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Abstract

ABSTRACT

The increasingly concern of the impact of Particulate Matter (PM) emitted by
Gasoline Direct Injection (GDI) engines on human health and the environment have
led to the research community to look into various approaches to abate and to reduce
the PM emissions in accordance to the permitted limits. A comprehensive
understanding of PM behaviour and characteristics is required in order determine the
appropriate approach for reducing PM emissions. This research thesis begins the
investigation on PM with different stoichiometry at maximum brake torque condition.
Results suggest rich combustions PM has similar characteristics to stoichiometric.
Contrarily, PM was formed differently with lean combustion by showing about 30 °C
earlier for the start of oxidation temperature (SOT) and maximum mass loss rate
temperature (MMLRT). Secondly, the introduction of 8 % (v/v) Di-Methyl Carbonate
(DMC) addition. DMC was capable of reducing PM up to 60 % and altering PM
characteristics with indication of 15 °C earlier of oxidation temperatures. Most
importantly, without significant negative impact on engine performance. Following the
evaluation of aftertreatment architectural configurations. A gasoline particulate filter
positioned underfloor to TWC shows better compromise between PM filtration
efficiency and pressure drop in comparison to close-couple architectural configuration.
The pressure drop was lower with slightly lessened filtration performance. In overall,
the pressure drop can be reduced up to 32 % and filtration performance has dropped
up to 6 %. However, GPF filtration performance in underfloor architectural
configuration can be improved up to 3 % with the use of GPF with advantageous
properties, yet the pressure drop remained below close-couple architectural
configuration. The research thesis finalised with a small case study on TEM grids

preparation methodologies demonstrating comparable microscopic analysis of PM
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agglomerates with several advantages; similar average primary particle size and

fractal dimension.
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Chapter 1: Introduction

CHAPTER 1 INTRODUCTION

This introductory chapter presents an overview of the investigative studies
performed by the author throughout the duration of his PhD. This thesis is primarily
focused on Particulate Matter (PM) emissions by Gasoline Direct Injection (GDI)
engines. The research adopted various approaches including engine combustion
strategy, alternative fuel and exhaust aftertreatment. The research overview, outline,

aims and objectives, and research approaches are presented below.

1.1 Overview

Pollution and the effect of global warming are two major concerns over the past
few decades. Hence, catalysts made up of precious metals and filters are used in the
Internal Combustion Engine (ICE) sector to control the emission of pollutants. In
Compression Ignition (Cl) engines, Diesel Oxidation Catalyst (DOC) and Selective
Catalytic Reduction (SCR) are methods applied for gaseous emission control, and
Diesel Particulate Filter (DPF) is used for PM control. Meanwhile, a Three-Way
Catalyst (TWC) is utilised in Spark Ignition (SI) engines to abate gaseous emissions,
such as hydrocarbons (HCs), Carbon Monoxide (CO) and Nitrogen Oxides (NO.).
However, the focus was later shifted to Greenhouse Gas (GHG) emissions, which
included Carbon Dioxide (CQO.), as vehicle emission legislation was refined. Previous
findings show that CO. emissions were not reduced following the application of TWC
as a result of the oxidation process of HCs and CO. Subsequently, researchers
pursued fuel-efficient alternative automotive technologies such as Gasoline Direct

Injection (GDI) in order to reduce carbon footprint. Continual (more stringent)
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adjustments to GHG limits have increased the market size of the GDI engine in the SI

vehicle industry.

Although CO:2 production is lower when using GDI technology in comparison to
conventional Port Fuel Injection (PFI), it is clear that PM emissions are inevitable due
to the combustion that takes place within ICE’s. Due to the differing fuel delivery
systems in GDI engines, these PM emissions were recently highlighted. It was
reported that greater concentrations of PM were formed in the combustion chamber in

comparison with PFI engines and Cl engines equipped with DPF [1]-[3].

Many studies have been conducted in an effort to control and understand the
formation of PM emissions in GDI engines. Previous research has adopted several
approaches including the use of biofuels, internal and external Exhaust Gas
Recirculation (EGR), Reforming Exhaust Gas Recirculation (REGR), injection
strategies (such as injection timing, injection pressure, multiple injections, injection
spray patterns), combustion phasing (spark timing), different equivalence ratio (¢) and

recently Gasoline Particulate Filters (GPFs).

Under ideal conditions, Sl engines should combust close to stoichiometric
(slightly rich, stoichiometry (A) approximately equal to 1) and steadily throughout each
cycle to maximise the functionality of the TWC. TWC efficiency is measured by
constantly monitoring the Oxygen (O2) concentration before and after the TWC
conversion. Values are measured through Oz sensors controlled by a ‘closed-loop
feedback’ Engine Control Unit (ECU). AFR values constantly fluctuate (become richer
and leaner) during daily driving, due to the ‘limit cycle’ in the control system from
signalling delay [4]. Rich combustion commonly occurs in Sl engines during abrupt

and sharp acceleration (elevated load). This occurs because delayed air intake,
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leading to an inability to precisely control the air-fuel mixture [5]. Furthermore, rich
mixture is purposely utilised during cold starts, to increase combustion stability,
maximise engine power output and reduce combustion temperature and exhaust gas
temperature (EGT). This minimises the thermal cracking effect on pistons and
catalysts [5]. Meanwhile lean combustion takes place during deceleration and fuel cut
events. Lean combustion appears to be an adoptable approach as it could
prospectively improve the combustion process and subsequently minimise PM, THC
and CO emissions. Moreover, it can benefit the GPF application by promoting passive
regeneration, as it is expected to be positioned after TWC (aTWC) as a second brick
substrate [6], ensuring the TWC light-off activity is not affected particularly at cold-
starts. Over time, a PM cake layer is expected to develop on the GPF channel surface,
subsequently inducing pressure drop in the exhaust stream. The latter deteriorates
engine power output and fuel economy [7], [8]. Therefore, GPF regeneration is vital
but passive regeneration with stoichiometric combustion is unlikely to take place due
to the O2 consumption by the TWC. Measurement of O2 concentration before TWC
(bTWC) and aTWC with A at 1, 1.1 and 0.9 corresponding to the stoichiometric, lean
and rich mixture from the GDI engine used for this research thesis is presented in
Table 1.1. Regardless of excessive O2 concentration aTWC with lean combustion,
Figure 1.1 shows a deteriorated NOx conversion. Alternatively, the unconverted NOx
mainly Nitric Oxide (NO) could be advantageous for GPF regeneration. Based on a
study conducted by Jiao et al. [9], NO can effectively improve the PM oxidation light-
off temperature. Hence, PM oxidation in conjunction with O2 and NO can be an

alternative solution to pressure drop in the GPFs as a regeneration strategy.
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Table 1.1: Oxygen concentration in exhaust stream

Stoichiometry. A O2 Concentration bTWC O2 Concentration
Y, (%) aTWC (%)
Stoichiometric (A=1) 0.80 0.00
Lean (A=1.1) 2.32 2.05
Rich (A=0.9) 0.28 0.00
100+
3
oy
§ [S
£
5
Y,
NO,
0 . T n
‘Rich 1 I.ean'

Figure 1.1: A vs Conversion Efficiency of THC, CO and NOx of TWC [10]

Biofuels are viewed to be potential sustainable source of fuel and are widely
being used as a research octane number (RON) and a motor octane number (MON)
enhancer for engines to increase compression ratios, output power and to promote
cleaner combustion [11]-[14]. Di-Methyl Carbonate (DMC) is a methyl ester that can
potentially be used as an alternative source of fuel, or as a fuel additive, as it was
being reported to improve THC and CO emissions in Sl and CI engines. Additionally,
DMC addition demonstrated lower PM emissions in Cl engines due to its molecular
structure without C-C bonds and oxygen to carbon ratio (O/C) of 1 [15]. It hypothetically
could be an alternative to reduce PM formation in GDI engines. DMC is a green
chemical and is being produced at 90,000 tons per annum [16]. Furthermore, the

4
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recent study proposed DMC can be produced via direct synthesis of CO2 and methanol
[17] but is still currently under research due to its poor conversion and low yield. This
could provide an alternative method instead of the use of highly toxic chemical
(phosgene) applied in conventional production methodologies such as phosgenation
of methanol and carbonylation of methanol using NOx[16]. DMC possesses numerous
advantages over conventional biofuels that are blended with gasoline such as Methyl
Ter-Butyl Ether (MTBE), Ethyl Ter-Butyl Ether (ETBE) and ethanol. The significantly
Lower Heating Value (LHV) of DMC appears to be the only disadvantage which is
hypothesised to deteriorate fuel economy as a penalty in fuel consumption. The main
advantages are that DMC is able to convert energy more efficiently due to the
combination of lower hydrogen to carbon ratio (H/C) of 0.168 and low LHV [18], [19].
MTBE and ETBE are less favourable due to their non-renewability and regarded as
non-environmentally friendly [20], [21]. Moreover, MTBE is hazardous to the
environment and humans via water contamination, and direct exposure at high dosage
can be carcinogenic [12], [22]. Ethanol is a regarded as renewable as it can be
produced from renewable feedstock and is currently being introduced in gasoline [23],
up to 85 % (v/v) [24]. It was claimed to corrode with metals (engine parts) [25], [26]
and have a tendency for phase separation with gasoline [27], [28]. Butanol was being
comprehensively investigated as a potential candidate. However, a research study
found that the physio-chemical properties of butanol have considerably higher latent
heat of vaporisation and kinetic viscosity can negatively impact the engine cold-start
and ignition [29]. A similar conclusion was also drawn regarding ethanol [30], [31]
Conversely, the benefits of DMC over the aforementioned biofuels are similar
kinematic viscosity and latent heat of vaporisation to gasoline, excellent solubility, non-

reactivity with metals, low production cost, non-toxicity, and is renewable [20], [21],
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[28], [32]-[34]. Finally, high oxygen content (approximately 53.3 wt %) is one of the
main key benefits. Hence, combustion characteristics and PM emissions could be
significantly improved with minimal volume blended with gasoline and is yet to be

investigated on GDI engines.

Particulate filter application is expected in GDI engines based on the evidence
showed that GPF is capable of efficiently trapping particles up to 99% in terms of
number [6], [35]. Properties of GPF have been investigated in detail by other
researchers in order to design an optimum GPF. Studies on aftertreatment
architectural configurations, close-coupled (CC) and underfloor (UF) have also been
evaluated for filtration efficiency and pressure drop with driving cycles. However, these
investigations were much less thorough, particularly regarding the Greenfield Gap
effect. Thus, the impact of architectures from fresh GPF to the PM layer formation is

required to be comprehensively assessed.

A large range of microstructural and Nanostructural analyses have been
conducted on PM formed by GDI engines, which can assist the designing of an
optimum GPF. These characteristics can also be used as a reference to determine
GPF regeneration strategies as well as the impact on human health. Microstructural
and Nanostructural analyses are conducted with TEM grids which mostly are exposed
directly to exhaust gas. Despite the conventional method for TEM grid preparation, an
alternative method, filter extraction method was used in a preceding study [36].
However, the accuracy and precision in comparison with the conventional direct
exposure approach has not been evaluated. A case study has been conducted to
demonstrate a promising alternative for future application. Its comparison should be
performed in relation to the conventional direct exposure method, to determine its

feasibility and reliability.
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1.2 Research Aims, Objectives and Novelty

121

Research Aim

This thesis aims to investigate effective approaches to reduce PM emissions.

The primary aim is to evaluate PM characteristics formed during combustion in GDI

engines. Methods include air-fuel ratio variation and utilisation of oxygenated fuel. In

addition, the study aims to examine the performance of aftertreatment architectural

configurations on particulate filters. The feasibility of filter extraction TEM grid

preparation is also considered.

1.2.2

1.2.3

Research Objectives

Study the impact of air-fuel ratio on GDI engines by quantifying combustion
performance, gaseous emission, PM emission and PM characteristics.
Demonstrate the feasibility of DMC additives in gasoline in GDI engines by
assessing combustion performance, gaseous emission, PM emission and PM
characteristics.

Understand how aftertreatment architectural configurations affect filtration
performance and pressure drop in GPFs and are influenced by the GPF
properties.

To identify result variation in TEM grids prepared via filter extraction methods

comparable to conventional direct exposure.

Research Novelty

This research thesis addresses several original points, which aim to further

understanding of PM formed in GDI engines. These are outlined below;
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1. Performing PM oxidation reactivity formed by varied engine combustion
stoichiometry at maximum brake torque (MBT) conditions using
Thermogravimetric Analysis (TGA).

2. Assessment of PM characteristics using DMC-gasoline blends on GDI engines.

3. Development of a new TGA methodology capable of avoiding the mass effect
and examination of the ratio of volatile organic material (VOM) to elemental soot
in PM.

4. Demonstrating aftertreatment architectural configurations with correlation to the
Greenfield gap effects in GPFs.

5. Highlighting the effect of GPF properties on the aftertreatment architectural
configurations in filtration efficiency and pressure drop.

6. Determination of an filter extraction methodology for the use of PM
Transmission Electron Microscope (TEM) samples, in comparison to the

conventional direct exhaust exposure method in terms microstructure.

1.3 Thesis Outline
This thesis has a total of eight chapters. The outline of the thesis of each chapter

is briefly explained below, beginning from Chapter 2.

Chapter 2 presents relevant information on Sl engines, focussing on GDI
engine technology and its associated advantages and limitations over conventional
PFI engines. This is followed by the fundamentals of emission formation, and the
introduction of EU legislation with a focus on PM emissions. This is followed by a brief
discussion on key concerns raised by PM emissions formed in ICE’s on the

environment and human health. Lastly, the chapter proceeds to a comprehensive
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literature review on combustion characteristics, PM nature, PM characteristics with

alternative fuels, engine operating conditions and PM aftertreatment.

Chapter 3 details the experimental facilities used during this research, including
the engine test cell, the engine and data acquisition instrumentation, experimental
instrumentation and setup, and specifications of TWC and GPFs. Brief theoretical
explanations of the emission analysers are also included, as well as details of

calculations used for post-processing.

Chapter 4 assesses the engine operation at stoichiometric, lean and rich AFR
conditions corresponding to A equal to 1, 1.1 and 0.9 respectively, with the engine
condition at maximum brake torque (MBT) of 90 Nm / 2200 rpm. The experiments
consist of combustion analyses and emissions, with particular attention to PM
emission. Combustion analyses comprised of combustion stability, Mass Fraction
Burned (MFB) analyses, fuel consumption, combustion efficiency, Brake Thermal
Efficiency (BTE), in-cylinder pressure and Rate of Heat Release (RoHR). Emissions
analyses assess emissions of THC, CO, COz2, NOx and PM. In PM, Patrticle Size
Distributions (PSD’s) are measured and PM is loaded on microfibre filters and TEM
grids. The filters and TEM grids allow the evaluation of PM reactivity, PM
compositions, primary particle size (dpo) and, microstructural and Nanostructural
analyses. Altogether, this allows examination of the nature of PM formed by different

stoichiometry combustion in GDI engines.

The importance of Chapter 5 is to demonstrate how DMC could be used as a
suitable alternative fuel replacement for gasoline, with the objective of reducing
emissions with minimal impact on engine performance. The same experimental setup

and methodology stated in the previous chapter is applied in this chapter. The same
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engine speed and torque (90 Nm / 2200 rpm) is applied with MFB50 phasing, and at
homogenous-stoichiometric combustion throughout the course of the experiments.
This study is performed using 8% (v/v) of DMC blended with commercial gasoline

denoted as D8.

Chapter 6 investigates CC and UF architectural configurations of a TWC and
GPFs executed with scaled-down substrates in a furnace-heated reactor. GPFs used
are made up of Cordierite (Cord.) and Silicon Carbide (SiC) with different properties.
The study evaluates the filtration efficiency and pressure drop in GPFs when
influenced by varying architectural configurations. Additionally, the influence of GPF
properties on architectural configurations is also examined. The Greenfield gap effect
is analysed to identify the impact on performance of GPFs progressively from fresh,
to post PM cake layer formation. The engine is conditioned at MBT of 60 Nm / 2100
rpm. The outcome of this chapter can be used as an indicator for optimisation of GPF

applications in GDI engines.

Error! Reference source not found. focusses on PM micro-scale characteristics
analysis. PM is obtained via microfibre filters loaded with an engine conditioned at
MBT of 90 Nm / 2200 rpm. A comparison of TEM grid preparation methodologies are
evaluated based on micro-scale analysis, including the dpo, radius of gyration (Rg),

number of primary particles (npo) and fractal dimension (Dr).

Chapter 8 summarises key conclusions and recommendations for future work.
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CHAPTER 2 BACKGROUND AND LITERATURE REVIEW

2.1 Introduction

This chapter intends to provide background knowledge for a state-of-the-art
thesis. It begins with background information on Sl engines, explaining the
fundamental differences between conventional PFl and GDI engines. Subsequently, a
brief overview of GDI engine technologies is provided, with an evaluation of the
benefits of using GDI engines over PFl engines. The chapter also provides a
discussion of emission-based legislation and the compatibility of GDI engines within

the international framework.

The formation of gaseous emissions in Sl engines is subsequently discussed, as
well as the current methodologies and aftertreatment technologies used. The
discussion is furthered into PM emissions including its formation and its impact on
human health and the environment. Approaches to improve PM emissions through

abatement alternatives are also discussed.

Finally, this chapter contains a comprehensive literature review. For the purpose
of this thesis, the literature on combustion characteristics and gaseous emissions is
only emphasised on air-fuel ratio and DMC. Instead, the literature focuses on PM
formed in GDI engines, including; PM nature (oxidation reactivity, microstructure and
Nanostructure), influential factors on PM oxidation reactivity and, the impact of fuels,

engine parameters and aftertreatment on PM.
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2.1.1 Introduction of Spark Ignition Engines

The era of four-stroke combustion engines was progressively utilised from 1876
and it has been the blueprint for Sl engine design to this day [37]. Within a similar
transit of time, the Diesel cycle was developed for Cl engines in 1893 [38].
Fundamentally, the difference between Sl and CI engines lie in the type of combustion
that takes place. Spark-ignited engines burn with premixed flame, whilst contrarily,

compression-ignited engines burn with diffusive-flame [39].

Spark-ignited engines began using carburettor injections, gradually switching to
PFI and subsequently to GDI. Carburettor injections were rejected by automotive
manufacturers due to their greater emissions, delayed engine response time and
drivability [40], thus resulting in the adoption of PFIl. Subsequently, since the 90’s, GDI
has become increasingly favourable for use by automotive manufacturers in the effort

to reduce CO2 emissions through its higher precision of fuel injection control [40].

The dissimilarity between PFI and GDI is distinguished by their fuel delivery
systems due to the location of fuel injectors. For PFI, injectors are placed and mounted
in the intake manifold, close to the intake valves, so that fuel can be delivered during
the intake stroke as the valves are opened. In GDI, injectors are located on the cylinder
head and fuel is directly injected into the combustion chamber. PFI is believed to be
completely, or almost completely, mixed-charge due to the longer air-fuel mixing time.
Therefore, the shorter mixing duration in GDI engines require a significantly higher
injection pressure to ensure greater fuel vaporisation for better air-fuel mixing. This has
led to the implementation of high-pressure fuel injection, with high-pressure
mechanical fuel pumps feeding through common rails with pressure ranged between

50 to 200 bar.

12
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2.1.2 General Information and Types of GDI Engines

The extensive utilisation of GDI engines is due to a suite of advantages. The
first of these advantages is the superior cooling effect, as fuel is injected into the
combustion chamber [41]-[43]. This allows an increase of the compression ratio, as
the engine is less prone to knocking and pre-ignition due to the lower compression
temperature. With GDI technology, engine downsizing is possible with the application
of a turbocharger, resulting in lower emissions. It also improves the volumetric
efficiency [41], [42] and peak engine output, therefore enhancing the engine fuel
economy, particularly at mid-high load conditions [44]—-[46]. Furthermore, better fuel
economy is achievable due to higher precision and accuracy of the fuel injection into
the combustion chamber [47]. As a consequence, this provides improved engine
efficiency and a lower EGT, reducing the exertion of thermal effect on catalyst and

exhaust components [43].

GDI engines have been continuously improved since the 1990s [43], leading to
three designs namely, air-guided, wall-guided and spray-guided. These designs
determine the combustion mode; either homogeneous or stratified (partially mixed)
charge combustion. The combustion mode is controlled by fuel injection timing, either
during the intake stroke or compression stroke respectively, as shown in Figure 2.1.
The partially mixed-charge combustion is lean overall and can only be realised when
injections take place at a very close vicinity to the spark plugs. The partially mixed-
charged GDI engines usually operate in mixed modes. During low-mid load conditions,
charge is stratified. Conversely, homogenous modes are applied during mid-high load

conditions [48].

13
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Stratified

Figure 2.1: Homogenous and stratified charge combustion modes [49].

The initial design, or first generation, of GDI engines are known as ‘wall-guided’
(Figure 2.2a). The charge motion depends heavily on the geometry of the piston,
whereby a scooped design is implemented as the primary mechanism allowing for air-
fuel mixing which is subsequently diverted towards the direction of the spark plug.
However, a weakness of this approach is that injected fuel is unable to completely
evaporate, leading to fuel impingement on the piston head and causing greater HC,
CO and PM emissions [43], [49]. This phenomena increases the wall heat loss, limiting
the use to low-mid load conditions with greater loss exhibited at high load conditions

[43].

‘Air-guided’ GDI engines (Figure 2.2b) are an improved version of the first
design, and were released to address the weaknesses in the ‘wall-guided’ design by
using a ‘tumble charge’ motion to evaporate fuel injected prior being directed to spark
plug [50]. Tumble or swirl charge motion is generated during the intake stroke [51],
through specially designed intake ports which enable a desired amount of tumble
charge motion relative to the speed and load range [49]. Occasionally, ECU controlled

tumble flaps are utilised to provide the desired tumble charge motion [52]. A majority
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of stratified-charge GDI engines adopt this design with the use of large-scale tumble
motion to retain the compactness of spray (maintaining charge stratification) during the
transportation towards the spark plug [53]. This design is also frequently used in

homogeneous charge combustion mode engines [43].

Second-generation GDI engines later emerged using a ‘spray-guided’ method,
with fuel injection closely and centrally located on top of the combustion chamber as
indicated in Figure 2.2c. In comparison to ‘wall-guided’ and ‘air-guided’ designs, the
injectors are positioned further away from the spark plug [53]. This design enables
better stratification as well as obtaining the highest efficiency (lowest fuel consumption)
[53]. The tumble charge motion and piston geometry have negligible influence [53],
rather, the mixture is transported by its kinetic energy [53]. Under these conditions, the
spray and atomisation of fuel by the fuel injectors are of greater importance [51], [53].
Piezoelectric injectors are often applied because of their rapid response and shorter
minimum injection duration in comparison to conventional solenoid injectors [49], [52].
Fuel impingement can be reduced with a multi-injection (split injection) strategy. This
allows shorter spray penetration and enhanced atomisation with the use of
piezoelectric injectors [52]. The first injection takes place during the intake stroke,
which is similar to the fuel injection timing of the engine operating at homogeneous
charge combustion mode. The following injection occurs during the compression
stroke, which creates a stratified-charge mixture. During this process, fuel-rich mixture
is formed in the vicinity of the spark plug with a comparatively lean mixture surrounding

the combustion chamber.
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Figure 2.2: GDI engine (a) wall-guided (b) air-guided and (c) spray-guided [54].

2.1.3 Main Drawback of GDI Engines

The technological development of Sl engines (GDI engines) have yielded
numerous advantages in comparison to conventional PFI engines. These include; (i) a
similar or lower magnitude of gaseous emissions in homogeneous combustion mode.
(i) Significantly fewer emissions during cold start operations, as fewer cycles are
required for a stable operation due to faster warming up [43]. However, the formation
of PM is inevitable in GDI engines. This becomes a major concern, as PM emissions
are at considerably greater concentrations compared to conventional PFI engines [43],
[55]. This is apparent during stratified-charge combustion operations, where PM
concentrations were reported to be significantly higher than homogeneous charge
combustion [43], [56], [57], as well as other gaseous emissions. Further discussions

on gaseous and PM emissions will be discussed in later sections.

