2.3 illustrates the data acquisition systenttie V8 engine. It can be seen that three PCs
are used to collect data from the engine testRagr National Instrument¥ data acquisition
cards for acquiring a variety of sensor signalsnfithe V8 engine are installed in one of the
PCs. They are operated with different triggerind alock settings. The clock determines the
speed at which the data is recorded and the trigmaice determines the point when the data

acquisition starts.

Two of the DAQ cards are low speed with a samptatg set to once an engine cycle, which
equals to 720 °CA in this 4 stroke engine. Thesedpeed data include engine torque, slow
response pressure transducers and thermocouptesasunanifold absolute pressure (MAP),
atmospheric pressure, exhaust pressure, oil peedsw pressure fuel, coolant pressure and
various temperatures such as air temperature, skke@mperature, fuel temperature, coolant

and oil temperatures.

Another high speed NI DAQ card is used for loggangnk angle resolved data such as in-
cylinder pressures for the four B bank cylinderan& and cam flag. A shaft encoder rotating
at the engine speed provides the trigger and daphals for the high speed DAQ card at the
sampling rate of once per degree crank angle, sedde shaft encoder can output both once
per cycle and once per crank angle TTL pulses sanebusly. A crank flag occurring at a
known angle (e.g. compression TDC) must also bgddgs this is required for positioning
the pressure trace with respect to the crank angleder to calculate data on the combustion
characteristics such as IMEP and the rate of MaastiBn Burned (MFB). During data
processing, the crank flag is checked in the MATAt®&le to see if it corresponds to the

compression or exhaust top dead centre.
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One of the PCs is used to acquire data from the BMSThe signal output from the FID is
connected to the analogue input on the DMS. The BM®&al together with the FID signal is
logged into the DMS data file. Another PC is conteddo the engine ECU via an ETAS data

interface to change the operating parameters ofiggne and save the ECU parameters into

the data file.

The front panel of the LabVIEW software has beeratad for choosing data logging options

(channels, clock and trigger signals) and monitprk@y engine parameters as shown in

Fig. 2.4.
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Fig. 2.3

V8 data acquisition system
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2.3 Test Data Processing

2.3.1 DMS500 Data Interpretation

This Differential Mobility Spectrometer provides raumber / size spectrum for particles
between 5 nm and 1000 nm [58]. The instrument asgassifier column (Fig. 2.5) operating
at sub-atmospheric pressure, using a scroll vacpump. Sample flow is drawn into the
instrument through a conductive rubber sample tdile sample gas passes through a

corona-discharge charger into the classifier column

Grounded Electrode Rings (12 of 22 shown)

'\\K>” [
S
==

S

High voltage

Aerosol Charger s
=~ electrode

Space charge
guard

Fig. 2.5 DMS500 classifier column schematic [59].

The charged patrticles flow within a particle-fréeeath flow which is a uniform, cylindrical

laminar column of air designed to carry the chargadicles in a predictable manner. The
particles are admitted next to the central eleeydulit the positively charged particles are
then deflected radially towards the grounded ebeaéiter rings by their repulsion from the

central high voltage rod. Their landing positionaigunction of the ratio of their charge to
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their aerodynamic drag.

The particles yield their charge to the electromataplifiers and the resulting currents are
translated by the instrument’s user-interface ipt&oticle number and size data. Careful

design of the sampling system allows a 300 ms respdo be achieved using a 5 metre

sample line.
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Fig. 2.6 DMS500 data processing synopsis (adapted {49])

A diagram for the DMS500 data processing synopsishown in Fig. 2.6. During the

experiments, both raw and lognormal spectra weggdd into the computer for a number of
samples (typically a sampling time of 90 secondite lognormal output is generated by a
statistical algorithm, which separates the nuaeathode and accumulation mode. The DMS

output is a matrix containing number concentrafibia given sample number (i.e. time) and
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particle diameter. The number matrix is then cotegerto a mass matrix by using an
empirical equation. The number matrix and mass imatre averaged to find a mean
concentration plot over particle diameter, whicim ¢hen be integrated to obtain the total
number and total mass of particles emitted by thgine. The formula used to calculate
particle mass was obtained previously from backdok tests with the DMS500 and a
Centrifugal Couette Flow Particle Mass AnalysettloenGDI engine being tested here [60].

mass, = 172x102*xd ** xny (2.1)

Where:d, represents the diameter of the particles (mmgss, (kg/cnT) represents
particle mass concentration of diametlr ng, (#/cn?) represents particle number

concentration of diametek.

From this equation, it can be seen that the |gpgeticles would contribute much more to the
particle mass than smaller particles. The lognoriitihg is particularly useful as it

eliminates the noise at both the high and low dnith@ measured raw spectrum. As a result,
it is more appropriate to use lognormal fittingalat calculating particle mass distributions

from the particle size distribution.

Legislation requires the particle number emissimesasurement equipment to have counting
efficiencies at particle sizes of 23 nm (+/-1 nnmdadl nm (+/-1 nm) electrical mobility
diameters of 50 % (+/-12 %) and >90 % respectiyéll]. During data post-processing, a
digital filter using a Wiebe function was appliedthe raw measurement data to simulate this

legislation requirement for the counting efficiende formula for the filter is as follows.
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d,-14
f :1—ex;{— 354("4—0)1'09} for d,>14

f=0 for d <14

(2.2)

whered, (nm) represents the diameter of the particles.

Applying the Wiebe digital filter to the size diswtion output from the DMS500 enables the
measurement system to replicate the PMP requireméhbut any additional dilution

systems. A plot of this digital filter is shownig. 2.7, in which the legislative requirements
are plotted with cross points. It can be seenttaicounting efficiencies represented by the

filter fulfil the legislative requirement.

1.0
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E | T i i _Fllter
g 06 e X Legislation required point
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=
€ 04
>
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0.2
0.0
10 100 1000
Particle Size (nm)
Fig. 2.7 Data Filter to replicate PMP Counting Efency.

Comparison of the lognormal fittings using the Camistion method and MATLAB

optimizing method

The DMS500 can output parameters for lognormaingt in real time. The lognormal
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parameters such as number concentration, countametiameter (CMD) and geometric
standard deviation (GSD) are obtained by minimizihg error term calculated with the
measured DMS500 electrometer ring current vectothé code integrated into the DMS500,
this optimisation is conducted by maximising thesteaor probabilityof the lognormal
parameters using a Bayesian statistical algorith2j. [n most cases, it works very well and
gives an excellent fit to the raw spectrum as showrig. 2.8(a), where the spectrum of the
size distribution is quite broad under the rich rapen condition. However, under
stoichiometric operating conditions, the particlentber concentrations become lower and the
size distribution becomes narrower compared touhder rich operation. From Fig. 2.8(b), it
can be seen that the peak for the nucleation madecles and the accumulation mode
particles are close to each other and the peath&accumulation mode particles is moving
towards the lower end of the particle size range.tHis case, the bi-lognormal size
distribution shows a higher discrepancy from the s&e distribution. There are two peaks in
the raw spectrum, but this is not shown in the Qastibn computation of the lognormal size
distributions. The CMD of the nucleation mode i® targe and the concentration of the
accumulation mode is too low. As a result, a largeor is shown between the total P
calculated from the raw data and the sum of thdeation mode Pand the accumulation
mode R calculated using the lognormal fitting parametewput by the DMS. Thus an
alternative calculation method is needed to cateullae lognormal fitting parameters under

this circumstance.

A MATLAB program has been developed to calculate kbhgnormal parameters, using a
MATLAB function in the optimization toolbox. The mgtion finds the minimum of a

constrained nonlinear multi-variable function irder to find the optimized values of the
lognormal parameters that give the best fit to the size distribution. The calculation

procedure for the MATLAB program is described dofos.
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Fig. 2.8
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The least square error between the lognormal spacind the raw spectrum was minimized
to find the best fit to the raw size distributidfirstly, the normalized size distribution was
calculated by dividing the value of each pointhe raw spectrum by the peak value of the
spectrum. This gives a normalized spectrum as weowith a peak value of 1. As the peak
value of the raw spectrum could be several ordemsagnitudes above 1, using this method
reduces the sum of the squared residuals duringaloeilation, so that the risk of crashing
the code is reduced, and the initial concentratian be set more easily. Also, calculating
with a normalized spectrum facilitates comparing thsults between different optimizing
methods or with different initial guesses. In théAM.AB fitting program, the objective
function is defined as the sum of the squared vessd® between the combined normal
probability density function (normpdf) and the nalired raw size distribution. The

objective function is expressed below as:

2 Clxnormpdf(l()glo(d (i ))’:ul’a-l) ’
S—Z y )_ s(i)] (2.3)

- =i +C, % normpdi(loglo(dp(i )) Uy, O,

Wherec,, 11 andoy represent the concentration, CMD and GSD for theleation
mode (Nucl), respectively,, 1>, ando, represent the concentration, CMD and GSD
for the accumulation mode (Acc), respectively(nm) represents the diameter of the

particles,s represents the raw size distribution.

From Eq. 2.3, it can be seen thaepresents the index of the particle sizes. Asctlage 38
particle size ranges between 5 nm and 1000 nm phtpthe DMS,i varies from 1 to 38,

1, o1, C, U2, ando, are the variables in the functi@éwhich is to be minimized. Certain
constraints are applied to all the variables tofioenthem within a reasonable range. Lower

and upper bounds of the optimizing variables astedi in Table 2.3. In the case shown in
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Fig. 2.8(b), as the patrticle sizes are quite sntladl, bounds for the CMD of the nucleation
mode and the accumulation mode are set to 5-30nah3%200 nm, respectively. Depending
on the operating conditions, such as stoichiomadriaich combustion, homogeneous or
stratified injection, etc., the CMD for accumulaticnode particles can vary a lot. However,
for a GDI engine, the possibility for the CMD ofetlaccumulation mode particles being
lower than 35 nm should be quite small. Then, th/&TMAB program is used to minimize

the functionS and return the corresponding values of the vaeglbetween the lower and
upper bounds. By multiplying the peak value of the spectrum with the calculation results

from the fitting procedure, the optimized lognorrfitd to the raw spectrum can be acquired.

Table 2.3 The set of Tolerance, lower and uppembdswn the parameters used in the
MATLAB lognormal fitting code

Lower Upper
Bound Bound Tolerance
Nucl Concentration: 0.1 1
Nucl CMD / nm 5 30
Nucl GSD / nm 1 10 o
1x10
Acc Concentration 0.1 1
Acc CMD / nm 35 200
Acc GSD / nm 1 10

Minimizing the functionS starts with initial values of the variables. Inetmonlinear

optimization for this case, the initial value magvh some effect on the final results.
Generally, with an initial guess close to the finalue, it is easier to find the global
optimizing point. But, if the deviation between tingial value and final point is too large the
global optimizing point may not be found, but adboptimizing value may be shown
instead. The optimizing algorithm may even be uaablconverge with some initial guesses.
However, in this case, with constraints appliedhe variables, the algorithm may be less

susceptible to divergence as the variables can\ary in a specific range where at least a
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local optimizing point should be able to be fou8ad, it is of interest to see if the calculation
results would vary with different initial valuesrféhe variables. The optimization results
calculated with two initial guesses are compardtk ihitial values and the final optimized
values of these two cases are listed in TableThd.concentrations shown in the table are
normalized values. It can be seen that with thst firitial guess, the difference between the
initial CMD of the nucleation mode and the accurtiadlamode are larger than that with the
second initial guess. Both initial values were dobvsen to be particularly close to the final
optimized values. However, identical results hagerbobtained with different initial guesses,
indicating that the algorithm is quite stable andat very sensitive to the initial values of the
variables. Also, in both cases, the exit flag af tptimization function showed that first-
order optimality measure was less than the toleramcthe function value (1xfpand all of

the constraints were satisfied.

Table 2.4 Initial conditions and calculating resufor two initial guesses
Initial Guess: 1 2
Initial Nucl Concentration: 0.5 0.5
Initial Nucl CMD / nm 10 25
Initial Nucl GSD / nm 1.5 15
Initial Acc Concentration: 0.5 0.5
Initial Acc CMD / nm 60 45
Initial Acc GSD / nm 15 15
Optimized Nucl Concentration: 0.348 0.348
Optimized Nucl CMD /nm 15.8 15.8
Optimized Nucl GSD / nm 1.39 1.39
Optimized Acc Concentration: 0.245 0.245
Optimized Acc CMD / nm 35.0 35.0
Optimized Acc GSD / nm 1.41 1.41
Sum of the squared residuals: 0.0624 0.0624

Fig. 2.9 shows the normalized raw spectrum, initahditions and the lognormal fitting
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results. It verifies that the lognormal fits are ttame with different initial values and the

lognormal distributions calculated are a good apipnation to the raw distribution.
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Lognormal fittings using MATLAB optimgimethod.

Comparison of Cambustion Ltd Bayesiamateand the MATLAB optimizing

method

Table 2.5

MATLAB

DMS500

2.40x1d
1.36x1d

2.40x1d
1.44x10¢

Total Particle Number /
(#/cnT)
Nucl Particle Number /
(#/cnT)
Nucl CMD / nm

15.8

22.7

1.39

1.54

Nucl GSD / nm
Acc Particle Number /

9.60x10G

3.33x16

(#/cnT)
Acc CMD / nm

35.0

43.1

141

1.68

Acc GSD / nm
Sum of squared residuals
(normalized value)

0.0624

0.838
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Fig. 2.10 shows the final results of the lognorfittihg to the raw spectrum. Compared with
Fig. 2.8(b), it can be seen that the accumulatioodenconcentration calculated with
MATLAB is much higher than that acquired by the DB® and the sum of the nucleation
mode R and the accumulation modg B much closer to the total, Eistribution of the raw
spectrum compared with that calculated using tlgmdomal parameters output from the
DMS. It can be seen that using the MATLAB progranietter fit is obtained compared with
using the lognormal fitting parameters output by BMS500. From Table 2.5, it can be seen
that the sum of the squared residuals between ohmalized lognormal spectrum to the
normalized raw spectrum optimized with MATLAB pragn is more than an order of

magnitude lower than that with the DMS500 lognorfitihgs.
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2.3.2 Data Processing Program for V8 Engine

In order to facilitate further analysis of the emgidata, a data processing program is needed
to calculate the data collected from the differgmirces. Various engine parameters and tests
results need to be calculated and written intoviddial Excel files corresponding to their

different sources as well as a summary Excel Giteafl the tests.

In-cylinder pressure traces are recorded usingla $peed data acquisition system and saved
into HDAQ text files. Slow response pressures,itifeerouples and the engine torque readings
are recorded with low speed data acquisition systedhsaved into the LDAQ text files. The
engine ECU parameters monitored with the ETAS engalibration system are logged using
INCA software into ETAS data files. As the measudath from HDAQ, LDAQ, ETAS and
DMS are recorded and saved into individual datsfiit is useful to integrate all the data
together and output the calculated results intausep Excel files and assemble all the results
into one summary Excel file. Also, one experimeraynconsist of various test points with
different test parameters, therefore batch proogssirequired to handle the data files of all
the operation points sequentially and group theltesf various test points in one Excel File.
A diagram illustrating the structure of the V8 datacessing program is shown in Fig. 2.11.

A MATLAB program has been written to process thgiea data in the following 3 stages:

Step 1. The number and the name of all the testpare specified in a graphic user interface
so they can be processed sequentially. The prograivle to process a batch of test points in
a single run, improving the efficiency of data @esing and simplifying a comparison of the

results from a set of different engine operatiom{zo

Step 2. For each test point, the text files fromAdDand LDAQ, the Excel file from DMS

and the data file from ETAS are read into the MAB_Arogram and processed separately.
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For HDAQ data, the in-cylinder pressure records$ there measured using a Kistler pressure
transducer for every crank angle degree and atlgsmthusing a MATLAB code in order to
calculate the following combustion parameters:

 IMEP, GMEP and PMEP data

* Maximum in-cylinder pressure and its position

* Heat Release

* Combustion duration (0-10, 50 and 90% MFB duratiahgation for 0-100 J heat

release)

Both cycle by cycle and statistical (mean and steshdleviation) results are calculated and

the results are sorted into pressure data andrhterdata.

The DMS results are generated from the DMS Exctl file. Particle number (Pand mass
(Pm) for nucleation mode particles and accumulatiordenparticles are calculated based on
the lognormal parameters output by the DMS, suchuasber concentration, count median
diameter (CMD) and geometric standard deviation>A digital filter using a Wiebe
function (Eq. 2.2) is applied to the number concdidn for the accumulation mode particles
to simulate the legislative requirement for therdmg efficiency. This result is designated as
PMP accumulation P Both the transient results (data from each samppiat) and the

statistical results (mean and standard deviatioalfdhe data points) are calculated.

The relevant conversion equation for converting @D to Diameter of Average Mass
(DAM) is given by Eq. 2.4, wherkis the relevant exponent df from equations correlating

the particle mass with the particle diametgiis the geometric standard deviation.

DAM =CMDxexr{%ln2(0’g )J (2.4)
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The DAM is the diameter of a particle whose masdltiplied by the total PN concentration,
gives total particle mass concentration for thatipalar log-normal distribution. Once the
DAM has been calculated, it can then be used vhiéhrelevant equation for total particle

mass calculation.

Various engine operation and ECU calibration dataracorded into the ETAS data files,
which include engine speed, spark timing, intakd arhaust valve timing, fuel injection
timing, fuel pressure, engine Lambda, etc. The ETag file is firstly imported into the
MATLAB code and then the measured parameters aegeazed into data sets of 2 ms,
8 ms and 128 ms according to their different samgpperiods. This is because some engine
parameters, such as engine speed, spark ignitiungj valve timings, injection timing and
duration, are recorded with high speed samplinglendome parameters are recorded with
low speed sampling. Both the transient readingda(der every sample point) and the

statistical results (mean and standard deviatioalfdhe data points) are generated.

The LDAQ data from all the slow response presstaestucers, thermocouples and engine
torque are imported from each data file into the TMAB programme. First, a

downsampling of the raw data was used to calctifegeaverage value of each channel every
second. Both the transient readings (data fromyesecond) and the statistical results (mean

and standard deviation for all the data points)gamerated.
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Step 3. The results for all the testing points @rgput into Excel files. The transient results
(the calculated results for each cycle or indivicsampling points) and the statistical results
(the value of mean and standard deviation for thesient data points) for HDAQ, LDAQ,
DMS and ETAS are written into individual Excel r#sufiles. Also, the entire statistical
results from HDAQ, LDAQ, DMS and ETAS for all thesting points are exported into a

Single Summary Excel file. A flow chart of the Vatd processing program is shown in Fig.

2.12.
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The Flow Chart for the V8 MATLAB Program

Fig. 2.13 shows the graphic user interface of t#elMAB Program, which is used to specify

the number of experiments and select the experghdata files for processing.
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A GUI Wrritten Analysing the V8 Engine Data - Last Modified by Fan Xu 30th NOV 2010
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Fig. 2.13 The Graphic User Interface for the V8 NLAB

2.4 Summary

A Jaguar V8 AJ133 engine has been used in the iexpets. Details of the engine
specifications, the experimental apparatus in thgine test cell and the data processing

methods have been presented.

The LabVIEW programed data acquisition system legnlused for recording various engine

parameters at low sampling rate (1/cycle) and baghpling rate (1/°CA).

Data interpretation of the DMS500 data has beeoudsed with a comparison of different
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algorithms for calculating the bi-lognormal fits tloe raw spectrum. A MATLAB code has
been developed for optimizing the parameters ofltigmormal fits when the lognormal
parameters output by the DMS cannot give satisfactsults. This has been shown to be a
useful alternative method in calculating the paransefor the nucleation mode and the

accumulation mode.

A data integration code has been programed in MABlt& assemble data from the different
acquisition sources. After all of the data has be@mtessed by the code, separated results as

well as integrated summary results are outputdosidual Excel files.
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Chapter 3. Filter Sampling Tests and Filtration Efficiency Analysis

3.1 Introduction

Glass fibre filters have been widely used in sangpthe particulate emissions from engines
and vehicle exhaust. For instance, Thermo-Gravimefnalysis (TGA) tests can be
performed on the filters that have accumulatediglast so as to characterize the particulate
emissions from the engine. So, it is of interestg@antify the filtration efficiencies of the

filters to see if all of the particles from the galed gas can be collected.

Firstly, the mechanisms for particulate depositioa analysed based on the classical single-
fibre efficiency theory, and the formulas and methased here for calculating the total filter
efficiencies are discussed. Secondly, the expetamhe@pparatus, instrumentation set-up, the
method for testing the collection efficiency of tlfiker and the testing procedures are
described. Thirdly, the particle number resultsnfraghe DMS500 are presented and
discussed. The theoretical calculation of thediion efficiencies were performed to compare

with the experimental results.

3.2 Mechanisms for Particulate Deposition

Filtration by fibrous filters is a complicated pess and much research has been conducted
on characterising the mechanisms for particle daposon filters. In order to clarify the
effect of different parameters on the filtratioropess, the collection of a particle by an
individual fibre has been considered, and the m@shas by which particles can be collected

by the fibre have been analysed.

Four basic mechanisms for particulate depositioa discussed below, which include
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interception, inertial impaction, diffusion and gitational settling. These four mechanisms

are also called mechanical collection mechanisr8k [6

Interception

Collection by interception occurs when a partiadlofivs a gas streamline that happens to
come within one particle radius of the surface &ibee [63], which is shown in Fig. 3.1. The
particle hits the fibre and is captured becausésdinite size. Thus, for a given size particle,
certain streamlines will result in capture of theatjzle while other streamlines will not. For
pure interception, it is assumed that the partitdlew the streamlines perfectly; that is, they
have negligible inertia, settling, and Brownian mot Interception is the only mechanism

that is not a result of a particle departing frasnariginal gas streamline.