2.1.4 Exhaust Emissions Legislations
The European Union (EU) introduced its first legislation in 1970, imposing limits

on HC and CO emissions. Tests were carried out with European Driving Cycle (EDC)
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procedures comprising of three separate tests. NOx emissions were included in 1976,
and subsequently HC and NOx emissions were combined due to the conflicting engine
strategy in 1983 [58]. The first EU emissions standard (Euro 1) was announced in 1992
to control HC, CO and NOx emissions [59], followed by Euro Il in 1996 with reduced
emissions limits [60]. The enforceable standard in 2000, Euro lll, replaced the
combination of HC and NOx to focus on individual emissions. This occurred in
conjunction with the introduction of new test procedures (New European Driving Cycle
(NEDC) [61]. In 2005, Euro IV was proposed, containing tightened emissions limits
[62]. Subsequently in 2009, Non-Methane Hydrocarbons (NMHC) and PM mass
emissions limits were included in Euro V [63] with the announcement of CO2
reductions [64]. Table 2.1 is the current enforceable Euro VI standard (announced in
2014) since September 2017. Worldwide Harmonised Light-duty Test Cycle (WLTC),
which corresponds to Worldwide Harmonised Light-duty Test Procedures (WLTP),
were introduced to replace NEDC. One of the highlights were that the PM emissions
were tightened with PM number [63]. A full compilation of Euro emissions limits from

1992 to date is illustrated in Figure 2.3.

Table 2.1: The current enforceable Euro VI emission limits [63].

CO THC NOx NMHC PM Mass NuI:nl\f:)er
(g/km) (g/km) (g/km) (g/km) (mg/km) (#km)
1.0 0.1 0.06 0.068 4.5 6 x 106
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Figure 2.3: Euro | to Euro VI emissions limits.

In 2011, the research body of the Joint Research Center (JRC) of the EU
research team has found discrepancies in the emissions emitted by ICE between on-
road driving and laboratory test results [65]. For instance, NOx emission emitted by CI
vehicles were measured below permitted limit of 80 mg/km in the laboratory tests, but
the emission exceeded up to 700 to 800 mg/km during on-road driving. This has led to
the introduction of Real Driving Emissions (RDE) by the EU in 2017, imposing on the
PN and NOx emission limits [65], [66]. The emissions are monitored by the use of
Portable Emissions Measurement Systems (PEMS), with conformity factors due to
significantly lower repeatability of emissions measurement using PEMS [65]-[67]. In

the RDE procedures, it is like the WLTP with consideration of low, medium and high-
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speed conditions. But several extra factors are taken into account in the RDE tests,
which includes (i) payload, (i) altitude, (iii) ambient temperature, (iv) nhumber and

duration of stops, (v) speed and (vi) dynamic boundary conditions [65], [67].

2.1.5 Gaseous Exhaust Emissions Formation
2.1.5.1 Carbonaceous Emissions (HC, CO and CO2)

The ideal combustion scenario in an engine. However, complete combustion in
an internal combustion engine is almost impossible, resulting in undesirable emissions

including unburned HC and CO in the exhaust stream.

Several factors have been identified explaining HC emissions due to incomplete
combustion. The first factor includes ‘flame quenching’; causing a decrease in flame
temperature whilst approaching the combustion chamber wall. This limits the flame
range, particularly in crevice volumes (piston rings and valve seats). As a
consequence, HC emissions are formed from the absorption and desorption of fuel
vapor onto the cylinder wall and into air-fuel mixture. This forces the HCs into the
crevice volumes during high in-cylinder pressure circumstances, evading the main
combustion process [4], [68]. As the combustion stability (COVimer) drops, the chance
of misfiring and partial burning surges due to numerous slower burning cycles, leading
to an increase of HC emissions [4]. Finally, partial oxidation is also identified as a
source of HCs when the mixture is not well mixed (e.g. cold start and transient mode)
[39]. However, HC oxidation takes place throughout the exhaust stroke in the
combustion chamber and exhaust stream. This occurs at a lower temperature than CO
oxidation. On average, ~ 47 % of HC emissions reach the exhaust stream, and ~ 53
% of total HC emissions are oxidised in the combustion chamber. Out of the remaining

fraction, ~ 23 % that proceeds through to the exhaust is oxidised within the exhaust
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stream and with the application of aftertreatment, it manages to oxidise up to ~ 23 %.
Hence, only ~ 1 % of HC emissions are released into the atmosphere as tailpipe
emissions [39], [52]. These figures may differ for stratified-charge combustion; as
higher HC emissions are emitted into the atmosphere due to the lower in-cylinder
temperature resulting in lower post-combustion oxidation [43]. Figure 2.4 shows the

distribution of how HC emissions are oxidised during post-combustion oxidation.

Removal by
Exhaust
Oxidation

Removal by

Combustion
Removal by Chamber
Exhaust Oxidation
Oxidation y (53%)

Release to
Atomosphere
(<1%)

Figure 2.4: HCs emissions oxidation during post-combustion process [39].

The CO emission level acts an indicator for in-engine combustion completeness
[52], and is mainly influenced by the ¢ of the mixture [4]. CO emissions spike as the
mixture is enriched with fuel; and vice-versa as fuel is depleted [69] When the in-
cylinder temperature is high enough with sufficient oxygen concentration, it can
promote CO oxidation up to the expansion stroke. However, the rate of oxidation will
become negligible as the temperature drops [4]. The oxidation process of CO into CO2

can be referred to in Equation 2.1 to Equation 2.4. The primary oxidation reaction of
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CO is Equation 2.3 due to that Equation 2.1 is a slower process. Hydroxyl radicals
(OH) are continually produced by water, their formation is described through Equation
2.2 and Equation 2.4. Part of the CO emission contribution is by the dissociation of
CO2 at higher temperature due to the alteration of CO/CO2 equilibrium shown in

Equation 2.5 [4].

Equation 2.1 CO+ 0, » CO,+0
Equation 2.2 0+ H,0 - 20H
Equation 2.3 CO+0OH - CO,+H
Equation 2.4 H+ 0, - 0H+0
Equation 2.5 CO+ 20 & COo,

Despite the Euro standards omission of CO2 emission limits, the EU has set a
target to achieve 130 and 95 g/km by 2015 and 2021 respectively for light-duty vehicles
[64]. This was proposed to achieve the target by improving engine’s fuel economy.
Thus, an engine downsizing approach was adopted in the recent years. Additionally,
an alternative approach was utilised in the UK using oxygenated fuel, although it
compromises the fuel economy due to the lower LHV. It emits lower specific CO2

emissions as a result of shorter carbon chains [70], [71].

2.1.5.2 Oxides of Nitrogen (NOx) Emissions
In SI engines, NOx emissions are generally defined as the mixture of NO and
nitrogen dioxide (NOz). Commonly, only NO will be formed from combustion. NO2 is

found in a minor proportion to NO, with NO2 forming in the exhaust stream and
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atmosphere through the oxidation process rather than during combustion in the flame.
These NO2 gases are corrosive and may cause smog pollution [72]. NO can be formed
with four mechanisms; thermal NO, prompt NO, intermediate NO and fuel NO [30]. But
in ICE, thermal NO is recognised as a significant contributor in exhaust tailpipe
emissions. NO formation begins at temperatures of 1800 K and above. The NO
formation is assumed based on Zeldovich mechanisms described in Equation 2.6 to

Equation 2.8 [4] in which oxygen atoms, N2 and OH are a part of the equilibrium

concentrations.
Equation 2.6 O+ N, > NO+N
Equation 2.7 N+0, < NO+O0
Equation 2.8 N+OH e NO+H

The primary pathways of NO formation is via oxidation of N2 (Equation 2.6 and
Equation 2.7) [73]. These two mechanisms are dominant in lean and slightly rich
mixtures [74] are not substantial if the reaction temperature is below 1500K [75].
Oppositely, NO formation in rich mixtures takes a different course, preferentially using
OH radicals rather than oxygen atoms (Equation 2.8). NO formation rate can be
assumed using the exponential equation in Equation 2.9 [4]. Based on the equation,
NO formation rate is dependent on temperature (T), oxygen (O2) and nitrogen (N2)
concentrations, and residence time (t). Therefore, the engine operating parameters
that influence NO formation are ¢, valve overlapping, spark timing, engine speed and

flame temperature.
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) 16 —69,090
Equation 2.9 Aol = S P [N, ).[0,]2

2.1.6 Gaseous Emissions Control and Aftertreatment

2.1.6.1 Gaseous Emissions Control with Engine Parameters and Technologies
Various approaches have been adopted to improve tailpipe emissions from being

released into the atmosphere. This includes the re-use of residual gas fraction from

previous combustion cycles, known as EGR, which aims to improve engine

performance, efficiency and emissions [4]. During this process, residual gas can be

recirculated externally, using valves, or internally with engine valvetrain control [76].

IEGR retains exhaust gas by alternating the crank angle degree (CAD) of Intake
Valve Opening (IVO) and Exhaust Valve Closing (EVC). Based on the duration and
timing of overlap, various emission scenarios can be produced. Longer overlap can
reduce NOx emission efficiently by lowering the combustion temperature. A delayed
overlap (later IVO) can improve the THC emission as the oxidation process is

enhanced in the cylinder.

External EGR was initially implemented in CI engines by redirecting residual gas
into the intake manifold. This process aimed to suppress thermal NOx formation rate
by reducing the combustion temperature [77]. Subsequent research was performed for
GDI engines [71], [77]-[80]. Research demonstrated with the addition of EGR, most of
the gaseous emissions, except for THC (lower combustion temperature worsened HC
oxidation during and post combustion), were improved [44], [81]. Furthermore, as
combustion temperatures were lower, CO and NOx emissions were improved due to

decreased COz2 dissociation [81], [82], as well as slower NOx production rate. EGR also
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enhanced the engine fuel economy. As a subsequent effect, CO2 emissions were
reduced through reduced fuel mass injected into the combustion chamber. However,
a limitation of external EGR includes worsening of engine combustion stability beyond

controllable boundaries after a certain percentage of dilution [83].

Recently, a current trend in Sl engine technology to improve CO2 emissions
involves the application of turbochargers to GDI engines. This method is seen as the
most promising approach to reduce fuel consumption, as engines can be downsized
to a smaller displacement (cubic centimetre or volume), but with equal performance
[43], [84], [85]. Various car manufacturers have downsized their engines from naturally
aspired (NA) four-cylinder engines, to smaller displacement turbocharged four-cylinder
GDI engines, and recently, replacing with turbocharged three-cylinder GDI engines.
Eichhorn et al. [86], demonstrated 50% downsizing from 1.6 L NA to 0.85 turbocharged
two-cylinder engines was archivable with the same engine performance, with an
improved fuel economy up to 25%, thus lowering CO2 emissions. THC emissions were
also lowered with this approach, as less crevice volume was available. The study also
suggests that it was beneficial for NOx emissions, as combustion temperature dropped.
Adversely, slightly more CO was emitted as the oxidation rate reduced and delayed

catalyst light-off time during cold-start [43].

Another approach used to achieve CO:2 reduction is utilising the aforementioned
stratified-charge combustion mode. This combustion mode intended to reduce fuel
consumption [87], whilst simultaneously improving THC and CO emissions. Despite
better THC, CO and CO2 emissions, a substantial amount of NOx was produced during

the oxygen and N2z enrichening process (lean mixture) and it was not possible to meet
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the scheduled emissions standards. Therefore, an aftertreatment catalyst is required

to ensure emissions standards are met. This will be discussed in later in this section.

Split injection is an alternative method used in GDI engines that can improve
combustion and emissions. The first injection takes place during the intake stroke in
order to create lean homogenous charge, allowing combustion within an acceptable
combustion stability limit. The following second injection, a stratified-rich fuel is created
surrounding the spark plug vicinity. With the rich mixture, the ignition duration is
reduced, enhancing the combustion stability during ignition. As a consequence, fuel
consumption remains minimal during cold-start, pre-catalyst light off [88]. The overall
combustion is stoichiometric, which leads to the higher in-cylinder temperature.
Subsequently, the THC and CO emissions are improved by oxygen located in the
homogenous-lean layer. This approach is currently adopted by Mercedes-Benz,

achieving 5 injections per cycle with their current engine technology [89].

2.1.6.2 Gaseous Emissions Aftertreatment Technologies

Controlling emissions through engine parameter modification can be achieved,
but a ‘ceiling effect’ was observed, meaning having effect on emissions to a certain
extent based on literature reviewed. Therefore, exhaust gas aftertreatment (catalytic
converter) is implemented in internal combustion engines to effectively reduce the HC,
CO and NOx to meet the emissions limits. TWC is currently the most valuable
technology in Sl engines for emissions control since it can effectively remove THC, CO
and NOx emissions from the tailpipe [4], [39]. The removal is completed by reactions,
mainly via oxidation and reduction (Redox), which is promoted by applying precious
metals as catalysts such as Rhodium (Rh)-Platinum (Pt) or Palladium (Pd) only. TWC

can be made from cordierite or metal monolith substrate as a base, and is
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subsequently washcoated before the catalyst application using metal oxides. The
function of the washcoat is to produce a metal-support interaction between catalyst
and substrate, and to prevent or decrease the rate of catalyst ageing. TWC mainly
applies a porous-y-alumina (Al203) washcoat to support precious metals as it is high
in porosity, providing a high specific surface area (SSA). Other metal oxides such as
ceria (Ce20:3), zirconia (ZrOz2) etc. can be used as washcoat or as additives to enhance
or stabilise the catalyst. Ceria is a widely used washcoat enhancer, therefore washcoat
applied on the TWC has the capacity to store oxygen, which is vital for an excellent

TWC operation [90].

For maximum TWC conversion efficiency, a narrow range exists in AFR for
engine combustion, with maximum chemical equilibrium required to operate as
indicated in Figure 1.1. AFR in the engine periodically fluctuates, hence different
conversions happen during different engine conditions. During rich conditions, oxygen
stored in ceria will be released and oxidation of CO and HCs will take place (Equation
2.10 and Equation 2.11). Concurrently, CO and HCs are eliminated via Water Gas
Shift (WGS) and steam reforming respectively, forming CO2 as a end-product as
shown in Equation 2.12 and Equation 2.13. In lean conditions, NO reduction into N2
occurs through the reaction with CO, HCs and Hz2 (Equation 2.14 to Equation 2.16)

[4], [39], [90].

Utilisation of TWC is possible for stratified-charge combustion but it is only
extended to THC and CO emissions due to its overall lean condition. Hence, additional
catalytic converters specifically for NOx emissions must be installed. Two general NOx
aftertreatments have been introduced, the first being a lean-NOx catalyst and the

second, an NOx trap. Lean-NOx has a conversion efficiency range between 30 % and
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50 % and, restrictively, has operating temperature range is narrow between 180 to
300 C. Given these restraints, the approach has not been considered as workable to
achieve the emissions standards in the future [43]. Thus, NOx trap seems to be the
preferable approach, with greater conversion efficiency (above 90%) and a wider range
of operating temperatures (200 to 550 C). The basic operation of the NOx trap is to
convert NO to NOz2, which is achieved by catalytic absorption during lean conditions.
Subsequently NOz2 is released during rich conditions and react with HC, CO and H2 to
produce nitrogen, water and CO2 as end-products. These processes are periodical,
similar to a TWC operations [91]. Most importantly, it has close-coupled compatibility

to a TWC, allowing control of the cold-start emissions [43].

—

Equation 2.10 2C0+0, - 2C0, (CO Oxidation)
- Equation 2.11 C.H, + (x + %) 0, = xCO, + %HZO (HCs Oxidation)
o
§—<
'6—< Equation 2.12 CO+ H,0 = CO,+H, (WGS)
Equation 2.13 CyH, + xH,0 - xCO + (x + %) H, (Steam Reforming)
Equation 2.14 2C0 +2N0O - 2C0,+ N, (Reduction by CO)
S
S — Equation 2.15 4HC + 10NO — 4CO, +2H,0 + 5 (Reduction by HCs)
3
i
Equation 2.16 2NO + 2H, - N, + 2H,0. (Reduction by Hz)

O —
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2.2 Particulate Matter (PM)
2.2.1 Introduction and Background of PM

Since the announcement of the Euro V, attention has been drawn towards the
newly introduced PM mass emission limits. Further revisions of PM emissions were
subsequently tightened in Euro VI through limiting the PM number, following
measurements of PM concentration eight-to-ten times greater in GDI engine tailpipes
than PFI engines [43], [92]-[94]. This was emphasised in stratified-charge combustion
scenarios, which can emit up to 40 times more PM than homogeneous charge
combustion in GDI engines [43]. Furthermore, PM was discovered to be smaller in
agglomerate size than CI engines PM; considered hazardous to human health [95],

[96]. The hazards pose to human health and environment will be reviewed in section
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Figure 2.5: Typical particulate size distribution (PSD) in mass and number found in

exhaust emissions [97].

PM is composed of volatile and non-volatile fractions. Non-volatile fractions are

composed of components such as carbonaceous (mainly soot particles) and ash.
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Volatile fractions consist of nitrates, sulphates and HCs (organics) which are
condensed into particles or absorbed into solid soot particles [55], [97], [98]. According
to Kettelson’s finding [97], PM is categorised into three diameter (dp) size ranges
(Figure 2.5). This includes nucleation mode (dp < 50 nm) particles, mainly the
condensed organic volatiles which usually occur in the exhaust system [4], may also
contain some newly formed solid soot [99]-[101]. The adhesion of nucleation mode
PM onto larger PM can intensify PM toxicity and smog pollution, and can contribute to
secondary atmospheric PM formation [102]. It is about 1 to 20% of the PM mass, and
90% of PM numbers. Meanwhile, 5 to 20% of the PM mass is accounted by coarse
mode (dp = 100 nm), that primarily consists of multiple PM agglomerates. The
accumulation mode (50 < dp <100 nm) commonly seen in grape-like or aciniform form,
with irregular shape, forming due to agglomeration of carbonaceous soot primary

particles and absorption of volatile fractions.
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Figure 2.6: AED comparisons to aerosol particle size [55].

In the atmospheric aerosol quantitative method, PM agglomerate size is
characterised by its aerodynamic equivalent diameter (AED). They are labelled as PM

10, PM 2.5 and PM 0.1 corresponding to dp < 10 pm, < 2.5 pm and < 0.1 pm
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respectively. According to Figure 2.6, engine PM emissions are one of the major
contributors to atmospheric PM. The World Health Organisation (WHO) suggests PM
2.5 is one of the primary causes for approximately 800,000 premature deaths recorded
annually, ranking as the 13t leading cause of mortality around the globe [100]. Despite
smaller PM size posing higher risk to humans, it was claimed that particles equivalent
to or smaller than PM 0.1 can only reside for 15 mins in atmosphere. Whereas,
particles within the range of PM 2.5 to PM 10 can typically reside for a week. However,
smaller particles can prolong residence time by rapid diffusion and coagulation with

larger particles [103], posing a greater risk to human health.

Typical PSDs measured in Cl engines are usually seen in a very distinctive
bimodal, with a mean patrticle size of 30 nm and 200 nm respectively for nucleation
and accumulation mode patrticles [90]. Contrarily, SI engines are less defined, in a way
that both nucleation and accumulation mode particles are overlap. This makes
measuring PSD in GDI engines more challenging [104], as the PM nature is composed
of a higher volatile fraction in comparison to PM emitted by CI engines [92], [105],
[106]. This was demonstrated to increase with the use of second generation GDI
engines (spray-guided), depending on the operating conditions [56], [107]. This was
due to second-generation GDI engines being less prone to fuel impingement and
hence, leading to reduced soot formation [40]. Consequently, leading to a greater
concentration of nucleation mode PM, and altering the accumulation mode PM due
condensation and adsorption of volatiles. These processes exclusively occur when the
temperature drops below the dew point (saturation temperature) [55]. This frequently

takes place in the exhaust system as EGT drops, or during dilution at post-tailpipe.
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Therefore, it is extremely important to note the precise procedures during

experimentation.

2.2.1.1 Formation of PM

The formation of PM originates from 4 types of sources; (i) fuel, (ii) lubricant, (iii)
air and (iv) material breakdown in the engine [104]. The main source of PM is from fuel
during elevated load, abrupt acceleration and cold start conditions [5], [108], [109].
Principally, PM is formed because of direct carbonisation of unburned fuel droplets [56]
and incomplete combustion [110], [111]. This leads to yellow diffusive pool fires in the
rich fuel pocket and fuel film [80], [112]—-[114]. The droplets, rich fuel pockets and fuel
films can be attributed to several factors including [113], (i) poor fuel vaporisation due
to injector deposit choking, (ii) fuel impingement on the engine top, cylinder wall and
piston top and (iii) inhomogeneous air-fuel mixing. There are suggestions to minimise
the formation of PM, which can be performed through engine design and operations
[115] (i) air delivery, (ii) fuel delivery, (iii) combustion control and (iv) engine parameters
conditioning. The enhancement largely emphasises better air-fuel mixing processes.
Additionally, the improvements can also be implemented at the exhaust system, such
as installing hot exhaust manifolds to promote PM oxidation and the application of
aftertreatment like particulate filters. Table 2.2 is the summary of PM sources and

potential strategies for improving PM emissions.

Thermodynamically, PM should only form when the carbon-to-oxygen ratio

(C/O) exceeds unity, resulting in m becoming larger than 2y as shown in Equation

2.17 [1186].
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Equation 2.17 CnH, +y 0% - g H, + (m = 2y) C,

Table 2.2: Summary of PM source and proposed improvement.

Source [56], [80], [110]-[114] Proposed Improvement [115]

Direct carbonisation of fuel and diffusive 0] Air Intake
. - Ensure sufficient air for combustion
yellow flame combustions.
- Increase intake air temperature

- Optimising valve overlapping and residual gas

0] Poor Vaporisation )
mixture
(i) Fuel Impingements
(i)  Inhomogeneous Air-Fuel Mixing (i) Fuel Injection

- Optimising spray pattern

- Increase injection pressure to reduce fuel
impingements and to atomise into small droplets

- Increase fuel temperature for better vaporisation

- Adopting split injection strategy

- Increase precision on global air-fuel ratio

(iii) Combustion Control
- Optimising charge motion level
- Ensure sufficient air-fuel mixing to prevent rich
mixtures
- Increase intake charge temperature

- Spark timing optimisation

(iv) Engine conditioning
- Warm cylinder wall
- Reduce oil layers in cylinder
- Preventing introduction of intake system
deposits and oil residuals from venting system.

(v) Exhaust System
- Hot exhaust manifold for better PM oxidation

- GPF application

Formation of PM is dependent on the surrounding temperature, as well as the

equivalence ratio at the critical sooting threshold (¢ critcal). Despite numerous
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publications, no defined standard exists for the temperature range and ¢ critical. Steimle
et al. [113] suggested the PM formation process occurs in the temperature range of
1700 and 2600 K, and ¢ critical at approximately 2 [117]. Hageman et al. [118] observed
PM is likely formed between 1400 K < T < 1700 K, and 1.3 < ¢ critical <1.4. However,
PM formation is inhibited as soon as temperature exceeds 2200 K due to the oxidation
of PM precursors. Contrarily, Kittelson et al. [97] proposed a temperature range of 1400
K < T <2000 K and ¢ critical > 1.4. Additionally, PM oxidation outweighs PM formation
during stoichiometric and lean conditions, at maximum rate for T > 2000 K. This
indicates PM is unlikely to form during early combustion, and more likely to form at the
end of combustion, or marginally after the main combustion by the reaction of PM
precursors. These precursors are mainly HCs forced into the crevice volume during
the compression stroke. As cylinder pressure is relieved, HCs re-enter the combustion
chamber (in close proximity to the cylinder wall) within the temperature range.
However, the PM formation process will not develop during the exhaust stroke, or in
the exhaust system, due to insufficient energy (insufficient temperature) for oxidation
or formation to take place [98]. Published results from the literature may not be
contradictory but may reflect variation of engine speed and load. PM formation is
affected by temperature, pressure and residence time [119]. Consequently, shifting the
formation temperature and ¢ critcal leads to compromise between oxidation rate of

precursors, and PM formation [120].

PM emitted by SI engines are comparable to Cl engines by evaluation of the
chemical composition and morphological analysis [121]. Therefore, it was proposed
that the formation of PM for both SI and CI engines are formed through similar

processes [122]. Several publications advocate the same mechanisms for PM
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formation [112], [113], [118]. These mechanisms include (i) inception, (ii) nucleation,
(i) growth, (iv) agglomeration, (v) carbonisation and (vi) oxidation [4], [55], [80], [116],

[123], [124].

The_Inception stage involves fuel pyrolysis occurring thermally and oxidatively.
The process requires high pressure and temperature conditions to generate PM
precursors, known as polycyclic aromatic hydrocarbon (PAH). Key intermediaries for
formation of PM is the aromatic ring/benzene (CsHs). Thermal pyrolysis occurs when
the surrounding conditions are anoxic (no oxygen) and the temperature exceeds
approximately 673 K [80]. This is a dehydration reaction requiring high activation
energy, resulting in H, OH, methyl (CH3) radicals and some other aliphatic compounds.
These compounds are composed primarily of various decomposed HCs from parent
fuel molecule with low molecular weight fragments (lighter HCs < C4 group) [113],
[116], [125], such as methane (CHa4), acetylene (Cz2Hz), ethylene (C2Ha4), propynyl
(CsHs), propane (CsHs) and butadiene (CaHs) [112], [116], [126], [127]. Oxidative
pyrolysis occurs during oxygen deficient conditions, within 1900 K < T < 2300 K [112].
Similar HCs aliphatic compounds are formed [125], [128], in conjunction with the
formation of CHs and ethyl (C2Hs) radicals [113] due to the reaction process with H,
OH and O [116]. The HC aliphatic compounds and radicals are thermally stable but
extremely reactive. This is proceeded by a Hydrogen Atom Transfer (HAT) reaction
between small radicals and large molecules to form larger and higher stability radicals
[125]. Following this reaction, the highly important acetylene forms the first aromatic

ring, illustrated in Figure 2.7 [129].
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Figure 2.7: Suggested first benzene ring formation pathway [129].

The further growth of aromatic rings to PAHSs is hypothesised to happen through
two different processes; hydrogen abstraction—acetylene addition (HACA) and ring-
ring direct condensation shown in Figure 2.8 and Figure 2.9 respectively. The HACA
process requires activation by hydrogen abstraction to produce a PAH radical, and
acetylene is subsequently added to aid the development and cyclisation of the
aromatic ring into a larger PAH [129], [130]. Ring-ring direct condensation (PAH-PAH
radical combination) takes place when the aromatic ring concentration is sufficient
under limited acetylene conditions. The process requires the formation of biphenyl
formed by benzene and phenyl, allowing it to proceed with HACA or benzene to form
three-ring phenanthrene or four a ring aromatic [129]. However, the competition
between the two processes is determined by the ratio of acetylene to benzene. When

the ratio approaches or exceeds one, then HACA will be dominant and vice-versa.
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Figure 2.8: Pathway for PAH growth via hydrogen abstraction—acetylene addition

[129].

Since the growth processes are reversible, decomposition of PAHs can be
initiated when temperatures are greater than 1800 K. Not all PAHs are PM precursors.
As reported Mansurov [131], only PAHs weigh between a molecular mass of 500 and

1000 atomic mass units (amu) are more likely to form PM.
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Figure 2.9: Ring to ring direct condensation pathway for PAH growth [129].

The following process is the nucleation stage. Once PAH growth exceeds four-

ringed or larger [80], the first identifiable primary particle (formed around 5 nm to 30nm)
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IS observed and is referred to as the nuclei [112]. This can take place homogeneously
or heterogeneously, corresponding to the same form (liquid and liquid) or mixed form
(solid and liquid) [132]. Several theories exist on formation of PM nuclei; broadly
categorised into direct or indirect routes [4]. The direct route is a condensation process
and is usually more rapid, whist the indirect route requires a longer formation time -
such as radical addition, PAH and polygene modelling theories. Graham et al. [133]
suggested PAHs are condensed into graphite-like structures; occurring without
alteration or breaks in the aromatic structure when T < 1800 K. Other studies propose
an alternative course; through condensation of large PAHs in gas form into liquid
microdroplets. This occurs due to the instability when approaching supersaturation
point (during temperature decrease) and subsequent carbonisation into nuclei [134].
These two theories were believed to be associated to the PM formation due to direct

carbonisation of fuel droplets as aforementioned (Table 2.2).

Siegmann et al. [135], proposed nuclei formation under high pressure occurs
via rapid chemical condensation of radicalic or reactive molecules, whilst the indirect
PAHs model theory is more favourable for low pressure conditions. The commonly
accepted hypothesis for nuclei formation is the indirect route, radical addition theory.
The theory associates growth of PAHs into larger clusters by aliphatic HC compounds,
forming nuclei once the cluster grows between temperatures of 1300 K < T < 1600 K
[126], [130]. The PAH model and polyene model describe two indirect routes which
depend on the molecular precursors present. In the PAH model, two large PAHs
monomers are stacked together through collision, in sandwich-like form, by van-der-
Waals forces to form a PAH-dimer [130], [135]. The dimers collide with PAH molecules

or dimers to form PAH-trimers or PAH-tetramers, and rapidly turn into solid particles
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as size increases [136]. Under the polyyne model hypothesis, every gas-phase radical
has the capability to form polyyne complex. This occurs by fast polymerisation of
supersaturated polyyne vapour, leading to PM nuclei. The polyyne complex is formed
by the reaction between polyyne molecules and polyyne radicals, or both polyyne
molecules [130], [137]. Despite these aforementioned theories, PM formation is a
highly endothermic reaction. Physical condensation cannot explain the high activation
energy [138], and it is believed that many chemical processes are simultaneously

taking place during this stage of PM formation [55].

Particle growth is a process that occurs through two mechanisms; growth by
surface and particle coagulation. The former involves addition or adhesion of gas
phase species [116] (primarily acetylene and PAH species) [112], [113], [130]. These
species exhibit a carbon-layered microstructure (graphene fringe layers) of the outer
shell in nanoscopic magnification [55]. The outer-layer appears to be more ordered in
structure in comparison to carbon layers in the core (nuclei) [139]; altering the surface
reactivity of the particle [140]. Surface growth simultaneously occurs with the
nucleation process [141]. The process significantly affects the PM mass, however does
not affect the PM number [113], [116], [134]. To date, the process is not fully
understood, however it appears that particles can be chemically bonded or physically

adhered.

In the chemical bonding concept, Frenklach et al. [142] attributed surface growth
to the HACA mechanism, similar to the inception process. It is thought that fresh nuclei
are large molecules identical to PAH edge sites, covered with multiple C-H bonds.

Hence, abstracting hydrogen will lead to the formation of active sites, forming surface
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radicals. The release of the free radicals allow PAHs species to chemically bond,

promoting surface growth [130].

Physical adhesion, known as direct condensation, is where gas-phase PAHs
molecules are directly accumulated onto the nuclei [80], [140], [143]. The collision is
thought to take place during the nucleation/surface growth process, immediately after
PM nuclei formation [113], [144]. It was thought to happen during nucleation/surface
growth process immediately after PM nuclei formation [134], [145]. Occasionally, part
of the primary particle is unobservable in TEM, due to the merging of two nuclei into
one [130]. In this scenario, the overall PM number decreases whilst mass is maintained

[124], [130] and the effective diameter of particles will increase [116].

Once the coagulated PM matures and becomes more viscous, agglomeration
between coagulated nuclei is initiated. This forms an irregular, loose-structured,
agglomerate with fractal like geometry (aciniform) [112], [113], [138], [144], without
drastic changes to the total surface area [144]. Agglomeration is a synchronised
process that occurs mainly within the exhaust stream, with surface growth and
oxidation simultaneously taking place. The stages in which particle coagulation and
agglomeration occur is distinctive. Coagulation takes place when particles are new,
whereas agglomeration takes place during the later stages of maturation. Matured
particles exhibit ‘non-coalescent’ form, whilst the viscid and tarry nature in newly

formed particles result in the ability to fuse easily [55].

Carbonisation occurs during the later stages of PM formation, and is assumed
to occur simultaneously with agglomeration [146]. This stage primarily increases the

structural order of the graphene layer located on the outer shell of particles, leading to
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some loss in PM mass without affected the PM number. Based on the theory proposed
by Xi et al.[130], mass loss occurs due to elimination of the functional group,
cyclisation, ring condensation and ring fusion. This is accompanied by the

dehydrogenation process, and the growth and alignment of polyaromatic layers.

PM oxidation is a heterogenous, oxidising process for PAHs species and PM
particles [147]. Oxidation is a kinetically controlled process, occurring any time
between inception and agglomeration of a particle [4], [55]. Main oxidising agents are
OH, O and O2, some agents contributing to oxidation process are COz2, NO, N20, NO2
and H20 [113], [130]. The dominant oxidiser is dependent on the ¢ [148]; OH is the
main oxidiser in fuel-rich conditions (¢ > 1). Contrarily, Oz is the main oxidiser for fuel-
lean condition (¢ < 1). Generally, oxidation is a two-step process comprising of the
transfer of oxygen atoms onto PM surfaces by chemical attachment, forming a solid
complex. This is followed by a reaction with carbon atoms originating from PM,
desorbing from the surface as by product (CO and CO2) [149]. The full or partial
oxidation of PM is a non-reversible process. This is especially relevant to CO, which
will not reform into PM even under fuel-rich conditions [113]. The PM emitted by the
engine is a direct compromise between oxidation and formation. Realistically, more

than 90% of the PM formed is depleted by the process of combustion [55]

2.2.1.2 Impact of PM

The introduction of PM limits in the Euro legislation originates from concerns
regarding the adverse impact on the environment and human health. In environmental
terms, PM has been evidenced to lead to global warming [150]—-[152]. It has been
reported to be the second most important contributing factor after CO2 [153]. A large

guantity of published research details a large array of environmental impacts. Critically,
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this includes evidence of increased absorption of solar radiation that has led to a net
increase of atmospheric temperature. Moreover, accumulation mode PM and smaller
(< PM 25) is broadly equivalent to the wavelength of light; resulting in light
dissemination and the production of haze (low visibility) [152], [154]. Other negative
environmental impacts include infrastructural damages through the effect of building
soiling and acid rain from PM pollution [152], [154]. The environmental consequences
of PM are also exacerbated, as pollutants can be dispersed very long distances
through wind and water. The Environment Protect Agency (EPA) of the United States
[152] reported increasing acidity in lakes and streams, disruption in water nutrient
balance, reducing nutrients in soil, ecological disruption to fauna and flora, and

reduced diversity of ecosystems..

The potential health repercussions of PM is assumed to be the primary driving
factor that led to the emergence of Euro VI emissions legislation. As a response, the
EU commission proposed defined limits based on PM concentration (6 x 106 #/km).
Attempts to enforce these restrictions follow evidence that suggests that human health
is directly impacted by PM number, rather than PM mass [55]. The evidence is based
on emissions from Cl engines [112], which have been labelled as carcinogenic in June
2014 by the WHO [113]. The degree of severity is highly dependent on the residence
time in the atmosphere and lungs, the rate of penetration into the human body,
penetration depth and its toxicity. These parameters are strongly influenced by the
morphological and chemical characteristics of the PM, as well as particle size and
specific surface area [155]—-[157]. Seaton et al. [158] demonstrated that smaller PM is
more hazardous, as it penetrates deeper than larger particles. The research illustrated

that ultrafine PM can transfer into the bloodstream, penetrating deeper into the lungs
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before deposition [55]. This results in subsequent spreading to other organs, such as
the liver and brain [159], causing cardiopulmonary inflammations and diseases
(respiratory and cardiovascular), which is evidenced to increase the likeliness of
premature death and worsened allergies [154], [160], [161]. Respiratory problems such
as asthma and bronchitis are also associated to respiratory diseases caused by PM
[160], [162]-[164]. Research published by R.Jahn [165] evidenced that Nano sized PM
can reach lung alveoli, leading to the failure of self-cleaning process by macrophages.
In addition, cardiovascular complications such as heart and cerebrovascular diseases
may occur if PM in the bloodstream result in blockages to the arteries [166]—[169].
Other publications cite direct correlation between PM and lung cancer, due to body cell

mutations after long term exposure [170]-[173].

2.2.1.3 PM Control Technologies

Possible approaches designed to reduce PM is tabulated in Table 2.2. Out of
these approaches, GPF appears to be the most feasible. Generally, GPFs are
modelled on the design of the diesel particulate filter (DPF). However, optimisation is
required due to lower concentrations and smaller PM emitted by GDI engines. A
particulate filter is usually made out of Cordierite and SiC, in the form of a wall-flow
‘honeycomb’ design consisting of many parallel channels alternatively plugged at the
end of the monolith substrate (Figure 2.10) [174]. The GPF design is based on a model
of a unit collector filtration system, comprised of three main mechanisms [174]. These
mechanisms are; Brownian Diffusion, Inertia Impaction and Direct Interception
illustrated in Figure 2.11 [174]—-[176]. Although there are other mechanisms that occur

during the filtration process, such as Thermophoresis, Electrostatic Force Attractions
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and Sedimentation (gravitational force effect), they are neglected due to their negligible

involvement [175].

Wall
> Plug
Wall

Figure 2.10: Schematics of wall-flow honeycomb of a particulate filter.

Particle movements formed from Brownian diffusion are characterised by Peclet
number (Pe), occurring due to gradients in particle concentrations between the bulk
flow and power walls of the filter [174]-[176]. This is experienced by smaller particles,
and can be influenced by gas flow rate and particle size. This mechanism is due to
adhesion of particles in random motion, induced by the Brownian motion - favouring
low flow rates and smaller particle diameter. Inertia impaction is a mechanism caused
by inertial force, when particles are unable to follow the abrupt streamline variation.
Therefore, particles deviate from the streamline and into the filter. Stokes’ number (Stk)
is applied to characterise this mechanism, peaking when filter porosity is at a minimum
under high flowrate conditions. Finally, Direct Interception is the ratio between particle
diameter and the characteristic length of the filter. Particles under this mechanism are
deposited in the filter when following the streamline but pass within one particle radius

of the collection body.
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Figure 2.11: Filtration mechanisms of particulate filter (a) Brownian diffusion (b)

inertia impaction (c) direct Interception.

A region exists where filtration efficiency is minimal, commonly reported within
the accumulation mode PM range of 50 nm < dp < 500 nm [177]. It is known as
Greenfield gap (shown in Figure 2.12). It is claimed that particles within the mentioned
range are too heavy for the Brownian diffusion mechanism to operate, and are too light
to produce enough inertial force for Inertia Impaction or Direct Interception
mechanisms to take place effectively [35], [178]. The Greenfield gap effect can be
mitigated against by two factors; filtration velocity (Ufsitration) and Mean Pore Size (MPS)
[179]. Decrease in Usitration can lead to a longer residence time of particles in the filter
and boost Brownian diffusion. Whereas, a filter designed with a small MPS can also
improve the filtration through decreased particle penetration. However, the peak of the

Greenfield gap may vary.
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Figure 2.12: Greenfield gap in typical particulate filter influenced by (@) filtration

velocity (b) mean pore size and (c) is overall filtration efficiency of DPF [175], [179].

Even if the Greenfield gap region does exist, it will gradually reduce, and later
disappear proportionally to exhaust gas exposure time. The improvement is associated
to PM accumulation on the filter. Accumulations fill the porous medium, resulting in the
creation of a PM cake layer on wall channel surface that takes over the filtration

function [7]. Figure 2.13a illustrates 4 accumulation phases for PM layer formation.
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These phases are also directly correlated to the induced back pressure, known as

pressure drop (Figure 2.13b).

Phase 1: Fresh filter Phase 2: Porous medium wall loading ~ Phase 3: PM bridgingin porous  * phase 4: PM layer formation
medium (a)

Pressure Drop (mbar)

Q
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[
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(b)

PM Mass

Figure 2.13: (a) Conventional PM layer formation on particulate filter (b) pressure

drop concept of particulate during PM layer formation.

Phase 1 illustrates the interval where the particulate filter is fresh and the lowest
back pressure is induced. Subsequently, phase 2 and 3 reflects the loading of the
porous medium wall; where PM starts to form a bridge across the pores. These two
phases are the primary factors influencing the non-linear rapid increase of back

pressure, due to flow restriction as pores become plugged.
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A thin PM cake layer begins to form in phase 4, shortly after phase 3. As the
thickness of the PM cake layer grows, a greater pressure drop is induced and
continues in a linear fashion throughout phase 4; from which the thickness can be
estimated. The PM cake layer enhances the filtration process by subsiding the particle
penetration. However, this can be undesirable due to the increase of back pressure,
leading to deterioration of engine performance (fuel economy and power output). For
example, Saito et al. [7] observed a drop in fuel economy during high speed and load
conditions. Richter et al. [180] reported no difference in fuel consumption under NEDC
and United States Federal Test Procedures (FTP). Whereby, Ito et al. [181], found a
loose correlation between pressure drop and fuel economy under NEDC and WLTC
tests. The power output was measured to be marginally lower, as the pressure drop
magnitude increased [180], [181]. However, studies suggest that the application of
turbochargers in engines can compensate for power loss caused by the pressure drop
effect [181]. Based on the previous research, the importance of maintaining a balance
between excellent filtration and low pressure drop of a particulate filter is key to
maintaining vehicle performance at its peak in accordance with Euro emissions

legislation.

ltiole Iniecti

The aforementioned multiple injection strategy can be used to reduce gaseous
emissions. It is also capable of reducing PM emissions in accordance with the Euro VI
limits in the absence of a GPF; namely BlueDIRECT engines by Mercedes-Benz [89].
Many previous publications have demonstrated reductions of PM emissions emitted
by GDI engines across the engine map [182] as well as during warm-up conditions

[86]. This has been regarded as a highly effective method [183].
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The theory behind this approach involves splitting a single injection into two, or
several injections with a reduced fuel quantity. This can reduce the penetration length
of the fuel injection spray, and achieve greater homogeneity in the fuel mixture [80]. As
a consequence of these modifications, the methods intend to reduce fuel impingement
on the cylinder top and wall, and develop fewer fuel-rich regions in the combustion
chamber. Whitaker et al. [184] demonstrated that multiple injections can significantly
lower PM formation during combustion, showing agreement with He et al. [5] who
reported more than 50% reduction in PM formation. Other research conducted by
OudeNijeweme et al. [185] reported more than 80% reduction in PM emissions during
the first 200s of NEDC. A certain reduction was also observed during steady state
testing. Additionally, the research illustrated that increasing the number of injections
with decreased fuel quantity reduced PM emissions by 60% and 80%, as injections

were split into two and three respectively [186].

2.3 State-of-the-Art

The following section will review relevant literature detailing combustion
characteristics and gaseous emissions in air-fuel ratio and DMC. The main focus of
the review is centred on recent technological advances and their influence on PM

emissions and characteristics.
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2.3.1 Combustion and Gaseous Emissions Characteristics

Generally, A studies in S| engines are well established. Lean combustion is
generally still favourable for its efficiency in fuel economy and engine efficiency [187].
There is a distinctive trend of combustion stability and gaseous emissions as the A gets
leaner or richer. Combustion stability improves (reduction of COVimer) with decreasing
A. Conversely, combustion stability deteriorates when A increases. A lean limit defined
by the COViver at approximately 5%. Excess air in the combustion chamber dilutes
the combustion process in a leaner mixture, leading to longer combustion duration [4],
[188], [189]. Itis attributed to the longer ignition duration (MFBO to MFB10), indicating
a slower flame speed and instability during early flame development. It is also reflected
in the CAD of the rate of heat release (RoHR) [190]. Greater thermal efficiency is
achieved under leaner combustion as the specific ratio of heat (y) is increased [191]
and impacted by the longer combustion duration [192]. Contrarily, the opposite effects

are present during richer combustion.

In the case of gaseous emissions, CO2 and NOx will surge during lean
combustion. An increase in CO2 is expected when THC and CO emissions are
reduced. This is due to excess air in the combustion chamber, (i) promoting a more
complete combustion reaction and (ii) the enhancement of THC and CO during post-
combustion oxidation [189], [191], [193]. The presence of excess oxygen in the
combustion chamber, in conjunction with sufficiently high temperature, results in a
higher rate of NOx formation [189], [191], [192]. Furthermore, longer combustion
duration increases the residence time in the combustion chamber, boosting formation

rate [189].
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By the Effect of Di-Methyl Carbonate

In the past, DMC has been comprehensively evaluated in Cl engines. However,
uncertainties still exist in SI engines due to limited literature. Studies show that use of
DMC in Sl engines can achieve positive results, by obtaining higher indicated mean
effective pressure under lean combustion when compared to ethanol and ETBE [194].
It was attributed to a faster flame speed of DMC promoting isochoric combustion.
Additionally, Gopinath et al. [195] achieved an improvement in thermal efficiency from

enhanced combustion through increased oxygen and RON.

In the case of emissions, oxygen contributed by DMC promotes more complete
combustion, resulting in less THC and CO production [32], [195]. Experiments
conducted by Wen et al. [32], NOx reduction is only observed during near
stoichiometric combustion mode; justifying lower flame temperature. Contrarily,
Gopinath et al. [194]. ] measured more NOx emissions when in-cylinder temperatures
were higher; attributed to improvement in combustion. In comparison, Alzueta et al.
[15] kinetic modelling study reported no observable changes in NOx during lean and
stoichiometric combustion. This was attributed to the reaction between key species
(ketenyl radicals (HCCO) and NOx), which are only active during rich combustion.
Although HCCO were also present during stoichiometric combustion, but the presence

of oxygen resulted in the oxidation of HCCO.
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2.3.2 PM Characteristics
2.3.2.1 PM Nature
PM Microstructure and Nanostructure

The visual nature of PM formed in GDI engines are usually aciniform, or grape-
like, exhibiting similarity to PM formed in CI engines [196]. However, the microscopic
and Nanoscopic assessments of PM varies according to engine conditions and the fuel
blend used. From a micro-scale view, it is reported that PM can be composed of (i)
fractal-like PM, (ii) spherical, or sub-spherical volatile droplets (formed by HCs), (iii)
small agglomerates comprised of tiny primary particles (approximately dpo= 6 nm), (iv)
fractal-like PM with presence of HCs and (v) small spherical PM [8], [197]-[199]. In
addition, traces of other elements were detected such as P, S, Ca, Zn, Mg, Mo, Na,
Fe, Cr, Al and Cu, which are sourced from engine additives, lubricants and metal wear
[200], [201]. These agglomerates are made up of primary particles, formed by
collisions, during the agglomeration stage of PM formation [196], [197], [200], [202],

[203]. The range of dpo is between 5 nm and 65 nm [204], [205].

Radius of gyration (Rg) is the average distance between the centroid of
agglomerate to the centre of each primary particle. The range of Rg acquired by the
literature, is measured approximately between 5 nm and 400 nm for GDI engine PM
[8], [199], [202], [206]. Fractal dimension (Dr) assesses the shape of PM agglomerates
to determine the type of collision that has taken place during agglomeration process
[199], [207]—-[209]. There are two methods that have been proposed to study the Ds; (i)
the linear regression method [8], [199], [210], [211] and (ii) root form factor (RFF) [8],
[199], [202] which will be elaborated in 3.8.3.5 Fractal Dimension (Df). The range is

reported; 1.44 < Dr< 2.39 and 0.29 < RFF < 0.4 respectively for both methods. In
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regards to Nanostructure, PM primary particles are observed to have similar
appearance to PM formed in Cl engines [212]. The structure contains an (i) inner core
(concentrated graphene layers with a turbostratic structure, or amorphous graphene
layers), (ii) outer shell middle onion-like structure with orderly, structured graphene
layers containing a minor fraction of amorphous graphene and (iii) a coating of
amorphous ring (HCs layer) [200], [202], [205], [213]-[216]. PM primary particle
formation is initiated with the inception of amorphous graphene layers. This is
subsequently crystallised into more ordered structure of graphene layers, under the
exposure of heat towards the nucleus from the ‘outside-in’. This is followed by HC
absorption and condensation, resulting in the final amorphous coating on the particle
[217]. In general, the graphene layer characteristics are often assessed in
Nanostructural analysis by the fringe length (La), fringe tortuosity, and fringe layer

distance.

dati -

Investigations into PM oxidation reactivity is measured by its activation energy
(Ea), via a ramp programmed study, or measured by the time taken for PM to
completely oxidise with an isothermal study. These methods are crucial for designing
GPF regeneration strategies. Comparisons have been made between PM formed by
GDI and CI engines, that have indicated that PM from GDI engines have greater
reactivity [196],[218]. Publications have reported that Ea of ClI PM falls into the range
of 100 to 300 kJ/mol [219]. Whereas the window for GDI PM has been measured at
125 kJ/mol < Ea < 256 kJ/mol. The literature reports that Ea is subjected to engine
operating conditions, fuel, PM collection methodology and evaluation [205], [217],

[218], [220]. Therefore, other factors may influence oxidation reactivity. Through visual
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assessment, theories relating to the influence of PM oxidation reactivity in Cl engines

can be adopted for GDI.

dati ity Eff . LCl L

In terms of the microstructure scale, the effect of PM oxidation reactivity is related
to specific surface area (SSA), linked to dpo, Rg and Dr. Numerous studies have
proposed that the alteration of dpo, Rg and Dt is influenced by different engine operating
conditions and fuel type used. Studies conducted by Lapuerta et al. [211] and
Rodriguez-Fernandez et al. [221] reported an improvement in PM oxidation reactivity.
The studies show that smaller average dpo and Rg have higher SSA for contact with
oxidisers, resulting in enhanced oxidation. Moreover, lower Dt agglomerates (more
chain-like agglomerates) also exhibit higher SSA, containing a more open
configuration (more exposure) with respect to higher Dt (more compact clustered

agglomerates) [222], [223].

dati ity Eff Lc) -

The Nanostructural effect on PM oxidation reactivity is strongly linked to the
graphene layer variation in La, fringe tortuosity and fringe distance separation.
Nanostructural analyses can provide an understanding on how the carbon atoms
located in both basal plane and edge site can affect the oxidation reactivity. Carbon
atoms at the edge site are found to have greater reactivity, approximately 100 to 1000
times more than carbon positioned in basal plane [224]. The metric value of La is an
indication of the carbon atom ratio present at the edge site and basal plane (C edge /C
basal). Therefore, PM with shorter La exhibits rapid oxidation compared to PM that
possess longer La[149], [224]. The variation in oxidation rate is related to carbon atoms

at the edge site being bonded by unpaired sp2 electrons, which are prone to attachment
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by oxygen molecules. Conversely, chemical bonds formed between atoms in the basal
plane share 1 electrons (stronger bonds). Furthermore, the edge sites are more

exposed; accessible for oxygen reaction.