Gas streamlines k flnterception

: R
—

: —

(-
> ’4/
O\ o
\_/

-
W Center line

Cross section
of fiber

Fig. 3.1 Single-fibre collection by interceptior3]6

The single-fibre efficiency due to interception degs on the dimensionless parameter R,

where

R = dy/dk (3.1)
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If the Kuwabara flow [64] is used, the single-fibefficiency for interceptionEr can be

written in the following expression [65,66]:

_(1+R)

E
R 2Ku

1 2
[2In(1+ R)—1+oc+(1+ Rj (1—%j—%(1+ R)2] (3.2)

Wherea is the volume fraction of fibres, called the packdensity or solidity (1-porosity).
For fibrous filters,a is typically between 0.01 and 0.3. Ku is the Kuasabhydrodynamic
factor and has been used in research on filtersg®&#4]. Ku is a dimensionless factor that
compensates for the effect of distortion of thewflGeld around a fibre because of its

proximity to other fibres. Ku depends only on tlédity o.

Ku=-Me_3,,-%
2 2 (3.3)

Er increases with increasing, but cannot exceed the maximum theoretical valug+®
based on the definition of single-fibre efficiendnterception is an important filtration

mechanism in the particle size range of minimuinafiion efficiency.
Inertial impaction

Inertial impaction of a particle on a fibre occuvken the particle, because of its inertia, is
unable to adjust quickly enough to the abruptlyngag streamlines near the fibre, so
crosses those streamlines to hit the fibre. Tharpater that governs this mechanism is the

Stokes number [66], defined here as the ratio dfgh@ stopping distance to fibre diameter.

U, _ ppdSCCUO

Stk=—20 =
) T8 (3.4)
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Wherep, is the density of the particlg,is the viscosity of the ga€; is the Cunningham slip

correction factor which is written as [66]

Y Y d;
C, =1+24927 + 084~ exp} - 04352 3.5
; d, d, A (3-5)

Where/ is the mean free path of the gas molecules.

Eq. 3.4 represents the ratio of the ‘persistentel particle to the size of the target. Single-
fibre efficiency for impaction increases with amciieasing value of Stokes number, because
of a greater particle inertia (greatdy or pp), a greater particle velocity, or a more abrupt
curvature of streamlines, caused by a smaller 8iwe. Although it has been indicated that
the soot effective density varies with particleesi2l], the particle density used in the
following calculation of filtration efficiency isssumed to be 1 g/cinas is commonly used

in relevant exhaust characterization studies [10,;P3e single-fibre efficiency for impaction

E, is given by Yeh and Liu [67] as,

_ StkJ
(2KuY

| (3.6)

Where
J=(29.6 - 28R - 27.R*® for 0.01<R<0.4 and 0.0035 a < 0.111 [68]

There is no simple equation fdwhenR > 0.4. For approximate analysis, a value ef 2.0
for R > 0.4 can be used. As expected, impaction is tbst important mechanism for large
particles, but such particles usually have sigatiitccollection by interception as well. The
sum of E; and Eg cannot exceed the theoretical maximum of R 63]. Also the simple

equation ofl is for filters with solidity between 0.0035 and D1.
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Fig. 3.2 Single-fibre collection by impaction [63].

Center line

Diffusion

The Brownian motion of small particles is suffidiegn greatly enhance the probability of
their hitting a fibre while traveling past it onnan-intercepting streamline. The single-fibre

efficiency due to diffusionkp, is a function of the dimensionless Peclet numBer,

d;U
Pe:% (37)

WhereD is the particle diffusion coefficient. For pure racllar diffusionD can be written

as

D= KTC,
3nnd,

(3.8)

Wherek is the Boltzmann constari,is the absolute temperatureis the viscosity of the gas
andC; is the Cunningham slip correction factor (Eq. 3 B)e single-fibre efficiency due to

diffusionEp is
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1-g )™
- :2/3
Ep = 6( KU j Pe (3.9

The above equation is given by Lee and Liu [65)y btilize a multiple-cylinder model that

takes into account the flow interference effectsnefghbouring fibres. Thus, this model
provides a better representation of the actual fiogfile in the filter. It can be seen that the
single-fibre efficiency for diffusion increases Re and particle size decreakg.is the only

deposition mechanism that increasedadecreases.

Gas streamlines \

-
>

=
>

JP ./

rdgy\jiR“ = /// ////
Center line
Initial pamcle Actual particle
streamline path due to

(nonintercepting)  Brownian motion

Cross section
of fiber

Fig. 3.3 Single-fibre collection by diffusion [63].

In estimating the overall single-fibre collectioffi@ency near the particle size of minimum
efficiency, it is necessary to include an inte@ctterm to account for enhanced collection

due to interception of the diffusing particles [63]

£ - 124R?3
DR — W (3.10)

Gravitational Settling

The dimensionless number that controls depositintd gravitational settling iS [63].
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2
G:VTS _ Pg45Cc9 311
U, 18U, (3.11)

WhereVrs is the terminal settling velocity

_ Pg95Cc9

187 forRe < 1.0 (3.12)

TS

WhenUp andVrs are in the same direction, downward airflow, thngle-fibre efficiency for

settling,Ec [63], is

Ec =G1+R) (3.13)

For gas flow in the direction opposite\fgs,

E; =-G(l+R) (3.14)

And Eg decreases overall single-fibre efficiency. Whewfis horizontalEg is much less —
of the order ofG%. Generally,Eg is small compared with other single-fibre mecharsis
unless the particle size is large add is low. WhenUy is greater than about 0.1 m/s,
impaction is more important than settling. As thedf velocity used in this filter sampling test
was higher than 0.3 m/s, the effect of gravitatiosettling was not considered in the

calculation of the filtration efficiency.

Assuming the individual mechanisms are independedtadditive [66], and that impaction is

not important, the single-fibre efficien& is
E;, =Eg +Ep +Epg (3.15)
The overall efficiency or the total efficiency ofiler [66], E, is a function of the single-fibre
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efficiency, Es.

_ —4E;alL
E —1—exr{mdf o :| (3.16)

WherelL represents the filter depth or thickness. Eq. Bel#tes the total efficiency of a filter
to the microscopic property of the single-fibrei@éincy Es. The filter penetratio® — the

fraction of entering particles that penetrate therfis

e ] -4l
F>_1—E-ex;{mdf l_a} (3.17)

Eg. 3.16 and Eq. 3.17 have been widely used byowarresearchers [67,69,71, 73-76] in
analysing the total filtration efficiency. It hasdn reported by various researchers [65, 68-71]
that an increase in particle size would cause asmé filtration by the interception and
inertial impaction mechanisms while a decreaseantigle size would enhance collection by
Brownian diffusion. So, in between there existoaarlapping region where no mechanisms
dominate the filtration process. This is the regidmere the particle penetration through the
filter is a maximum and the collection efficiencl/tbe filter a minimum [69]. For a given
fibrous filter, there is a particle size, usualgtiween 0.05 and 04tm, that has the minimum
collection efficiency; that is, all particles, |la&rgor smaller than this size, are collected with
greater efficiency [63]. Fig. 3.4 shows that thenimium filter efficiency is generally known
to occur in the vicinity of 0.am, where is the diffusion and interception regirtiewas
shown by Stechkina et al. [68] that at moderater fl@locitiesUg < 1 m/s, the major role in
this region is played by diffusion and interceptidy comparing the theory with the
experimental data, Lee and Liu [65] indicated thatmain filtration mechanisms involved in

the region of minimum efficiency are diffusion andterception, with the impaction
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mechanism playing only a minor role. Another reafwmot taking the impaction effect into
account is that Eq. 3.6 can only be used wWRes smaller than 0.4. For the glass fibre filter
tested here, according to Eq. 3.1, that corresptmds smaller than 400nm due to theof
the filter being smaller than @m [77], which does not cover the particle size e 5-
1000 nm tested in the experiments. Consequentlly orerception (Eq. 3.2), diffusion
(Eq. 3.9) and their interaction (Eq. 3.10) will @ensidered in the following calculation of the

filtration mechanisms.

1.0
0.8 |
Diffusion +
> Interceptio
S Diffusion Impaction +
S 0.6 Interception
=
L
c
9
IS
T 04
Total Filter
— Diffusion — |
02 kL Interception
— Impaction
— DR Interaction
OO T | 4 P | 1 1 1 ' |
0.01 0.1 1
d, (um)
Fig. 3.4 An Example of filter efficiency vs. pasicsize illustrating the different

filtration regimes; L = 75Qum, o = 0.1, d = 3 um, Wp = 0.1 m/s.

The above analysis is based on the collectionprticle by an individual fibre and only the
most elementary parameters are considered. Howineeshape of the particles (spherical or
non-spherical), the shape of the fibres, the sistrilbution of the fibres, the particulates
accumulated on the filter medietc. would have a marked effect on the total particle

collection efficiency.
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The single-fibre diffusion efficiencies for fibr@gth elliptical cross-sections were calculated
by Regan and Raynor [75]. It is shown that elligtitbres with the major axis of the cross-
section parallel to the incoming flow would havevadtages over circular fibres, with both a
higher single-fibre diffusion efficiency and lesed than circular fibres. Glass-fibre filters
comprising a binary mixture of two fibre sizes hdeen studied by Brown and Thorpe [78].
It was found that the pressure drop across a niiked-filter is similar to that of a single
component filter with the same packing fractiond dhe penetration by both diffusion and
interception decreases as the mean fibre size dsceel. The deposition of submicron
particles on a model filter consisted of ultrafiftaes with a radius in the range of the mean
free path of air molecules was studied by Kirsh[ROwvas shown that the radius of the most
penetrating particles for these filters was highlean the fibre radius. The effect of
heterogeneities in the filter structure on theefilperformance was studied by Steffens and
Coury [80]. A correction was proposed by definihg filter bed as composed of a number of
filters in series, each with the fibre diameter gmulosity derived from the fibre size
distribution. The results showed a considerablerawgment in the prediction of collection

efficiency.

Although most filtration studies were carried ouithwspherical particles, many aerosol
particles, e.g. exhaust particles, are agglomedtemall particles, which are non-spherical.
A method for characterising non-spherical particdesl determination of the interception
equivalent diameter has been presented by Langd. §81]. The relationship between
diffusion equivalent diameter and interception gglént diameter was compared for both
spheres and agglomerates. It was shown that watteasing particle diameter, the effect of
interceptional deposition increased and the peti@tisiof spheres and agglomerates deviate.
The interceptional deposition was more importanttifie agglomerates than for the spheres,

which was increasingly the case for larger aggl@tecsizes.
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Filtration efficiency tests were conducted withveil NP agglomerates by Kim et al. [76].
And agglomerate filtration modelling in terms offdsion, impaction and interception was
investigated. It was found that the larger inteticgplength of agglomerates is responsible
for the smaller penetration through a fibrous fiite@ comparison to spherical particles with
the same mobility diameters. The effect of aggregjgiarameters, such as fractal dimension,
primary particle radius, on the filtration efficiehwas investigated theoretically using the
modified Brownian dynamics method by Batazy andd®woski [73]. There was a noticeable
discrepancy between the results determined by tlmevidan dynamics approach and the
classical single-fibre theory for the most pendttparticles. It was found that Peclet
number based on the mobility radius and the infgioe parameter based on the outer radius
were the proper criteria to describe diffusionad #me deterministic deposition of aggregates.
The morphology and packing density of particle dggsoformed by accumulation on steel
fibres were studied by Kasper et al. [82] usingfooal microscopy. The experiments showed
a systematic transition of deposit morphologielite particle bounce paramefer StkR.
Compact, forward facing deposit structures domuhate the case of significant particle
bounce (corresponding to highg), while dendritic structures with pronounced sidgw/

branching were formed at lowgr

By integrating the effect of thermal particle boannto the classical filter efficiency theory,
a model was developed by Wang and Kasper [83] surdee the filter behaviour in the
thermal rebound dominated region for the particde sange from 10 nm down to molecules.
It was suggested that the thermal impact velocftya article would exceed the critical
sticking velocity in the size range between 1 a@dh, depending sensitively on elastic and
surface adhesion parameters. Fibrous filter presduwp and aerosol collection efficiency
were measured in the viscous-inertial transiti@wfregime by Hubbard et al. [84]. It was

shown that existing theories under predicted thesuwesd single-fibre efficiencies. The
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assumption of uniform flow conditions for each sgsive layer of fibres was questionable
so that the common exponential relationship betwsegle-fibre efficiency and total filter

efficiency may not be appropriate in this regime.

In this work, particle number concentrations wereasured from both upstream and
downstream of a glass fibre filter sampling theugitl exhaust gas from a GDI engine. The
objective is to study the characteristic of thetipalate emissions from the engine as well as
measure the filtration efficiency of the filter. Merate face velocityJp < 0.3 m/s) was used

in the filter sampling tests. Single fibre theoas (described above) has been adopted in the

calculation of the filtration efficiency to compangth the experimental results.
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3.3 Experimental Apparatus
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Fig. 3.5 Layout of the Filter Sampling System.

The engine was operated with stratified injectisa,that a large portion of accumulation

mode particles was generated. This operating peiah adaptation of a cold start operating

point (refer to section 4.3) that was known to gateehigh levels of particulate matter. The

engine operation conditions are listed in Table Jvo types of filter (uncoated and

fluorocarbon coated) were used in the experimditts.specifications for the filters are listed

in Table 3.2. The gas temperature flowing through glass fibre filter was kept at 47 °C

during the particle sampling process by hot amtthh and a closed-loop control system. The

particle mass accumulated on the filter was 3.Fonthe Whatmafi GF/A Glass Microfiber

77



Chapter 3. Filter Sampling Tests and Filtrationd#hcy Analysis

filter and 4.4 mg for the PallfléFiberfilm filter. The PallfleX filter is a borosilicate glass
fibre filter with fluorocarbon (TFE) coating. A sematic of the filter sampling system is

shown in Fig. 3.5.

The PM emissions pre-filter and post-filter were asiwed via a Cambustion DMS500
particle sizer, while the HC emissions were samplg@ FID. A pneumatic switching valve
was used to select between pre-filter and pogrfilAs the mass flow rate through the
vacuum pump (MFMump was kept constant, it can be seen that when dBesgmpling was
taken downstream of the filter, the mass flow rdwe®ugh the filter (MFMyer) would be
increased compared to that when the gas samplisgtaken upstream of the filter, due to
additional gas extraction through the filter by DBIS and FID (MFMwus+Fip). As a result,

in order to keep the face velocity of the filtemstant, a bypass system was added to the
sampling system so a quantity of gas flow (corresjpgy to that taken by the measurement
system) would bypass the filter when taking sampest-filter; see Fig. 3.5. A solenoid
valve synchronized with the pneumatic switchingvealvas used to switch on the bypass
loop when sampling downstream of the filter. Thedss loop was closed when sampling
upstream of the filter. The sampling mass flow @téhe DMS and FID (MFMwus+rip) were
measured by a mass flow meter. A needle valve hes fitted in the bypass loop to set the
bypass mass flow rate (MRasy equal to that of the MFMys+rp. Hot air dilution was
used to achieve the required dilution ratio andhbater temperature was controlled to keep
the filter temperature at 47 °C. The mass flow @talilution air (MFM,;) was measured
with a mass flow meter and was controlled usingeadte valve. The formulas used to

calculate the mass flow rate through the filter #reddilution ratio (DR) are listed below.
DMS+FID taking sample pre-Filter:
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DMS+FID taking sample post-Filter:
MFMeyiter = MFMpump + MFMpums+Fip - MFMpypass (3.19)

The formula used to calculate the dilution raticRjDs as follows. The averaged dilution
ratios were 8.4 and 6.3 for the WhatfiaBF/A filter and PallfleR filter tests, respectively.
The results shown in the next section for the paldte and gaseous emissions have been

corrected for the dilution ratio.
DR = (MFMuymp+ MFMpws+£ip) / (MFMpump+ MFMpws+eip - MFMai) — (3.20)

Table 3.1 Engine Operation Conditions for Evaluataf Filters

Engine Speed / rpm 1000
Engine Torque / N-m 30
Ignition Timing 0°CABTDC
Injection Pressure / MPa 4.0
Injection mode: Split Injection
1% injection timing: 280 °CABTDC
2"%injection timing: 0 °CABTDC
2"%injection width / ms: 0.35
Relative AFR: 1.0
IVO: 34 °CAATDC
IVC: 244 °CAATDC
EVO: 244 °CABTDC
EVC: 6 °CAATDC
Coolant / °C: 90

The pressure drop between the filter can be as ag®.5 bar so that the gas pressure
downstream of the filter can be lower than 0.5dd@solute pressure. As a result, the dilution
air of the DMS is drawn out of the heated sampling by the vacuum pump when sampling

downstream of the filter. The escaped dilutionigithen drawn into the FID, leading to a
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zero reading for the HC emissions. Thus, duringtéisés, the dilution ratio of the DMS was
set to 1 to avoid this effect, i.e. no dilution aias used by the DMS. Pre-filter sampling of
60 s by the DMS and FID took place at the starttamgrds the end of each test, individually.
A long post-filter sampling took place between thve pre-filter samplings. During the data
processing, the post-sampling data points weraldd/equally into 8 parts. Within each part
of the data, the filter sampling parameters, paldie and gaseous emissions were analysed
and the averaged results were calculated to sheiwv thariation with the sampling time, as

shown in the following section.

Table 3.2 Specifications of the Filters
Whatmatf GF/A Glass

Description Microfiber Eilter Pallflex® Fiberfilm Filter
Filter Media Uncoategl borpsilicate glass 'borosilicate glass fibre filter
fibre filter with fluorocarbon (TFE) coating
Diameter / mm 47 a7
Typical Thickness / um 260 203
Typical Weight/ (mg) 93 65
Filter Temperature / °C a7 47
Face Velocity / (cm/s) 31.2 315

3.4 Measurement of the Filter Transmission Efficieny

Fig. 3.6 shows the averaged number weighted siggiliitions measured upstream and
downstream of the glass fibre filters at the défersampling times. Two types of filters have
been tested. The first was an uncoated glass filbkee from Whatmafi (Fig. 3.6(a)) and the
second one was a fluorocarbon (TFE) coated gldms filter from PALL Life Sciences
(Fig. 3.6(b)); the sampling time for the filters sv&5 min. During each filter sampling
process, the sampling point of the DMS and FID swagched between pre and post the filter.
The pre-filter spectra both at the start and atehé of sampling show a large portion of

accumulation mode particles and the peak of thetepare around 200 nm, which is typical
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Filter Sampling (raw data)

x 10

for combustion with stratified injection. When tBMS was switched to sampling the gas
downstream of the filter, there was a marked redoanh the number concentrations at each
particle size. The number concentration for thelssize particles diminished to near zero,
so nucleation mode particles did not penetratdiliees. However, when sampling post-filter,

Chapter 3. Filter Sampling Tests and Filtrationd#hcy Analysis
there was still a peak in the spectrum at arour@drzf.
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(b) Pallflex’ Fiberfilm Filter
PM number weighted size distributions (igyectra) Pre and Post filter at the

different sampling times for an uncoated (a) armbated (b) filter

10"

Fig. 3.7 shows the log-log plot of the number wetghsize distributions, where the post-

filter spectra are shown more clearly. It can bensieom the post-filter spectra that the noise
at the low end of the particle size range (< 50 fion)the Whatmaf filter (Fig. 3.7(a)) is

Fig. 3.6
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higher than that of the Pallfl@filter (Fig. 3.7(b)), while the noise at the hignd of the

particle size range (> 500 nm) for the Whatfhditter is lower than that for the Pallfl&x

filler. The peak of the post-filter spectrum loweérgradually with the increase in the
sampling time. This indicates that the collectidficeencies of filters increased as the
sampling gas was filtered for an extended periodirok, suggesting that the particulate
matter accumulated on the filters had marked efbectheir filtration efficiencies. Also, the
peaks of the post-filter spectrum for the Pallflefiiter are higher than those for the

Whatmar filter.

Filter Sampling (raw data)
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Fig. 3.7 PM number weighted size distributions (iswectra) Pre and Post filter at the
different sampling times
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Filter Sampling (normal fitting data)
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107%
106% 3
F 1 |—Pre 30s
_ 105; 1| Post 150s
“e ESff i = z g |- Post 302s
] 4i Iz 1= Post 454s
=10 Post 606s
S 3 Post 758s
§ 10° 1] Post 910s
£ T ESEE:Z E Post 1062s
) J Post 1214s
10 gz == s | ——Pre 1401s
| b &
£ T 5
lOlgé % %\ | | [
Ei= = F
oiwi S
lo L1 11
d_(nm)
(b) Pallflex’ Fiberfilm Filter
Fig. 3.8 PM number weighted size distributions (igyectra) Pre and Post filter at the

different sampling times

Fig. 3.8 shows the number weighted size distrimstiafter applying a bi-lognormal fitting to
the raw spectra, which are presented using loglots. It can be seen that the lognormal
fitting spectra are smoother than the raw spedraj that the signal noise has been
diminished a lot with the lognormal data, while thends are similar when compared to those
of the raw spectra. Also, it can be seen that anbumulation mode particles are presented in
the curves of the post-filter spectra, and the eattbhn mode particles have been collected by
the filter. The particle number concentrationshat high end of the particle size range for the

Pallflex® filter are higher than those for the Whatfidifter in the lognormal spectra, which
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may due to the higher noise level at the large @nithe particle size range when sampling

with the PallfleX filter.