Fringe tortuosity measures the curvature of the graphene layer. Amorphous
concentrations of PM can be referred to the width of distribution and mean value of
magnitude of curvature (fringe tortuosity) [224]. Curved fringes reflect an absence of a
stable 6 membered ring, known as a layer defect [202], [214], [225], [226]. This
phenomenon is known to reduce the stability of C-C bonds located in the basal plane,
because of the overlap of atomic orbitals. This means that C-C bonds are weakened
and are susceptible to oxygen attack, leading to more superior oxidation reactivity.
Furthermore, Lapuerta et al. [211] demonstrated that curved fringes are more likely to
be removed from the outer layer of PM compared to flatter fringes, providing better

reactivity.

The separation distance of the fringe can improve PM oxidation reactivity, as it
characterises the structure of graphene layers (magnitude of similarity to graphitic
structure) [227]. Larger fringe separation distances represent instabilities in PM, which
facilitates oxidation reactivity by promoting oxygen reaction with carbon atoms through

access to the edge site.

Vander Wal et al. [228], [229] published that PM oxidation reactivity does not only
depend on its initial Nanostructure. Another critical factor includes synthesis
conditions, such as temperature and residence time during formation. Longer
residence time and higher combustion temperature alters the Nanostructure of PM

towards less reactive nature, regardless of the fuel utilised. This was also
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demonstrated by Appicella et al [230] in their recent study, who demonstrated that as
PM ages and matures, oxidation reactivity decreases. This is reflected by longer La

and lower tortuosity.

Functional Groups

The ratio of VOM to elemental soot can facilitate the oxidation of PM. VOM are
composed of unburned HCs, oil-derived HCs, water and other fuel and lubricants. As
the ratio of VOM increase in PM via absorption and condensation, it can create new
micro-pores as new channel for oxygen attack during the post-devolatilisation process.
New pores result in higher SSA, which subsequently promotes the oxidation kinetic

mechanisms [208], [231], [232].

Studies have reported that the presence of ash can have positive effects
regarding PM oxidation reactivity. In Cl engines, the process of catalytic impact by ash
has shown that PM oxidation reactivity was enhanced [205], [218]. The presence of
Ca, Na, Mg, Na and Al elements in ash have shown positive effects on PM oxidation

reactivity, with the most significant being Ca and Na [205].

The presence of oxygen on the PM surface contributed by the functional groups
can impact the PM oxidation reactivity. The main components promoting oxidation
reactivity are the functional groups C-O-C, C-OH and C=0 [208], [233]-[235]. The
oxygen molecules can alter the Nanostructure drastically through the addition on
tortuous graphene layers. This is due to the increase of surface chemical reactivity by
the electron affinity from the oxygen atom [233]. Additionally, the chemically adsorbed

oxygen is easily linked to carbon atoms at edge sites due to the unpaired sp2 electrons
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of the carbon atoms, leading to easier oxidation [236]. It is proposed that oxygen
attached to carbon from the curved graphene layer can reduce the energy required for
oxidation. This is attributed to the lower oxygen desorption energy requirements at the
PM surface [237]. Recently, Serhan et al. [208] studied PM oxidation reactivity,
concluding that the oxygen functional groups at the PM surface are one of the most

influential factors leading to higher oxidation reactivity.

2.3.2.2 Effect of Alternative Fuels on PM Characteristics
Fuel Properties

PM emission is highly influenced by the physical and chemical properties of the
fuel [238]-[240]. The influencing factors of chemical properties include aromatic,
olefins, paraffins, oxygen, sulphur, vapour pressure (volatility), heat of vaporisation,
boiling points, distillation curves and viscosity, and the physical properties is the
molecular structure [80], [114]. Fuels with complicated molecular structures such as
cyclic, branched chain and double bonds have tendency to form accumulation mode
PM [241]. In the chemical properties point of view, the oxygen effect has been widely
acknowledged for being able to minimise PM emissions. Research has also
established a correlation between higher sulphur content and greater PM emissions
[240], [242]. Heat of vaporisation increases when blended with oxygenated fuels,
leading to greater PM emission as more energy is required to break down fuel droplets
injected into the combustion chamber [243]. Paraffins and olefins have demonstrated
a decrease in PM formation to certain degree and appear to have a minimal impact on
PM formation [242], [244]. Fuel volatility and the aromatic content have the greatest
influence on PM emission [240], [242], [244]—-[248]. Studies indicate that PM emissions

increase when fuel volatility is too high or too low. High volatility can lead to flash
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evaporation of fuel injected into the combustion chamber, resulting in heterogenous
and locally fuel-rich regions. Contrarily, low volatility can lead to fuel impingements
resulting in yellow diffusive flames [80]. While aromatic hydrocarbons are the PM
precursors, greater aromatic content can contribute to greater formation of PAHs as
aromatic compounds [114]. This is attributed to higher boiling points and stable
benzene ring structures formed by sigma bonds and delocalised pi electrons. This
process likely to form more fuel-rich regions for PM formation [244]. Recently,
distillation curves were investigated and recognised as one of the primary factors
leading to the formation of PM [244], [249], [250]. Distillation temperatures at 90 °C
(T90) were found to impact both PM mass [244], [249], [250] and concentration [244],
[249]. T90 corresponds to heavy aromatic compounds with high numbers of carbon
atoms [245], [246], [251]. Shi et al. [250] revealed the negative impacts of T80 and T95
on PM formation with a particle mass index. T80 was also deduced to have stronger
links than T90 and T95. Conversely, Zhu et al. [244] evidenced a direct link between

T50 and PM mass but not in PM concentration.

Oxygenated Fuel

Commonly studied oxygenated fuels are typically alcohol-based chemicals.
Oxygenated fuel is widely studied because of it is capability to reduce well-to-wheel
CO2 emissions in vehicles [252]. Ethanol, butanol and methanol have recently been
studied as an alcohol-based oxygenated fuel replacement. Although MTBE and ETBE
have previously been used, they currently are removed from the commercial gasoline
EN228. Therefore, this section will focus solely on bio-alcohols (ethanol, butanol and

methanol) and DMC (used in the thesis).
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Ethanol's effect on PM in GDI engines is a controversial area despite its
worldwide use. In some countries, it is currently being used up to 100% as a
replacement fuel [80]. A majority of literature reports a positive effect, mainly with a
high volume of replacement [80]. However, there are some studies that evidenced
lower PM emission with low volume replacement. The positive effect of ethanol is
mainly attributed to the oxygen-bonded molecule, able to reduce soot precursors and
leading to reduced PM formation [80], [114], [240], [251], [253]-[257]. Storey et al.
[254] utilised ethanol blends in FTP-75 and supplementary FTP (US06) driving cycles,
observing a reduction of PM with 10 and 20 % (v/v) ethanol blending. Other literature
also demonstrated PM reductions in part-load tests, using a low ethanol blend [255]-
[257]. Contrarily, some results showed that ethanol replacement can increase PM
emission, linked to the higher heat of vaporisation and lower vapour pressure of
ethanol properties [5], [206], [217], [239], [258]. Lee et al [206] stated that greater PM
emissions only extends to low percentage blends. PM was reduced at higher volume,
because of the higher oxygen concentration in the blends. Consensus was published
in an investigation by Catapano et al. [239], showing that PM emissions improved as
the blend percentage increased up to 100 % (v/v) except at 10 (v/v)%. Luo etal. [217],
Price et al. [253] and Wang et al. [258] have also documented that PM number
increases due to the higher concentration of nucleation mode PM. This is due to the
reduction of accumulation mode PM (solid soot PM), limiting absorption and
condensation on solid soot PM. Despite that, Luo et al. [217] did not acquire the same
trend during higher speed conditions. This was attributed to the limited time for
unburned HCs to condense, and improved turbulence intensity in the combustion

chamber (less THC). He et al. [5] concluded 20 (v/v)% ethanol addition produced
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higher PM emissions during high load conditions. This was related to an increased
penetration length from the longer fuel injection duration (lower LHV). This caused
impingements on cylinder wall and piston top. Storch et al. [259] hypothesised
worsening PM emissions with ethanol blends can be due insufficient optimisation
throughout the operating range. For microstructure and Nanostructure, Lee et al. [206]
measured a drastic growth in dpo with 10 % (v/v) ethanol addition, causing larger
agglomerates (Rg increment). The latter also obtained a larger average dpo and Rg
formed during combustion with a 20 % (v/v) ethanol blend. It was speculated that
increased fuel consumption leads to greater fuel impingement [203]. Furthermore,
ethanol addition show to alter the Nanostructure to lesser graphitic structure (order of
fringe arrangement) to more amorphous-like graphene layers [203], [206], [260]. This
is the result of conversion from initially adsorbed or condensed unburned HCs. Seong
et al. [213] demonstrated that the use of 20 % (v/v) ethanol addition resulted in
insignificant changes in microstructure during richer and lean combustion, due to
MFB50 phasing. Recently, Hergueta et al. [8] proposed an opposite trend in terms of
micro-scale analysis with 25 % (v/v) ethanol. Smaller dpoand Rg were reported, which
have been attributed to an improved oxidation rate of PM by excess oxygen from
ethanol addition. Additionally, more chain-like agglomerates (lower Df) were formed
due to a fewer number of primary particles had altered the collision mechanism. A
similar trend in microstructure was demonstrated by Gao et al. [261] up to 65 % (v/v).
However, Nanostructure analysis indicated a monotonic trend, as more premature PM
was speculated for the enhancement of PM oxidation reactivity. Subsequently, several

publications have evaluated the PM oxidation reactivity formed by ethanol blends,
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evidencing that more reactive PM was formed. This was attributed to smaller dpo and

more amorphous graphene layers [217], [220]

Butanol is increasingly more popular as a fuel, due to several advantageous
properties in comparison to ethanol. As it is relatively new, discrepancies exist within
PM emission data. Unlike ethanol, a majority of studies indicate an improvement in PM
emissions with the use of butanol [71], [240], [248], [251], [255], [262], [263].
Conversely, Waller et al. [264] hypothesised that butanol has negatively impacted PM
emissions based on the observation of higher concentrations of aldehydes and
benzene precursors. Lee et al. [206] cited an increase of PM emissions in their study,
attributed by higher heat of vaporisation and viscosity properties of butanol. In contrast,
PM improvements were attributed to the reduction of aromatic content and the oxygen-
borne atoms in butanol [71], [248], [255], [262], [263]. Herguerta et al. [8] reported a
greater reduction of PM emissions with butanol, in comparison to ethanol, when
gasoline was replaced by 33 % (v/v) and 25 % (v/v) respectively with similar oxygen
concentration in the blends. A majority of findings reported smaller PM were formed
(lower geometric number mean diameter (GNMD)). It was associated to the effective
reduction of solid soot PM (accumulation mode PM) and the increase in the ratio of
nucleation mode to accumulation mode PM [71], [255], [262]. In another study by
Hergueta et al [71] only observed this phenomenon during low-load conditions. The
nucleation peak effect is more prominent when accumulation mode particles are
reduced as butanol addition is increased [262]. However, Gu et al. [263] and Zhang et
al. [255] did not observe nucleation mode PM during high-load conditions. This was
speculated to be related to THC post-combustion oxidation, as the combustion

temperature was sufficient to promote oxidation during high-load conditions.
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Karavalakis et al. [240], [251] demonstrated an overall PM reduction under Unified
Cycle and FTP tests with butanol. The improvement was gradually enhanced with
higher concentration of butanol used. A limited literature base exists surrounding TEM
micro and Nanoscale analyses of butanol PM. Lee et al. [206] found that 16 % (v/v)
butanol addition has led to PM with a lower degree of fringe order than gasoline and
10 % (v/v) ethanol/gasoline. Furthermore, the measurement of dpo was larger.
Hergueta et al. [8] and [71] found contrasting results, demonstrating that
butanol/gasoline blends formed smaller dpo with respect to gasoline. This was due to
the oxidation by oxygen contributed by butanol, leading to lower Rg. However, Dt
remained similar to gasoline indicating the same type of collisions experienced by
particles. In spite of that, reactivity characteristics have been not been studied up to

date.

Methanol is popularly used in China as it is sourced from coal and natural gas
[80]. Due to its unpopularity, research on PM emissions is scant. PM reduction was
observed in low percentage methanol/gasoline blends, and reported to deteriorate as
higher methanol volume was added [265], [266]. The same reasoning is applied in
ethanol and butanol studies. Wang et al. [267] studied 15, 25 and 40 % (v/v)
methanol/gasoline blends. The results showed that increasing the methanol volume
can result in lower PM mass and higher PM concentration, as the result of greater
nucleation mode PM. Qin et al. [268] did not report any changes in nucleation mode
PM with the utilisation of methanol. Hence, the PM emissions were improved by both
the reduction of PM mass and concentration. A clear PM reduction trend was
witnessed with methanol addition. However, morphological evaluations have not been

published in the literature.
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With regards to the DMC effect on PM emissions, no studies have been
conducted with engine combustion. Nonetheless, the effect of DMC on solid soot PM
emissions was investigated through an ethylene diffusion flame studied by
Paladpokkrong et al. [269]. The effect of DMC addition is more substantial as the
percentage increases, regardless of the normal and inverse diffusion flame. The
studies show DMC can effectively suppress the formation of soot. Furthermore, TEM
analysis on soot formed by DMC addition illustrated alterations in the Nanostructure of
PM, towards a more reactive nature in comparison to soot formed by pure ethylene.
Thus, the soot graphene layers are more amorphous, lower magnitude of
graphitisation, shorter La, higher fringe tortuosity and higher fringe separation.
Subsequently, greater PM oxidation reactivity was firmly confirmed by the shorter
oxidation time using isothermal tests in TGA. Additionally, DMC was considered as a
better soot suppressor than the conventional alcohol ethanol, yielding less PM mass

in a pyrolytic conditioned kinetic modelling study [15].

2.3.2.3 Effect of Engine Operating Conditions on PM Characteristics

Injection parameters also play important role in supressing the formation of
particles. PM formation is incredibly sensitive to parameters such as injection pressure
and timing [270], affecting the mixing process and fuel impingements on the cylinder
wall and piston head. High injection pressure can lead to minimising fuel droplet size
for easier vaporisation, subsequently promoting the charge mixing process for
improvement in fuel jet momentum (turbulence) [43], [80], [188], [271]-[273]. In turn,
the flame radiation is distributed more evenly due to the reduced prominence of the

diffusive flame, improving PM emissions [272]. In spite that, the influence of fuel
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injection pressure is more prominent during low load and speed engine conditions.
[188]. It was also noted that increasing the fuel pressure is not equivalent to increasing
the penetration length of injection. Therefore, it is unlikely for the PM to increase due
to impingements [274]. The relationship between PM reduction and injection pressure
is non-linear. Several publications [5], [114], [188] demonstrated that the non-linear
trend has a major influence on accumulation particles. Kittelson et al. [97] recognised
this relationship as the primary factor driving the higher fraction of nucleation mode
PM, as there is reduced surface area for unburned HCs to condense and adsorb on to

solid PM.

Injection timing plays a more important role than injection pressure, as it
determines the formation of PM. In order to reduce PM formation, it vital for the fuel
injection in the engine to take place at an optimum time [5], [275]. It is believed that an
early fuel injection can give ample time for the air/fuel mixing process to create a more
homogenous mixture, resulting in less PM formation [80], [276]. However, this is not
the case. Several publications have found that early or late injection timing may result
in a spike of PM emissions [1], [5], [273], [276], [56], [115], [203], [253], [260], [261],
[268], [271]. When injection occurs too early, near or close to the TDC, impingements
on cylinder wall and piston top can be induced, causing diffusive pool fire. In contrast,
when injection timing is delayed from the optimum, PM formation is promoted due to
the limited time for air/fuel mixing. This leads to formation of heterogeneous mixture
and the locally fuel-rich regions. These phenomena are thought to result in for
formation of PM. Maricq et al. [56] reported an incremental increase of PM emissions
in both stratified-charge and homogenous combustion mode, as injections timings

were varied out of the optimum range. Pei et al. [276] and He et al. [5] documented a
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greater proportion of nucleation mode particles, as the GNMD shifted towards a
smaller size when fuel injection is delayed. It is due to the limited mixing time that leads
to the greater concentration of unburned HCs. When fuel injection is advanced, the
GNMD increases as the result of greater concentration of accumulation mode PM.
Bogarra et al. [1] observed a similar trend when experimenting with advanced injection
timing, where accumulation mode PM was attributed to solid PM (soot). Price et al.
[253] suggested an optimum injection timing is dependent on volatility of fuel. Higher
volatility fuel can be injected towards the end of the compression stroke, because of
its ease of fuel evaporation. Contrarily, fuel with lower volatility (with heavy aromatic
hydrocarbons) requires mixing longer time. Hence, earlier injection timing is more
favourable, which was proven using gasoline and 85 % (v/v) ethanol/gasoline blend.
In microscopic analysis, Barone et al. [197] measured a significant amount of liquid
droplets during early fuel injection experiments. This was due to the nucleation of
impinged fuel film and fuel lubricating oil. Additionally, the average of dpo was larger
due to the deterioration of air/fuel mixing compared to optimum injection timing. Lee et
al. [203] performed a similar investigation but was unable to find any significant
difference in dpo due to the broad range of diameters. Moreover, the Nanostructure
analysis exhibited greater amorphous graphene layers due to unburned HCs adhered
onto particles, caused by the advancement of injection timing. Conversely, Seong et
al. [260] revealed a trend of larger dpo and Rg as the injection timing was advanced.
They also exhibited Nano-size primary particles (< 10 nm) are more likely to attach
onto the solid PM when injection is executed outside of optimum timing. Gaddam et al.
[202] measured a smaller dpo, in agreement with Seong et al.[260] regarding late

injection timing. However, the agglomerates were more compact (higher Dr) than
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baseline measurement, because of the more PM precursors present and rapid surface
growth. The graphene layers illustrated higher tortuosity as a result of increased ¢ critical
regions, promoting the formation of longer graphene fringes. Bogarra et al. [199], [214]
assessed the microstructural and Nanostructural of PM formed with advanced injection
timing. The results suggest non-statistical difference in dpo, Df and Nanostructure.
However, lower npo and smaller Rg of PM were recorded due to the lesser presence of
large PM agglomerates. The large agglomerates were attributed to different timing of
PM formation. For baseline injection condition, PM is formed at earlier stage in the
expansion stroke, whereas PM formed by advanced injection timing occurs later, close
to end of expansion stroke. Subsequently, the particles collision time is reduced,

forming smaller agglomerates compared to baseline condition.

Spark Timing

Literature consistently agrees that retardation of spark timing reduces PM
emissions [5], [56], [278], [98], [188], [253], [263], [268], [271], [276], [277]. Delaying
spark timing elongates the air-fuel mixing time (time between injection timing and spark
timing), leading to a more homogeneously mixed charge [253], [268], [276], [277].
However, the enhancement of PM emissions is associated to retarding the spark timing
can increase the EGT (higher in-cylinder temperature). In turn, it will boost the post-
combustion oxidation and PM oxidation in combustion chamber [116], [253], [263],
[273], [276], [277]. However, spark timing advance can induce higher in-cylinder
temperature during pre-ignition, which can boost nucleation rate as more unburned
HCs are present after combustion. This was reported by several publications, which
evidence greater production in nucleation mode PM [116], [188], [253], [263], [268],

[277]. Peietal. [276] and Xie et al. [278] demonstrated a reduction of PM was attributed
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to both accumulation and nucleation mode PM. These reductions were inhibited by
post-combustion oxidation from higher exhaust temperature. Maricq et al. [56]
demonstrated the trend is same for engine combusting in homogeneous and stratified-
charge combustion modes. Meanwhile, Xin et al. [5] observed different influences of
spark timing during cold start and warmed up conditions. Accumulation mode particles
are more pronounced when the engine temperature is cold. When the engine is
warmed up, the influence shifts to nucleation mode particles. Price et al. [253]
hypothesised several extra CADs can improve the fuel droplet size as well as
improving the air-fuel mixing process, leading to lesser PM emission. The same trend
was concluded by combusting a methanol blend by Qin et al. [268]. Conversely, Arsie
et al. [277] observed the effect of delayed spark timing. The results showed that the
effect was diminished at higher engine speed conditions because of shorter time for

oxidation.

Referring to the source of PM formation in Table 2.2, the influence of A is
foreseeable. A homogenously mixed charge and reduction of fuel-rich pockets can be
achieved through homogenous lean combustion, the longer development of flame and
excess air in the combustion chamber. Moreover, it promotes a more complete
combustion due to more air available for mixing [5], [98], [188], [190], [253], [271], [276],
[277], [279]. Thus, the magnitude of PM emission drastically drops in respect to
stoichiometric and rich combustion. Zhang et al. [188] added that hydrogen abstraction
was being suppressed by lower combustion temperatures during lean combustion, as
another contributing factor for lower PM emissions. Although less PM is emitted during

leaner combustion, the ratio of nucleation mode PM to accumulation mode PM
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increases. Pei et al. [276] reported increasing of the ratio as A transitioned towards
leaner mixture. The leaner combustion inhibited accumulation mode PM, which are
mostly comprised of solid soot PM. However, both nucleation and accumulation mode
PM were reduced overall. Despite rich A increases accumulation mode PM [188], [190],
a nucleation peak is observed as the result of condensed HCs [276]. Hence, the ratio
is less likely to be affected by rich combustion. However, this does not occur for
stratified-charge combustion. In stratified-charge combustion, more PM is emitted [56],
[57]. 80% is accounted for by smaller PM (dp < 50 nm) [57]. It is believed that smaller
PM is formed by condensation of unburned HCs due to the fuel impingements during
the late injection timing. However, two different courses of PM formation were found
during rich and stratified-lean combustion. Both are influenced by the combustion
temperature and, HCs and oxygen concentrations [98]. In rich combustion, PM is likely
to be produced via gas-phase reaction, where unburned HCs is the source of PM
precursors. Whereas, stratified-lean combustion favours formation via heterogenous
phase (liquid droplets and liquid pool). On the other hand, He et al. [5] validated the
effect of rich combustion with warm and cold engine conditions. Results indicated that
PM emissions reduced when operating under warmed conditions, as the vaporisation

of fuel was improved, leading to reduced fuel impingement.

There is limited literature on PM microscale morphological and Nanostructural
analyses; with publications containing many discrepancies in their results. Gaddam et
al. [202] evaluated micro and Nano structures of emitted PM under constant spark and
fuel injection timings. Conditions for A were measured at 0.87, 1 and 1.13,
corresponding to rich, stoichiometric and lean. The results showed that stochiometric

and lean conditions produced similar PM characteristics. No drastic changes were
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found in dpo from the impact of A. The fuel-rich agglomerates were observed to be
denser and more compact in stoichiometric and lean conditions. The agglomerates
were more open and chain-like, reflecting a lower Ds. The rich condition produced
significantly more particles and hence, the rate of agglomeration was increased.
Similarly, the Rg was reported to be larger, due to more fuel injected into the
combustion chamber (more particles are formed). For the Nanostructural analysis, only
alterations to fringe tortuosity was observed, measured at a higher magnitude. This
was attributed to more locally fuel-rich pockets above ¢ critical resulting in the formation
of non-6 membered benzene rings. The fringe curvature is the integration of defected
benzene rings, hence it was promoted under fuel-rich conditions. Additionally, Seong
et al. [213] studied PM under MFB50 phased conditions, formed during A at 1.13 and
0.98. Due to the MFB50 phasing, the trend of variation in dpo was not apparent.
However, the concentration ratio of large primary particles to small particles was
increased as A was lowered to 0.98 from 1.13, increasing the unburned HC availability
for condensation (surface growth). Wu et al. [215] tested the micro and Nanostructures
of PM emitted under constant spark timing with a variation of A between 0.88, 1, 1.08
and 1.22. The PM emitted during A at 1 was found to have the highest D+, as well as
average dpo. It was associated to the enhanced PM oxidation during the formation
process in lean mixtures, as more excess oxygen was available when stoichiometry
transitioned to a leaner mixture. Similarly, the rich condition also improved the
oxidation rate by the higher combustion temperature. These led to smaller and less
primary particle formation. Moreover, the Nanostructural results indicated the
stoichiometric condition has the longest La and more tortuous fringe curvature than rich

and lean PM. Thus, the greatest PM oxidation reactivity is speculated by the authors.
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Engine Load and Speed

As the engine load increases, PM emissions monotonically increase due to more
fuel mass is injected per cycle [56], [71], [188], [217], [271]. The increase of PM can
be measured in terms of mass and concentration. The increase of PM mass is related
to the formation of solid soot PM [271]. The PM concentration increase is due to higher
in-cylinder peak temperature at higher loads, promoting nucleation mode PM [116].
Emission trends of PM in relation to engine speed is not consistent but explained by
several studies. A study on PFI engines by Arsie et al. [277] found that PM was reduced
at higher engine speed, attributed to enhancement of PM oxidation by higher
combustion and in-cylinder temperatures. Other researchers have also measured
greater PM emissions during increases engine speed [56], [217], [273]. This is mainly
associated to the short mixing time and more fuel being injected during higher engine
speed conditions. However, high speed conditions do not always gradually increase
PM emissions, and may improve results due to better vaporisation of fuel from higher
temperatures. Haynes et al. [116] concluded that the effect of speed is affected by the
competition between PM formation and oxidation. During high speed, EGT is high
enough to oxidise PM, but depends on the residence time. Therefore, PM will be
reduced under high speed conditions only when residence time is sufficient for
oxidation to take place. For oxidation reactivity, PM emitted by the higher speed and
load conditions were reported more reactive and less reactive respectively [217], [220].
The less reactive PM formed during high speed conditions was due to less oxidation
activity during the formation process, as there is shorter residence time for PM
oxidation [217]. Hence, leading to larger dpoand Rg. This was also reported in findings

by Seong et al. [260], where there was lower SSA for oxygen attack illustrating lower
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PM oxidation reactivity [260]. As for the PM formed during higher load conditions, it
was attributed to the Nanostructural variation as amorphous graphene were being
heat-treated into more ordered graphene layers under higher in-cylinder temperatures
[217], [220]. However, the Nanostructure reported by Gaddam et al. [202] did not
observe any variation despite higher exhaust temperatures. The oxidation reactivity
alteration reported was mainly associated with the PM composed of smaller dpo [202],

[260] and Rg[202].

Exhaust Gas Recirculation

EGR can be executed internally (IEGR) and externally. IEGR can be controlled
through valvetrain and an external EGR can be achieved with via a low- and high-
pressure loop EGR valve. IEGR is controlled by opening and closing of the intake and
exhaust valve. This traps residual gas and helps with the fuel vaporisation process by
increasing the charge temperature regardless of the adjustments being made by the
IVO or EVC [5], [79]. It was found effectively reducing PM during engine cold-starts [5],
[115] and under low load conditions [79], [115] that mainly reduces accumulation mode
PM [5]. Though, this reduction is difficult to observe during high load conditions [115].
It is thought that the heat from residual gas is not significant enough to supplement the
high in-cylinder temperature during high load conditions. Furthermore, IEGR was found
to be more efficient during low speed conditions in arresting PM formation than an

external EGR [79].

The external EGR mainly consists of intake heating, dilution and thermal effects.
During its use, the overall oxidant in the combustion chamber is reduced. This occurs
whilst retaining the same oxygen concentration prior to EGR through the induction of

higher air mass flow in conjunction with exhaust gas [44]. With less oxidant from the
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dilution effect, both the flame propagation speed and combustion speed are slowed
down, which improves the homogeneity of the charge mixture in combustion chamber.
Despite this, the combustion is not entirely complete, leading to the promotion of solid
PM (soot) formation and the decrease of oxidation rate. Thus, more accumulation
mode PM is emitted [280]. Simultaneously, the thermal effect starts with the reduction
of in-cylinder temperature (lower combustion temperature), which inhibits the PM
formation by thermal pyrolysis and H-abstraction as the dominant processes [142],
[188]. Generally, EGR utilisation is reported to reduce accumulation mode particles,
with increasingly more nucleation mode patrticles [188], [276]. However, this not all
always the case. Pei et al. [276] observed a constant reduction of accumulation mode
PM. For nucleation mode PM, the results showed an upwards (up to 15 %) increase,
subsequently followed by a downwards (< 15 %) trend as the EGR percentage
increased. It was correlated to a higher EGR concentration, which tends to have slower
exothermic process and higher EGT during the expansion stroke. These factors
contributed to the oxidation of nucleation mode particles. Contrarily, Lattimore et al.
[281] demonstrated that nucleation mode PM was constantly lowered, and
accumulation mode PM was constantly increased when EGR was added up to 12 %.
When EGR was added beyond 12 %, reduction of both nucleation and accumulation
mode PM was observed. It was associated to two significant phenomena, the
improvement of fuel economy resulted in reduced PM formation and a slower
combustion rate enhanced the PM oxidation rate. Hergueta et al. [71] also documented
that fuel consumption was reduced with EGR utilisation, which led to lower PM
emissions. Cooled EGR has also been investigated [79], demonstrating an increase of

accumulation mode PM. It was speculated that due to the diminished intake heating
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effect, fuel vaporisation was worsened, leading to a more heterogenous charge mixture
[116], [263], [276]. In the recent findings, REGR using gasoline, was evaluated
experimentally, successfully reducing PM emissions particularly for accumulation
mode particles [1], [44], [282]. This is mainly associated to the enhanced thermal effect
and additional chemical effect. In REGR, the higher combustion temperature from
hydrogen, and the excess CO, can promote PM formation and continuous growth
[142]. This occurs simultaneously with the oxidisation of HC and PM precursors [283].
In terms of chemical effect, the hydrogen addition inhibits PM nuclei formation by
slowing or reversing the HACA mechanism [284]. Additionally, as previously
mentioned, PM and PM precursors can be oxidised by OH. However, the CO presence
from REGR in the combustion chamber can reduce the oxygen and OH radical
concentration, contributing to reduced PM oxidation [285]. The difference in micro and
Nanostructure, can be neglected due to overlapping of error bars between
measurements acquired between the baseline, EGR and REGR [199], [214].
Consequently, PM oxidation reactivity between the baseline, EGR and REGR are
comparable and are reflected by similar activation energies and oxidation curve

profiles from TGA [92].

2.3.2.4 Effect of Aftertreatment System on PM Characteristics
Influence of TWC

PM is concluded to deteriorate TWC performance in terms of lower conversion
efficiency of gaseous species and higher light-off temperature. This is due to plugging
by ashes or soot [286]. However, the effect of the TWC has been found to be able to
minimise PM emissions up to a certain extent; more prominent for PM which are

smaller in diameter. Chen et al. [287] observed a massive drop in nucleation mode PM
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post-TWC, but the effect in accumulation mode PM was negligible. Bogarra et al. [92]
reported smaller PM (dp < 50 nm) can be more easily trapped and possibly oxidised in
the TWC, resulting in a decrease of smaller particles post-TWC. The ability of a TWC
in abating smaller PM, HC droplets and accumulation mode PM can lead to a PSD
peak shift. The reduction of PM was attributed to diffusion losses and thermophoresis
mechanisms [214]. Samuel et al. [288] associated the PM reduction with the oxidation
and coagulation for PM with dp < 25 nm. The results indicated that PM mass and
number were drastically dropped post-TWC. On the other hand, TWC did not alter the
morphological characteristics of the PM and was unable to oxidise HCs absorbed on
the PM due to the limited residence time [92]. Bogarra et al [92], [214], [282] expanded
their studies on PM characteristics, concluding that the TWC had an insignificant effect
on the micro and Nanostructural nature of PM. This was attributed to the short
residence time of PM in the TWC, which was not sufficient enough to alter the nature

of PM.

2.3.3 PM Abatement with GPF Application
Influence of GPF Properties and Washcoat on GPF Performance

GPF is a very efficient approach to abate PM emissions in the tailpipe. However,
due to the variation of emitted PM by CI and GDI engines, design optimisation is
essential. Besides that, optimisation is vital for obtaining the equilibrium between
filtration efficiency and pressure drop, ensuring high quality GPF filtration and
regeneration. Several publications have assessed the effect of GPF properties on PM.
Studies suggest increasing wall thickness, length to diameter ratio, cell density and

substrate volume can enhance the filtration performance of a GPF. This is also
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exhibited in GPF with smaller MPS and lower porosity [7], [181]. These properties
specifications mainly exhibit lower Usitration, which is linked to the Brownian diffusion
filtration mechanism. This results in longer residence time for PM to absorb onto the
pores and is followed by thicker PM cake layer formation per specific area [7].
Adversely, these properties specifications can cause an increase in pressure drop
[289]. With the concern of performance decline in the TWC from plugging, a catalysed
GPF (cGPF) has been developed to ensure excellent conversion efficiency of gaseous
emissions. As for the cGPF, the filtration efficiency constantly outperforms the bare
GPF, because the washcoat reduces the MPS [180], [181], [290]. Likewise in pressure

drop [290], it is also consistently greater than a bare GPF.

| : Af hi | . . :

The implementation of a GPF in the exhaust system acts as a ‘second brick’
(upstream to a TWC), therefore the influence of these architectural configurations (CC
and UF) are evaluated. UF architectural configuration is agreed by researchers to
achieve better filtration efficiency in comparison to CC architectural configuration. Saito
et al. [7] observed a 15% improvement adopting UF architectural configuration with
NEDC. This was credited to the lower inlet EGT at GPF, enhancing Brownian diffusion
due to the lower Usitration. This result was associated with the slower regeneration rate,
maintaining a thicker PM cake layer for better filtration performance. It was also verified
with PM regeneration tests, showing that the use of CC architectural configuration was
significantly more effective than the UF architectural configuration. This theory further
supported by an investigation performed by Shimoda et al. [289]. The study concluded
that UF architectural configuration accrued thicker PM cake layer accumulations over

several NEDC repetitions. Furthermore, they also investigated pressure drop within
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both architectures using the NEDC test. As expected, CC architectural configuration
induced higher back pressure than UF architectural configuration. It was believed the
lower inlet EGT of the UF architectural configuration reduced volumetric flow rate,
affecting Uritration. On the other hand, PM filtration performance improved proportionally
to the distance interval of the two substrates, as the distance varied between 10 cm,
50 cm, 100 cm and 150 cm. The variation of filtration efficiency in the architecture was
mainly associated to the equilibrium between the PM cake layer formation and PM

oxidation rate [291].

2.3.4 Summary

The aim of this thesis is to understand PM emissions formed by GDI engines and
also potential ways to improve PM emissions. In general, PM formation is caused by
the yellow diffusive flame and direct carbonisation of fuel, despite the fuel blends and
engine operating conditions. However, the only transformative variation of PM by fuel,
and engine operating conditions, exists in the PM characteristics during the formation
process. This is due to synthetic conditions such as residence time and surrounding

temperature.

In relation to case studies stated in this thesis, the air-fuel ratio effect on combustion
and emissions characteristics have been investigated. PM characteristics in
microstructure and Nanostructure have also been evaluated, but mainly conducted
under constant spark timing or MFB50 phasing. Therefore, air-fuel ratio studies under
MBT conditions is an area undocumented by the literature. Additionally, PM oxidation

reactivity is yet to be analysed, despite assumptions being made based on its
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microstructure and Nanostructure analyses. A comprehensive evaluation of rich and
lean GDI PM characteristics will be revealed with comparisons to PM formed during

stoichiometric combustion.

In regard to oxygenated fuel, it has proven that alterations in fuel properties and
additional oxygen concentration can improve PM emissions, as well as PM oxidation
reactivity. A positive effect in combustion characteristics has been documented with
the use of DMC, as well as THC and CO emissions. At present, publications have
produced varied NOx emissions creating uncertainties regarding to the use DMC.
Therefore, it will be evaluated as part of the case study. In addition to that, DMC has
also indicated improvements in PM emissions and oxidation reactivity through kinetic
modelling and diffusive flame studies. However, an affirmation is required in internal
combustion engines. Therefore, PM characteristics evaluations are extended to

microstructure, Nanostructure and its oxidation reactivity.

Although TWC and GPF architecture have been briefly studied, it appears that a
comprehensive evaluation is required to provide a more in-depth understanding of the
filtration process. This can facilitate the optimisation of GPF by the architectural
configuration effect. One of the most important parameters is the effect of Greenfield
gap, as it is considered under-reviewed in GPF-related investigations. Moreover,
optimisation of the architecture should be tested with the influence of GPF properties.
Determination of crucial GPF properties can assist GPF performance in architectural
configuration studies. The experiments carried out can be useful in locating the
equilibrium between filtration efficiency, pressure drop and regeneration of GPF. This

has led to experiments on aftertreatment architectures. Furthermore, the influence of
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GPF properties on aftertreatment architectures performance have also been

demonstrated.
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CHAPTER 3 EXPERIMENTAL SETUP AND FACILITIES

This chapter will present the instrumental and experimental setup used
throughout this PhD. This includes a multi-cylinder GDI engine, analytical facilities,
fuels properties, and the substrate properties of GPFs and the TWC. The working
principles and specifications of the equipment will also be discussed. Additional
information of the instrumentation used in scaled-down aftertreatment architecture in
Chapter 6 is also detailed. The procedure used for TEM grid preparation in Error!
Reference source not found.. is discussed. In the final subsection of this chapter, the

details of post-processing analyses are presented.

3.1 Engine Test Bench

The GDI engine used in the thesis is a first-generation, air-guided direct injection
combustion system design. It is a four-cylinder turbocharged engine, with a
displacement capacity of 2L. The engine is configured with solenoid fuel injectors side-
mounted to combustion chamber, with spark plugs centrally located on top of
combustion chamber. In order to reduce the detrimental pressure wave interactions
between successively firing cylinders, the exhaust manifold is divided into the turbine
entry. A close-coupled TWC is included as the default exhaust gas aftertreatment to
ensure compliance with Euro V emission limits. The default combustion strategy used
in this engine was homogenous-stoichiometric. The engine stoichiometry was
maintained with feedback signals from the heated exhaust gas oxygen (HEGO)

sensors. The sensors were also applied to ensure the TWC was performing effectively.

The fuel delivery system uses a 12V, electric low-pressure fuel pump regulated

at 4 bar which is directed to the camshaft-driven, high-pressure fuel pump. The fuel
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injection pressure is varied by the fuel rail pressure, using an integrated solenoid valve,
which is controlled by the ECU. The ECU default operation includes the IEGR effect,
through the control of dual VCT (valve overlapping). Two separate water heat
exchangers are utilised for cooling purposes of the charged-air and the engine coolant.
The charged-air temperature is cooled and controlled before directed into intake
manifold as intake air. The oil engine is cooled by the engine coolant which is
circulated by the power steering pump. The additional function of the pump is also to
maintain the auxiliary drive-belt arrangement. Therefore, a water heat exchanger is
required to maintain engine coolant temperatures below the permitted temperature.

Further engine specifications are tabulated in Table 3.1 and illustrated in Figure 3.1.

Figure 3.1: GDI engine used for experimental tests.
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Table 3.1: GDI Engine specification.

Feature

Specification

Number of Cylinder
Displacement
Compression Ratio
Bore x Stroke
Firing Order
Turbocharger
Rated Power Output
Rated Torque Output
Valvetrain System
Engine Management Unit
Exhaust Aftertreatment
Fuel Delivery System
Fuel Injector
Spark Plug Location

Piston Design

4
1999 cc
10to 1
87.5x83.1 mm
1-2-4-3
Borg Warner KO3, variable wastegate
149 kW at 6000 rpm

300 Nm at 1750 to 4500 rpm

Four valves per cylinder, dual variable electro-
hydraulic phasing, dual overhead camshatfts

Bosch ME17

Commercial TWC

Camshatft driven high pressure pump with solenoid
actuated pressure control up to 200 bar

Side mounted multi-hole solenoid actuated injector
Top centrally positioned

‘Flat’ top for air-guided design

3.2 Engine Instrumentation and Data Acquisition

The engine is coupled to a 75 kW alternative current (AC) dynamometer and an
inverter drive with the capability to motor and absorp/regenerate. It is controlled by the
CADET dynamometer control system, supplied by CP Engineering. The CADET has
the ability to document the DAQ for engine load and speed, oil and coolant

temperatures and variety of analogue and thermocouple inputs. In addition to that,
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CADET is programmed with warning alarms and shut-down limits to avoid engine

overloading.

The engine test bench is installed with a Rheonik RM 015 Coriolis fuel mass flow
meter, along with a temperature conditioning unit sourced from CP Engineering. The
instrument can provide continuous mass flowrate measurements within the range of 0
to 20 kg/h, with the tolerance of £ 0.12 %. The temperature of fuel delivery is constantly
maintained at approximately 301.15 K (28 °C) prior to measurement by the mass flow

meter.

Figure 3.2: (a) Rhenoik RM 015 Coriolis fuel mass flow meter and (b) fuel

conditioning unit.

In-cylinder pressure was measured with an AVL GM12D piezo-electric pressure
transducer. The transducer is flush-mounted and positioned on top of the engine’s
fourth cylinder head via a machined hole. The measurement of in-cylinder pressure is
charge-amplified. The measurements are continually referenced to the engine cycle
at 720 pulses per revolution with the use of a Baumer magnetic rotary encoder. An

additional pressure transducer is also positioned in the intake manifold, in order to
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offset the in-cylinder pressure at the bottom dead centre (BDC) after the intake stroke.
Two Variohm EPT3100 pressure transducers were also used to measure the absolute
pressure pre and post-GPF. This allowed the evaluation of pressure drop in scaled-

down aftertreatment architecture tests (Chapter 6)

The DAQ of pressure data was obtained with two National Instruments PCI-6251.
These cards have sixteen analogue inputs (Al), two analogue outputs (AO), sixteen
digital inputs/outputs (DI/O) and two onboard timers with maximum sampling rates up
to 2 MS/s. Therefore, it is able support in-cylinder pressure data acquisition at intervals
of 0.5° CAD when triggered by the crank encoder. The cards are utilised with a BNC-
2090 breakout box. In-cylinder pressure data was used for the calculation of IMEP,
COQV of indicated mean effective pressure (COVimer), maximum in-cylinder pressure
(Pvmax) and its CAD position. The absolute pressure data acquired during experiments
conducted in Chapter 6 was sampled at a frequency of 1 Hz throughout the
experimental test, and post-processed for pressure drop analysis. These pressure
data acquisitions were controlled by the LabVIEW application. Post-processing details

are further explained in section 3.8.

The engine operating parameters are managed by a development specification
ECU provided by Ford. Vision 5.2 software supplied by Accurate Technologies Inc.
was used to access the ECU for engine calibration, sensor readings and additional
calculated parameters. A minor fraction of DAQ was also obtained with a controller

area network (CAN) hub via the interface software.

A full schematic of the DAQ system is illustrated in Figure 3.3. A comprehensive
list of DAQ from the engine test bench is shown in Appendix 1: Data Acquisition

Channels.
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Figure 3.3: Schematic of DAQ of engine test bench.
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3.3 Fuels Properties

The commercial pump-grade automotive gasoline (EN228) containing 10 % (v/v)
of ethanol addition was used in this thesis; provided by Shell Global Solutions. DMC
(CAS No. 616-38-6) utilised for the experimental work in Chapter 5 was procured from
Alfa Aesar UK, with a purity of 99%. Further specifications of the gasoline, DMC and
DMCl/gasoline blends are denoted as G, DMC and D8 respectively, and are provided

Table 3.2.
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Table 3.2: Specifications of fuels used [32], [194], [195], [269], [292], [293].

Properties G (EN228) * DMC D8**
Chemical Formula Cs.17 Ho.93 Oo.16 C3 Hs Os Cs.05 Ho.72 Oo0.44 **
Research Octane Number . i i o
(RON) 96.8 101-120 97.2-98.7
Lower Heating Value N o
(MJ/kg) 41.65 15.78 38.8
Vapour Pressure @ 20°C 50.8-65.0* 53 i
(kPa)
Kinematic Viscosity @ 40°C 0.8 0.6 i
(mmz2/s)
Laminar Flame Velocity @1 33 36 i
bar, 375 K (cm/s)

Heat of Vaporisation (kJ/kg) 350 400 -
Initial Boiling Point (°C) 35.5* 41.9 -
Final Boiling Point ("C) 199.2* 203.7 -

T90 (°C) 176* - -
O (m/m) % 3.48* 53.28 9.09**
Density @ 15°C (g/cm3) 0.7466* 1.076 0.7730**
* Properties provided by Shell Global Solution
*x Properties based on theoretical calculations

3.4 Small Scale Aftertreament Architecture

3.4.1 Monolith Substrates Properties

Figure 3.4: Small scale (a) TWC, (b) silicon carbide GPF and (c) cordierite GPF

utilised in the research work.
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A TWC and GPFs were supplied by Johnson Matthey Technology Centre. The
size of the monolith substrates has the same length as commercial substrates (4.5
inches) and were scaled down to a diameter of 1 inch. The scaled down TWC has
identical specification to a commercial TWC (Figure 3.4a). For GPF, two different
materials of bare GPF were used namely, cordierite and silicon carbide (Figure 3.4b
and 3.4c) with properties varied which latter used to investigate its effect on

aftertreatment architecture in Chapter 6. Detailed properties are specified in Table

3.3.
Table 3.3: TWC and GPF monolith substrate properties.
Substrate Properties TWC SiC. GPF Cord. GPF
Material Cordierite Silicon Carbide Cordierite
Mean Po(rfrrls)ize, MPS i 15.8 17 — 23
Porosity (%) - 40 62 — 68
Cell Density (cell/in2) 400 200 300
Wall Thickness (mil) 4.3 12 8.5
Washcoat Loading Mid low - -
PGM Loading Mid Low - -
Length (inch) 4
Diameter (inch) 1

3.4.2 Experimental Setup
The substrates were located inside a custom-built stainless-steel reactor (Figure
3.5). They were held in a large, vertical tubular electric furnace, constantly monitored

by a K-type thermocouple located on top of the reactor. The thermocouple was located
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close to the first monolith substrate (about 2 cm from the substrate) for accurate control
of the exhaust inlet temperature, ranging between 450 to 500 C. External heating was
applied to the inlet and outlet, in order to avoid condensation of water vapour and
unburned HCs. An additional thermocouple was also positioned post-substrate at
reactor outlet to monitor the temperature of EGT. Flow was diverted into the reactor
with a by-pass from the main exhaust tailpipe, with the assistance of an in-line suction
pump. Two EPT3100 Variohm pressure transducers were placed at P1 and P2 of the
reactor, corresponding to the upstream and downstream of the substrates. This was
in order to measure the absolute pressure. A valve was installed before the exhaust
gas inlet to restrain any influence of PM formed during engine warm-up on the

substrates.

K-type Thermocouple 1

_ Exhaust Gas Inlet

Tubular Electric Furnace

. ‘ Exhaust Gas Outlet

— P2 and K-type Thermocouple 2

Figure 3.5: Stainless-steel reactor for small scale monolith substrates
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3.5 Gaseous Emissions Instrumentation

3.5.1 Fourier Transform Infrared Spectroscopy (FTIR) Analyser

Figure 3.6: MKS Multigas 2030 FTIR gas analyser.