Filter Sampling (lognormal fitting)
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Fig. 3.9 Total PM number (applying bi-lognormalifig to the raw data) Pre and Post
filter at the different sampling times

Shown in Fig. 3.9 is the total particle number gnégded from the lognormal fitting data for
the two filters at the different sampling timescén be seen that when sampling post-filter,
there is a marked reduction in particle number canag to that of pre-filter sampling.
Fig. 3.10 shows the total particle mass calcul&tech the lognormal spectra. It can be seen
that the pre-filter total particulate number enossi are similar for both filters; while the pre-

filter total particulate mass emissions of the fRadf filter is higher than that of the

84



Chapter 3. Filter Sampling Tests and Filtrationd#hcy Analysis

Whatmar? filter. This results from higher particle numbemcentrations at the large end of
the particle size range in the DMS spectrum whan Rlallflex filter was being tested
(Fig. 3.7(b)). As large particles contribute mucloren than small particles to the total
particulate mass, so the particulate mass emissibes the PallfleX filter was being tested
were much higher than that when the Whatffiler was being tested. Both the particle

number and particle mass emissions were higher wieeRallfleX filter was being tested.
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Fig. 3.10 Total PM mass (applying bi-lognormalifig to the raw data) Pre and Post
filter at different sampling times

Data after normal fitting for both filters are used Fig. 3.11, where the total number
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concentration of nucleation mode and accumulati@uenfor both pre- and post-filter are
plotted separately. From the comparison of partiefaissions in the nucleation and
accumulation modes, with the sampling gas passirayigh the filter, the total number in the
nucleation mode reduced more significantly thantthal number in the accumulation mode.

The total number in the accumulation mode on tgstie PallfleX filter is higher than that

on testing the Whatma@rfilter.
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Fig. 3.11 Total PM number for different modes Pmed aPost filter at the different

sampling times
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Filter Sampling (raw data)
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Fig. 3.12 Number transmission efficiencies versygalculated from raw data at the
different sampling times.

The number transmission efficiencies calculatedhftbe raw data for both filters are shown
in Fig. 3.12, which is calculated using the polefinumber concentration divided by pre-
filler number concentration at particle sizes frémm to 1000 nm. The variation of the
number transmission efficiencies with the samptinges are shown in the figures. It can be
seen that the transmission efficiencies for pasidmaller than 100 nm are close to zero. The
peaks of the transmission efficiencies for botltheffilters at the different sampling times are
located around 200 nm. The diameter correspondintiget maximum transmission efficiency,

i.e. the most penetrating particle diameter, igdarfor the PallfleR filter than that for the
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Whatmar? filter. With the increase of sampling time, theakevalues of the transmission

efficiencies decrease from 0.03 to 0.002 for theathtar? filter and from 0.09 to 0.008 for

the PallfleX¥ filter. It can be seen that the Whatfiafiter shows a higher collection

efficiency than the Pallflé filter. The number transmission efficiencies cédeed with

lognormal fitting data for both filters are showm fig. 3.13. These curves are smoother

compared to those shown in Fig. 3.12 and show ainiénds to the results calculated with

raw data.
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Number transmission efficiencies versusadculated from lognormal fitting

Fig. 3.13

data at the different sampling times

Fig. 3.14 shows the HC emissions pre-filter andfitier at the different sampling times. It
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can be seen that the pre-filter HC emissions aeglynenchanged at around 1100 ppm for
both filters. Higher fluctuations of the post-filteHC emissions are shown with the
Whatmar? filter compared to that with the Pallf@xilter. Generally, the post-filter HC

emissions were lower than the pre-filter emissionsoth of the sampling tests.

The nucleation mode patrticles can be convertedn@ass concentration, and this in turn can
be converted to a volume concentration of hydramasb(as ppm of CHl. Fig. 3.15 shows
that the conversion of the nucleation mode partclecentration to a hydrocarbon emission

leads to negligible equivalent Gldmissions (much less than 1 ppm).
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Fig. 3.14 HC emissions Pre and Post filter at tifeedent sampling times
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Filter Sampling (Nucleation mode)
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Fig. 3.15 Conversion of the nucleation mode pagticbncentration to an equivalent
hydrocarbon concentration (assuming a generic hgdrbon of GH»,) at the different
sampling times

The total particle mass (Fig. 3.10) between pret post-filter can be used to calculate the
rate of mass accumulation on the filters. By avieigithe rates at various sampling times, the
mean rate of mass accumulation on the filters aarcdiculated using the mean pre-filter
mass concentration minus the mean post-filter massentration, which multiplying by the
sampling time equals to the particulate mass actatedi on the paper filter. Using this
method, the mass of particulate material on ea¢heofilters is 1.6 and 7.4 mg, respectively,

which are in broad agreement with the results ftbenelectronic balance (3.3 and 4.4 mqg).
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The calculated value for the particulate mass efRhllflex filter is much larger than that of
the Whatmaff filter, while the difference between the measwatlies of the two filters is
relatively small. This is also due to the particlenber concentrations of large particles from
the DMS measurements being larger for the Pafififiiter test than that of the Whatnian

filter test.

Fig. 3.16 shows the gas pressure measured dowmstriethe filter, as the pressure upstream
of the filter was kept close to atmospheric presslircan be seen that the pressure decreased
steadily as the sampling time increased. This atdg that the particulate material

accumulated on the filter would lead to a marked m the pressure drop across the filter.

To further understand the existence of the peakentransmission efficiencies or the filter
penetration shown in Fig. 3.12, the calculatiorihef filter efficiencies was carried out based
on the theoretical analysis of the filtration meadkans in section 3.2. The calculation results
can then be qualitatively compared with the expental results. Table 3.3 shows the main
parameters used to calculate the collection effigjeof the Whatmahfilter. Fibrous filters
normally have high porosity, of which the soliditgn be from < 0.01 to 0.3 so that the
solidity used in the calculation is set to be ®%.the Whatmah GF/C glass fibre filters
consist of a thick layer (260m) of borosilicate glass fibres of <uin diameter, the fibre

diameter is set to Am for a simplification.
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Filter Sampling (raw data)
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Fig. 3.16 Gas pressure post-filter of at the diéfer sampling times (WhatnfaiGF/A
Glass Microfiber filter).

Table 3.3 Main Parameter for Calculating the Filtefficiency
Solidity (o) 0.1
Filter Thicknessl() / um 260
Gas Temperaturd) / °C 47
Face Velocity (o) / (cm/s) 31.2
Fibre Diameterds) / pm 1
Particle Diameterd,) / nm 5-1000
Particle Density/,) / (g/cnT) 1
1 [ \; |
08Frrra----1--
O
é 0'6’;T‘n‘naj Filter‘ | C
= 0.5/ — Diffusion - | LLL
S — Interception ) Ll
E 0.4 DR interaction L————:——a‘— ‘77LLLL
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Fig. 3.17 Calculated filter efficiency for individl single-fibore mechanisms and total

efficiency (Eg. 3.16), DR interaction: interactic®rm for enhanced collection due to
interception of the diffusing particles (Eq. 3.10).
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Fig. 3.18 Calculated penetration of the filter (B317).

Fig. 3.17 gives a semi-quantitative calculation thé filter efficiency for interception
(Eqg. 3.2), diffusion (Eqg. 3.9), the interactionnte(Eq. 3.10) and the total efficiency (Eq. 3.15
and Eq. 3.16). It can be seen that the diffusionhmrism dominates in the small particle size
range and the interception is dominant in the laige range. When thd, is between 100
and 200 nm, the diffusion efficiency decreases waithincrease in the interception efficiency.
The minimum efficiency is located in this partideze range, which is the diffusion and
interception regime. Fig. 3.18 shows the penetnatiaction of the filter (Eq. 3.17) which is
equal to 1 minus the filter efficiency. It can bees that the maximum filter penetration is
about 0.038 and the corresponding particle dianmstabout 130 nm. The most penetrating
particle size of 130 nm is smaller than that meagwy the DMS (Fig. 3.12(a)). This is
because: firstly, the particulate emissions of #mgine are agglomerates and are non-
spherical, which was not taken into account in taéculation; secondly, the diameter
measured by the DMS is the electrical mobility eglent diameter [62] which could be
different from the diameter of an equivalent spteriparticle. However, the calculated
results can give a theoretical explanation to tfesgnce of the peak in the experimentally

acquired transmission efficiencies of the filter.
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3.5 Summary

Particulate emissions from a GDI engine operatiridy \stratified injection were measured
with two types of glass fibre filter and their fdtion efficiencies were characterized using a

DMS500.

(1) High concentrations of particulate emissionghim accumulation mode were observed
upstream of the filter, which was typical for tleisgine operating conditions. The peak of the
post-filter particle number concentration is mdrart an order of magnitude lower than that
of the pre-filter particle number concentration.eTheak for the greatest penetration of
particles was located around 200 nm for both typédilter. Meanwhile, the number

concentrations of the nucleation mode particlescbree to the noise level of the DMS after

the filters.

(2) As the sampling time increased, the transmissifficiency, i.e. the penetration of a
filter, decreased gradually for each of the filfavkich can be lowered by more than an order
of magnitude over the sampling period of 25 minufesa result, the particulate number and
mass concentrations post-filter decreased withntrease of sampling time. A calculation of
the filter efficiency using an individual singlebfe mechanism and the total efficiency has
given a theoretical explanation for the penetratwdrihe filter. It has been found that the
greatest penetration of the filter was located he tegime where neither diffusion nor

interception is dominant in the filtration process.

(3) The particulate material accumulated on theerfiled to a rise in the pressure drop

across the filter, which increased steadily asstimapling time increased.

4) The hydrocarbon emissions pre-filter were ungeal when measured at the
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beginning and at the end of the sampling proceskdth of the filters. Moderate fluctuations
were observed in the post-filter HC emissions whigte generally lower than the pre-filter
HC emissions. Conversion of the nucleation modetiglar mass concentration to a

hydrocarbon emission leads to negligible equival&i emission.
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Chapter 4. The Effects of Fuel Injection Timing andValve Timing on PM

Emissions from a GDI Engine during Engine Warm-Up Mnditions

4.1 Introduction

From recent research, it can be seen that a lasgemp of particulate emissions from GDI
engines are generated during the first 200 seconitie NEDC cycle [26,27]. Fig. 4.1 shows
that the coolant temperature of a GDI engine du@inng 200 seconds in the NEDC cycle was
quite low, lower than 60 °C. In order to furtheduee the particulate emissions from a GDI
engine, it is of interest to investigate the p#etiormation during engine warm-up or cold

engine operation conditions.
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Fig. 4.1 Engine coolant temperature over a NEDOey@dapted from [27])

Catalyst light-off is accelerated by operating émgine with very retarded ignition timing, so
that although the engine is essentially idling (m&t power output), the inlet manifold
pressure can be very high (0.5 bar or higher). sttegegy is described in detail by Chen et al.

[85], with additional detailed measurements repgbtiy Twiney et al. [86,87]. The engine
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operating regime is specified in Table 4.1, witly.E.2 showing an example of the pressure

traces from an extreme operating point that haa bekected to include misfiring cycles.

Table 4.1 An operating regime for the Jaguar AJ&B8ine during catalyst light-off [6]

Engine Speed 1350 rpm Manifold Pressure 0.77 bar
Start of £' Injection 610 °ABDC End of? Injection ~ 180-200 °ABDC
Ignition Timing 188 °ABDC Lambda 1.05

Inlet Valve Opening 574 °ABDC Inlet Valve Closing 2 6ABDC
Exhaust Valve Opening 340 °ABDC  Exhaust Valve Closing 590 °ABDC

16
16
14 14
12
12
§10
. 10 § 8
g ] ) 3
= normal £
= B8 firing cycles
g .
- e
4 0.1 0.2 P ?.3(’ vt}A 0.5 0.6 0.7 |
mis-firing Cycles yneen T e
> : slow burning cycles
SN - g " ISR N
%% 100 200 300 400 500 600 700 s8oo
CAD aBDC Intake
Fig. 4.2 Pressure records for the Jaguar AJ133 eegiuring catalyst light-off, as

specified in Table 4.1. Note that the expansionsguee is lower than the compression
pressure until the pressure has fallen to aboua6 Ghe end of the second injection was
194 °ABDC, so as to generate misfiring cycles. [6]

The majority of the fuel is injected during the ution stroke so as to provide an overall
homogeneous background mixture, and the secondtiojeprovides a locally rich mixture
in the region of the spark plug at the time of igm. The overall mixture is weak €& 1.05)

so as to reduce CO and HC emissions. With the ethalve opening at 340 °ABDC, then
Fig. 4.2 clearly shows that combustion is contiguibut by 380 °ABDC the pressure in the
exhaust stroke is essentially 1 bar. A single imigf cycle would lead to unacceptable levels

of HC emissions, but the HC emissions from the sklmwning cycles are essentially no
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different from those of the ‘normal’ cycles.

Fig. 4.3 shows the second injection (fuel pressir@50 bar), with 4 fuel plumes pointing
downwards and 2 plumes closer to horizontal thas ather side of the spark plug; the fuel
arrives at the spark plug about 1°ca after theandjection. If injection is too late (relative
to the spark), then there is no enrichment, wiiithe injection is too early, then the mixture
at the spark plug can be too rich. The fuel pluass induce an air flow, and this leads to

stretching of the arc and an increase in the atage.

Fig. 4.3 The second injection in the Jaguar AJ1B8ime catalyst light-off mode, with
the fuel plumes illuminated from the right; notattthe central plane of the fuel jets is below
the spark plug gap. Combustion can be seen a®tight spots’ immediately adjacent to the
earth electrode of the spark plug. [6]

Injection parameters have been shown to have ggnifimpact on particulate matter (PM)
emissions. Various valve timings and different atiign modes such as double injection with
a second injection after compression, single emmjlgction and split early injection were

implemented to investigate the PM emissions andoemtion characteristics of a GDI engine.

98



Chapter 4. The Effects of Fuel Injection Timing aralve Timing on PM Emissions from a GDI
Engine during Engine Warm-Up Conditions

4.2 Experimental Apparatus and Test Method

The tests were performed on the V8 engine, withDMS500 used to measure particulate
emissions and a FID to measure HC emissions. Thmenest bench and the instruments
have been described in Chapter 2. The engine atibor parameters were recorded for 60
seconds by the INCA software at each operationtp@ime in-cylinder pressure signal was
recorded for 300 cycles, based on which the inddt&atork and the rate of heat release were

calculated.

It has been reported previously that the Three-Watalyst (TWC) showed a noticeable
reduction effect on volatile particles [49]. Figd4shows the ratio between pre- and post-
catalyst PM number concentrations plotted usingoabtk-log scale with respect to the
particle size. It can be seen that the catalysibéeld a notable reduction effect on nucleation
mode particles (smaller than 50 nm) whilst theres Wtle effect on accumulation mode
particles (50 — 200 nm). The trends at large sidasger than 200 nm) are unclear,
presumably because the absolute PM number contienraneasured by the DMS500 were

so low that no clear trends can be found.

In order to separate the effect of the TWC on PMssions and to investigate the effects of
various injection and valve timing parameters o@ émgine-out particulate emissions, the
exhaust Pre-TWC was drawn into the DMS and FID. DMS sampling line was

maintained at 80°C, and internally controlled ddatair was preheated before being mixed
with the sample at entry to the sampling line. Befentry to the DMS sampling line, the

pipework was maintained at above 80°C.

The tests results are divided into two parts. la finst part, the effects of various fuel

injection parameters on particulate emissions aesgnted. In the second part, the effects of
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valve timings on particulate emissions are illustta During the cold engine operation tests,

the engine coolant temperature was kept at antieeperature of 20 °C.
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4.3 Results and Discussion

4.3.1 Effects of the Fuel Injection on PM Emissions
Test 1 — Comparison of Double Injection with Compresion Injection and Single Intake

Injection

Double injection with injection after compressi@a common strategy used in GDI engines
to facilitate catalyst light-off. Compared with gla intake injection, double injection shows
lower HC emissions, higher exhaust temperaturesadadier standard deviation of the IMEP.
It is of interest to investigate the particle numbmissions under these operating conditions.
The first test was conducted to compare the paatielemissions under double injection and
single injection and the main operation paramegees listed in Table 4.2. During double
injection operation, the start of the first injecti (main injection) was swept from 100° to
320° BTDC. The second injection was placed aroura dompression TDC, the injection
duration of which was much smaller than that of fingt injection. The end of the second
injection was set to 7° ATDC. During single inj@cti operation, the injection timing was

swept between 220°-320° BTDC.

Fig. 4.5 shows the total,Pnucleation mode J accumulation mode,Pand accumulation
mode R after a digital filter (Eq. 2.2) at different firsnjection timings under double
injection and single injection modes. Recent t§&8527] have shown that the accumulation
mode particle number taken from the DMS gives gagteement with the PMP counting
system for the particle humber measurements. Sad¢bamulation mode particle number
calculated from DMS data is of particular interdstan be seen that, under double injection
operations (Fig. 4.5(a)), the lowest value of theuanulation mode s achieved at SOI1 of
280° BTDC. Both retarding and advancing the stérthe first injection would lead to an

increase in the Pemissions. At late first injection timings (100° t©40° BTDC), the
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particulate emissions in the accumulation modee@sed significantly compared to that with
a SOI1 of 280° BTDC. There is less variation of Byan the nucleation mode compared to
that in the accumulation mode across the wholeiige timing range. Under single injection
operation without injection after compression (Hd(b)), it can be seen that the particulate
number emissions are approximately 2 orders of madg lower than those under double
injection operation. At the very early injectioiming (SOI1 320° BTDC), the particulate
number emissions increased significantly. This haybecause that advancing the injection
towards the intake TDC led to larger amount of atged fuel impinging on the top of the

piston, which led to pool fires that increasedtér@ency to form PM.

Table 4.2 Main tests parameters for Test 1

Injection Mode: Double Single
Start of F' Injection (SOI1): 100°-320° BTDC 220°-320° BTDC

Adjusted by the engine management system to

1% Injection Width / ms

maintain stoichiometric operation

End of 2 Injection (EOI2): -7° BTDC \
2" Injection Width / ms 0.38 \
Injection Pressure / MPa 15

Engine Speed / rpm 1200
Engine Torque / N-m 90
Spark Timing: -2° BTDC
Relative AFR: 1.0
IVO: 34° ATDC
IVC: 244° ATDC
EVO: 224° BTDC
EVC: 26° ATDC
Coolant/ °C: 20
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Fig. 4.5 Total particle number concentrations atffelient injection timings with

different injection mode (Refer to Table 4.2). S@thart of the first injection, Total Pn: Total
particle number, Nucl Pn fit: Particle number inetmucleation mode, Acc Pn fit: Particle
number in the accumulation mode, PMP Acc Pn fitrtiele number in the accumulation
mode after applying the digital filter (Eq. 2.2).

The particle number ratio (Accumulation modgT®tal R) for various SOI1 under different
injection modes is further analysed in Fig. 4.6cdin be seen that the percentage of the
accumulation mode Fin the total R is higher with double injection than that with gl
injection across the SOI1 sweep. This indicated thader stratified combustion with
injection after compression, most of the partiobesitted are in the accumulation mode.

Shown in Fig. 4.7 is a comparison of the averagentaonedian diameter (CMD) in the
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accumulation mode for the different injection sgaes. It can be seen that larger size
particles were generated under double injectionpared to those under single injection. So
most of the particles generated under double ilgjeatonditions were in the accumulation

mode with the CMD varying between 80-250nm.

Fig. 4.8 shows the HC emissions and the exhaugigmtures during the SOI1 sweep for the
different injection modes. Fig. 4.9 shows the stadddeviation of IMEPn for all four
cylinders in the engine B Bank under the varioyedtion timings and different injection
modes. Signals from the first cylinder (B1) presswansducer had higher noise, which led to
the higher standard deviation of IMEPn (Std of IMEPThe standard deviations of IMEPN
from the other 3 cylinders (B2, B3 and B4) are familn most cases (SOI1 from 240° BTDC
to 320° BTDC), the HC emissions under double inggctvere much lower than those under
single injection, while the exhaust temperaturexdtéo be higher, suggesting that higher
exhaust temperature benefits the oxidation of umeadihydrocarbons. Under single injection
operations, as the first injection timing is reado 220° BTDC and 240° BTDC, there is a
decrease in HC emissions together with an increaske exhaust temperature. However,
Fig. 4.9 shows that the standard deviation of MER increased significantly at these two
operation points, indicating that the retarded atge timing led to increasing combustion
instability. Also, it can be seen that the standddiation of the IMEP under double injection
is much lower than that under single injection. Ht@ndard deviation of the IMEP keeps
nearly constant over a wide range of SOI1 undebl#oinjection operation. Also, Fig. 4.10
gives that the duration of 0-100J net heat reléag®ased as the first injection timing was
retarded to 220° BTDC, under single injection opera On the other hand, the duration

under double injection did not vary much over theole SOI1 sweeping range.
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Fig. 4.6 Particle number ratio (Accumulation modgT®tal B,) at different injection

timings with two different injection modes (Refer Table 4.2). SOI1: Start of the first
injection.
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Fig. 4.7 Mean CMD of the accumulation mode at déifé injection timings with two

different injection modes (Refer to Table 4.2). BGtart of the first injection.
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Fig. 4.8 HC emissions and exhaust temperaturesffareint injection timings with two

different injection modes (Refer to Table 4.2). B@tart of the first injection.

In summary, the double injection operation showghér exhaust temperature, lower HC
emissions and lower combustion instability, whicowd be a benefit for engine warm-up
and catalyst light-off. However, the particle numlenissions with double injection are
much higher than those with single injection durini@ke. Therefore, optimizing the timing
of the double injection operation during engine mvarmp would reduce the particulate

emissions from GDI engines.
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Fig. 4.9 Standard deviation of the net IMEP for Wlimmers on B bank at different

injection timings with different injection modese{& to Table 4.2). SOI1: Start of the first
injection.
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Fig. 4.10 Duration of 0-100J net heat release focyinders on B Bank at different
injection timings with different injection modese{& to Table 4.2). SOI1: Start of the first

injection.
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Test 2 — Comparison of Split Intake Injection and $gle Intake Injection

The comparison tests for split intake injectionhagtngle intake injection were carried out on
the V8 engine during cold operation conditions.Wte fuel injection pressure set as high as
15 MPa, especially when the engine is cold, theepration distance of fuel spray is large so
that the fuel spray plumes may hit the cylinderlwalthe piston top, which tends to cause
wall wetting. Thus, the particulate emissions dkely to be increased under this condition.
Split intake injection was investigated to seeh#é particulate emissions can be reduced by
shortening the spray penetration and decreasingwhié wetting tendency. The main
operation parameters and test matrix are listébaivle 4.3. During split injection operation,
the start of the first injection (SOI1) was swepuini 180° to 320° BTDC and the start of the
second injection (SOI2) was varied from 30° to 1Hiter the first injection; the most
retarded timing for the second injection was 150DE. The pulse widths for the first and

the second injections were the same.

Table 4.3 Main tests parameters and test matrixTast 2
Injection Mode: Split Single
Sta”/‘?,fo;'Bjé’C“O” 180 | 200/ 220| 240| 260 280 | 200 | 300 S
SRR B 50| 170/ 190| S0 0 O o oeppaogro |
Injection Pressure / MPa 15
Engine Speed / rpm 1200
Engine Torque / N-m 110
Spark Timing: 10° BTDC
Relative AFR: 1.0
IVO: 34° ATDC
IVC: 244° ATDC
EVO: 214° BTDC
EVC: 36° ATDC
Coolant / °C: 20
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Fig. 4.11 Total, accumulation mode and nucleationoden particle number

concentrations at different injection timings undsplit injection operation (Refer to
Table 4.3). SOI1: Start of the first injection, 20%tart of the Second injection
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Fig. 4.11 gives the Hor total, accumulation mode and nucleation moaktigles at different
injection timings under split injection operatioanditions. It can be seen that at most of the
test points, the particulate number emissions are dow across the test range. Thefér

the accumulation mode particle emissions do noy wauch; they are around 1x1#/cnt.
However, the number for the nucleation mode padids quite unstable, varying from
3x10 #/cnt to 8x10 #/cnt. Fig. 4.12 shows the total particle number atedéht injection
timings under single injection operation conditioliscan be seen that there is a rise jnfP
the fuel is injected either too late or too eadyd the particulate emissions are kept at a low
level when the SOI1 is between 290° and 250° BTDiare is less variation in the number
of the accumulation mode particle than that of nlieleation mode particle with different
injection timings. Low levels of particulate emmsss can also be achieved with single
injection under a wide range of injection timingdere is no significant improvement in

particle number emissions using split injectiormpared with single injection.
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Fig. 4.12 Total particle number concentrations affetent injection timings under

single injection operation (Refer to Table 4.3).I8Cstart of the first injection, Total Pn:

Total particle number, Nucl Pn fit: Particle numbef nucleation mode, Acc Pn fit: Particle
number of accumulation mode, PMP Acc Pn fit: Péetitumber of accumulation mode with
a digital filter (Eqg. 2.2) applying to it.
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Fig. 4.13 Comparison of the number weighted sizdridutions for a typical split
injection operation point (SOI1: 300, SOI2: 278hd a typical single injection operation
point (SOI1: 25058howing the raw data and their lognormal fittings.

Fig. 4.13 shows two representative raw size digtidns from the DMS data and their
lognormal fittings, one for split injection (SOIR00, SOI2: 270) and one for single injection
(SOI1: 250). The numbers for the total, nucleatimade and accumulation mode particle
concentrations are listed below the figure. Botinfsoselected have the lowest total particle
number emissions in each case. It can be seenthtbBaparticulate emissions with split
injection operation do not differ much from thosigwsingle injection operation. The number
of accumulation mode particles (large particlegjerrsplit injection is higher than that under
single injection. Even under cold engine operationditions, low B number emissions can
be achieved with single injection. The split injeatdoes not show much potential for further

reducing the particle number emissions at thisrengpeed and load.

112



Chapter 4. The Effects of Fuel Injection Timing aralve Timing on PM Emissions from a GDI
Engine during Engine Warm-Up Conditions

3500
HC Ssol1
3000 +
o N ® o ¢ (°BTDC)
o 2300 1 X § " 300
(&)
£ 2000 | W 290
s 280
5 1500 | X 260
T 1000 - X 240
220
500 F 200
0 1 1 1 1 1 1 ) 180
140 160 180 200 220 240 260 280
SOI2 (° BTDC)
(a) Split Injection
3500
HC
3000
— 2500
—
(@]
g 2000 f
(o}
2
O 1500 o
1000
500
0 1 | 1 | 1 | 1 | 1 J
120 140 160 180 200 220 240 260 280 300 320
SOI1 (° BTDC)
(b) Single Injection
Fig. 4.14 HC emissions at different injection tigenwith split injection and single

injection (Refer to Table 4.3), SOI1: Start of fimst injection, SOI2: Start of the Second
injection.

Fig. 4.14 shows the HC emissions at different itigec timings under split injection and
single injection operation. It can be seen thatHi@& emissions do not change much across
the test range, but remain mostly around 2500 gpra.HC emissions under single injection
are similar to those under split injection. Paetisize distributions for typical warm and cold
operation points are compared in Fig. 4.15, botth warly single injection. The coolant
temperatures for the cold and warm operation wexgt lat 20 °C inlet and 90 °C outlet
respectively. The lognormal fittings for the warmpeoation point were calculated using the

MATLAB optimizing method described in Chapter 2.ciin be seen the peak of the size
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distribution under cold operation is about 4 tirhegher than that under warm operation. This

suggests that after the engine has been fully waiupe then particulate emissions should not

be an issue.
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operation point (20 °C coolant inlet) and a typioabrm operation point (90 °C coolant

outlet) showing the raw data and their lognorméirigs.
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Test 3 — Influence of Fuel Injection Pressure on PNEmissions

The tests on the effects of fuel injection pressurgarticulate emissions were carried out on
the V8 engine during cold operation conditions.l¥aplit injection was utilised to facilitate
homogeneous mixture formation and to shorten thhayspenetration distance so that the
tendency for wall wetting to occur can be reduddte spark ignition timing during the tests
was retarded to imitate the operating conditiongnduthe catalyst light-off phase. The main
engine operation parameters are listed in Tableldcin be seen that the fuel pressure was

swept from 3.1 MPa to 14.2 MPa.

Table 4.4 Main tests parameters for Test 3
Injection Mode: Split
Start of F' Injection (SOI1): 280° BTDC
Start of 29 Injection (SOI2): 250° BTDC
Injection Pressure / MPa 3.1,5.9,8.8,11.5,14.2
Engine Speed / rpm 800
Engine Torque / N-m 80
Spark Timing: -2° BTDC
Relative AFR: 1.0
IVO: 24° ATDC
IVC: 274° ATDC
EVO: 217° BTDC
EVC: 33° ATDC
Coolant / °C: 20

Fig. 4.16 shows the particle number emissions wehgel pressure. It can be seen that there
is a marked reduction in accumulation mode pasiele the fuel pressure was increased from
3.1 MPa to 14.2 MPa. The particulate number in tlueleation mode decreased from
4.8x10 #/cnt to 6.6x10 #/cnt as the fuel pressure increased from 3.1 MPa t6 IPa.

When further increasing the fuel pressure to 14EaMthe R in the nucleation mode
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increased to 1.2x®@#cn?. Fig. 4.17 shows the HC emissions at different fngection
pressures. The HC emissions achieved a minimumevaful970 ppm at 11.5 MPa fuel
injection pressure. The trend of HC emissions vaywith fuel pressure is similar to that of
nucleation mode patrticle. This link between HC emiss and the nucleation mode particles
can be explained by the nucleation mode being dat®ihby condensed hydrocarbons. Both
the mixture homogeneity and wall impingement woualffect the HC and particulate
emissions. As the fuel pressure increased, theuneixts more homogeneous so that the HC
and PM formation during combustion was reduced. ¢rolWC emissions resulted in a lower
tendency for small particles to be formed from H@leating and condensing, so that the
number of the nucleation mode particles was reduBatlif the fuel pressure was too high,
then fuel impingement would increase, leading tghar HC emissions and increased

nucleation mode particle concentrations.
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Fig. 4.16 Total particle number at different fugjaction pressure under split injection

operation (Refer to Table 4.4). Total Pn: Total fsele number, Nucl Pn fit: Particle number
of nucleation mode, Acc Pn fit: Particle humberasttumulation mode, PMP Acc Pn fit:
Particle number of accumulation mode with a digftiér (Eq. 2.2) applied.

116



Chapter 4. The Effects of Fuel Injection Timing aralve Timing on PM Emissions from a GDI
Engine during Engine Warm-Up Conditions

3000
HC
2500 |
2000 |

1500 r

HC (ppm C1)

1000 r

500

0 1 1 1 J
3 6 9 12 15

Fuel Pressure (MPa)

Fig. 4.17 HC emissions at different fuel injectigmmessure under split injection
operation (Refer to Table 4.4).
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Fig. 4.18 Standard deviation of the net IMEP forydinders on B Bank at different fuel
injection pressure under split injection operati@tefer to Table 4.4).

Fig. 4.18 gives the standard deviation of net IM&Pthe cylinders in B bank. It can be seen

that the combustion stability did not change mugltha fuel pressure varied. Fig. 4.19 shows
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that the 0-100J net heat release did not vary nimrchny of the cylinders on B bank as the

fuel injection pressure increased.
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Fig. 4.19 Duration of 0-100J net heat release focyinders on B Bank at different
injection pressure under split injection operati@tefer to Table 4.4).
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4.3.2 The Effects of Valve Timing on the PM Emissits

The tests on particulate emissions varying witlied#nt valve timings were carried out on
the V8 engine during cold operation conditions. l[{Eaingle injection was utilised to

facilitate homogeneous mixture formation and thedtion pressure was fixed at 15 MPa.
The main engine operation parameters are listedable 4.5. There are two operation
conditions tested: one is 1200 rpm with 5.5 mm ketaalve lift and the other one is
1500 rpm with 10.53 mm intake valve lift. Under leaperation conditions, 6 different valve
timings were tested, designated as VVTL1-6 and VY4, respectively. VVTL1 and

VVTHL1 are the base valve timings for low lift andyi lift, where the intake valve timing is

in the most retarded point and the exhaust vaiaeg is in the most advanced point. Details
of the valve timings with respect to intake TDC bsted in Table 4.6, where VVI represents
the angle for intake valve advancing respect te biasing and VVE represents the angle for
exhaust valve retarding respect to base timing.imuthe valve timing tests, the intake
manifold pressure was adjusted to keep the engirgrie at 120 N-m under 1200 rpm and

110 N-m under 1500 rpm, respectively.

Table 4.5 Main tests parameters for VVT tests @/dmings are in Table 4.6)

Engine Speed / rpm 1200 1500
Engine Torque / N-m 120 110
Injection Mode: Single Single
Injection Timing: 270° BTDC 280° BTDC
Injection Pressure / MPa 15 15
Spark Timing: 10° BTDC 17° BTDC
Relative AFR: 1.0 1.0
Inlet Valve Lift: Low 5.5 mm High 10.53 mm
Valve Timing: VVTL1-6 VVTH1-6
Coolant / °C: 20 20
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Table 4.6 Twelve valve timings with respect tokatdaDC
VO IVC EVO EVC Overla
W VWE 0 ATDC) (PATDC) (°BTDC) (CATDC) (%) i
VVTL1 0 0 34 244 244 6 -28
VVTL2 0 15 34 244 229 21 -13
VVTL3 0 30 34 244 214 36 2
VVvTL4 15 0 19 229 244 6 -13
VVTL5 15 15 19 229 229 21 2
VVTL6 30 0 4 214 244 6 2
VVTH1 0 0 24 274 244 6 -18
VVTH2 0 15 24 274 229 21 -3
VVTHS3 0 30 24 274 214 36 12
VVTH4 15 0 9 259 244 6 -3
VVTH5 15 15 9 259 229 21 12
VVTH6 30 0 -6 244 244 6 12

Fig. 4.20 shows the number concentrations for ti@,taccumulation mode and nucleation
mode patrticles at the different valve timings. Hoeumulation mode particles are the main
focus here, because their results are more relégahte emissions legislation. It can be seen
that when the exhaust valve timing was retardeoh f®/E O to VVE 30 with the low intake
valve lift (Fig. 4.20(a)), the [Pin the accumulation mode reduced steadily from«B0% to
1.5x10 #/cnt. This can be explained by an increase in the edppsiduals. However, with
the high intake valve lift, the ,Pin accumulation mode decreased from 4.0x10®
2.5x10 #/cnt, when the exhaust valve timing was retarded froEW to VVE 15 and
increased to 3.5x£@t/cn? when the exhaust valve timing was further retartetfVE 30.
Also, the number concentration for the nucleatioaden particles is also the highest at
VVE 30 with high lift. It can be seen from Tablé4hat the intake valve opening duration is
longer with the high lift than that with the lowitlinlet cam. Also, the valve overlap increases
with the high lift compared with the low lift, sbdt the valve overlap at VVE 30 with high
lift is higher than that with low lift, which shadillead to a higher residual gas content under

high valve lift engine operation, especially wiltetlate phasing. It will be seen later that the
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higher residuals level led to slower combustion andigher exhaust temperature, so the
combination of more and hotter residuals leadsetiteb evaporation of the fuel and lower
particulate matter emissions. The high lift wilave a lower inflow velocity so the

homogeneity of the residuals will be lower.
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(b) 1500 rpm, 110 N-m, high lift
Fig. 4.20 Total particle number concentrations atigus valve timings under different
operation conditions (Refer to Table 4.5 and 4\YI: Intake valve advance angle, VVE:
Exhaust valve retard angle, Total Pn: Total pagicilumber, Nucl Pn fit: Particle number of
nucleation mode, Acc Pn fit: Particle number of @wowalation mode, PMP Acc Pn fit:
Particle number of accumulation mode with a digftliér (Eq. 2.2) applying to it.

To further analyse the reason for the high PM eonssat VVE 30 with high lift, the
combustion characteristics are compared betweewgbeation points of VVE 30 with low

valve lift (VVTL3) and high valve lift (VVTH3). Frm Fig. 4.21, it can be seen that the
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standard deviation of IMEPN increased as the exhalge closing was retarded. And the
increase in the standard deviation of IMEPnN is mendne significant with high intake valve
lift than that with low lift. This indicates thatith high intake lift and retarded exhaust timing,
the combustion became relatively unstable. Alsah& point, the valve overlap between
intake and exhaust was 12°, higher than that vaith lift which was 2°. The combustion
stability data also supports the hypothesis thatléite valve timings increase the residuals

and that there is lower homogeneity with the highchm.
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Fig. 4.21 Standard deviation of net IMEP for theyinders in B Bank at various valve
timings under different operation conditions (Reti@Table 4.5 and 4.6). VVI. Intake valve
advance angle, VVE: Exhaust valve retard angle.
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Fig. 4.22 Mean value of the peak in-cylinder pressior the 4 cylinders in B Bank at
various valve timings under different operation dions (Refer to Table 4.5 and 4.6). VVI:
Intake valve advance angle, VVE: Exhaust valverdeaagle.

From Fig. 4.22, it can be seen that the retarddduest valve timing also led to a reduced
peak in-cylinder pressure for both the low and higlve lift cases. The reduction in the peak
in-cylinder pressure with the high lift was largban that with low lift. On the other hand,
the peak in-cylinder pressure was not changing mwith the increase in intake valve

advance. Similar results are seen in the variaiod-50% mass fraction burn duration with
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valve timings (Fig. 4.23). The 0-50% MFB increasedrkedly with retarding the exhaust
valve closure but did not vary much with advandiing intake valve opening. Also, a bigger
increase in the 0-50% MFB duration occurs with liigh lift compared to that with the low

lift, indicating that the combustion duration witigh lift increased more significantly as the

exhaust valve timing was retarded.
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Fig. 4.23 0-50% mass fraction burnt for the 4 cgkns in B Bank at various valve
timings under different operation conditions (Reti@Table 4.5 and 4.6). VVI. Intake valve
advance angle, VVE: Exhaust valve retard angle.
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Fig. 4.24 HC emissions and exhaust temperatures/aaious valve timings under

different operation conditions (Refer to Table drfidl 4.6). VVI: Intake valve advance angle,

B 1200rpm 120Nm low lift
B 1500rpm 110Nm high lift

VVE: Exhaust valve retard angle.

Fig. 4.24 shows the HC emissions and the exhaugpdratures at different valve timings
under low lift and high lift operation points. Witligh valve lift, it can be seen that the HC
emissions reduced noticeably as the exhaust vahiag was 30° (VVE 30) retarded from

base timing (VVE 0). Correspondingly, the exhaeshperature increased about 50 °C with

retarding the exhaust valve closing. In comparisbare were moderate changes in both HC
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emissions and exhaust temperatures under low intakes lift conditions. Also, the HC

emissions and exhaust temperatures only variethtsligis the intake valve opening was
changed from base timing to 30° in advance (VVbOVWI 30). So, the higher residuals
level associated with a late exhaust valve opetedgto slower combustion and a higher
exhaust temperature, so the combination of more boter residuals led to better

evaporation of the fuel and lower particulate magtaissions.

In summary, the valve timings showed moderate &ffen particulate emissions and the
exhaust valve timing showed a bigger effect on ipalgte emissions and combustion
characteristics compared to that of intake valwerg. The particulate number concentration
in the accumulation mode reduced as the exhaust e&bsing was retarded. However, if the
exhaust valve closure was further retarded andsahee overlap period between intake and
exhaust became longer, the residual content temaledcrease, which would affect the
combustion stability. If the combustion became abl, i.e. the standard deviation of the
IMEPNn was much higher than normal operation, théiqudate emissions tended to increase
and the combustion duration was prolonged, whick sl@own in the case of 30° retarded
exhaust valve closing with high lift. Meanwhile vaticing the intake valve opening did not

show much effect in PM emissions both with low #ftd high lift.

4.4 Summary

Q) Particulate emissions from cold engine operati@re much higher than those from

warm engine operation.

(2) Under cold engine operating conditions, pagtidumber emissions using double
injection with injection after compression were mdhan an order of magnitude higher than

those with a single injection during the intakeeThain injection timing only had moderate
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effects on PM emission.

3) Under cold engine operation, no reduction eftec PM emissions was shown using
split intake injection to further facilitate homow®ous mixture formation compared with

single intake injection.

4) Increasing the fuel injection pressure coulthf@ more homogeneous mixture so that
the HC and PM formation during combustion can ltkiced. However, if the fuel pressure
was too high, spray impingement could increaseditepto higher HC emissions and

increased nucleation mode patrticle concentrations.

(5) Valve timings showed moderate effects on paldie emissions. Properly adjusted
timing for exhaust valve closure would lead to mhl particulate emissions and the
combustion characteristics would not be adverséceed much. The effect of the intake

valve opening on PM emissions was less than thiditeoéxhaust valve closing.
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Chapter 5. The Effects of a Catalytic Volatile Paricle Remover (VPR) on

the PM Emissions from a GDI Engine

5.1 Introduction

Researchers have shown that gasoline engines,i@gpeasoline direct injection engines,
tend to emit large amounts of small size partidempared to diesel engines fitted with
Diesel Particulate Filters (DPFs). As a result, plaeticle number emissions of DISI engines
will be restricted by the forthcoming EUG legistati The particulate emission level of DISI
engines means that they could face some challangeeeting the EU6 requirement. This
paper is an experimental study on the size-resgbagticle number emissions from a spray
guided DISI engine and the performance of a CataWlatile Particle Remover (VPR), as

the EU legislation seeks to exclude volatile p&etic

Presented in this chapter is an experimental studythe size-resolved particle number
emissions from a spray guided GDI engine and théopeance of a Catalytic Volatile
Particle Remover (VPR), as the EU legislation sdekexclude volatile particles. Firstly, the
performance of the catalytic VPR was evaluated dnying its temperature and the exhaust
residence time. Secondly, the performance of thielytec VPR being used for post Three
Way Catalyst (TWC) oxidation was studied experimaéipt Additional air or nitrogen was
used to distinguish between chemical and physitetts of the catalytic VPR when there is

a reduction in particle numbers.
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5.2 Catalytic VPR System and Experimental Set-up

A large portion of the particles emitted by GDI areg are small diameter (< 50 nm), volatile
particles. The volatile particles are difficultireeasure, because they can experience physical
changes in the exhaust and particle sampling syskég 5.1 shows the recommended
particulate sampling system of the European Parbtdasurement Programme (PMP). It can
be deduced from the PMP that a volatile partichaaeer (VPR) is required upstream of the
particle number counter (PNC) [61]. The VPR is bdaib vaporize volatile particles in the

sample flow.

To investigate the characteristics of particle aioiss from engines, a Catalytic Stripper (CS,
an oxidation catalyst) has been tested by Kittelsoth co-workers [88, 89]. It was reported
that complete removal of volatile particles could &chieved but that it also led to the
removal of 15-25% of the solid particles. This Idsss been attributed to thermophoretic
deposition caused by cooling after the catalytigoger. The particle loss in the catalytic
stripper led to the development of a Solid Parti8éenpling System (SPSS) [90] that used
dilution immediately after an oxidation catalysthadek [90] presents a comprehensive
discussion and analysis of the operation of theSSR8d characterises its performance using
salt (NaCl), ammonium sulfate and oil aerosols. @henonium sulphate decomposed and
(as with the oil) led to particle penetration thgbuhe SPSS that was always below 10%. In
contrast the penetration of the salt aerosol wathirwexperimental tolerance, 100%. In a
subsequent paper Khalek and Bougher [91] compaeénformance of the SPSS using a
Catalytic Stripper (CS) with an Evaporation Tubé\Rising particles of tetracontane (as
specified in the European PMP). They conclude thatCatalytic Stripper outperforms the
Evaporation Tube, since the catalytic stripper wiidise the vaporised hydrocarbons so that

there is then no possibility of their re-condermatiSo, it is of interest to investigate the
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performance of the Catalytic Stripper based VaaRlarticle Remover System on the PM
emissions from a spray guided direct injection pagiprevious work has utilised a wall

guided direct injection engine

In the work reported here, engine experiments warded out to study a Catalytic Volatile
Particle Remover (VPR), and to find out if it caohieve the transmission efficiencies
required by the PMP procedures. Also, experimentd whe Catalytic Volatile Particle

Remover have used the addition of air or nitrogerdistinguish between chemical and

physical mechanisms when there is a reduction fiticianumbers.