An MKS Multigas 2030 FTIR analyser (Figure 3.6) was employed to measure
gaseous emissions (CO, CO2, NOx and THC). Additionally, it also has the ability to
measure a range of hydrocarbons between C1 and C12. The concept of FTIR
guantitative analysis is based on the molecular infrared (IR) spectroscopy absorption.
FTIR analyses gas effectively, as every gas compound has a distinctive fingerprint.
When the IR spectrum penetrates through the exhaust gas, an interaction between
the exhaust gas and the spectrum takes place by absorption, reflecting the specific
wavelength of a specific gas species. The standard gasoline engine emissions were
predetermined in a database by the manufacturer, and was applied in the FTIR. The
lowest detectable limits are 1.2 ppm, <1 ppm and 3.6 ppm for CO, HC species and
NOx, respectively. The specification of the MKS Multigas 2030 gas analyser is
tabulated in Table 3.4. PM in the exhaust gas is filtered prior to the inlet of FTIR in
order to prevent any damage to the optical lens. Exhaust gas samples are transported
with heating lines, maintaining temperature a 191°C in order to avoid water or

unburned HCs condensation.
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Table 3.4: Technical specification of MKS Multigas 2030 gas analyser.

MKS Multigas 2030 Gas Analyser

Measurement Concept IR Spectroscopy
Measurement Range Between ppm and ppb
Spectra Resolution 0.5cm-1to 128 cm-1
Scan Time 1 to 300 seconds
Scan Frequency 1Hz
Infrared Source Silicon Carbide at 1100 °C
Laser Reference Helium — Neon
Detector Liquid N2— cooled MCT, TE — cooled MCT
Pressure Transducer MKS Baratron

3.5.2 AVL Digas 400

Gl
I/////”. 2 .‘n\‘x‘ ‘\N\\
v =
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Figure 3.7: AVL Digas 440.

Although the AVL Digas 440 (Figure 3.7) has the ability to measure CO, COz,
THC, NO and Oz, it was utilised for O2 measurement. The measured concentrations
were acquired at exhaust tailpipe, upstream and downstream of the TWC. Further
measurements were taken in the combustion chamber of the TGA for different O2
concentration tests. The AVL Digas 440 detects Oz by diffusion with the R22A self-

calibrated oxygen sensor. The sensor contains a circuit module comprised of an anode
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and cathode, that breaks down Oz into ions. In turn, electrons will be released, and the
number of electrons passed from anode to cathode corresponds to O2 concentration.

Further technical information is included in Table 3.5.

Table 3.5: Technical specification for AVL Digas 440 for oxygen measurement.

AVL Digas 440 (Oxygen)

Measurement Concept Diffusion
Measurement Range 0to 22%
Resolution 0.01%

If <2%, £0.01 %

A r .
ccuracy Otherwise + 5 %

3.6 Particulate Matter Characterisation Instrumentation

3.6.1 Scanning Mobility Particle Sizer (SMPS) 3936

|
._. > 3081 DMA

3080 Electrostatic 3775 CPC

Classifier

Figure 3.8: TSI SMPS 39609.

PM concentration and mass PSD were sampled with the employment of the TSI
Scanning Mobility Particle Sizer (SMPS) 3936. It is comprised of a 3081 Differential

Mobility Analyser (DMA), a 3080 electrostatic classifier and a 3775 Condensation

89



Chapter 3: Experimental Setup and Facilities

Particle Counter (CPC). The DMA and electrostatic classifier divides particles into their
relative size and are subsequently counted by a CPC. The samples were acquired
with an Aerosol Instrument Manager, supplied by TSI Instruments UK. The technical
specification of the SMPS is detailed in Table 3.6. The sheath and sample flow rates
were set at 10 and 1 litres / min respectively. A scan time of 120 seconds was set in

order to obtain the PSD range of 7.77 nm to 294.3 nm.

Table 3.6: Technical specification for TSI SMPS 39609.

TSI SMPS 3969

Measurement Range 0 to 107 (particles / cms) for both concentration and mass

Accuracy If <5 x 10 4, + 10 %, otherwise + 20 %

3.6.2 Dilution System

Prior to the sampling with the SMPS, dilution of exhaust gas was performed to
mirror PM in the atmosphere. The dilution ratio (a) is calculated by measuring the NO
or COzemissions at the inlet and outlet of the dilutor (Equation 3.1). It was constantly
monitored with the FTIR to ensure a remained approximately around 10 throughout
the tests. The PSD plots were corrected by the factor of a across the range to

accurately project the PSD of PM emissions.

NOgiiuter intet (PPM) — CO2 gituter inlet (ppm)
NO gituter outlet (PPM) CO2 gituter outlet (PPM)

Equation 3.1 a=
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\ A WaNEE/ LN
Heating Mixing

N

Figure 3.9: Dilution system for PM sampling in the engine test cell.

A single-stage temperature-controlled ejector dilution system was used,
composed of an externally heated mixing chamber and an ejector diluter. A High
Efficiency Particle Arrestance (HEPA) filter was installed before the mixing chamber
to remove impurities in the air that could influence PM measurements. The dilutor was
externally heated to 200 °C and fed with air heated to 150 °C from the heated mixing
chamber. Exhaust gas samples were transported with a heating line, maintained at

191 °C. The setup of the dilution system is presented in Figure 3.9.
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3.6.3 Thermogravimetric Analyser (TGA)

==
seceesc

Figure 3.10: Perkin Elmer Pyris 1 TGA.

The Pyris 1 TGA (Figure 3.10) created by Perkin ElImer UK was used to evaluate
PM composition and PM oxidation reactivity. TGA is an instrument that has the ability
to run with a programmable temperature function, that is highly sensitive to mass.
Therefore, the tests are constantly observed and analysed based on the mass
variations under the programmed temperatures. Samples can be analysed via ramp
or isothermal studies. A ramp study was used in this thesis. Purge and sheath
flowrates play an important role due to the residence time of gases, potentially
affecting results. The purge flowrate was maintained at 60 ml / min by a flow meter.
Meanwhile, a Thermal Analysis Gas Station (TAGS) was used to control the sheath
flowrate at 40 ml / min. The TAGS also allowed switching between sheath gases; N2,
compressed air and 2% O2 / N2. These flowrates were calibrated with a microflow
meter, supplied by Perkin Elmer, before tests were conducted. The temperature ramp

tests were programmed at 3 °C / min. The programme is plotted and tabulated in
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Figure 3.11 and Table 3.8. The program temperature was split into two stages;
devolatilisation and oxidation stages. Devolatilisation (step 1 to 4) aimed to remove
VOM, in order to avoid interference in the subsequent elemental soot analysis and to
determine the ratio of VOM to elemental soot in the PM. The oxidation stage (step 6
and 7) was to identify the maximum mass loss rate temperature (MMLRT), start of

oxidation temperature, oxidation temperature profile and Ea.

Table 3.7: Technical specifications for Perkin Elmer Pyris 1 TGA.

Perkin Elmer Pyris 1 TGA

Temperature Range Sub-ambient up to 1000 ‘'C
Temperature Ramp Rate Between 0.1 °C/ min to 200 "C/ min
Temperature Accuracy +2°C
Mass Range Upto1.3+2pg
Mass Sensitivity 0.1ug
Mass Accuracy <0.02 %

700

600 Devolatilisation I Oxidation
o I
< 500 |
g
3 400 I
@
@ 300 |
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0 1
(] 60 120 180 240 300 360 420
Time (min)

Figure 3.11: TGA temperature indication in ramp programme.
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Table 3.8: TGA conditions and settings in ramp programme.

Step Temperature Flows
1 Hold for 10 minutes at 40 °C
2 Heat up to 400 °C at 3 "C/min (Devolatilsation)
Purge: Inert gas at 60ml/min
3 Hold for 30 minutes at 400 °C Sheath: Inert gas at 40 ml/min
4 Cool down to 150 °C at 3 °C/min
6 Heat up to 650 °C at 3 "C/min (Oxidation)
Purge: Inert gas at 60ml/min
7 Hold for 30 minutes at 650 °C Sheath: Oxidative gas at 40 ml/min

(Cool down)
8 Cool downto 40 °C Purge: Inert gas at 60ml/min
Sheath: Inert gas at 40 ml/min

Gases utilised for the TGA tests were supplied by BOC UK. The inert gas used
in the study was N2 with N 5.2 (purity of 99.9992 %). The oxidative gases used were
compressed air, containing 21 % of oxygen (x 0.5 %) and certified 2% O2 / N2. The
PM loaded microfibre filters were used as test samples in the TGA (refer to section
3.7.1). The samples were prepared by cutting discs (5mm in radius) from a PM loaded
microfibre filter. Prior to the actual tests, pre-tests were executed to obtain the
approximate PM mass per disc. This procedure was to normalise the mass of the PM
sample, in order to prevent the mass effect [92]. The mass of the PM was normalised
to at least 0.12 mg, suggested by Wang et al. [258]. An alternative method was
previously proposed for TGA sample preparation, which involves the extraction of PM
from microfibre filters. However, this method was deemed unsuitable due to the
influence of packing density in PM, as well as oxidation reactivity, that can lead to
unreliable results [294] 7 pieces were used with a similar PM mass for all tests.

Conditions with high PM mass loaded onto the filters required fewer loaded discs in
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order to attain the normalised mass. The remaining discs were replaced with empty

discs in order to avoid potential mass effect by the filter.

3.6.4 Raman Spectroscopy (RAMAN)

Figure 3.12: Renishaw inVia Raman Microscopy.

Renishaw inVia Raman Microscopy was used to study PM Nanostructure
(Figure 3.12). RAMAN is a tool that can provide information on chemical structure,
phase and polymorphy, crystallinity and molecular interactions through its fingerprint
spectrum (Raman shift). RAMAN uses a light scattering method from a high intensity
laser. During the interaction with samples, it emits incident light, consisting mainly of
Rayleigh scattering (same wavelength as the laser) and partly Raman scattering
(different wavelength). The substance information lies within the Raman scattering, as
every substance has distinctive wavelength, reflecting the intensity and wavelength
position in the Raman spectra. RAMAN analysis was accomplished with PM loaded
disc filters. Four PM disc samples were randomly prepared from the filters, and they

were analysed in RAMAN by an Argon ion 532 nm edge laser. The laser intensity was
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set at 1% to avoid Nanostructure alteration and PM oxidation (via burning). A 100x
magnification lens was employed, precisely guiding the laser beam to a random PM
spot on the disc. Five spectra were acquired from each disc, consisting of 10
accumulations, with 30 seconds exposure time on each sample spectrum. The range

of the spectra was set between 800 cm-1and 2000 cm-1.

3.6.5 Transmission Electron Microscope (TEM)

Figure 3.13: JEOL 2100 TEM with laB6 filament.

Microstructural analysis was acquired with the use of the JEOL 2100 laB6 TEM
(Figure 3.13). The analyses included the measurements of dpo, humber of primary
particles (npo), Rg and Dr. The TEM operation is similar to general light microscopes,
but instead, electrons beam from a high voltage electron gun. Due to the extremely
small wavelength of electrons, the TEM is able to obtain higher resolution images with

clearer image boundaries and internal structures. TEM analysis was conducted with a

96



Chapter 3: Experimental Setup and Facilities

voltage setting of 200keV. Images of the agglomerates were captured in tagged-
image-file-format (.tiff), in order to ensure no data loss in the images. TAAB formvar-
carbon coated copper grids with a 3.05 mm diameter were utilised for the analysis.
Two separate approaches were used for the TEM grid preparation; direct exhaust
exposure and microfibre filter extraction. In direct exhaust exposure, TEM grids were
held with a pair of tweezers and exposed to the exhaust tailpipe for 5 seconds on each

side.

Figure 3.14: PM dissolved in ethanol solution.

Contrarily, the PM extracted from the microfibre filter is a longer method. A
portion of loaded filters were cut and placed in an ethanol solution within a container.
This was followed by extraction with an ultrasonic bath for 5 minutes. The final result
of the PM-ethanol solution is presented in Figure 3.14. Finally, a micropipette was
used to drop 1 ml of the PM-ethanol solution onto the TEM grids and left for drying in
a contained environment. This was repeated 3 times to ensure PM were adhered onto
the grids. An in-house MATLAB script, previously developed by Dr. Maria Bogarra

Macias, was used for post-processing and will be discussed later.
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3.7 PM Loading Instrumentation
3.7.1 Microfiber Filters

GF/F grade microfibre filters with 47 mm diameters (supplied by LLG) were used
for the purpose of PM loading. The filters were tested with the TGA full ramp
programme to ensure suitability, with no material loss during the test. Pre-treated and
non-treated filters demonstrated that no significant difference was found, and no

material loss occurred during the test. The properties of the filters are tabulated in

Figure 3.9
Table 3.9: Properties of LLG GF/F.
LLG GF/F Microfibre Filters
Diameter 47 mm
Pore Size 60 pm
Thickness 0.26 mm

3.7.2 PM Loading Setup

Y o

Figure 3.15: Customised filter holder.

Despite there being no material loss observed, filters were still pre-treated. The

filters were baked in the oven for 6 hours at 500 °C in order to prevent moisture
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absorption prior to the loading process. The filter was then placed in a customised filter
holder (Figure 3.15), and external heating was applied to the outside of the holder.
This allowed an exhaust gas temperature to be maintained at 200 °C. Continual
measurements were obtained by a K-type thermocouple, closely positioned on top of
the filter. The process was assisted by a pump, with a flowrate of 15 | / min. The
extraction processes used a heated line that extracted exhaust gas samples from the
pre-TWC engine tailpipe to the holder. The loading duration was estimated by the PSD
results. Less PM concentration and mass indicated in the PSD required a longer
loading duration. This is to ensure sufficient PM mass samples for TGA and RAMAN

analyses.

3.8 Data Processing

3.8.1 Combustion Analysis

3.8.1.1 Rate of Heat Release (RoHR) and Mass Fraction Burned (MFB)
Calculation of the RoHR and MFB was based on the average in-cylinder pressure

acquired from 200 engine cycles. The RoHR was derived from Equation 3.2 according

to the theory published by Heywood et al. [4]. Where, P is the instantaneous in-cylinder

pressure, V is the displaced instantaneous cylinder volume, Z—Z is the apparent RoOHR,

and y is the specific ratio of heat capacity. y can be estimated by interpolation of the

logarithm pressure-volume curves.

; Qo v dv(m?y 1 3y dp cbar
Equation 3.2 de (deg) T oy .p(bar) "de (deg) + y+1'v (m*) "de (deg)

MFB was calculated by the ratio of cumulative heat release to total heat release.

Equation 3.3 was utilised for the MFB calculations and to plot the MFB curve. Where,
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MFB, is the MFB at a given CAD, QR ymuiative (o) IS the cumulative heat release and
QR is the total heat release. A normalised value was obtained between 0 and 1 for
start and end of combustion, corresponding to 0% to 100% of MFB. Subsequently,
MFB10 and MFB90 were used to estimate the ignition duration (MFBO to MFB10) and
combustion duration (MFB 10 to MFB90). Additionally, the MFB50 was used as the

reference for combustion phasing.

Equation 3.3 MFB g = QRCumﬂ(;L};lative )
T

3.8.1.2 Combustion Efficiency (fcombustion)

An indication of combustion efficiency was computed from the inefficiency of the
exhaust gas species, mainly THC, CO and Hz, with Equation 3.4. It was estimated
based on the residual energy that remained in the exhaust stream using the LHV, and
the mass flowrate, m,.. The LHV . was assumed to be the LHV of the respective fuel

blend.
Equation 3.4

(LHY fuer GD) X' mrnc GD)+(LHV co G)x o D)+ (LHV 1, Gy 1, (D)

kJ . k.
LHV fyel (@)X mfuel(Tg)

Ncombustion =

3.8.1.3 Combustion Stability

Combustion stability was determined by the COVivep derived from Equation 3.5.
Higher values indicate lower combustion stability. In order to calculate the standard
deviation and mean of IMEP, the IMEP is calculated with Equation 3.6. The IMEP is
the summation of all four individual strokes mean effective pressure (MEP). MEP is an
important indication of the engine load, allowing comparisons between engines with

alternative designs and configurations. The MEP was computed for each of the four-
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cycle strokes, based on Equation 3.7. Where, pis the mean in-cylinder pressure
during an interval of crank rotation, dV is the displaced volume by the piston and V; is

the total swept volume over the stroke.

Equation 35 COVIMEP (%) _ (Standard;::;elxr:(zzil)leP (bar))
Equation 3.6 IMEP (bar) = MEP;(bar) + MEP,(bar) + MEP;(bar) +
MEP,(bar)

. __ Y p (bar)x dV (m3)
Equation 3.7 MEP, (bar) = Ve %)

3.8.1.4 Brake Specific Fuel Consumption (BSFC)

Brake specific fuel consumption (BSFC) is commonly referred to, to quantify the
engine fuel economy and is stated in Equation 3.8. Where, Py, IS the engine brake
power, calculated from Equation 3.9. The denotation of T is the engine torque,
measured by the dynamometer, and N is the engine speed.

m
fuel &9
Ppy (kW)

Equation 3.8 BSFC (k';lf’h) =

T (n.m)-2m-N(rpm)
60000

Equation 3.9 Pprake (kW) =

3.8.1.5 Brake Thermal Efficiency (BTE)

The brake thermal efficiency (BTE) is a quantification of the efficiency of an
engine to convert fuel energy into mechanical work. A BTE value was obtained through
Equation 3.10. Brake power value was derived from Equation 3.9, and subsequently
divided by the total energy input by fuel (mye; X LHVye; ).

i PBrake (kW)
Equation 3.10 BTE = Brake
q mfuel(%)’LHVfuel(%)
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3.8.2 Gaseous Emissions

3.8.2.1 Brake Specific Emissions for THC, CO, CO2 and NOx

For gaseous emissions, specific emissions were computed with molar mass to

avoid density variation due to the influence of temperature. Specific emissions were

derived from Equation 3.11. The exhaust mass flowrate is the summation of fuel mass

and intake air mass flowrates, shown in Equation 3.12. The exhaust molar mass is

the total of all gaseous species found in the exhaust gas, calculated by Equation 3.13.

Where, M, is molar mass and X, is the relative concentration of gaseous emissions.

Equation 3.11

Equation 3.12

Equation 3.13 Brake Specific Emission (kvih) =

M exhaust (

3.8.3 PM Characterisation

3.8.3.1 Particle Size Distribution (PSD)

9
mol

. kg\ _ . kg . kg
Mexhaust (T) = Mgyer (T) + My (T)

) = (XTHC(ppm) X Mryce (L)) n

mol

<Xco2 (ppm) X M¢, (i)> +

mol

(Xco (ppm) X Mco (i)) +

mol

mol

(szox (ppm) X Myo, (i)) +

Xn,(ppm) X My, (i)
( )

mol

Mexhaust (kfg)x My (miol)x Xx(ppm)

g
Mexhaust (ﬁ) X PBrake(kW)

The exhaust emissions were diluted during PSD measurements with SMPS.

Therefore, a correction factor was applied based on a in the experimental work. The

102



Chapter 3: Experimental Setup and Facilities

PSD was calculated with Equation 3.14 across a measurable diameter range (7.77nm

< dp <294.3 nm).
Equation 3.14 PSD (nm) = a X dp (nm)

3.8.3.2 Primary Particle Diameter (dpo)

The measurements for dpo were manually performed on MATLAB, digital
imaging software, Image Tool (IMTOOL as codeword). Measurements were carried
out on at least 450 primary particles from at least 20 agglomerates, randomly selected
for each test condition. Measurements were taken exclusively on identifiable
boundaries to ensure accuracy of estimation. The images were enhanced by
background removal and contrast adjustment. This is crucial for the subsequent step
in the morphological analysis, in order to reduce the analytical time by the MATLAB
script. Additionally, log-normality statistical tests were performed on a representative
number of primary particles measured from a TEM grid representing an individual
condition. The test was performed with IBM SPSS statistical software, utilising the one-
sample Kolmogorov-Smirnov significance test as accordance to literature [1], [8]. This
was to ensure the results data were equally distributed, and to identify the significance
of results when compared to baseline conditions. The test was also to limit subjectivity
in recognition of primary particle boundaries within the diameter dimensions [214],

[295].

3.8.3.3 Number of Primary Particles (npo)
Estimation of the npo was achieved with the use of Equation 3.15. Where, A is

the area of PM agglomerate (projected in TEM images), A,is the area of primary

particles assumed to be circular (obtained with Equation 3.16), and a is the
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exponential factor that corresponds to particle overlap, that is constantly assumed to

be 1.09 [203], [228].

. _ (Aa@m®)\°
Equation 3.15 npo = (Ap (nm2)>
Equation 3.16 Ay(nm) = %- (dpo(nm)?)

3.8.3.4 Radius of Gyration (Rg)
Rgis a projection value based on Equation 3.17 [199], [246], [296]. Where, m is
the number of pixels per PM agglomerate, and ri is the distance (nm) from the centre

of a primary patrticle to the centroid of PM agglomerate.

Equation 3.17 Ry(nm) = ’%Z r?(nm)

3.8.3.5 Fractal Dimension (Dr)

Agglomerates geometries are determined by the value of D:. Drf allows the
evaluation of primary particle compactness in an agglomerate [199], [208]. It also
allows insight into the type of collisions experienced by PM agglomerates during the
formation process [297]. The higher magnitude of Df resembles compact, clustered
PM agglomerates. Conversely, lower Dr means less compact, more chain-like PM
agglomerates [228]. Chain-like PM agglomerates are formed by the collision between
(i) primary particles and smaller agglomerates, or (ii) both smaller agglomerates [209].
This is known as the ‘diffusion-limited’ mechanism, which dictates the overall nature
of collisions. This occurs in circumstances when the free path is smaller than the PM
agglomerates [298]. The collisions occur at the tip of the agglomerates via Brownian
motion. Conversely, clustered PM agglomerates are promoted when the mean free

path is greater than the size of PM agglomerate. It is mainly dominated by a ‘ballistic’
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mechanism that occurs between primary particles and clustery PM agglomerates,

penetrating directly into the clusters due to the ballistic trajectories.

Three different methodologies were used to estimate the Dy, including the
minimum bounding rectangular method D+ (LW), the power law relationship Df (Rg) and
roof form factor (RFF). These methodologies were applied to ensure the consistency
of Drresults. Df (LW) and Ds (Rg) were acquired from the evaluation of the linear
regression gradient line, derived from Equation 3.18 and Equation 3.19 respectively
[210], [296]. RFF is a non-dimensional parameter, and is comparable to Dt based on
the ratio of area to perimeter (Equation 3.20) [202]. Where k; is the pre-factor or
structural coefficient [210] and L and W are the length and width of the minimum

bounding method.

Equation 3.18 Inn = Inks + Dy.In (W)
dpo (nm)
i _ Rg(nm)
Equation 3.19 Inn = Inke +Dy.In (72 772)

2
Equation 3.20 RFF = /_4"”"‘17(’"” )
Perimeter (nm)

3.8.3.6 PM Composition and Oxidation Reactivity
PM composition is divided into VOM and elemental soot, and derived from

Equation 3.21 and Equation 3.22. Where, Mass oy IS the mass measured from TGA.

Equation 3.21 VOM (%) = —2assvom(n9) o 400

Total PM Mass (mg)

Equation 3.22 Elmental Soot (%) = 100% — VOM

The oxidation reactivity of PM is determined by two distinguished approaches; (i)
MMLRT and (ii) Ea. MMLRT was identified as the peak temperature from the first
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. . .. d . .
derivative of mass variation (ﬁ) across the temperature axis. When PM is more

reactive, a lower MMLRT value will be obtained. Furthermore, the ‘;—T: was also used
to compute the Ea using the Arrhenius equation through gradient evaluation of linear
regression (Equation 3.23). Where, Eavalue is the energy required to oxidise PM, m
is the instantaneous mass of the sample, T is the temperature in Kelvin (K), R is the
universal gas constant (8.314 J/mol.K) and 4,,, is the oxygen partial pressure. The

weight loss of between 10 % to 50 % was considered in the calculation of Ea [141].

Equation 323  In(——— 0a)_ “falmol). (144 )y

m(mg)  dT (K) R (Jomol~1.K~1) "\T(K) (bar)

O,

3.8.3.7 In-House MATLAB Script

As mentioned in section 3.6.5 Transmission Electron Microscope (TEM), the in-
house MATLAB script used can be reviewed in detailed at Appendix 4: Additional
Information. The script comprised of several calculations, (i) images pixel calculation
which was responsible for all morphological analyses, (ii) centroid calculation for
obtaining Rg, (iii) binarization and projected area calculations for Rg and npo
estimations respectively, (iv) minimum bounding rectangular calculation to obtain L
and W for the use in Equation 3.19, (v) npo estimation which includes Equation 3.15,
(vi) Rg calculation composed of Equation 3.17, and (vii) perimeter and RFF

calculations derived from Equation 3.2.