Recommended Particulate Sampling System

Carbon and HEPA filters provide

particle free and low HC PSP and PTT comprise the
background ar sample probe
Dilution air in C_HEP
CVS Tunnel To
> > crv
Humidity and
T controlled

f.;..‘ [ 7 S e
X . et 4 cut-point at 2.5um
Particle numbger i 4§
Concemrarior“ N - % \ :
selective i PND2 ET: Heated PND1| ;
NG inlet: : cools evaporation tubef heats :
D50 ~20nm : and and
T i dilutes dilutes i [ Tomass flow
H i | controller and
pump
e o s e o e —— ;
Fig. 5.1 Schematic of the PMP Recommended PaBatapling System [61].
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Table 5.1 Engine Operating Conditions

Engine Speed / rpm 1500
Engine Torque / N-m 90
Injection Pressure / MPa 15
Injection Timing 280° BTDC
e e
Ignition Timing: 30° BTDC
Cam Lift / mm 10.53
IVO/IVC 24° ATDC/274° ATDC
EVO/EVC 244° BTDC/6° ATDC
Coolant Temperature / °C: 90

The test engine was a Jaguar naturally aspirat8ddikéct injection spark ignition engine

[56]. The specifications of the engine and the layof the combustion system have been
described in Chapter 2. The main characteristidb®®engine operating conditions are listed
in Table 5.1. A representative part load warm ofp@mapoint was used. During these tests,
the engine speed and engine torque were contradletb00 rpm and 90 N-m. The spark
timing was fixed at 30° before compression TDC.i#gke injection during the intake stroke

was set at 280° before compression TDC and injegii@ssure of 15 MPa was used. High
intake cam lift was selected, with the intake vghlasing set to the most retarded position

and the exhaust valve phasing set to the most addgposition.

The catalytic VPR system tested in this work anel dimensions of the catalytic VPR are
shown in Fig. 5.2. Its performance as an oxidatiatalyst is discussed later in the context of
Fig. 5.11. The catalytic VPR system consists aérapterature controlled heated tube with an
oxidation catalyst inside. The effects of the VR#nperature and residence time on the

catalytic VPR performance were examined
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Fig. 5.2 Catalytic Volatile Particle Remover (VP&)stem

It can be seen from Fig. 5.3 that in test 1, thieaest pre-TWC was drawn into the catalytic
VPR, so that the raw engine exhaust is passedghrthe VPR. At each test point, the PM
emissions pre-VPR and post-VPR were measured as®gmbustion DMS500 particle sizer
[58]. The sampling flow rate of the DMS (MRMs) was set to 0.02 g/s. A pneumatic
switching valve was used to select between pre-"9RiRpost-VPR. The switching valve was
heated by hot air to keep the sampling temperaatiraround 90 °C, thereby preventing
particle formation by condensation. The temperatfitie sampling flow pre and post VPR,
as well as the flow temperature entering DMS, wereasured using thermocouples.
Downstream of the catalytic VPR, the exhaust floent entered a dilution system (shown in
the right hand side rectangle in Fig. 5.3), whémnixed with heated dilution air. A needle
valve was used to control the flow rate of dilut@n (MFM,;, the mass flow rate measured

by mass flow meter 1). An electric heater was usecbntrol the dilution air temperature to
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maintain the temperature of the diluted gas (exhaudilution air) entering the glass fibre
filter at 47 °C. This was achieved by utilizing alVIEW PID code to control the output
voltage to the electric heater. The heated diluggstem was to prevent condensation in the
gas flow. Then the diluted gas was extracted ouhefdilution system by a pump, of which
the flow rate was unchanged. As a result, the flate of the vacuum pump (MRMn, mass
flow rate measured from mass flow meter 2) wasrdeteed by the pump. The total mass

flow rate of exhaust (MFMnaus) Was calculated using the following equation.

MFM exhaust= IV”:Mpump' MFMgir + MFMpums (5.1)

The mass flow meters had been calibrated agaickt@aerin situ, So as to minimise errors
in computing the mass flow rate of the exhaust. vBgying MFM,, MFMexhaustwould be
changed. As a result, the residence time of thawsthgas in the catalytic VPR was varied,
and the effects of exhaust residence time on PMs&ans were studied by means of varying
the flow rate of the dilution air. Also, in thisste the VPR temperature was changed to
investigate its effect on the VPR performance. T@s¢ conditions are listed in Table 5.2. The
residence timety) is calculated assuming a linear variation in theperature within the

catalytic VPR along its length.

. MxXR x(T, +T,)/2
v =R S (5.2)
t, =VIV (5.3)

whereV (m/s) represents the volume flow rate through the VPR(g/s) represents the
mass flow rate through VPR, (Jxg'xK™) represents the specific gas constant of exh@ust,

(K) represents the pre-VPR temperaturig(K) represents the post-VPR temperatitéPa)

133



Chapter 5. The Effects of a Catalytic Volatile RéetRemover (VPR) on the PM Emissions from a
GDI Engine

represents the exhaust pressurds) represents the residence tirke(m°®) represents the

inner volume of the catalytic VPR.

Table 5.2 Residence times (s) for Test 1

MFM exhaust/ (g/S)
VPR Temperature / °C

0.02 0.09 0.11 0.14 0.22

150 159 3.36 268 2.05 1.24
250 148 3.01 2.35 1.76 1.08
350 13.8 2.98 2.29 1.71 1.02

In test 2, the exhaust was sampled downstreameoT WIC. It can be seen from Fig. 5.4 (in
the left hand rectangle) that an additional gagpbupute is added to the set-up. To further
study the oxidation effect of the catalytic VPRsgaus emissions were also measured during
experiments. A Flame lonisation Detector (FID) wesed to measure hydrocarbon (HC)
emissions, and a separate gas analyser was useshture CO, C0O,, and NQ emissions.
The FID and gas analyser were sampling at the qaoimgé as the DMS500 particle sizer.
During the experiments, the engine was operateldo#t stoichiometric and rich air fuel
ratios. To study the oxidation effect of the catiglYPR on particles, at each air fuel ratio,
various amounts of additional gas (Air og)Nvere added upstream of the catalytic VPR. To
control the amount of air added, a Lambda senserfittad downstream of the catalytic VPR,
and when adding N its amount was adjusted to be the same as ttagldition using a mass
flow meter. Nitrogen was selected as an alternativair, so as to distinguish between

physical and chemical effects when there was actemuin the number of particles.
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Fig. 5.3 Experimental set-up for Test 1

The test procedure was as follows. At each engirmanldda (actual air to fuel

ratio/stoichiometric air to fuel ratio), supplemannt air was first used to study the oxidation

effect of the catalytic VPR. By adjusting the needalve in the additional gas supply route,

the mass flow rate of the additional air was cdtegddbto give the Lambda meter reading that

was 0.1, 0.2 or 0.3 above the Lambda that the engas operating at. At each Lambda meter

reading, the mass flow rate of the additional dd4ENlaqq g3 Was measured by MFM 3 and

was recorded. Then, the air supply was swappednititbgen (N) to investigate the dilution
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effects of additional gas on the PM emissions. &theengine operating point, the needle
valve was adjusted to let MFM 3 give the same megglas those recorded in the experiments
with additional air. By comparing the two sets ebults (additional air against;)\l the

oxidation effect and dilution effect of the addiia gas can be examined separately. The

VPR Dilution Factor (VPR-DF) is defined as:

VPR-DF =1 + (MFM\dd gas/ MFMexhaus) (5-4)

where MFMixnausttepresents the total mass flow rate of exhaust.

When testing with additional air at stoichiometranditions, the VPR-DF is the same as the
Lambda meter reading downstream of the catalyti®& VPhe test point conditions are listed

in Table 5.3.

During the experiments, both the raw data and logabfits of DMS signal were logged into
the computer for a number of samples. The DMS sagpine is maintained at 80 °C, and
internally controlled dilution air is preheated tef being mixed with the sample at entry to
the sampling line. Before entry to the DMS sampllmg, the pipework and pneumatic
switching valve were maintained at above 80 °Cypidal sample flow into the DMS was
2 LPM so the residence time in the sampling systemwery short (~4 s) so diffusion and
thermophoretic losses can be ignored. The DMS logaboutput is generated by a Bayesian
statistical algorithm [62], which separates theleatton mode from the accumulation mode
particles. The DMS data analysis and the algorittinthe DMS lognormal fitting have
already been discussed in Chapter 2. The DMS outpw matrix containing number
concentration at a given sample number (i.e. tiame) particle diameter. The number matrix
is then converted to a mass matrix by using an ecapiequation (Eqg. 2.1). The number

matrix and mass matrix are averaged to find a naeanentration plot over particle diameter,
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which can then be integrated to obtain the totahloer and total mass of particles emitted by

the engine.
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Fig. 5.4 Experimental set-up for Test 2

During the experiments, both the raw data and logabfits of the DMS signal were logged

for 90 s. The data was logged at 10 Hz and downkaihgo that a reading was recorded
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every second, along with the corresponding bi-lograd fits. The data were subsequently

averaged over the 90 second measurement period.

Table 5.3 Mass flow rate of additional gas (g/s)Test 2

VPR _
Engine Additional VPR-DF

Temperature
joc  Lambda  Gas 1 11 12 13
. Air 0 002 004 006
N2 0 002 004 006
250
Air 0 002 004 006
0.9
N> 0 002 004 006

138



Chapter 5. The Effects of a Catalytic Volatile RéetRemover (VPR) on the PM Emissions from a
GDI Engine

5.3 Effects of VPR on Engine Particulate Emissions

The experimental results reported here are dividemitwo parts corresponding to the tests

described above, and are an average of data mddsu@) seconds.

5.3.1 Effects of VPR Temperature and Residence Teron VPR Performance

Fig. 5.5 shows the temperatures of the pre-VPRpasttVPR sample points under different
test conditions. It can be seen that the tempersitpre-VPR and post-VPR increase as the
mass flow rate of the exhaust becomes higher, stgpthiat the mass flow rate of the exhaust
extraction affects the temperature at inlet andebuf the VPR. This is because as the
MFM exnaustincreases, the velocity of the exhaust becomdsehnjgvhich leads to less cooling

per unit mass along the copper pipe connectingiggne exhaust pipe to the catalytic VPR.

Fig. 5.6 shows a representative raw size distdioufrom the DMS data and its lognormal
fitting, which was taken pre-VPR under 250 °C VRRRperature and 0.14 g/s mass flow rate
of exhaust. It can be seen that the bi-lognormalltdits the trend of the raw data very well.
The peak of the nucleation mode particles is highan that of the accumulation mode
particles, indicating that a large portion of treetles emitted were in the nucleation mode
as the exhaust gas was sampled upstream of theetlane catalyst. As the lognormal fitting is
very useful in eliminating the noise in the rawalait both the high and low end of the

particle size range, the lognormal fitting resalts used in the following analysis.
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Fig. 5.5 Pre and post VPR temperatures with difiermass flow rates of exhaust

(MFMexnaus) @and different VPR temperatures (refer to Tab®.5.
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Fig. 5.6 Representative size distribution of rawadand its lognormal fittings (pre-
VPR sampling, VPR temperature 250 °C, MkMs= 0.14g/s, refer to Table 5.2).

Further analyzing the total number and mass rd&iosi-VPR/Pre-VPR) of the total PM,

nucleation mode and accumulation mode (Fig. 5.7 kigd5.8), it can be seen that at each
measurement point, the mass ratio of the Total BMigher than the number ratio. This
indicates that the reduction of PM number in theleation mode leads to a more noticeable
reduction of total PM number than that of total Rhvass. In other words, although the
number reduction ratios of the nucleation modeigad are higher than those of the
accumulation mode particles, as their sizes arehnamsaller than those of accumulation
mode patrticles, they contribute more to the reductf total R and less to the reduction of

total R,. The number and mass ratios are in the followinkgo

nucleation mode < Total PM < accumulation mode.
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Fig. 5.7 Number transmission efficiencies for ddfé modes (Total, Nucleation and
Accumulation) for different sample flow rates (MEMus) and different VPR temperatures
(refer to Table 5.2).
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Catalytic VPR tests (normal fitting data)
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Fig. 5.8 Mass transmission efficiencies for diffarenodes (Total, Nucleation and
Accumulation) for different sample flow rates (MEMus) and different VPR temperatures
(refer to Table 5.2).
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Fig. 5.9 Number transmission efficiencies verspsvidh different sample flow rates

taken from the engine exhaust (MEMug) and different VPR temperatures (refer to
Table 5.2).
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The number transmission efficiency across the gitaV PR is defined as:
Nep = Ngp(downstrea/ ny, (upstream (5.5)

where 5q, represents the transmission efficiency of the i@dartwith diameter d,,
Nap(downstream) (#/cf) represents the number concentration of the pemith diameted,
downstream of the catalytic VPRy,(upstream) (#/cfl) represents the number concentration

of the particle with diametel, upstream of the catalytic VPR.

The number transmission efficiencies are shownign 3:9. The curves are calculated using
the DMS lognormal results. It can be seen thatttéwesmission efficiencies increase as the
particle size increases. The curves for differeRRMiemperatures and MREMausiare similar,

except that the curves for MRMaus= 0.02 g/s show relatively lower transmission
efficiencies at the low end of the particle sizega (< 50 nm). Also these results show that
the catalytic VPR has more effect on the nucleatimde particles than the accumulation
mode particles. In some cases, for example at @5¢PR temperature and 0.11 g/s
MFMexnaust @ sudden rise of the transmission efficiency loarseen at the high end of the
particle size range. This is due to noise in tive EAMS data at the high end of the particle
size range. Also, it can be seen for particles wjtk> 40 nm the loss is about 30 % as the
exhaust flows through the catalytic VPR (e.g. Bi§@(b)). So as to account for the solid
particle loss, the catalytic VPR transmission édficies can be compared with the 70 %

scaled PMP counting efficiency (Eq. 5.6) as shawhRig. 5.9(b).

f= {1— ex{— 354(dp4—_014) 109D x 07 (5.6)

whered, (nm) represents the diameter of the particles.
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The PMP specification is for a 50% efficiency at 23, and >90% at 41 nm. Once the
MFMexnaustwas above 0.09 g/s, the catalytic VPR transmissiiniencies for different size

particles showed similar trends with the scaled Ridémting efficiency.
5.3.2 Effects of VPR Temperature and Residence Teron VPR Performance

As explained in section 2, the purpose of thests tigsto see if the catalytic VPR could be
used as an oxidation catalyst to reduce the partiomber concentration. Only lognormal
fitting data are used in the following analysiseTlsts with nitrogen as a diluent (as opposed
to air) enable the physical and chemical effectbacseparated, and in order to separate out
the dilution effect of the additional gas, a nonxed specific PM emission has been
calculated. The normalized specific PM emission defined as the post-VPR PM
concentration times the corresponding VPR dilutiactor (VPR-DF) then divided by the
pre-VPR PM concentration derived from the lognoriitiihg data when no dilution gas is

added:

Pn.norm= Pn x VPR-DF / R vPr-DF=1 (5-7)

Pm.norm= Pm X VPR-DF / RhvPR-DF=1 (58)

where Rnom represents normalized specific particle numberssiomn, R, .om represents
normalized specific particle mass emissiopsépresents particle number emission (#jem
P represents particle mass emission (k§Jer, ver.or=1 represents the particle number
emission without dilution gas (#/énand R, vpr.or-1 represents the particle mass emission

without dilution gas (kg/cf).

Fig. 5.10 and Fig. 5.11 respectively show the perthumber and particle mass weighted size

distributions using the lognormal data, for theimas test conditions listed in Table 5.3. In
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each plot, the lambda value shown in the title @spnts the engine lambda, while the VPR

dilution factor (DF) values shown in the legendresent the sum of the mass flow rate of

additional gas and the exhaust gas relative tarthss flow rate of the exhaust gas, under

different test conditions. It can be seen thatdN&llogd, for a stoichiometric air-fuel ratio is

much lower than that with a rich air-fuel ratio. Aach combination of additive gas and

engine lambda, there is a moderate reductiorN#ulldgd, of post-VPR compared with that

of pre-VPR. However, theMl/dlogd, of post-VPR does not vary much compared with tiiat

pre-VPR.
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Fig. 5.10

air-fuel ratios (refer to Table 5.3 for the DilutidFactors).
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PM mass weighted size distributions wihious gas additions and relative

air-fuel ratios (refer to Table 5.3 for the DilutidFactors).
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when excess air is adiledn be seen that hydrocarbon oxidation

d_(nm)

(b) N, addition, Lambda

Fig. 5.11

so that any hydrocarbons desbflmm the PM will be oxidised.

Fig. 5.12 shows how increasing the Dilution Facemtuces the HC concentration by dilution,
and it is for this reason that the PM emissionsehasen normalized by multiplying with the

Dilution Factor. However

is very effective
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Air addition, Lambda = 0.9
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(b) N, addition, Lambda = 0.9
Fig. 5.12 HC emissions with either air or nitrogaddition under rich operation (refer

to Table 5.3 for the Dilution Factors).

Using Eqg. 5.7 and 5.8, Fig. 5.13 and Fig. 5.14eespely show the normalized specific total
particle number and mass concentrations calculatea lognormal fitting to the data under
various test conditions. Comparing the post-VPRhlie pre-VPR particle emissions, there
is a consistent reduction in the total number whechndependent of the dilution factor, and
this is more clearly seen with the rich mixturen{flada = 0.9). The rich mixture gives a pre-
VPR number concentration of typically 2.4%¥Jcn?, and this is about 4 times the

concentration at stoichiometric. The trend in theation of the total mass pre and post VPR
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is less clear. For stoichiometric mixtures therends change in mass, while for the rich
mixture there is a reduction in mass. Since theicgon in mass occurs with dilution by
either air or nitrogen, then this is a physicaleeff not a chemical effect. This is further
analysed in Fig. 5.15.
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Fig. 5.13 Normalized specific particle number camcations with various gas

additions and relative air-fuel ratios (refer to bl@ 5.3 for the Dilution Factors).
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Fig. 5.14 Normalized specific particle mass concaitins with various gas additions
and relative air-fuel ratios (refer to Table 5.3 fitne Dilution Factors).

Data after lognormal fitting are used in Fig. 5.Wbere the data from Lambda = 1.0 and 0.9
with a Dilution Factor of 1.2 has been selectedaasepresentative data set. The fitted
lognormal data have been used, since this elinsrtag effects of noise in the measurements.
Since the European legislation prescribes the uUsen & PR, this has been achieved
numerically by using Eq. 2.2. Digitally processe@&asurements from the DMS500 have
been compared with measurements made in conformaitcehe European Method for a
range of different engine types (including spraydgd gasoline), Braisher et al [26], and

very good agreement was found. The nucleation rpadicle number concentration is lower
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than the accumulation mode particle number conaBotr because the exhaust sample is
after the TWC. As expected from Eq. 2.2, the reducin the nucleation mode particle
number concentration is greater than for the actatmon mode particles. Also, as would be
expected from Fig. 5.13 and Fig. 5.14 there is riferénce between air and nitrogen as
diluents. The effect of the numerical VPR (Eq. 222pf course greatest for the nucleation
mode particles and the difference between pre astigatalytic VPR is small after applying

the numerical VPR.
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Fig. 5.15 Particle numbers in different modes vétbilution Factor (DF) of 1.2 (refer

to Table 5.3) obtained using lognormal fits to fire and post VPR data and showing the
effect of the PMP compliant digital filter.
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Fig. 5.16 Particle mass in different modes with iuton Factor (DF) of 1.2 (refer to
Table 5.3) obtained using lognormal fits to the prel post VPR data and showing the effect
of the PMP compliant digital filter.

Fig. 5.16 shows the total particle mass concepinaticorresponding to the total particle
number concentrations shown in Fig. 5.15. It carséen that the JPin the accumulation
mode is more than an order of magnitude higher thahin the nucleation mode. So the
contribution of the nucleation mode particles t® ttotal R, is negligible. Also, little
difference is observed in the tota} I the accumulation mode with or without applythg
numerical VPR and the difference between pre amt patalytic VPR is small. Further
analyzing the total number ratio (Post-VPR/Pre-VIRR)the total PM, nucleation mode and

accumulation mode (Fig.5.17), it can be seen thiateach measurement point for
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stoichiometric engine operation, the number ratios in the following order: nucleation
mode < Total PM < accumulation mode; this is noatagls seen for the rich operation cases.
Although the oxidation effect of the catalytic VPRs been verified by the HC results (See
Fig. 5.12), it seems that when engine was runnitgaf stoichiometric, the oxidation effects
did not play much role in reducing the particle ssions. Apart from chemical reactions,

some physical processes were taking place in ttadytia VPR as well.
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Fig. 5.17 Number transmission efficiencies fored#ht modes (Total, Nucleation and

Accumulation) with either air or nitrogen additiend Lambdas of 1.0 and 0.9 (refer to
Table 5.3 for the Dilution Factors).
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Catalytic VPR Transmission Efficiency

Catalytic VPR Transmission Efficiency

The number transmission efficiencies are shown ig %:18. It can be seen that the
transmission efficiencies increase as the parttk® increases, and the curves for the
different engine lambdas and additional gases arg similar above 10 nm. These results
show that the catalytic VPR has a greater reducftect on the small size particles than the
large size particles. The engine IMEP was well malgd and this is shown in the Appendix

A (Fig. Al).
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Fig. 5.18 Number transmission efficiencies versgisvilh various gas additions and

relative air-fuel ratios (refer to Table 5.3 fordlDilution Factors).
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5.4 Summary

The role of a catalytic VPR as an oxidation catatys engine particle emissions has been
tested under different operating regimes with a @Dgine. The exhaust pre-TWC was
passed through the catalytic VPR in test 1, withiyim@ residence times and VPR
temperature. The exhaust post-TWC was passed thrtheycatalytic VPR in test 2, with
varying quantities of either air or nitrogen adufitj to study the potential of the catalytic VPR

to further eliminate particle emissions. The resulin be summarized as follows.

Q) With the pre-TWC engine exhaust, nucleation engmhrticles constitute a large
portion of the total particle number but only cotuge a small portion of the total particle
mass. The catalytic VPR led to a significant repucin the particle number, especially the

smaller size (nucleation mode) particles.

(2) The VPR temperature and exhaust residence {iMte&Mcxnaug did not have much
influence on the catalytic VPR performance once M#&Mexnaustwas above 0.09 g/s. The
catalytic VPR transmission efficiencies for diffetesize particles showed similar trends for
the various VPR temperatures and MikMisitested. Generally, the transmission efficiencies

of the VPR follow the trends of the scaled PMP dmgnefficiency.

(3) When post-TWC exhaust was introduced to thalgtt VPR, it showed a moderate
reduction effect on the number of particles. Withs@ichiometric air-fuel ratio, the
performance of the catalytic VPR was not affectedhe use of additional air. Even with rich
mixture combustion, there was still not a noticeaifect with increasing additional air on
the catalytic VPR performance. However, the oxmlateffect of the catalytic VPR on HC
emissions was significant. The HC emissions wedhged from 2800 ppm pre-VPR to

105 ppm post-VPR with the dilution factor of 1.1gF5.12(a)).
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4) For each air-fuel ratio, the transmission éfficy of the catalytic VPR did not change
much with different types and varying amounts ofliadnal gas. A comparison between
adding air or nitrogen as a diluent showed thatréaiction in particle number through the

catalytic VPR is more likely to be due to physittedn chemical processes.
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Chapter 6. The Effects of Hot Air Dilution and an BEraporation Tube (ET)

on the PM Emissions from a GDI Engine

6.1 Introduction

The emission of nanoparticles from combustion eegjihas been shown to have a poorly
understood impact on the atmospheric environmedtharman health, and legislation tends
to err on the side of caution. Researchers havenrshbat Gasoline Direct Injection (GDI)
engines tend to emit large amounts of small siztigles compared to diesel engines fitted
with Diesel Particulate Filters (DPFs). This chapteesents size-resolved particle number
emissions measurements from a spray guided GDherajd evaluates the performance of
an Evaporation Tube (ET). Unlike a thermo-denudesré was no active charcoal for
removing vaporised hydrocarbons. The performancarofEvaporation Tube and hot air
dilution system with a 7:1 dilution ratio has bestudied, as the EU legislation uses these to
exclude volatile particles. A low value of dilutioatio was used as the particle number
emissions were quite low and a higher dilutionaratiould have compromised the signal to

noise ratio of the DMS500.

The Evaporation Tube was tested over a range aheraperating conditions with a Spray
Guided Direct Injection engine with or without hait dilution. The test conditions included
single early injection with stoichiometric or richixture and double injection with a second

injection after compression.

6.2 Evaporation Tube and Experimental Set-up

In recent years, the Particle Measurement Prografmivd?) has been set-up as a working

group of the UN-ECE GRPE [17, 25], focusing on deselopment of new particle counting

158



Chapter 6. The Effects of Hot Air Dilution and awaporation Tube (ET) on the PM Emissions from
a GDI Engine

techniques to complement or replace the existimjgodate mass measurement technique,
with special consideration to measuring particlassmans at very low levels. The particle
counting measurement system (reference system (Bfgists of a cyclone, a volatile
particle remover (VPR) and particle number counteidCs). Figure 5.1 shows how the VPR
comprises a primary hot diluter (PND1), an Evaporaffube (ET) and a secondary cold
diluter (PND2) [61]. The aim of the system is toaporise condensed material and then to
dilute the sample so that the partial pressurdhefvblatile material is reduced so that even
when the sample is cooled, the nucleation and ewad®n of the semi-volatile material is

prevented.

The thermodynamics of nucleation and evaporatierdacussed very clearly by Kasper [92],
who shows how hot dilution followed by cooling camoid nucleation, that would occur if
there was just dilution and cooling to the samepemrature and concentration — this is due to
the ‘hysteresis’ caused by super-saturation. Kagfralso shows how heating of a sample
in which nucleation has occurred, followed by hdaddution and cooling, can remove and

inhibit nucleation.

The tests reported here examined separately therpamnce of an Evaporation Tube and hot
air dilution as a means of eliminating the nucleatmode particles from a Spray Guided
Direct Injection engine. Particle number distriloags were measured with a Cambustion
DMS500 which provided sample dilution after the poaation Tube and hot air dilution. The
Evaporation Tube is essentially a thermo-denudémbitnout active charcoal for removing

vaporised hydrocarbons.

Thermo-denuders (TDs) have already been widelzeatlin studying atmospheric aerosols,

as a means of achieving separate measurements gbldtile and non-volatile fractions of
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aerosols [93-101]. The TD normally consists of atimg section (like the Evaporation Tube)
for heating the aerosol to a pre-set temperatutewied by a cooling section filled with

active carbon for adsorbing the evaporated gasepltasnpounds. A model for aerosol
volatility measurements has also been studied lpp&at al. [102], who report that their
model can be used to provide quantitative undedstgnof aerosol volatility measurements
of single and multi-component aerosols using thedmouders. A TD was also used in
roadside nanoparticle measurements to examinenthemce of the volatile components in
the nanoparticle size range [103]. A thermo-denudker also be used in the integrated
volume method for estimating saturation pressuik emthalpy of vaporization of a whole

aerosol distribution [104, 105].

TDs have been used for characterizing diesel exhae®sols both on-road and in the
laboratory [106]. It is suggested that the nucteatnode particles form by nucleation of low
volatility species, followed by growth driven byetlitondensation of lighter hydrocarbons. A
TD was also used in the research into the emisgrons different alternative diesel fuels by
Yehliu et al. [107]. They reported that when thenperature of the thermal denuder was
reduced from 400°C to 30°C, the increase in totatigle concentration with pure soyabean
methyl ester was much higher than that with ultna bulfur diesel fuel, and the increase in
particle mean diameter with pure soybean meth@rasas much higher than that with ultra
low sulfur diesel fuel, indicating that the orgafiaction emissions of biodiesel were much

higher than those from conventional diesel.

Kasper [92] also reports comparative tests withot diluter, thermo-desorber after a hot
diluter, a thermo-diluter and post-dilution thermmnditioning. The exhaust sample came
from a two-stroke engine with a very high particlencentration (10/cm?®) so dilution of

order 1§ was needed. Even so, the thermo-desorber wasbteoto eliminate the nucleation
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mode. Kasper also tested a themo-conditioner {dilufollowed by heating) with a
tetracontane aerosol, and showed that it was cdetylable to evaporate particles with a

number concentration of 5x1&nT with a mean diameter of 95 nm.

A Catalytic Stripper and a thermal denuder usedefoarate the solid and volatile particles
were compared by Swanson et al. [108]. They shawadthe TD method introduced semi-
volatile particle artefacts due to nucleation ondensation of vapours, while measurements

using the Catalytic Stripper did not show suchfadis.

Due to the presence of volatile components (thatccadense or evaporate depending on the
prevailing conditions of temperature and pressube) behaviour of nanopatrticles is unstable
when measurements are made of vehicle exhaustienisso an Evaporation Tube is a
useful tool in removing the volatile fractions. time work reported here, engine experiments
were carried out to study the performance of anpBkation Tube with and without hot air

dilution using the exhaust from a Spray Guided @bgine.

The test engine was a Jaguar naturally aspirat8dSptay Guided Direct Injection spark
ignition engine [56]. The specifications of the smghave been described in Chapter 2. The
main characteristics of the engine operating paiatlisted in Table 6.1, and the Evaporation

Tube temperature was maintained at 450 °C usingsad-loop controller.

A schematic of the particulate emissions measurersagstem and the dimensions of the
Evaporation Tube used in this work are shown in &if). The Evaporation Tube system
consists of a temperature controlled heated tub#h Wow in an annular gap. The

performance of the Evaporation Tube on the padteuémissions from the GDI engine was

examined under different engine operating condstion
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It can be seen from Fig. 6.1 that during the tdbis exhaust pre-Three-Way Catalyst (TWC)
was drawn into the Evaporation Tube. At each testtpthe PM emissions pre-Evaporation

Tube and post-Evaporation Tube were measured as@gmbustion DMS500 patrticle sizer

[59]. The sampling flow rate of the DMS (MRjMs) was set to 0.02 g/s (1 LPM), and the
residence time of the Evaporation Tube was lonigen 2 seconds. A pneumatic switching
valve was used to select between pre-Evaporatidre Tand post-Evaporation Tube. The
switching valve was heated so as to keep the sagqpimperature at around 90 °C, thereby
preventing particle formation by condensation. Tédraperature of the sampling flow pre and
post the Evaporation Tube, as well as the flow tnmajpre entering DMS, were measured

using thermocouples.

The hot air dilution system (using a 7:1 diluti@tio) used a pressure regulator and thermal
mass flow controller to regulate the flow. Temperatregulation was by a closed loop
controller and the exhaust sample and dilution v@a@re mixed in a concentric flow
arrangement. The system operation was logged bhal&/IEW based system that also

provided real time displays.
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Table 6.1 Parameters of the Engine and the Evaporation Tube

Engine Speed / rpm 800
Engine Torque / N-m 80
Injection Pressure / MPa 15

Manifold Pressure /

(bar absolute) 0.55
Cam Lift/ mm 5.5
Ignition Timing: -2° BTDC

Evaporation Tube 450

Temperature / °C

The engine operating points were chosen to represenlitions during engine warm-up and
TWC light-off as this is associated with high levelf particulate emissions, so the coolant
inlet temperature of the engine was controlled@t@. Early single injection with different
injection timings and relative air-fuel ratios asglit injection were tested, as listed in
Table 6.2. The split injection was used as it gatesr more accumulation mode particles and

is a combustion strategy that can be used duritadysa light-off.

During the experiments, both the raw data and logabfits of the DMS signal were logged
for 90 s. The data was logged at 10 Hz and downkelmgp that a reading was recorded
every second, along with the corresponding bi-lograd fits. Averaged spectra and particle
number data were subsequently calculated over @hseBond period. The DMS data post
processing and the algorithms for the bi-lognormoalculations have been described in

Chapter 2.
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Fig. 6.1 Experimental set-up, and geometric detafilthe Evaporation Tube.
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Table 6.2 Evaporation Tube Tests Conditions
SIN1 320 SIN1320 SIN1310 SP1320
1.0 0.8 0.8 1.0
Iane(;:éié):n Single Single Single Split
1% injection 320° 320° 310° 320°
timing: BTDC BTDC BTDC BTDC
antiir?xjii(g:;t:ion -2” BTDC
nd s
width / me: 0.25
Relative AFR: 1.0 0.8 0.8 1.0
IVO: 24° ATDC
IVC: 244° ATDC
EVO: 224° BTDC
EVC: 26° ATDC
Coolant/ °C: 20
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6.3 Effects of Hot Air Dilution and Evaporation Tube on Engine Particulate

Emissions

Fig. 6.2 shows the particle number weighted sizgridution at various engine operating
points pre and post-Evaporation Tube (ET), whioh pliotted as raw spectra. The spectra
shown in Fig. 6.2(b) have been corrected for thiedrodilution ratio of 7 (DR7). It can be
seen that at each particle size, there is a maddattion of dN/dlogd, for post-Evaporation
Tube compared with that of pre-ET, and the reduactg® more significant for the smaller
particle sizes. It can be seen that using hot dution (Fig. 6.2(b)) reduces the pre-
Evaporation Tube number concentration of small gizeticles significantly, and this

reduction is also present post-ET.

The measurements in Fig. 6.2(b) show that hotidilualone reduces the concentration of the
nucleation mode particles, and this provides ewdethat the nucleation mode is semi-
volatile material. Even if the gasoline containédlppm sulfur and combustion was rich of
stoichiometric, then there will only be about 1 ppuoifuric acid in the exhaust and (even
with no dilution) this would have to be cooled teldw about 50 °C for sulphuric acid to
nucleate, so it seems reasonable to assume thaethievolatile material is hydrocarbons.
Fig. 6.3 compares the data from a single opergtimgt (single injection 320°BTDC with
lambda = 0.8), and this shows a significant redunciin nucleation mode particles with hot air

dilution before the Evaporation Tube.
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ET Tests DR1 (raw data)
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(a) Without hot air dilution (DR1)
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(b) With hot air dilution (Dilution Ratio of 7; theata points have been corrected for the
dilution ratio)

Fig. 6.2 Particle number size distribution beforedaafter the Evaporation Tube, (Test
conditions as defined in Table 6.2).
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ET results with dilution correction (raw data)
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Fig. 6.3 Particle number size distributions at angle engine operating point with
(DR7) and without (DR1) hot air dilution (SIN1 32@®, as defined in Table 6.2).

The effect of hot air dilution is comparable to andiluted sample flowing through the
Evaporation Tube. With hot air dilution there wakigher slight reduction in the nucleation
mode as the sample gas flowed through the Evapardtube, and a lower loss in the
accumulation mode particles after the Evaporatiob€el The results for this and the other
single injection data are summarised in Fig. &4t has used the Cambustion bi-lognormal

fitting algorithm to divide the flow into the nu@gon (N) and accumulation (A) modes.

Fig. 6.4 shows the effect of the Evaporation TuB&)(and hot air dilution on particle
number concentrations for the different engine afpeg conditions. Adding hot air dilution
did not have any significant effect on the accumiotamode particles. Fig. 6.4 shows that
the particulate material in the raw engine exha@uded a large portion of nucleation mode
particles, but that these were not always entiretyoved by hot air dilution. However, the

total number of particles post-Evaporation Tubédilwhich are in the accumulation mode)
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is in essence the same as the number of accumulatale particles pre-Evaporation Tube.

For reference, the results of the bi-lognormainfggtare shown in Table 6.3.

ET Tests results (lognormal fitting)

2.0x10’
Pre-ET DR1
XXX Pre-ET DR7 7
1.6x10" |- % Egig BE% Z
&
é 1.2x10" Z
g " /
%
% 8.0x10° | 7 /7 %
g 7 % X %
0
4.0x10° |- / N /A A 7
oas'- 77 7N %
N / A %% %
0.0 A% /A /A
SIN 320 1.0 SIN 3100.8 SIN 320 0.8
Engine Operation Point
Fig. 6.4 Particle number concentralltions atI diffellramgine operating conditions (as

defined in Table 6.2) with (DR7) and without (DRt air dilution; the horizontal lines
divide the nucleation (N) and accumulation (A) nede

Fig. 6.5 shows the effect of applying the PMP tnaission function (as a digital filter,
Eq. 2.2) to the whole of the data after the lograirfitting. The bold horizontal lines in each
bar show if the PMP filter has caused a reductiotiné particle count. As would be expected,
the PMP filter has the greatest effect on the prapération Tube measurements when there
is no dilution. For post-Evaporation Tube, the PMPnerical filter (Eg. 2.2) has a negligible
effect whether or not there has been dilution. &fiect of the PMP filter is, in broad terms,

the same as the Evaporation Tube if the variatidheé test data is allowed for.

Comparison between Fig. 6.4 and Fig. 6.5 showsus$iag the number of particles that are in

the accumulation mode (as defined by the DMS500¢oimparable with the number of
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particles measured after the Evaporation Tube, Wwisi@lso comparable with the number of
particles pre-Evaporation Tube from undiluted measents with the PMP filter.
Comparisons of the Evaporation Tube transmissibai@ficy with the PMP filter can also be

made as function of particle size.

Table 6.3 Bi-lognormal fitting to the pre-Evaporati Tube measurements with (DR7)
and without (DR1) heated dilution air; CMD — Coudiean Diameter, GSD — Geometric
Standard Deviation. The operating points are defimeTable 6.2

Pre-ET Pre-ET Pre-ET Pre-ET Pre-ET Pre-ET
DR1 DR7 DR1 DRY DR1 DR7
SIN1 SIN1 SIN1 SIN1 SIN1 SIN1

3201.0 3201.0 3100.8 3100.8 3200.8 3200.8

Operating Points

CMD (nm) 7.76 17.15 9.61 17.41 9.49 17.22

Nucleation GSD (nm) 1.45 1.49 1.58 1.21 1.59 1.49

Mode: Concentration

6.9x10 1.3x10 5.9x10 2.7x1d 1.4x1d 3.1x10
(#/cm3)

CMD (nm) 40.99 46.58 37.65 39.55 42.63 46.99

Accumulation  GSD (nm) 2.01 2.01 1.98 1.95 2.01 2.01

M : .
ode Concentration

1.8x1¢ 3.2x10 3.7x160 3.7x10 55x16 5.6x10
(#/cm3)

Post-ET Post-ET Post-ET Post-ET Post-ET Post-ET
DR1 DR7 DR1 DRY DR1 DR7
SIN1 SIN1 SIN1 SIN1 SIN1 SIN1
3201.0 3201.0 3100.8 3100.8 3200.8 3200.8

Operating Points

CMD (nm) 15.40 18.55 15.87 27.34 16.00 18.26

Nucleation GSD (nm) 1.60 1.33 1.56 1.58 1.59 1.37

Mode: Concentration

9.7x1¢ 9.1x16 1.3x1G6 0 25x16 1.3x16
(#/cm3)

CMD (nm) 50.19 43.89 43.52 40.75 50.20 46.19

Accumulation  GSD (nm) 2.01 2.01 1.99 1.93 2.00 2.01

Mode: Concentration

1.1x1¢ 2.6x10 1.7x160 2.6x10 2.7x16¢ 5.3x10
(#/cm3)
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ET Tests (lognormal fitting and PMP filter)
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SIN 320 1.0 SIN 3100.8 SIN 3200.8
Engine Operation Point
Fig. 6.5 Effect of applying the PMnISI:fanZi:ilslzri]ono(;‘rl:jon (as a digital filter, Eq.2.2) at

different engine operating conditions (as defined able 6.2) with (DR7) and without (DR1)
hot air dilution; the horizontal lines show the rexion that would be caused by the PMP
filter (EQ. 2.2).

The number transmission efficiencies for the Evapon Tube, with and without hot air
dilution, are shown in Fig. 6.6 alongside the PNiteif specification (for which an error bar
shows the tolerance on the PMP transmission efiigip As expected, the transmission
efficiencies increase as the particle size incigazed the trends for the different operating
points are similar. The transmission efficiencytloé Evaporation Tube at the lower end of
the particle size range is higher than the PMRrfikvhile it is lower than the PMP filter at

the higher end of the particle size range.
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ET Tests DR1 (raw data)
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(b) With hot air dilution
Fig. 6.6 Number transmission efficiency of Evapiora Tube versus ,dat different

engine operating conditions (as defined in Tab® @ompared with the PMP requirement
(Eq. 2.2).

172



Chapter 6. The Effects of Hot Air Dilution and awagoration Tube (ET) on the PM Emissions from
a GDI Engine

Pre-ET results with dilution correction (raw data)
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Fig. 6.7 Number ‘transmission efficiency’ of hotr alilution (7:1 Dilution Ratio)
versus ¢ (operating points as defined in Table 6.2) comgdavéth the PMP requirement
(Eq. 2.2).

Fig. 6.7 shows the ‘transmission efficiencies’ be thot air dilution under rich operation
conditions with early single injection, and agdie PMP filter is plotted as a reference. The
rich operation points have been selected becausg Lave higher particle number
concentrations and give a better signal to noie mpared to the stoichiometric single
injection point. It can be seen that the trendstlf@ ‘transmission efficiency’ with hot air
dilution are comparable to the PMP filter. At 23ntitme transmission efficiencies are within
the error range of the PMP specification, whileddahm the transmission efficiencies are

lower than that required by the PMP specification.

The particle loss seen in Fig. 6.6 and Fig. 6.7 prégnarily due to diffusion and
thermophoresis, and these mechanisms are wellibledcin books such as Hinds [63] or
Baron and Willeke [66]. It might be argued thathea than trying to remove particles of a

certain size, it is better to measure the sizeidigion of everything (with as little hardware
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as possible between the sample and instrument)themdto post-process the results, such as

the approach advocated by Cambustion in the udeaiccumulation mode fit.

The nucleation mode particles can be convertedn@ass concentration, and this in turn can
be converted to a volume concentration of hydromasl{as ppm of C}). Fig. 6.8 shows that
the conversion of the nucleation mode particle eotration to a hydrocarbon emission leads

to negligible equivalent CiHemissions (much less than 1 ppm).

ET Tests

3.0x10%

Without Dilution
=1 With Hot Air Dilution

2.5x107

2.0x10° |

1.5x10°

1.0x10°

5.0x10° |

PM Reduction through ET (Equivalent to ppm CH,)

AAMMIDIY

DA\
DA
DN\

0.0
SIN 320 1.0 SIN 310 0.8 SIN 320 0.8 SP13201.0
Engine Operation Point
Fig. 6.8 Conversion of the nucleation mode particcentration to an equivalent

hydrocarbon concentration (assuming a generic hgdrbon of GH,).