3.8.3.8 Nanostructure

The RAMAN spectra was post-processed with Renishaw Wire software. Several
methodologies have been proposed by literature for deconvolution (curve fitting).
However, 3 Lorentzian and 1 Gaussian (3L1G) fitting was chosen due its closest

connection to PM oxidation and its lowest fitting error, x2 [299]. The 3L bands were
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composed of G, D1 and D4, measured at 1590 cm-1, 1360 cm-1 and 1180 cm-1
respectively. The G band was composed of Dz and measured at 1500 cm-1. Only the
D1 and D3 bands were evaluated. The D1 identified the graphene layer defects by
measuring the magnitude of disordered graphene layers in the edge site. The Ds
measured the amorphous content in primary particles (non-graphitic carbon)
comprising of organic molecules, fragments and functional group [299]. As the G band
is the graphitic peak that corresponds to perfectly ordered graphene layers, it was
taken as the benchmark for analysis. The evaluation was based on the intensity and
area ratio of the D1 and D3 bands to G band, as following; Ipuvls, Ip3/le, Api/Ac and
Aps/Ac. Additionally, the full width half maximum (FWHM) of D1 was also used for

estimating the disorder of graphene layers.

Furthermore, the 3L1G fitting method was demonstrated to be able to provide a
similar estimation of La to the TEM examination. The formula introduced was modified

by Seong et al.[299], using the area ratio of D1 to G as indicated in Equation 3.24.

: Ap:\ 71
Equation 3.24 L,(nm) = 4.4 (A—)
G

3.8.4 GPF Performance Analysis
3.8.4.1 Filtration Efficiency (nFiitration)

The GPF assessment is determined by the filtration efficiency (n Filtration),
calculated by the difference before and after the GPF as shown in Equation 3.25.

Where, PMy¢orc cpr IS the PM concentration before GPF and PM ., ¢pr is the PM

concentration after GPF.

Equation 3.25

PM —PM
%) = Y before GPF after GPF
NFiltration (/0) 100% x ( )

PMbefore GPF
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3.8.4.2 Pressure Drop

Equation 3.26 was utilised to measure the pressure drop of the GPF, with two
absolute pressure measurements acquired from pressure transducers. Where p1is the
absolute pressure before the GPF, and p2 is the absolute pressure after GPF, as

illustrated in Figure 3.5.

Equation 3.26 Pressure Drop (bar) = p,(bar) — p,(bar)
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CHAPTER 4 INVESTIGATION OF COMBUSTION AND PM
CHARACTERISTICS WITH DIFFERENT AIR-FUEL RATIO

AT MBT CONDITION

4.1 Introduction

As discussed in Chapter 2, the effect of AFR was evaluated comprehensively in
terms of combustion characteristics and gaseous emissions. Therefore, this
investigation was performed briefly focusing on combustion and gaseous emissions
under MBT conditions. Previously, PM has been understood in terms of concentration,
mass and oxidation reactivity, as well as microstructure and Nanostructure. However,
both micro and Nanostructural analyses have mainly defined PM characteristics;
scarcely linking them to combustion characteristics, and therefore our understanding
of PM formation is limited. Additionally, a limited PM oxidation reactivity has been
studied by literature. This chapter includes several areas, including PM oxidation
reactivity and composition with the use of TGA, and PM formation with reference to
the combustion characteristics. Previous studies in the literature have executed
combustion phasing (MFP50 phasing) or constant spark timing. This has led to the

AFR investigation under the MBT conditions.
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4.2 Methodology and Test Conditions

Table 4.1: Experimental matrix and engine condition.

Engine Condition

Speed (rpm) 2200
Torque/Load (Nm) 90
Intake Valves Opening (CAD aTDC) 11
Exhaust Valves Closing (CAD aTDC) 8
Stoichiometry, A 1 1.1 0.9
Air-Fuel Ratio, AFR 14.23 15.66 12.80
Injection Timing (CAD bTDC) 299 293 299
Spark Timing (CAD bTDC) 26 28 23

Table 4.1 tabulates the experimental matrix and engine conditions used in the
study. The engine torque and speed were set at 90 Nm / 2200 rpm corresponding to
a representative operating condition of the light-duty vehicle driving cycle in WLTP.
The engine oil and coolant were warmed up to 90 £ 0.5 °C and 95 £ 2 °C respectively,
prior to initiation of the test, to ensure engine stability for repeatability of results. The
engine charged-air temperature was also warmed up to 40 + 2 °C before the tests.
The IEGR was removed by setting the IVO and EVC to 8 and 11 aTDC respectively
to avoid influencing the acquired results. The ECU was mapped with MBT conditions,
hence only the A of the engine was varied between 0.9, 1 and 1.1, equivalent to rich,
stoichiometric and lean conditions. The spark and fuel injection timing were default
settings according to the MBT for each individual A. Figure 4.1 illustrates a schematic
drawing of the experimental setup for this chapter. This diagram includes indications

of sampling points for gaseous and PM emissions, PM loading and TEM grid
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preparation. In order to ensure repeatability and reliability of results, gaseous
emissions were measured for at least 300 seconds and PM measurements were

conducted five times. PM was loaded for at least 90 minutes, as displayed in Figure

Charge "“tedw* Glass Microfibre Filter for RS
<= Cooler andTGA
Turbine —’ TAAB Formvar g:grtze; Copper Grids Loading
Sampling Points / \
Air Box | =P X X X [I I_I =
[ \ /
; Compressor TWC

m’

SMPS

AC Dynamometer

2L Ford GDI Engine

Figure 4.1: Schematic of experimental setup.

(a) (b)
Figure 4.2: PM loaded filters of (a) stoichiometric (A = 1), (b) lean (A=1.1) and

(c) rich (A=0.9)
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4.3 Results and Discussion

4.3.1 Combustion Characteristics

Table 4.2: COVimep, ignition duration, MFB50 and combustion duration of A = 0.9, 1

and 1.1.
- Combustion
o COVivep Ignition MFB50 .
Stoichiometry, A (%) Duration (CAD) (CAD aTDC) Duration
(CAD)
Stoichiometric 1.45 24.98 7.695 22.25
A=1)
Lean (A=1.1) 2.02 28.01 10.65 '26.19
Rich (A=0.9) 1.21 23.78 10.19 25.86

The COVimep, ignition duration, MFB50 and combustion duration are tabulated in
Table 4.2. Combustion stability of each condition is reflected by the COVimep. From the
results, combustion stability is reduced, as the combustion mixtures transition to leaner
AFR. This is linked to the prolonged ignition duration [4], [189], [191], [192]. The
ignition duration is commonly used to evaluate flame kernel growth at the early flame
development stage. The effect is due to the sensitivity of flame speed and RoHR
during ignition period [192]. This is because the leaner mixture has a less severe
chemical reaction during combustion, due to the higher dilution by air. This results in
the reduction of energy transfer to the air-fuel mixture within the spark plug vicinity.
Additionally, the leaner mixture has a locally inconsistent air-fuel mixing process from
cycle-to-cycle, resulting the flame kernel growth is affected as the motions vary [300].
Oppositely, when more fuel is injected into the combustion chamber (rich condition),
the higher cylinder temperature can improve the flame kernel growth. This is the
consequence of a greater reaction within the spark plug vicinity, and the enhanced

atomisation of fuel [301]. Despite having a shorter ignition duration with rich mixture,
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the MFB50 is delayed due to extended combustion duration. This is the result of
inadequate oxygen concentration in the combustion. Meanwhile, the delayed MFB50
for A = 1.1 is due to the longer ignition duration. In general, the COViver of the varied

A is below the recommended stable combustion limit of 5% [1].

0.35

mBSFC EBTE

0.33

o
w
s

BTE and BSFC (kg/kW.h)
o
o
(o]

o
N
~

0.25
Stoichiometric Lean Rich

Figure 4.3: BSFC and BTE of A=0.9,1and 1.1.

BSFC and BTE are presented in Figure 4.3. In the lean mixture, the BSFC was
reduced by 5.44 %, and the rich mixture increased by 5.96 %, in comparison to the
stoichiometric value. The data indicates that leaner combustion results in enhanced
fuel economy. Therefore, illustrating a relationship between engine efficiency and fuel
economy. Both were improved concurrently as the mixture got leaner, as BTE is
inversely proportional to BSFC. When the mixture became leaner, the lower BSFC
increased the BTE, as more air was introduced into the engine, reducing the pumping

loss. In turn, the volumetric efficiency was improved [300]. Secondly, the y was also
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increased as the result of more expansion work in the engine; leading to a greater
work output by the engine [192], [302]. Therefore, BTE was seen to drop from 0.303

to 0.287 for the rich mixture, and improved to 0.319 for the lean mixture.
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Figure 4.4: EGT and ncombustion of A = 0.9, 1 and 1.1.

Figure 4.4 is the ncombustionand EGT. The trend of ncombustion has shown a similar
trend to BTE, where excess air promotes better air-fuel mixing and subsequently more
complete combustion. This demonstrated an increase of A improved the ncombustion from
97.2 % to 98.9 %, as more combustion took place indicated by the lower THC and CO
concentrations in the exhaust gas. In relation to the EGT, the lean condition had the
lowest value of 717 °C in comparison to stoichiometric and rich conditions. This was
a direct result of less heat loss via the coolant system and the exhaust. It was related
to excess air acting as a diluent and therefore lowering the in-cylinder temperature

[190]. For the rich condition, the EGT was measured at 738 °C (lower than
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stoichiometric condition (760 °C). This was due to the limited oxygen in the combustion

chamber, which consequently reduced the combustion reaction.
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Figure 4.5: In-cylinder pressure and RoHR of A = 0.9, 1 and 1.1.

In-cylinder pressure and RoHR are plotted in Figure 4.5. The trend of the
acquired Pmax was as follows; stoichiometric > lean > rich (40.8, 37.9 and 37.0 bar
respectively). The lower Pvax during lean combustion was because excess diluent had
reduced the combustible vapour in the combustion chamber [193] and consequent to
the loss of heat capacity in the mixtures [300]. In relation to the rich condition, the lower
in-cylinder pressure profile was attributed to the incomplete combustion as a result of
inadequate oxygen concentrations [193]. On the other hand, the highest peak value
was measured under the rich condition in heat release plot, likewise for the total heat
release (cumulative curve). Several reasons were identified. First, the quicker flame

speed during flame ignition period had enhanced the flame propagation rate [190],
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improving the combustion consistency. Secondly, the delayed spark timing (Table 4.1)
had increased the compression stroke. The longer compression stroke contributed to
the higher in-cylinder temperature and greater surface area to volume ratio, resulting
in greater heat transfer, as reflected in the RoHR profile [4]. Hence, this explains the
comparatively higher exhaust gas temperature exhibited in the rich condition than the
lean condition, despite a slighter combustion reaction. The lean condition has a similar
RoHR peak to the stoichiometric condition, but with a higher total heat release. The
peak value of ROHR was a direct result from substantial heat release after the TDC,
due to the prolonged combustion duration. Concurrently, this promoted the work done
by the engine and reduced the heat release from the mixture during the combustion
process [300]. However, the greater total heat release has been attributed to more

complete combustion aided by the excess oxygen in the combustion chamber.

4.3.2 Gaseous Emissions

Gaseous emissions composed of THC, CO CO2 and NOx emitted by A are
illustrated in Figure 4.6a. THC is mainly produced by (i) the misfiring, incomplete
combustion or high concentration of diluent leading to incomplete flame propagation,
(i) the flame quenching effect and (iii) fuel absorption in the crevice volume, as
mentioned in section 2.1.5.1. The gradual improvement in THC emissions as A
increases was attributed to the availability of oxygen, enhancing the main combustion
process (more complete combustion). This process led to lower THC mass trapped in
the crevice volume [300]. Additionally, the presence of excess oxygen also aided post-
combustion oxidation. Therefore, the difference of THC measured in the exhaust

tailpipe under lean and rich conditions are at -22.9 % and +29.9 % in respect to
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stoichiometric. Figure 4.6b illustrates the specific measurable HC species in the FTIR,
confirming that the variation of the measured THC under all conditions were due to the

variation of measurable HC species.

The relationship between CO and CO2 demonstrates an inverted trend,
associated with numerous factors. As A became leaner, the combustion process was
more complete due to the excess oxygen availability. This reduced CO, subsequently
turning it into COz2. Therefore, in comparison to the baseline condition (stoichiometric),
CO emissions were highest under the rich condition (+87.0 %) and were lowest under
the lean condition (-86.5 %). In contrast, CO2 was highest under the lean condition
(+2.5%) and lowest during the rich condition (-11.2%). The non-linear reduction of CO2

during the lean condition may be related to lower fuel consumption.
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Figure 4.6: Specific (a) gaseous emissions and (b) HC species emissions of A

=0.9,1and 1.1.

Thermal NOx in the ICE is commonly associated with the Zeldovich mechanism,
therefore has been used to justify NOx emissions in this chapter [30]. Several factors
were involved, such as (i) temperature, (ii) oxygen and nitrogen concentration and (iii)
residence time [4]. The greatest concentration of NOx was formed during the lean
condition, which corresponded to an increase of approximately 42.0 % when
compared to stoichiometric. The lowest concentrations were observed during rich
conditions, exhibiting a decrease of 21.7%. It was presumed that the in-cylinder
temperatures under all tested conditions were sufficient enough for the formation of
NOx. The longer residence time (combustion duration) and higher oxygen
concentration during the lean condition impacted the formation of NOx at a higher rate.

Contrarily, despite the longer combustion duration during the rich condition, the limited
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oxygen concentration in the combustion chamber reduced the NOx formation.
Additionally, NOx was also suppressed by the decomposition of NO, which is
increasingly more prominent during richer A conditions [303]. This relation is expressed
by the HCCO-NO reaction [304]. HCCO radicals are formed during combustion but
are more likely to react with oxygen. Hence, this reaction is less prominent when A is

leaner, result of a greater presence of oxygen in the combustion chamber.

4.3.3 PM Characteristics
4.3.3.1 PM Emission

The number and mass PSDs are plotted in Figure 4.7. It is generally accepted
that combustion during lower A conditions can lead to higher concentrations of PM.
Under the rich condition in this study, PM concentration was 32 % higher than the
stoichiometric condition. Additionally, the lean condition had also shown an
approximately 42 % increase in PM concentration. Referring to Figure 4.7a, the
greater PM concentrations were caused by nucleation mode PM (nucleation peaks).
It has also been reported by Zhang et al. [188], that lean combustion can increase the
fraction of nucleation mode PM. It is speculated that greater concentrations are
attributed to water condensation from more complete combustion. For rich conditions,
the peak in nucleation mode PM appears to be related to the condensation of
unburned HCs (THC in Figure 4.6b). The condensation that occurred in both lean and
rich conditions was caused by the lower EGT. As the exhaust gas samples were fed
into the diluter at a lower temperature, it resulted in the reduction of dilution
temperature below the dew points of water and HC species. This subsequently led to

the occurrence of condensation in the dilutor [98].
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Figure 4.7: (a) Number and (b) Mass PSD of A =0.9, 1 and 1.1.
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In relation to accumulation mode PM, excess oxygen in the lean condition had
promoted the oxidation rate, and hindered the formation of intermediate species from
their initial aromatic rings [277]. The lower fuel mass injected into the cylinder from the
enhanced fuel economy (lower BSFC in Figure 4.3) resulted in the reduced
concentration of solid PM [44]. Hence, the reduction was mainly seen across the

diameter range between 17 nm and 284 nm.

In rich condition, the oxidation had dictated the competition between formation
and oxidation. It was correlated to the higher combustion temperature (peak of the
RoHR), altering the PM formation temperature and d¢criica. During the longer
compression stroke (delayed spark timing), fuel vaporisation was enhanced, and the
formation of soot by the diffusive flames (thinner fuel film impingements) was
suppressed. The impinged fuel was broken down into shorter carbon chain HCs, that
are more easily oxidised, leading to formation of fewer PM precursors. Under these
conditions, shorter HC chains turn into CO by partial oxidation, which is a non-
reversible process [113]. Due to less soot formation, surface area is reduced for
unburned HC condensation or absorption [107]. Unreacted HCs were emitted in
gaseous or VOM form (HC nuclei PM) by the process of condensation. This suggests

that the measured PM concentration was contributed by the nucleation peak.

The greater nucleation mode PM, and the decreased accumulation mode PM,
led to an overall reduction in GMND. This was observed under both lean and rich
conditions, reducing from 41 nm to 30 nm and 11.6 nm respectively. Figure 4.7b
presents the mass PSD. The data illustrates that under lean and rich conditions, a
drop of approximately 81% and 52% respectively occurred, despite an increase in total

PM concentration. This is attributed to nucleation mode PM having negligible impact
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on the total PM mass. Additionally, the trend in the mass PSD also confirmed the

decrease of GMND for both lean and rich conditions.

4.3.3.2 PM Composition and Oxidation Reactivity
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Figure 4.8: PM Compositions for A=0.9, 1 and 1.1.

The PM mass loaded on the filter varies between conditions, because of the
variation of PM formation rate. Therefore, to normalise the mass of PM during TGA, 5
loaded discs, and 1 empty disc, was used for the stoichiometric condition. For the lean
and rich conditions, 7 loaded discs were used, and 6 loaded dics and 1 empty disc
were used respectively. Figure 4.8 shows the PM composition for A = 0.9, 1 and 1.1.
The exhibited compositions for stoichiometric and lean conditions were similar. Hence,
suggesting the nucleation peak in PSD was formed by water condensation. During the
loading process, water condensation was unlikely to occur due to the sample flow

temperature being constantly monitored at approximately 200 °C. The slightly higher
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VOM to elemental soot ratio observed in the rich condition was consistent with the
greater nucleation mode PM measurements in the PSD. This was attributed to the
condensation of HCs from higher THC emissions. In theory, rich PM should enhance
the PM oxidation reactivity, as higher VOMs can form new micropores for oxygen
reaction after devolatilisation [232]. However, the overlap of error bars within the
measurements indicates a insignificant difference in the results. Therefore, it is

speculated the influence of PM composition has a negligible effect on PM oxidation

reactivity.
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Figure 4.9: (a) Soot oxidation mass profile, (b) derivatives of mass loss and (c)
linear regression of Arrhenius plot for Ea of A = 0.9, 1 and 1.1 with 7% oxygen

concentration.

124



Chapter 4: Investigation of Combustion and PM Characteristics with Different
AFR at MBT Condition

In order to examine the PM oxidation reactivity, comparisons of the results were
analysed through the soot oxidation mass profile, MMLRT and Ea (Figure 4.9). The
method is used to estimate micro and Nanostructural alterations [202], [215]. The soot
oxidation mass profile (Figure 4.9a) shows the earlier start oxidation temperatures
(SOT) for lean PM. This was measured at around 300 °C, where stoichiometric and
rich PM were measured at 330 °C. Moreover, the mass loss derivatives in Figure 4.9b
also illustrate an earlier shift in MMLRT to 470 °C for the lean PM, with both
stoichiometric and rich PM remaining at a similar temperature of 500 °C. To further
confirm the ameliorated oxidation reactivity of the lean condition, the Ea was
calculated. To ensure the reliability of the linear regression, the coefficient of
correlation (R2) was above 0.9 for all cases exhibited in Figure 4.9c. The trend of SOT
was consistent with Ea. The lowest values were exhibited in the lean PM at 73.1
kJ/mol, and higher values were acquired for stoichiometric and rich PM at 143.8 kJ/mol

and 148.4 kJ/mol respectively.
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Figure 4.10: (a) Soot oxidation mass profile, (b) derivatives of mass loss and (c)
linear regression of Arrhenius plot for Ea of A = 0.9, 1 and 1.1 with 1% oxygen

concentration.

As previously stated in Chapter 1, oxygen concentration may vary according to
the engine A setting. Hence, a further study with TGA was conducted to mimic the
lower oxygen concentration environment. Instead of using default compressed air as
the oxidative gas (7% oxygen concentration), these sets of experiments were
executed using 2% O2/N2, resulting in 1% oxygen concentration in the TGA
combustion chamber. However, due to the non-difference in the PM oxidation
reactivity between stoichiometric and rich PM, only stoichiometric and lean PM were
tested to study the influence of low oxygen concentration on PM oxidation (Figure
4.10). For both lean and stoichiometric PM, SOT values shifted by approximately 30°C

under the lower oxygen concentration environment (300 °C to 330 °C and 330 °C to
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360 °C). Moreover, MMLRT peaks were also shifted slightly towards a lower
temperature, from 470 °C to 510 °C and from 500 °C to 530 °C respectively, for lean
and stoichiometric conditions. The shifts in temperature were because of the limited
oxygen concentration, restricting the oxidation process, and leading to a longer PM
oxidation time. It appeared that the lower oxygen concentration seemed to alter the
activation energy (143.8 kJ/mol to 123.2 kJ/mol and 73.1 kJ/mol to 51.6 kJ/mol).
However, it did not represent a higher oxidation reactivity. It was thought that the
differing values obtained in the derivatives of mass loss had been influenced by the
reduced oxygen concentration. This led to the change in activation energy.
Regardless, PM formed under lean conditions consistently showed an enhanced PM
oxidation reactivity. Compiling the evidence, it is speculated that lean PM possesses
different PM characteristics. Thus, this chapter continues with micro and
Nanostructural analyses, in order to study the PM characteristics influencing PM

oxidation reactivity.
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4.3.3.3 TEM for Primary Particle Diameter and Microstructure

Figure 4.11: TEM micrographs of PM agglomerate of A = (a) 1, (b) 1.1 and (c)

0.9.

TEM micrograph samples of PM agglomerates emitted by the GDI engine under
stoichiometric, lean and rich conditions can be viewed in Figure 4.11. Agglomerates
found from the TEM grids were in aciniform-shape, formed of large agglomerates, or
occur in diesel-like particles formed of clustered or chain-like geometries [71], [199].
Figure 4.12 illustrates the log-normality distributed histograms of primary particles for
all the A tested. The one-sample Kolmogorov-Smirnov statistical test was used for

evaluation and satisfied the test (Table 4.3).

129



Chapter 4: Investigation of Combustion and PM Characteristics with Different

AFR at MBT Condition

100 (a) Stoichiometric 100 (b) Lean

80 80

60 60

40 40

20 20

Number of Particles
Number of Particles

[

b - N N

O N = & & = BB BB NN N ® & ® & B o= oBoB T
[=] (=] o o (=] (=] N -y a oo (=] N (=] (=] (=] (=] o (=] ] - o ] (=] N
o (=] (=] (=] =] (<] o (=] [=] (=] (<] (=] o (=]
Log Primary Particle Diameter (nm) Log Primary Particle Diameter (nm)
100 Rich
P (c)
< 80
=
£ 60
e
E 40
£
5 20
z
N 3 & & £ F F p B NN
(=] [=] (=] o [=] [=] N B a ] [=]

N
(=] o (=] o o o o

Log Primary Particle Diameter (nm)

Figure 4.12: Log-normal primary particles distribution for A = (a) 1, (b) 1.1 and

(c) 0.9.

Table 4.3: Statistical normality test for A = 0.9, 1 and 1.1.

Null Hypothesis Significance Results
The distribution of Log (Stoichiometric) is 0.200a Retain  null
normal with mean 1.43 and standard hypothesis

deviation 0.138

The distribution of Log (Lean) is normal with 0.131a Retain  null
mean 1.48 and standard deviation 0.180 hypothesis

The distribution of Log (Rich) is normal with 0.183a Retain  null
mean 1.41 and standard deviation 0.134 hypothesis

Asymptotic significances are displayed. The significance level is 0.05

2 Lilliefors corrected
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The average dpo for lean, stoichiometric and rich conditions were measured at
35.9 nm, 28.5 nm and 26.7 nm respectively (Figure 4.13a). Despite the lean condition
having the largest dpo, it also exhibited the most variation. This variation was
associated with the default MBT conditioning of the engine. The later injection timing
and earlier spark timing reduced the compression stroke, resulting in worsened fuel
vaporisation and reduced air-fuel mixing time. Hence, this led to less uniformity in the
mixture. As a result, some regions were richer, and some were leaner, but the overall
A was retained. Richer regions have higher formation rate (larger nuclei), and leaner
regions have higher oxidation rate (smaller nuclei). Thus, surface growth processes of
larger nuclei can form larger primary particles, resulting in higher dpo. The smallest dpo
, formed by rich combustion, was attributed to the longer compression stroke (delayed
spark timing). It was meant to compensate for the rapid flame propagation by the ECU
during rich combustion [253]. The longer compression stroke increased the in-cylinder
temperature, boosting the oxidation rate and slowing down the formation process. A
similar trend was previously mentioned by Wu et al. [119]. Similar trend was previously
mentioned by Wu et al [215]. Although, a smaller dpo value is linked to improved
oxidation reactivity of PM (higher SSA, greater surface area for a greater reaction with
oxygen) [208], [211], [217]. Despite that, the PM oxidation reactivity indicated an
opposite trend, inferring that dpo was not the main reason. Furthermore, the difference
in results between the conditions were insignificant due to the overlapping of error

bars.
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Figure 4.13: (a) Average dpo (b) npo and Rg and (c) Drof A =0.9, 1 and 1.1.