Fig. 6.9 compares the transmission efficienciesveen the Evaporation Tube and the
catalytic VPR which has been described in Chaptérhg curve for the catalytic VPR was
chosen from a typical testing point with a VPR temgpure of 250 °C and mass flow rate of
0.09 g/s. The efficiency curves for the Evaporafiarbe with and without hot dilution are

shown in the figure. It can be seen that the gartransmission efficiencies for the ET and

VPR at the high end (>40 nm) of the particle siaage are quite similar, while the
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transmission efficiencies of the ET with and withduution for the particle sizes of less than
30 nm are higher than that of the VPR. Both systeen@ some particle loss mainly due to

the physical effects of diffusion and thermophaesi

ET Tests DR1 (raw data)
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Fig. 6.9 Comparison of the transmission efficieaci®tween the Evaporation Tube

(refer to Table 6.2), the catalytic VPR (refer table 5.2) and the PMP requirement (Eq. 2.2).

6.4 Calculation of the Particle Loss in the Evapation Tube System

It can be seen from the above test results that thhere some solid particle losses within the
Evaporation Tube. Brownian diffusion and thermopists are considered to be the main
mechanisms for transporting the particles to th#é. watheoretical analysis is performed to

calculate the particle penetration efficiencieshviitose mechanisms.

Brownian diffusion

Brownian motion is the irregular ‘wiggling’ motioof an aerosol particle in still air that is

caused by random collisions of gas molecules agdires particle. Diffusion is the net
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transport of these particles in a concentratiordigra. The direction of this transport is
always from a region of higher concentration toegion of lower concentration. Both
processes are characterized by the particle diffuspefficientD (Eq. 3.8). The larger the
value ofD, the more vigorous the Brownian motion and theewapid the particle transfer in

a concentration gradient [63].

As the aerosol flows axially through the annulaacgbetween the two concentric tubes of
the ET system used in this test, the penetratiaififsion Pgi) can be estimated using the

following equations [63].

Pur = -2 =1 5504%% + 377 for 1 <0.009
Min (6.1)

Py = 0.819exp(-115u)+0.097%xp- 70.14) for x>0.009

Whereyu is the dimensionless deposition parameter. Fomlanflow with d, —d; <<dj, u«

can be expressed as

_ 7D|—(d1 + dz)

- Q(dz _dl) (6-2)

WhereD is the particle diffusion coefficient, is the length of the Evaporation Tulégjs the
volume flow rate through the Evaporation Tubdeandd, are the inner and outer diameters

of the annular flow path, respectively.

Thermophoresis

When a temperature gradient exists in a gas, pestia the gas experience a force in the
direction of decreasing temperature. The motiorthef particle arising from this force is

called thermophoresis. The magnitude of the therforae depends on the gas and particle
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properties, as well as the temperature gradierjt [63

According to Walker et al. [109], the particle peagon of thermophoresisP{) as gas
flowing through a tube can be expressed as
n _ PrK

P, =2t =1 :
th n 1+0

(6.3)

Where Pr is the Prandtl numbét,is the thermophoretic coefficient addcan be expressed

as

WhereTnin is a constant minimum tube wall temperature @ng is the temperature of the
gas entering the deposition zone. The expressioiméothermophoretic coefficiekt is given

by Talbot et al. [110] as

K
Sy e 12+ O.41exp{— ossaj
K, a a A

S k (6.5)
(1+ 3C,, Aj[u 2-%+2C, /]J
a k a

p

K=2C

Where/ is the mean free path of the gas molecuwdas,the radius of the particl€s = 1.147
is the thermal creep coefficierl; = 2.2 is the temperature jump coefficient, &= 1.146
is the velocity jump coefficientk; and k, are the thermal conductivities of the gas and

particles, respectively.

As the characteristics of the particles emittedtliy engine can vary a lot under different

operating conditions, the exact valuekgk;, is difficult to determine. So, it is of interest t
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investigate the effect ddyk, on the calculation of the thermophoretic penairatFig. 6.10
shows the thermophoretic penetration efficienctedifferent particle diameters witky/k, as

a parameter. It can be seen that in the partizeersinge of 5 to 1000 nm, the thermophoretic
penetration does not vary much with the increaseaiticle size. Also, the curves for
differentky/k, are very similar, indicating that the thermophmrgenetration is not sensitive
to ky/k, in the particle size range tested here. Batchetdaal. [111] also reported that the
thermophoretic coefficienK did not change much with the Knudsen numblror ky/k,

wheni/a was higher than 1. So, in the following calculafithe value fokgk, is set to 0.2.

Assuming the diffusion and thermophoresis mechasismt independently, the total
penetration equals to the diffusion penetratioreirthe thermophoresis penetration. Fig. 6.11
gives the calculated diffusion, thermophoresis @@tal penetration fractions for the sampling
gas flowing through the Evaporation Tube. It candeen that the diffusion penetration
increases significantly as the particle size insesa while the thermophoresis penetration
fraction increases slightly from 0.812 at 5 nm 839 at 1000 nm. So the calculated particle
losses due to thermophoresis are about 16-19%henthérmophoretic losses took place in
the copper sampling pipe downstream of the Evajordtube as the gas temperature was
reduced from 450 °C to 90 °C. This calculation gigetheoretical explanation to the particle

number losses measured in the Evaporation Tube.
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thermophoresis with differeng/k,, where k and k are the thermal conductivities of the gas

and particles, respectively.
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diffusion and thermophoresis mechanisms and thed &fficiency (using Eg. 6.1 to 6.5, at

conditions defined in Table 6.1, the dimensionghef Evaporation Tube are defined in

Fig. 6.1).
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6.5 Summary

(1) The use of hot air dilution has confirmed that tmgcleation mode particles in
undiluted exhaust are primarily condensed semitilelanaterial, but the mass is negligible

in terms of the equivalent ppm of unburned hydrboas (well below 1 ppm).

(2) Hot air dilution has been shown to have a broadtyilar effect to an Evaporation

Tube operating at 450 °C

(3) At a temperature of 450 °C, the Evaporation Tube slaown a more significant
reduction effect on nucleation mode than accunufathode particles, and that the overall

response is close to the PMP requirement.

4) Measurements taken by the DMS500 of undiluted esthean be analysed by using a
digital filter to replicate transmission efficiencgf the PMP filter or by using the

accumulation mode (obtained from a bi-lognormg] fit order to estimate a particle number
concentration that would be consistent with PMPtgmol. This facilitates measurements
from engines (as opposed to vehicles or enginels thitir exhaust connected to dilution

tunnels), so that measurements can be obtainedtfemmsients without ‘smearing’ of the data.
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Chapter 7. Conclusions and Suggestions for Future @k

7.1 Conclusions

Gasoline Direct Injection Engines have been intaigi developed by automotive
manufacturers in the past decade because of th&nfel for reducing fuel consumption.
Combined with forced induction, gasoline directimfection is a key enabler to facilitate
engine downsizing. However, GDI engines tend toteome order of magnitude more
particulate matter number emissions than conveati®¥| engines. Particle number and
particle mass emissions from gasoline engines bélllimited in the upcoming European
legislation on vehicle exhaust emissions. So éssential to characterize the PM emissions

from GDI engines to see if their further deploymewuld be restricted by the legislation.

In this chapter, conclusions are made from the lt®sof various engine experiments
described in Chapters 3, 4, 5 and 6. The majorityhe findings are divided into three
categories. Firstly, the filtration efficiencies gfass fibre filters were measured using a
testing system that extracted diluted exhaust gam & GDI engine through the filters. The
filtration efficiency was theoretically calculatethking different mechanisms into account.
Secondly, the effects of engine operating pararseierPM emissions during engine warm-
up operating conditions were studied, i.e. theatéfef injection timings, injection pattern,
injection pressure and valve timings on PM emissidrhirdly, the characteristics of the PM
emissions from a GDI engine were studied usingtalyt&c Volatile Particle Remover (VPR)
and an Evaporation Tube (ET) with hot air diluti@eparately. The main conclusions are

summarized as follows.
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7.1.1 Filtration Efficiency Analysis for the Filter Sampling Tests

Two types of glass fibre filter were tested, a Wian® GF/A Glass Microfiber filter (which

is an uncoated filter) and a PallffexFiberfiim filter (which has a fluorocarbon (TFE)

coating). Coated filters are favoured for air monng applications because they are inert to

catalysing chemical transformations and less mastansitive [66]. However, only uncoated

filters are suitable when Thermo-Gravimetric An&ys to be used.

Particulate emissions from a GDI engine operatirith wstratified injection were
measured with both types of glass fibre filter ahdir filtration efficiencies were

characterized using a DMS500.

High concentrations of particulate emissions indbeumulation mode were observed
upstream of the filter, which was typical under #egine operating condition with
stratified injection. The peak of the post-filtearpcle number concentration is more
than an order of magnitude lower than that of the-fiiter particle number
concentration. The peak for the greatest penetraifoparticles was located around
200 nm for both types of filter. Meanwhile, the rlben concentrations of the

nucleation mode particles are close to the noisdl lef the DMS after the filters.

As the sampling time increased, the transmissi@ini&fcy, i.e. the penetration of a
filter, decreased gradually for each of the filterthe penetration of a filter can be
lowered by more than an order of magnitude oves#mpling period. As a result, the
particulate number and mass concentrations padst-filecreased as the sampling time
increased. A calculation of the filter efficiencysiomg an individual single-fibre
mechanism and the total efficiency gave a theak@gplanation for the penetration

of the filter. It was found that the greatest pestgin of the filter (at 200 nm) was
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located in the regime where neither diffusion nioteiception is dominant in the

filtration process.

e The particulate material accumulated on the fileet to a rise in the pressure drop

across the filter, which increased steadily asstimapling time increased.

 The hydrocarbon emissions pre-filter were unchangdten measured at the
beginning and at the end of the sampling procesddth of the filters. Moderate
fluctuations were observed in the post-filter HCissions which were generally
lower than the pre-filter HC emissions. Conversadrthe nucleation mode particle
mass concentration to a hydrocarbon emission wtedd to a negligible (below

1 ppm) equivalent CHemission.

7.1.2 The Effects of Engine Operating parameters oM Emissions during Engine

Warm-Up Conditions

« Particulate emissions from cold engine operationewauch higher than those from

warm engine operation.

* Under cold engine operating conditions, particlenbar emissions using double
injection (with the second injection after compresy were much higher than those
with single injection during the intake. (But thigection strategy is important for
improving combustion stability.) The main injectibming only had moderate effects

on PM emission.

e Under cold engine operation, no reduction effecPdh emissions was shown using
split intake injection to further facilitate homaogmus mixture formation compared

with single intake injection.
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* Increasing the fuel injection pressure could form@e homogeneous mixture so that
the HC and PM formation during combustion were pedlu However, if the fuel
pressure was too high, spray impingement couldeas®, leading to higher HC

emissions and increased nucleation mode particieesdrations.

* Valve timings showed moderate effects on partieuknissions. Properly adjusted
timing for exhaust valve closure led to reducedtipalate emissions and the
combustion characteristics were not adversely tdtemuch. The effect of the intake

valve opening on PM emissions was less than thiditeoéxhaust valve closing.

7.1.3 The Effects of a Catalytic Volatile ParticleRemover (VPR), Hot Air Dilution and

an Evaporation Tube (ET) on the PM Emissions from &DI Engine

The role of a catalytic VPR, hot air dilution and Bvaporation Tube on engine particle
emissions were tested under different operatingmeg with a GDI engine. The performance
of the catalytic VPR was evaluated by varying@sperature and the exhaust residence time.
The performance of a catalytic Volatile ParticlerReer (VPR) when used for post Three
Way Catalyst (TWC) oxidation was studied subseduemtlso, the performance of an
Evaporation Tube and hot air dilution system with: & dilution ratio was studied, as the EU

legislation uses these to exclude volatile paricle

* With the pre-TWC engine exhaust, nucleation moddighas constituted a large
portion of the total particle number but only catged a small portion of the total
particle mass. The catalytic VPR led to a significeeduction in the particle number,

especially the smaller size (nucleation mode) plai

* The VPR temperature and exhaust residence time (&M did not show much
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effect on the catalytic VPR performance once theVMfraustwas above 0.09 g/s. The
catalytic VPR transmission efficiencies for diffetesize particles showed similar
trends at the various VPR temperatures and MFEM: tested. Generally, the
transmission efficiencies of the VPR follow thengls of the scaled PMP counting

efficiency specification.

*  When post-TWC exhaust was introduced to the catal¥R, it showed a moderate
reduction effect on the number of particles. Witktaichiometric air-fuel ratio, the
performance of the catalytic VPR was not affectgdhe use of additional air. Even
with rich mixture combustion, there was still nohaticeable effect with increasing
additional air on the catalytic VPR performancewsduger, the oxidation effect of the

catalytic VPR on HC emissions was significant.

* For each air-fuel ratio, the transmission efficigf the catalytic VPR did not change
much with different types and varying amounts otliadnal gas. A comparison
between adding air or nitrogen as a diluent shotird the reduction in particle
number through the catalytic VPR is more likelyb® due to physical than chemical

processes.

* The use of hot air dilution has confirmed that tmgcleation mode particles in
undiluted exhaust are primarily condensed semitielanaterial, but their mass is

negligible in terms of the equivalent ppm of unklednhydrocarbons (well below

1 ppm).

* Hot air dilution has been shown to have a broadtjlar effect to an Evaporation

Tube operating at 450 °C
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At a temperature of 450 °C, the Evaporation Tubewstd a more significant
reduction effect on nucleation mode than accunaathode particles, and the overall

response was close to the PMP requirement.

Measurements taken by the DMS500 of undiluted esthaan be analysed, either
using a digital filter to replicate the transmissiefficiency of the PMP *filter’, or by
using the accumulation mode data (obtained from-lagmormal fit), in order to
estimate a particle number concentration that wdddconsistent with the PMP
protocol. This facilitates measurements from ergif@s opposed to vehicles or
engines with their exhaust connected to dilutiomels), so that measurements can be

obtained from transients without ‘smearing’ of tteda.

Comparison of the typical transmission efficiencietween the Evaporation Tube
(ET) and the catalytic VPR shows that particle sraission efficiencies for the ET
and VPR at the high end (> 40 nm) of the particte sange are quite similar, while
the transmission efficiencies of the ET with andhwut dilution for the particle size
less than 30 nm are higher than that of the VPRh Bgstems have some patrticle loss

mainly due to the physical effects of diffusion ahdrmophoresis.

7.2 Suggestions for Future Work

A large portion of particulate emissions from GDigsmes are generated during the first 200

seconds in the NEDC cycle. In order to reduce thkedmissions from a GDI engine, the

engine control strategy during engine start and a@gerating conditions should be further

investigated. Compromises will need to be made hase catalyst light-off, CO and HC

emissions and PM emissions to achieve an overdlmged result. The fuel injection,

combustion and emissions during the firing cycletha beginning of the engine start is of
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particular interest, as the fuel pressure is jshdp established and the temperature in the

combustion chamber is very low.

Future engines are likely to have both direct itiggrc (DI) and port fuel injection (PFI), so

there is scope for optimising the injection spitween the two modes. If the majority of the
fuel during catalyst light-off was injected by PRhen a more homogeneous background
mixture would be formed, and the only locally riggions would be near the spark plug as a

consequence of the very delayed direct injection.

More research is needed into the impact of oxygehftels. The use of ethanol in unleaded
gasoline is now well established, but there arkediht reports as to whether this increases or
decreases the particulate matter emissions. There doubt that for rich mixtures, then fuels
with ethanol reduce the particulate matter emissidout there are contradictory reports for
stoichiometric operation. This might be becaus®minally stoichiometric mixture has had
rich mixture excursions, or it might be dependeamtioe fuel components that are present in
the base gasoline — experiments could be condwitbdnodel fuels, or with fuels of known
composition into which specific components are addather oxygenates such as methanol
and the various isomers of butanol are also beamgidered for addition to gasoline, so their

impact on particulate emissions also needs to §esasd

As gasoline engines tend to emit a large numbenuwfieation mode particles, further
research can be made to investigate the composifionucleation particles under different
engine operating conditions. Thermo-Gravimetric Wsis combined with Gas

Chromatography-Mass Spectrometry (TGA-GCMS) woddabuseful method to determine

the volatile component accumulated on a filter.

Other techniques that can be considered are thefuseDifferential Mobility Analyser, so

that a particular size range of particles is coldaon a filter and subject to TGA-GCS. The
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particle surface area could also be measured bBEieisotherm for different sized particles,
and more information on the structure of the s@t be obtained from X-ray Photoelectron
Spectroscopy (XPS) and Raman Spectroscopy (RS)aws been used by several research

groups to investigate diesel exhaust particulates.

The PM emissions during engine transient operatimigditions, such as acceleration and
changing load, should be examined on a chassisnuiym&ter or an engine transient
dynamometer to optimize the ECU calibration so thatPM emissions can be reduced. This
will be a particular challenge for vehicles thatvéaa stop-start strategy. The stop-start
strategy leads to catalysts that are cooler anldofubir, and the strategy used to reduce
gaseous emissions (initial operation slightly rioh stoichiometric) will increase the

particulate matter emissions.

188



References

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

Schwarz, Ch., Schinemann, E., Durst, B., Fische and Witt, A., Potential of the
Spray-Guided BMW DI Combustion System. SAE paper,2806-01-1265.

Bickerstaffe, S., By the Numbers-Ford 1.0 Eco$to Automotive Engineering. 2012,
vol.37(1): 18-19.

Bickerstaffe, S., Raising the Bar-Renault Enefge 115. Automotive Engineering.
2012, vol.37(2): 16-17.

Kirwan, J.E., Shost, M., Roth, G., and Zizelmah, 3-Cylinder Turbocharged
Gasoline Direct Injection: A High Value Solutionrfbow CO, and NQ Emissions.
SAE paper, N0.2010-01-0590.

UNECE. Euro 5 & 6: 715/CE/2007 et 692/2008/CE

Stone, R., Introduction to Internal Combusti@mgines (Fourth Edition). 2012,

Palgrave Macmillan.
Eastwood, P., Particulate Emissions from Matehicles. 2008, Wiley.

Raj, A., Celnik, M., Shirley, R., Sander, Matierson, R., West, R., and Kraft, M., A
Statistical Approach to Develop a Detailed Soot v@ho Model Using PAH
Characteristics. Combustion and Flame. 2009, v61.896-913.

Kittelson, D.B., Engines and Nanoparticles: Agview. Journal of Aerosol Science.
1998, vol.29(5/6): 575-588.

Maricgq, M.M., Posdiadlik, D.H., and Chase, R.EBasoline Vehicle Particle Size
Distribution: Comparison of Steady State, FTP an&08 Measurements.
Environmental Science & Technology. 1999, vol.3302-2015.

Geller M.D., Ntziachristos, L., Mamakos, A.ai8aras, Z., Schmitz, D.A., Froines,
J.R., and Sioutas, C., Physicochemical and redexackeristics of particulate matter
(PM) emitted from gasoline and diesel passenges. @a@mospheric Environment.
2006, vol.40: 6988-7004.

Kasper, A., Burtscher, H., Johnson, J.P.,éfsttin, D.B., Watts, W.F., Baltensperger,
U., and Weingartner, E., Particle Emissions frorE8¢ines During Steady State and

189



References

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Transient Operation Conditions. SAE paper, No.20053136.

Kittelson, D.B., Watts, W.F., Johnson, J.Pch&uer, J.J., and Lawson, D.R., On-
Road and laboratory evaluation of combustion adsedtart 2: Summary of spark
ignition engine results. Journal of Aerosol Scier®¥6, vol.37: 931-949.

Zervas, E., Dorlhéne, P., Forti, L., Perrin, ®lornique, J.C., Monier, R., Ing, H.,
and Lopez, B., Interlaboratory Study of the Exhau®as Particle Number
Measurement Using the Condensation Particle Coui@&C). Energy & Fuels.
2006, vol.20: 2426-2431.

Lee, H., Kim, J., Myung, C.L., and Park, S.xpErimental Investigation of
Nanoparticle Formation Characteristics from AdvahGasoline and Diesel Fueled
Light Duty Vehicles under Different Certification ribing Modes. Journal of
Mechanical Science and Technology. 2009, vol.23115601.

BOSCH (2007). Automotive Handbook 6th Editi®tobert Bosch Gmbh.

Andersson, J., Giechaskiel, B., Mufioz-Bueno, andbach, E., and Dilara, P.,
Particle Measurement Programme (PMP) Light-dutyerhtboratory Correlation
Exercise (ILCE_LD) Final Report. 54th GRPE, 4-8 du2007, agenda item 3.
GRPE-54-08-Rev.1.

Graskow, B.R., Kittelson, D.B., Ahmadi, M.Rwnd Morris, J.E., Exhaust Particulate
Emissions from a Direct Injection Spark Ignitiondime. SAE paper, N0.1999-01-
1145.

Smallwood, G.J., Snelling, D.R., Gulder, O.Clavel, D., Gareau, D., Sawchuk,
R.A., and Graham, L., Transient Particulate Maleasurements from the Exhaust
of a Direct Injection Spark Ignition Automobile. &4aper, N0.2001-01-3581.

Harris, S.J. and Maricq, M.M., Signature stistributions for diesel and gasoline

engine exhaust particulate matter. Jounal of Aérdsience. 2001, vol.32: 749-764.

Maricqg, M.M. and Xu, N., The effective densignd fractal dimension of soot
particles from premixed flames and motor vehicléhaast. Jounal of Aerosol
Science. 2004, vol.35: 1251: 1274.

Mathis, U., Mohr, M., and Forss, A.M., Compegisive particle characterization of
modern gasoline and diesel passenger cars at ld®ieatrtemperatures. Atmospheric
Environment. 2005, vol.39: 107-117.

190



References

[23] Ntziachristos, L., Mamakos, A., Samaras, ZatMs, U., Mohr, M., Thompson, N.,
Stradling, R., Forti, L., and Serves, C., Overviefvthe European "Particulates"
Project on the Characterization of Exhaust PadieulEmissions From Road

Vehicles: Results for Light-Duty Vehicles. SAE pap€0.2004-01-1985.

[24]  Ericsson, P., Holmstrom, M., Amberntsson-Csols A., Ohlson, C., Skoglundh, M.,
Andersson, B., and Carlsson P.A., CharacterizatibrParticulate Emissions and
Methodology for Oxidation of Particulates from NBiesel Combustion Systems.
SAE paper, No. 2008-01-1746.

[25] Giechaskiel, B., Dilara, P., Sandbach, E., &mtlersson, J., Particle measurement
programme (PMP) light-duty inter-laboratory exeeciscomparison of different
particle number measurement systems. Measuremé&mcec& Technology. 2008,
vol.19: 095401(16pp).

[26] Braisher, M., Stone, R., and Price, P., Pertdumber Emissions from a Range of
European Vehicles. SAE paper N0.2010-01-0786.

[27] Peckham, M., Campbell, B., and Finch, A., Stodl transient particulate and gaseous
emissions from a modern GDI engine. IMeche Confggerinternal Combustion
Engines: Improving Performancem, Fuel Economy amisEions. 29-30 November
2011.

[28] CONCAWE (2009) Comparison of particle emissidrom advanced vehicles using
DG TREN and PMP measurement protocols. Report N@9.2 Brussels:
CONCAWE.

[29] Kayes, D. and Hochgreb, S., Mechanisims otiBaate Matter Formation in Spark-
Ignition Engines. 1. Effect of Engine Operating @ions. Environ. Sci. Technol.
1999, vol.33(22): 3957-3967.

[30] Kayes, D. and Hochgreb, S., Mechanisms ofi®dete Matter Formation in Spark-
Ignition Engines. 2. Effect of Fuel, Oil, and Catdl Parameters. Environ. Sci.
Technol. 1999, vol.33(22): 3968-3977.

[31]] Kayes, D. and Hochgreb, S., Mechanisms ofi®date Matter Formation in Spark-
Ignition Engines. 3. Model of PM Formation. Envirosci. Technol. 1999,
vol.33(22): 3978-3992.

[32] Sandquist, H., Lindgren, R., and Denbratt,qurces of Hydrocarbon Emissions

191



References

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

from a Direct Injection Stratified Charge Spark itggm Engine. SAE paper,
No0.2000-01-1906.

Wyszynski, L., Aboagye, R., Stone, R., anddfaltgi, G., Combustion Imaging and
Analysis in a Gasoline Direct Injection Engine. Sp&per, N0.2004-01-0045.

Price, P., Stone, R., Collier, T., and Davils, Particulate Matter and Hydrocarbon
Emissions Measurements: Comparing First and SeGameeration DISI with PFI in
Single Cylinder Optical Engines. SAE paper, No.@0Q-1263.

Drake, M.C., Fansler, T.D., Solomon, A.S., @&ukkely, G.A. Jr, Piston Fuel Films
as a Source of Smoke and Hydrocarbon Emissions &dMall-Controlled Spark-
Ignited Direct-Injection Engine. SAE paper No.20QB-0547.

Stojkovic, B.D., Fansler, T.D., Drake, M.CndaSick, V., High-speed imaging of
OH* and soot temperature and concentration in @iéd -charge direct-injection
gasoline engine. Proceedings of the Combustiontuitest 2005, vol.30: 2657-2665.

Drake, M.C. and Haworth, D.C., Advanced gaseliengine development using
optical diagnostics and numerical modeling. Procegdof the Combustion Institute.
2007, vol.31: 99-124.

Siewert, R.M., A phenomenological Engine Modet Direct Injection of Liquid
Fuels, Spray Penetration, Vaporization, Ignitiolayeand Combustion. SAE paper,
N0.2007-01-0673.

Mosbach, S., Celnik, M.S., Raj, A., Kraft, Mhang, H.R., Kubo, S., and Kim, K.O.,
Towards a detailed soot model for internal comlmstngines. Combustion and
Flame. 2009, vol.156: 1156-1165.

Abdul-Khalek, I.S., Kittelson, D.B., Graskow.R., Wei, Q., and Brear, F., Diesel
Exhaust Particle Size: Measurement Issues and $r&RE paper, N0.980525.

Graskow, B.R., Ahmadi, M.R., Morris, J.E., aKdtelson, D.B., Influence of Fuel
additives and Dilution Conditions on the Formatiand Emissions of Exhaust
Particulate Matter from a Direct Injection Sparknitgpn Engine. SAE paper,
No0.2000-01-2018.

Giechaskiel, B., Dilara, P., and Andersson, Rarticle measurement Programme
(PMP) Light-Duty Inter-Laboratory Exercise: Repdnlity and Reproducibility of
the Particle Number Method. Aerosol Science andhiielogy. 2008, vol.42: 528-

192



References

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

543.

Campbell, B., Peckham, M., Symonds, J., Padin J., and Finch, A., Transient
Gaseous and Particulate Emissions Measurements d@nesel Passenger Car
including a DPF Regeneration Event. SAE paper Ni6AW1-1079.

Riddle, S.G., Jakober, C.A., Robert, M.A., @lafi .M., Charles, M.J., and Kleeman,
M.J., Large PAHSs detected in fine particulate magtaitted from light-duty gasoline
vehicles. Atmospheric Environment. 2007, 41: 86588

Bergvall, C. and Westerholm, R., Derterminatioof highly carcinogenic
dibenzopyrene isomers in particulate emissions ftemm diesel- and two gasoline-
fuelled light-duty vehicles. Atmospheric Environme2009, 43: 3883-3890.

CONCAWE (2005) Fuel effects on the charactarssof particle emissions from
advanced engines and vehicles. Report No. 1/05ssBts: CONCAWE.

Price, P., Twiney, B., Stone, R., Kar, K., akdalmsley, H., Particulate and
Hydrocarbon Emissions from a Spray Guided Dirediion Spark Ignition Engine
with Oxygenate Fuel Blends. SAE paper, N0.2007-0720

Myung, C.L., Lee, H., Chio, K., Lee, Y.J., aRark, S., Effects of Gasoline, Diesel,
LPG, and Low-carbon Fuels and Various Certificatislodes on Nanoparticle

Emission Charcteristics in Light-duty Vehicles.dmtational Journal of Automotive

Technology. 2009, vol.10(5): 537-544.

Chen, L., Measurement of Particulate Emissifmmsn Gasoline Direct Injection

Combustion Engines, in Engineering Science. 20Xyéysity of Oxford.

Khalek, I.A., Bougher, T., and Jetter, J.JartRle Emissions from a 2009 Gasoline
Direct Injection Engine Using Different Commercjalvailable Fuels. SAE paper
N0.2010-01-2117.

Aikawa, K., Sakurai, T., and Jetter, J.J., Blepment of a Predictive Model for
Gasoline Vehicle Particulate Matter Emissions. $aper N0.2010-01-2115.

Gidney, J.T., Twigg, M.V., and Kittelson, D,BEffect of Organometallic Fuel
Additives on Nanoparticle Emissions from a Gasoliessenger Car. Cambridge
Particle Meeting 2009.

Wei, J., Wassermann, K., and Li, Y.J.,, GassoliBngine Emissions Treatment

193



References

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Systems Having Particulate Traps. United Statesr®@tpplication Publication. Pub.
No.: US 2009/0193796 Al.

Andersson, J., Keenan, M., and Akerman, K., ®Rrticles - Legislation, Current
Levels and Control. Ricardo, RD. 09/99801.1.

Rubino, L., Crane, R.l., Shrimpton, J.S., axdoumanis, C., An electrostatic trap
for control of ultrafine particle emissions from sgéine-engined vehicles. Proc.
IMechE. Vol.219 Part D: J. Automobile Engineeripg535-546.

Sandford, M., Page, G., and Crawford, P., AHeNew AJV8. SAE paper, N0.2009-
01-1060.

High Temperature Hydrocarbon Analyser ModeB5mhstruction Manual. Rotork

Analysis Limited.

DMS500 Fast Particulate Spectrometer Unit MWU6er Mannual v2.3. Cambustion
Limited 2007.

Reavell, K., Hands, T., and Collings, N., Ask&kesponse Particulate Spectrometer
for Combustion Aerosols. SAE paper, No. 2002-014271

Symonds, J., Price, P., Williams, P., and 8f{dR., Density of particles emitted from
a gasoline direct injection engine. 12th ETH-Coefee on Combustion Generated

Nanoparticles, June 2008.

ECE/TRANS/WP.29/GRPE/2008/page 62 Appendixarticle Number Emissions

Measurement Equipment. http://www.unece.org.

Symonds, J., Reavell, K., Olfert, J., Camplll and Swift, S., Diesel soot mass
calculation in real-time with a differential molylispectrometer. Aerosol Science.
2007, vol.38: 52-68.

Hinds, W.C., Aerosol Technology: propertiesgshbviour, and measurement of
airborne particles (Second Edition). 1999, New Y alkley.

Kuwabara, S., The forces experienced by rangodistributed parallel circular
cylinders or spheres in viscous flow at small Régeaonumbers. Journal of the
Physical Society of Japan. 1959, vol.14: 527-532.

Lee, K.W. and Liu, Y.H., Theoretical Study Aerosol Filtration by Fibrous Filters.
Aerosol Science and Technology. 1982, vol.1: 14%-16

194



References

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

Baron, P.A. and Willeke, K., Aerosol MeasuremePrinciples, Techniques, and
Applications (Second Edition). 2001, New York: Wile

Yeh, H.C. and Liu, B.Y.H., Aerosol Filtratioby Fibrous Filters-1. Theoretical.
Journal of Aerosol Science. 1974, vol.5: 191-204.

Stechkina, 1.B., Kirsch, A.A., and Fuchs, N.Studies on Fibrous Aerosol Filters-IV
Calculation of Aerosol Deposition in Model Filtems the Range of Maximum

Penetration. Annals of Occupational Hygiene. 1969,12: 1-8.

Lee, K.W. and Liu, B.Y., On the Minimum Effency and the Most Penetrating
Particle Size for Fibrous Filters. Air Pollution @ool Association. 1980, vol.4: 377-
381.

Ramarao, B.V., Tien, C., and Mohan, S., Caltioh of single Fiber Efficiencies for
Interception and Impaction with Superposed Browrwiion. Journal of Aerosol
Science. 1993, vol.25: 295-313.

Gougeon, R., Boulaud, D., and Renoux, A., Cangon of Data from Model Fiber
Filters with Diffusion, Interception and Inertial eposition Models. Chemical
Engineering Communications. 1996, vol.151: 19-39.

Liu, Z.G. and Wang, P.K., Pressure Drop ankrreption Efficiency of Multifiber
Filters. Aerosol Science and Technology. 1997 ,2601313-325.

Batazy, A. and Podgérski, A., Deposition Eiincy of Fractal-like Aggregates in
Fibrous Filters Calculated Using Brownian DynamMsthod. Journal of Colloid
and Interface Science. 2007, vol.311: 323-337.

Steffens, J. and Coury, J.R., Collection Eéficy of Fiber Filters Operating on the
Removal of Nano-sized Aerosol Particles: I-HomogerseFibers. Separation and
Purification Technology. 2007, vol.58: 99-105.

Regan, B.D. and Raynor, P.C., Single-Fiberfuziion Efficiency for Eliptical Fibers.
Aerosol Science and Technology. 2009, vol.43: 583-5

Kim, S.C., Wang, J., Emery, M.S., Shin, W.@lylholland, G.W., and Pui, D.Y.H.,
Structural Property Effect of Nanoparticle Agglomtess on Particle Penetration
through Fibrous Filter. Aerosol Science and Tecbgyl 2009, vol.43: 344-355.

Hickel, W., Seston retention by Whatman GFI&sg-fiber filters. Marine Ecology —

195



References

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

Progress Series. 1984, vol.16: 185-191.

Brown, R.C. and Thorpe, A., Glass-Fibre Fitewith Bimodal Fibre Size
Distributions. Powder Technology. 2001, vol.118.3-

Kirsh, V.A., The Deposition of Aerosol Subnuoer Particles on Ultrafine Fiber
Filters. Colloid Journal. 2004, vol.66: 311-315.

Steffens, J. and Coury, J.R., Collection Eéficy of Fiber Filters Operating on the
Removal of Nano-Sized Aerosol Particles Il. Heterogpus fibers. Separation and
Purification Technology. 2007, vol.58: 106-112.

Lange, R., Fissan, H., and Schmidt-Ott, ANAw Method for Determination of the
Interception Equivalent Diameter. Journal of Aetd&aence. 2000, vol.31: 221-231.

Kasper, G., Schollmeier, S., and Meyer, Ju&ure and Density of Deposits Formed
on Filter Fibers by Inertial Particle DepositiondaBounce. Journal of Aerosol
Science. 2010, vol.41:1167-1182.

Wang, H.C. and Kasper, G., Filtration Efficogn of Nanometer-Size Aerosol
Particles. Journal of Aerosol Science. 1991, vol32241.

Hubbard, J.A., Brockmann, J.E., Dellinger, Uucero, D.A., Sanchez, A.L., and
Servantes, B.L., Fibrous Filter Efficiency and Rrge Drop in the Viscous-Inertial
Transition Flow Regime. Aerosol Science and Teobgyl 2012, vol.46: 138-147.

Chen, X., Fu, H., Smith, S., and Sandford, Nhyestigation of Combustion
Robustness in Catalyst Heating Operation on a S@aged DISI Engine. SAE
paper, No. 2009-01-1489.

Twiney, B., Stone, R., Chen, X., and Edmun@s, Investigation of Combustion
Robustness in Catalyst Heating Operation on a S@ragied DISI Engine, Part 1 -
Measurements of Spark Parameters and Combustidh p&per, No. 2010-01-0593.

Twiney, B., Stone, R., Chen, X., and Edmun@s, Investigation of Combustion
Robustness in Catalyst Heating Operation on a S@ragied DISI Engine, Part Il -
Measurements of Spray Development, Combustion Ingagind Emissions. SAE
paper, No. 2010-01-0603.

Abdul-Khalek, I.S. and Kittelson, D.B., Realmie Measurement of Volatile and
Solid Exhaust Particles Using a Catalytic Stripf8XE paper, N0.950236.

196



References

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

Kittelson, D.B., Watts, W.F., Savstrom, J.@nd Johnson, J.P., Influence of a
catalytic stripper on the response of real timeos@rinstruments to diesel exhaust
aerosol. Jounal of Aerosol Science. 2005, vol.8&911107.

Khalek, 1., Sampling System for Solid and Md& Exhaust Particle Size, Number,
and Mass Emissions. SAE paper, N0.2007-01-0307.

Khalek, I. and Bougher, T., Development of ali® Exhaust Particle Number
Measurement System Using a Catalytic Stripper Teldgy. SAE paper, No. 2011-
01-0635.

Kasper., M., The Number Concentration of Noolatile Particles — Design Study
for an Instrument According to the PMP Recommemati SAE paper, No. 2004-
01-0960.

Slanina, J., Lamoen-doornenbal, L.V., Linger&.A., Meilof, W., Klockow, D.,
and Niel3ner, R., Application of a Thermo-Denudealser to the Determination of
H.SO,, HNO; and NH in Air. International Journal of Environmental Awtcal
Chemistry. 1981, vol.9: 59-70.

Turpin, B.J., Saxena, P., and Andrews, E., ddleag and Simulating Particulate
Organics in the Atmosphere: Problems and Prospédtsospheric Environment.
2000, vol.34: 2983-3013.

Huffman, J.A., Ziemann, P.J., Jayne, J.T., ¥dop, D.R., and Jimenez, J.L.,
Development and Characterization of a Fast-Steppoanning Thermodenuder for
Chemically-Resolved Aerosol Volatility Measurementderosol Science and
Technology. 2008, vol.42: 395-407.

Riipinen, 1., Pierce, J.R., Donahue, N.M., aRdndis, S.N., Equilibration Time
Scales Of Organic Aerosol Inside Thermodenuder:pBration Kinetics Versus
Thermodynamics. Atmospheric Environment. 2010,441597-607.

Verma, V., Pakbin, P., Cheung, K.L., Cho, A.KSchauer, J.J., Shafer, M.M.,
Kleinman, M.T., and Sioutas, C., Physicochemical @xidative Characteristics of
Semi-Volatile Components of Quasi-Ultrafine Padgclin an Urban Atmosphere.
Atmospheric Environment. 2011, vol.45: 1025-1033.

Burtscher, H., Baltensperger, U., BukowiedKi, Cohn, P., Huglin, C., Mohr, M.,
Matter, U., Nyeki, S., Schmatloch, V., Streit, nd Weingartner, E., Separation of

197



References

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

Volatile and Non-Volatile Aerosol Fraction by Thesdesorption: Instrumental

Development and Applications. Aerosol Science. 200132 427-442.

Park, D., Kim, S., Choi, N.K., and Hwang, Dgvelopment and Performance Test of
a Thermo-Denuder for Separation of Volatile Matfesm Submicron Aerosol
Particles. Journal of Aerosol Science. 2008, vol1¥®9-1108.

Wehner, B., Philippin, S., and Wiedensohlér, Design and Calibration of a
Thermodenuder with an Improved Heating Unit to Measthe Size-Dependent
Volatile Fraction of Aerosol Particles. Journal Aérosol Science. 2002, vol.33:
1087-1093.

Kawai, T., Lee, J., Goto, Y., and Odaka, Nhfluence of Thermo-Denuder
Dimensions on Nano-particle Measurement. SAE paper2003-01-2018.

Cappa, C.D., A Model of Aerosol Evaporationiné&tics in a Thermodenuder.

Atmospheric Measurement Techniques. 2010, vol.9:572.

Minoura, H., Takekawa, H., and Terada, S.adide Nanoparticles Corresponding
to Vehicle Emissions During One Signal Cycle. Atpiosric Environment. 2009,
vo0l.43: 546-556.

Saleh, R., Walker, J., and Khlystov, A., Detmation of Saturation Pressure and
Enthalpy of Vaporization of Semi-Volatile Aerosolhe Integrated Volume Method.
Journal of Aerosol Science. 2008, vol.32: 876-887.

Saleh, R., Shihadeh, A., and Khlystov, A.témination of Evaporation Coefficients
of Semi-Volatile Organic Aerosols Using an IntegchlVolme-Tendem Differential
Mobility Analysis (IV-TDMA) Method. Journal of Aesol Science. 2009, vol.40:
1019-1029.

Kittelson, D.B., Watts, W.F., and Johnso®.JOn-Road and Laboratory Evaluation
of Combustion Aerosols-Part 1: Summary of DiesehiBe Results. Journal of
Aerosol Science. 2006, vol.37: 913-930.

Yehliu, K., Boehman, A.L., and Armas, O., Bsiobns from Different Alternative
Diesel Fuels Operating with Single and Split Fugédtion. Fuel. 2010, vol.89: 423-
437.

Swanson, J. and Kittelson, D.B., Evaluation Tlhermal Denuder and Catalytic

Stripper Methods for Solid Particle Measurementsirdal of Aerosol Science. 2010,

198



References

vol.41: 1113-1122.

[109] Walker, K.L., Homsy, G.M., and Geyling, F. TThermophoretic Deposition of Small
Particles in Laminar Tube Flow. Journal of Colladd Interface Science. 1979,
vol.69: 138-147.

[110] Talbot, L., Cheng, R.K., Schefer, R.W., andlli®/ D.R., Thermophoresis of
particles in a heated boundary layer. Journal oidAMechanics. 1980, vol.101: 737-
758.

[111] Batchelor, G.K. and Shen, C., Thermophorddeposition of Particles in Gas
Flowing over Cold Surfaces. Journal of Colloid antérface Science. 1985, vol.107:
21-37.

199



Appendix A

Appendix A

—/—IMEP,, T R m l':l‘umger Erev\;’PRR —A—IMEP,, —O—T, .. [ PM NumberPreVPR
7/~ IMEP,, Toosrn BB PMNumber Post —— IMEP,, T, . HHEPM Number PostvPR
1S sl
o—— < 5 5 o
= R —— =
8.t e Sl
o o
w
: :
1 1+
0 0
—~ 8.0x10° | 7350 a0 4 350
< e
s 4 300 3 4 300
I sl ~ S aact ey
g 6.0x10 250 9\% g 1 250 D&)/
3 ¢ g 2
E 4.0x10° 200 g sz106 200 i
2 s = £
2 150 E é 150 @
§ 2.0x10° 3 e’
= 100 ,_(E 100
k) =
e
0.0 50 o 50
DF 1 DF11 DF1.2 DF13 DF1 DF1.1 DF1.2 DF 1.3
Dilution Factor Dulition Factor
(a) Air addition, Lambda =1 (c) Air addition, idpda = 0.9
4 4
—A—IMEP,, —O—T,... HEEEPM NumberPreVPR —~IMEP,, —O—T, ..  HEEPM Number PreVPR
—/—IMEP,, Tooswrn [ PM Number PostVPR —/— IMEP,, Toosrr I PM Number PostVPR
3k 3k
S —
= e\ = V4 ‘%
Sl v Saf
o [2
w w
= =
1f 1k
0 0
~8000° | 3% —aao | - 350
g £
E - 300 é - 300
& 6.0x10° | G S ot o
§ PO 4250 &
5 S8 g
g 4.0x10° w0 s £ 2x10° g
= e = aQ
g 50 5 & 5
: ¢ 2 g
3 2.0x10° £ 1x10°
= 100 z
g 8
2 o
00 50 o
DF1 DF11 DF 12 DF13 DF1 DF 1.1 DF 12 DF 13
Dilution Factor Dilution Factor
(b) N, addition, Lambda =1 (d)Naddition, Lambda = 0.9
Fig. Al IMEP, pre and post VPR temperatures withouss gas additions and relative

air-fuel ratios (refer to Table 5.3).

Fig. A1 shows the temperatures of pre-VPR and p&¥®;, and IMEP (average of 100 engine

cycles) under different test conditions. It candeen that IMEP is stable during the tests.
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When lambda is rich, with additional air, the temgpere of post-VPR rises significantly.

This is due to the oxidation reaction of air antaxst in the VPR.
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