Table 4.4: R2 of linear regression for Dt (Rg) and Dt (LW) methodology.

Dt (Rg) Dv (LW)

Stoichiometric (A=1) 0.7511 0.8070
Lean (A=1.1) 0.2102* 0.9640
Rich (A=0.9) 0.8361 0.7419

* low accuracy

npo and Rg are presented in Figure 4.13b. The npo and Rg exhibited increased
magnitudes as A transitioned to lean. The data shows that the PM agglomerates that
were formed during rich conditions have the lowest npoand Rgwith 21 and 59 nm. The
npo also shows consistency with results discussed in PSD (lower accumulation mode
PM) and lower elemental soot composition. The smaller Rg value represents fewer
collisions between primary particles, due to the lower npo and smaller dpo. However,
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the highest Rg (91 nm) from the lean condition was not due to the higher npo, as it is
inconsistent to the PSD. The higher npo (47) may be attributed to inaccurate
estimations by the large variation in of dpo (wide error bar) (Equation 3.15 and
Equation 3.17). Hence, it was thought the higher Rg was caused by larger primary
particles in the agglomerates. However, the error bars exhibited in the results suggest

that PM oxidation reactivity was not due to the Rg alterations.

Three Dr methodologies were used to examine the geometrical structure, and to
predict the type of collision that occurred in the agglomerates [199], [208], [297]. The
Dt (LW) and Dr (Rg) are based on gradient evaluation of linear regressions. Thus, it is
crucial to evaluate the R2 prior to evaluating the results in order to confirm its reliability.
The Rz value is required to be above 0.5 to ensure the reliability of results [305].
According to Rz for Dr tabulated in Table 4.4, the results demonstrated that Ds (Rg) for
lean PM was negligible, with a value of 0.2102. Moreover, the RFF was eliminated
due to the insignificance by the error bars. Therefore, only Df (LW) was used to
examine the agglomerates; reported to provide most accurate results amongst all
methods [8], [199]. Stoichiometric and rich agglomerates, in general, are indifferent in
nature, whilst lean agglomerates are compact and clustery-like. This was due to
different collisions experienced under different A conditions. The lower Ds
agglomerates formed by stoichiometric and rich combustion mainly collided with the
‘diffusion-limited’” mechanism. This occurs because the mean free path was reduced
below the average PM agglomerate size. This results from the greater agglomerate
concentrations (accumulation mode PM), shown in the PSD. Contrarily, the more

compact and more clustery-like lean agglomerates were subjected to ‘ballistic

collisions, due to the lower accumulation mode agglomerate concentrations. This
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process increased the mean free path, exceeding the average agglomerates size.
Lower Dt is directly correlated to the oxidation reactivity, but the geometrical structure
of lean agglomerates oppressed the PM oxidation trend, proposing the cause lies

within Nanostructural alterations.

4.3.3.4 RAMAN for Nanostructure Analysis

The average RAMAN spectra are plotted in Figure 4.14. The spectra were
deconvoluted with 3L1G and post-analysed, presented in Figure 4.15. The analyses
comprised of the intensity ratio and area ratio for band D1 and Ds, and the FWHM for
band Di. In the D1 band, the intensity and area ratio show the magnitude trend
according to rich < stoichiometric < lean. The lower magnitudes mean a higher order
graphene layer structure. It also corresponds to the shorter fringe separation between
graphene layers being less prone to oxygen attack [227]. In the case of the rich
condition, the intensity and area ratio of the D1 band has interrelating error bars, which
indicates an insignificant effect. However, the FWHM of D1 shows a more structured
order of the graphene layers (lower value of FWHM D1), which explains the slightly
higher Ea than stoichiometric PM in Figure 4.9c. It was caused by the higher
combustion temperature under rich conditions, aiding the graphitisation process [217].
Furthermore, a similar amorphous concentration was inferred by the overlapping error
bars from the results, derived by the intensity and area ratios of D3. Meanwhile, the
lean PM showed more disordered graphene layers, with a greater fringe separation
distance and higher amorphous concentration. The greater amorphous content
corresponds to a greater concentration of weak C-C bonds, that are easier to oxidise.

This was attributed to the lower combustion temperature of the lean condition, slowing
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down the graphitisation rate. Therefore, the greater oxidation reactivity of the lean PM

was due to the highly disordered and amorphous graphene layers.

The Lain Figure 4.16 was derived with the modified Knight and White's formula
(Equation 3.24), as proposed by Seong et al. [299]. The shortest La was measured
from lean PM, corresponding to a greater number of carbon atoms located at edge
sites. It is strongly linked to the oxidation reactivity resulting from chemisorbed oxygen
bonded carbons at edge sites, that are easier to oxidise. In contrast, the La from the
rich condition has a similar magnitude to stoichiometric PM. Hence, it was evidenced
that the differing PM oxidation reactivity during the lean condition was due to the

transformation in the Nanostructures of PM.
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Figure 4.14: Average RAMAN spectra for A=0.9,1 and 1.1.
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4.4 Summary

This chapter investigated the AFR at MBT conditions in GDI engines. The study
evaluated (i) combustion characteristics (ii) gaseous emissions, (iii) PM emissions and
(iv) PM characteristics (PM oxidation reactivity, compositions, dpo, microstructure and
Nanostructure). The combustion and gaseous characteristics were as expected,

aligning to results reported in the literature review.

In regard to PM, the concentration was increased during lean and rich
combustion. The reduction in PM mass was because of the formation of higher
nucleation mode PM, and lower accumulation mode PM. This was attributed to

alterations resulting from the competition between PM formation and oxidation.

PM composition did not show any drastic differences, regardless of the A
condition. A majority of the microstructural analysis using TEM were similar for dpo, Rg
and npo, and did not show any significant changes due to the overlapping of error bars.
The variation in Df was only observed in the lean PM due to different collision
mechanisms. These results were believed not to be the reason for the greater PM
oxidation reactivity under the lean condition. Meanwhile, rich and stoichiometric
conditions demonstrated similar PM characteristics, as reflected in the oxidation
reactivity. In the extended TGA study using 1% oxygen concentration, results indicated

that the PM oxidation reactivity is not influenced under reduced oxygen conditions.

The Nanostructural analysis in RAMAN indicated the reasons for the observed
changes in PM oxidation reactivity. No significant modifications were found between

rich and stoichiometric conditions. The lean PM was composed of higher disordered
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graphene layers and amorphous carbon concentrations. These graphene layers have

an average La, shorter than both rich and stoichiometric PM.
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CHAPTER S5 STUDY OF GASOLINE-DIMETHYL
CARBONATE (DMC) BLEND ON COMBUSTION AND PM

CHARACTERISTICS

5.1 Introduction

In the interest of abating PM emissions emitted by GDI engines, oxygenated fuels
were widely investigated. With low production costs and numerous other advantages
in terms of human health and environmental impact [20]-[22], [28], [32]-[34], DMC is
seen as a potential candidate. Several publications in the literature have discussed
the ability of DMC as an effective soot suppressor, as well as stating improvements in
gaseous emissions in Sl engines. However, the influence of DMC/gasoline blends in
GDI engines has not yet been investigated. The aim of this chapter is to evaluate the
combustion performance, gaseous and PM emissions in GDI engines. Furthermore,
PM characteristics were extended to PM oxidation reactivity, micro and Nanostructural
analyses. The outcome of this chapter will determine the feasibility of DMC as an

oxygenated fuel replacement for gasoline.

5.2 Methodology and Test Conditions

The engine conditions and matrix are shown in Table 5.1. The engine torque and
speed of 90 Nm / 2200 rpm were chosen as representative conditions for WLTP. The
test was initiated after satisfying several pre-conditions; (i) the engine oil temperature
was measured at 90 £ 0.5 °C, (ii) the engine coolant temperature was measured at 95

+ 2 °C and (iii) charged-air temperature was sustained at 40 + 2 “C for reliability and
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repeatability of results. The IVO and EVC were pre-set at 8 and 11 aTDC respectively,
in order to prevent any influence on the test results by the IEGR. The test was
implemented under homogeneous-stoichiometric conditions. To ensure fair
comparison between the fuels, MFB50 was phased due to the slightly faster flame
speed of DMC. The D8 fuel spark timing combustion was varied in order to obtain an
identical combustion profile gasoline at MBT condition (MFB50 phasing). Figure 5.1,
illustrates the experimental setup, indicating sampling points for emissions
measurements, PM loading and TEM grids sampling. Gaseous emissions and PM
emissions were averaged at 300 seconds and 5 repetitions respectively. PM was
loaded on filters for 30 minutes for gasoline, and 45 minutes for D8 (Figure 5.2). This
allowed adequate PM loading for further analysis by TGA and RAMAN. Prior to the
main test, an integrity test was conducted on the D8 blend. This was achieved by

leaving the blend in the fuel storage for 2 weeks to ensure no separation of phase.

Table 5.1: Experimental matrix and engine condition.

Engine Condition

Stoichiometry, A 1
Speed (rpm) 2200
Torque/Load (Nm) 90
Intake Valves Opening (CAD aTDC) 11
Exhaust Valves Closing (CAD aTDC) 8
Injection Timing (CAD bTDC) 300
Gasoline 27

Spark Timing (CAD bTDC)
D8 26
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Figure 5.1: Schematic of engine bench test.

(a) (b)
Figure 5.2: PM loaded filters for (a) gasoline and (b) D8.
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5.3 Results and Discussion

5.3.1 Combustion Characteristics
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Figure 5.3: MFB plot of gasoline and D8.

The MFB plotted in Figure 5.3 illustrates identical combustion profiles between
the two fuels, due to the MFB50 phasing. The BSFC, BTE and COV of the IMEP during
gasoline and D8 fuel engine combustion are shown in Figure 5.4. BSFC data shows
that engine fuel economy deteriorated by 10% when DMC was added. The difference
in BTE was insignificant, observing a 1 % reduction. Therefore, this indicates that the
variation of BSFC was mainly attributed to the drastically lower energy density of DMC
(approximately 15.78 MJ/kg, where gasoline was approximately 41.65 MJ/kg). The
combustion stability using D8 was similar to the use of baseline gasoline, exhibiting a

negligible increase of COViver from 1.4 % to 1.6 %. Both are below the recommended
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value of 5 % to assure stable combustion [1]. Hence, the in-cylinder pressure profile
was unaffected, indicating a similar Pvax (Figure 5.5) of 40.9 bar and 40.7 bar
respectively, for gasoline and D8. The observed RoHR (Figure 5.5) of D8 was lower
than gasoline, due to the higher vaporisation heat of DMC that reduced the combustion
chamber temperature [306]. This led to a lower combustion temperature and
subsequently, dropped the EGT to 757 °C from 767 °C as presented in Figure 5.6.
The ncombuston was improved from 97.9 % to 98.4 % with the use of D8, as a

consequence of the oxygen borne in the DMC promoting the combustion process.
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Figure 5.4:. BSFC, BTE and COV of IMEP of gasoline and D8.
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Figure 5.6: In-cylinder pressure and RoHR of gasoline and D8.
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5.3.2 Gaseous Emissions

D8 combustion drastically improved THC emissions, measuring a 30% reduction
in comparison gasoline. It was the result of an overall reduction of all measurable HC
species, with the exception of toluene, as shown in Figure 5.7a and Figure 5.7b. In
turn, CO and CO2 emissions deteriorated, with an increase of 7% and 4% respectively.
The increase of CO2 was partly due to the oxygen contributed by the DMC, promoting
more complete combustion. Additionally, the greater CO2 also correlated to the higher
BSFC, which led to greater CO2z formation due to the greater fuel mass injected. In
regard to CO, it was noted that the difference was not statistically significant, due to
the overlapping error bars. The observed variation in CO concentration was because
of the trade-off between THC and CO. This is because the post-combustion oxidation
of some HCs species were enhanced, facilitated by the oxygen in DMC addition[4],
[307]. However, the lower in-cylinder temperature during D8 combustion led to the
partial oxidation of HCs, despite having higher oxygen concentration from the fuel

blend.

NOx demonstrated a negligible difference (1%) between D8 and gasoline, even
though it was predicted to reduce based on Zeldovich thermal NOx formation [30]. It
was believed that the presence of oxygen from the DMC reacted with the HCCO
radicals (HCCO oxidation reaction). This subsequently led to the suppression of the
HCCO-NO reaction, and NOx concentration remained comparable to gasoline [15],

[304].
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5.3.3 PM Characteristics

5.3.3.1 PM Emission
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Figure 5.8 illustrates the number and mass PSD from gasoline and D8
combustion. The PSD of all fuels were unimodal (Figure 5.8a). The total PM
concentration was reduced by approximately 60 % with use of the D8 blend in
comparison to baseline gasoline. This led to the decline of GDNM from 46 mm to 41
mm. It was attributed to the reduction of PM across the diameter range, broadly related
to the reduction of accumulation mode PM (soot). This phenomenon was confirmed
by the mass PSD shown in Figure 5.8b, showing a reduction across the diameter
range [44]. With less PM concentration formed during D8 combustion, particle-to-
particle interactions (coagulation, aggregation and agglomeration) were reduced [44],
[199]. The explanation for lower nucleation mode PM is due to lower THC emissions
which were aided by oxygen borne in DMC. Numerous factors were associated with
the lower formation of soot PM (accumulation mode) with DMC addition. These factors
included; the presence of oxygen in DMC, a greater oxygen/carbon ratio (O/C) [308],
a lower C/H ratio, the absence of C-C bonds and fewer aromatic compounds in the D8
fuel blend [244]. Thus, hindering PM formation rates and promote PM oxidation during
combustion process. These factors hindered PM formation rates and promoted PM
oxidation during the combustion process. Furthermore, as proven by literature, DMC
is effective in suppressing C2 PM precursors such as acetylene, ethylene etc. (Figure

5.7b), slowing the PM formation and growth rates [15], [309].

5.3.3.2 PM Composition and Oxidation Reactivity
In addition to the PSD, a TGA was used to provide PM composition and to
evaluate the oxidation reactivity. With less PM formed during D8 combustion, 3 loaded

and 4 empty discs samples were used for gasoline. 5 loaded and 2 empty discs were
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used for D8 to normalise the mass in the TGA examinations. The PM composition in
Figure 5.9 the VOM to elemental soot ratio increased with D8 combustion. The higher

percentage of VOM in the D8 PM suggested it was due to the reduction of solid soot

PM.
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Figure 5.9: PM composition of gasoline and D8

Higher PM oxidation reactivity from the combustion of oxygenated fuels has been
frequently reported in both Sl and CI engines, as discussed in the Oxygenated Fuel
section of the literature review. The same trend was observed between the two fuels
in Figure 5.10 as anticipated. Soot oxidation profile (Figure 5.10a) indicated the SOT
of D8 was shifted about 15 °C earlier to around 300 °C in comparison to gasoline at
315 °C. Furthermore, the D8 has sharper, earlier gradient of MMLRT, shifting from

510 °C towards 495 °C in mass loss derivatives (Figure 5.10b). The R2 of linear

151
* This chapter is published as journal article.



Chapter 5: Study of Gasoline-Di-Methyl Carbonate (DMC) Blend on Combustion
and PM Characteristics

regression in the Arrhenius plot (Figure 5.10c) were measured above 0.9 for both
gasoline and D8. The Ea of D8 dropped from 130.4 kJ/mol to 85.1 kJ/mol
demonstrating easier oxidation. Thus, the greater oxidation reactivity of PM emitted by
D8 was confirmed. One of the reasons speculated for the improved D8 PM oxidation
reactivity was the higher VOM content in PM. The creation of new pores during post-
devolatilisation, makes the PM more vulnerable to oxygen penetration, increasing the
oxidation rate [208]. It has been reported by the literature that other root-causes, such
microstructure and Nanostructure, can affect the oxidation reactivity. Hence, TEM and
RAMAN methods, designed for micro and Nano scale analyses, will be applied to

further assess other causes for the oxidation reactivity between the two fuels.

D8
——Gasoline

Normalised Soot Mass

(a)

300 350 400 450 500 550 600 650

Temperature (°C) €))

152
* This chapter is published as journal article.



Chapter 5: Study of Gasoline-Di-Methyl Carbonate (DMC) Blend on Combustion

and PM Characteristics

o
o
@

o
o
N
&

o
o
V)

o
o
=
(6}

0.01

Derivative Weight (wt%/min)

0.005

Ln (-m.dm/dt)
o
ol o

1
©o

95
-10
0.00131 0.00132 0.00133 0.00134
1T ()

510°C

e (b) "y .
e WA

450 500 550 600

Temperature (°C) (b)

650

Gasoline
y =-15689x + 12.987

R2 = 0.9907
E, = 130.4 kJ/mol

D8
y = -10240x + 5.0591
R2 = 0.9327
E, = 85.1 kd/mol

0.00135

Figure 5.10: (a) Soot oxidation mass profile, (b) derivatives of mass loss and

(c) linear regression of Arrhenius plot for Ea of gasoline and D8.
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5.3.3.3 TEM for Primary Particles Diameter and Microstructure

Figure 5.11 presents the micrograph samples acquired from TEM for gasoline
and D8. PM agglomerates on the TEM grids exhibited in an aciniform-shape, were in
the form of large agglomerates or diesel-like particles, exhibiting clustered or chain-
like geometries. Measured primary particles satisfied the log-normality one-sample
Kolmogov-Smirnov test (Table 5.2). The histogram and log-normal distribution are

plotted in Figure 5.12.

(b)
Figure 5.11: TEM micrographs of PM agglomerate of (a) gasoline and (b) D8.
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Figure 5.12: Log-normal primary particles distribution for (a) gasoline and (b) D8.
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Table 5.2: Statistical normality test for gasoline and D8.

Null Hypothesis Significance Results
The distribution of Log (Gasoline) is normal 0.200a Retain  null
with mean 1.37 and standard deviation hypothesis
0.162
The distribution of Log (D8) is normal with 0.131a Retain  null
mean 1.34 and standard deviation 0.130 hypothesis

Asymptotic significances are displayed. The significance level is 0.05

2 Lilliefors corrected

D8 combustion has illustrated the tendency to form smaller primary particles
sizes compared to the primary particles formed by gasoline combustion. As displayed
in Figure 5.13a, the average primary particles size is 25.4 nm and 22.5 nm
respectively for gasoline and D8. The smaller dpo of D8 was attributed to the presence
of oxygen, lower C/H ratio and fewer aromatics within the DMC blend. Subsequently,
these factors restricted surface growth by simultaneously suppressing formation, and
promoting oxidation rates during combustion[308]. Secondly, the fewer C-C bonds in
DMC suppressed the soot formation rate. The smaller average dpo had increased the
SSA, leading to more available surface area for oxygen reaction during the oxidation
process. Therefore, the improvement observed in D8 PM oxidation reactivity is thought
to have patrtially contributed to the alteration of dpo because of the overlapping of error

bars.
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Figure 5.13: (a) Average dpo (b) npo and Rg and (c) Dr of gasoline and D8.

Figure 5.13b illustrates the npo and Rg for gasoline and D8. As a subsequent
effect of the suppression of PM forming with DMC, a lower npo was estimated in the
PM agglomerates. Due to the lower npo and smaller average size of primary particles,
smaller agglomerates were generated [199]. This resulted in the reduction of Rg size

from 95 nm to 77 nm, showing an agreement with the PSD results (Figure 5.8).

Table 5.3: R2 of linear regression for Dt (Rg) and Dt (LW) methodology.

Dt (Rg) Dt (LW)
Gasoline 0.7132 0.6539
D8 0.8439 0.8395
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In relation to the Dt three methods were used to evaluate the geometrical
morphology of agglomerates. All the Rz values for the linear regression of Dt (Rg) and
Dt (LW) were above 0.5, and were adequate to provide accurate results [305]. All three
methods consistently displayed that DMC addition altered the collision mechanisms
with higher Dr [298]. The more compact nature and presence of cluster-like
agglomerates were caused by the variation of mean free path. During D8 combustion,
lower agglomerate concentrations and smaller Rg agglomerates increased the size of
the mean free path, exceeding the average PM agglomerate size. Thus, aiding the
‘ballistic’ collision mechanism leading to fewer chain-like agglomerates via cluster-
cluster agglomeration. Oppositely, gasoline formed a greater concentration of
agglomerates with a larger Rg, minimising the mean free path below agglomerates
size. This aided the ‘diffusion-limited’ collision mechanism, resulting in collisions by
the tip of the agglomerates. Therefore, open and more chain-like agglomerates were
formed. Based on the Dr results, the improved oxidation reactivity of PM formed by D8
combustion was not through the higher Ds, as clustery and compact agglomerates

have lower SSA allowing a greater reaction with oxygen.

5.3.3.4 RAMAN for Nanostructure Analysis

Figure 5.14 presents the average RAMAN spectra derived from the combustion
of gasoline and D8. With the 3L1G deconvolution, the Ipi/lc, Abi/Ag, Ip3/lc, Aps/Ac and
FWHM of the D1 band were evaluated for the Nanostructural analysis (Figure 5.15).
Referring to Figure 5.15, the greater value of the D1 band measured in the D8 PM
(Io1/le, Api/Ac and FWMH D1), indicated a higher graphitic disorder magnitude in the

graphene layers. Meanwhile, the D3 band also showed a similar trend, suggesting a

158
* This chapter is published as journal article.



Chapter 5: Study of Gasoline-Di-Methyl Carbonate (DMC) Blend on Combustion
and PM Characteristics

higher concentration of amorphous graphene layers. As aforementioned, PM primary
particles initially formed as an amorphous layered nucleus. Subsequently, amorphous
graphene layers crystallised under heat exposure from the outer shell towards the
nucleus of the primary particles. Hence, the lower in-cylinder temperature of D8 was
thought to reduce the crystallisation process (graphitisation process) as less heat was
released (Figure 5.6). This resulted in a higher average tortuosity of graphene layer
fringes (greater amorphous concentration) [227]. Therefore, are composed of weaker
C-C bonds (breakdown easily due to lower resonance stability) in comparison to
gasoline graphene layers. Overall, the improved D8 PM oxidation reactivity was due
to the greater oxidation potential because of the larger fringe separation (band D1)

and weaker C-C bonds of the amorphous graphene layer (band D3).
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Figure 5.14: Average RAMAN spectra of gasoline and D8.
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Based on the estimation of La derived from the modified Knight and White's
formula (Equation 3.24), gasoline exhibited a comparatively longer La to D8. The
shorter La of D8 was attributed to a greater concentration of carbon atoms located at
the edge site. This promoted the oxidation of PM due to easier access for oxygen
[208]. This has also been identified as another factor responsible for the enhanced PM

oxidation reactivity.

5.4 Summary

This chapter summarises the effect of 8% (v/v) DMC blended with EN228
commercial gasoline. The study evaluated the effect of DMC addition in GDI engines
in terms of (i) combustion characteristics, (i) gaseous and PM emissions and (iii) PM
characteristics including the oxidation reactivity, compositions, dpo, microstructure and

Nanostructure.

A significant reduction of THC and PM was demonstrated by the addition of
DMC, whilst maintaining the combustion characteristics and BTE. The improved THC
and PM emissions were associated with the oxygen content in DMC, and its
advantageous chemical structure. However, CO was slightly deteriorated due to less
post-combustion oxidation. The addition of DMC also results in lower PM formation, a
reduction in npo and average agglomerate size (smaller Rg). In conjunction with lower
agglomerates concentrations, the collision mechanisms of the PM was altered, leading

to the changes in the geometrical structure of the agglomerates.
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Furthermore, the D8 PM characteristics showed greater oxidation reactivity as a
consequence from smaller average dpo, greater amorphous concentration, disordered
layering of graphene layers, and shorter La. This was the result of supplementary

oxygen concentration and lower combustion temperature, from the DMC.

163
* This chapter is published as journal article.



Chapter 6: Improving GPFs Performance by Architecture Optimisation

CHAPTER 6 IMPROVING GPFs PERFORMANCE BY

ARCHITECTURE OPTIMISATION

6.1 Introduction

To achieve the current enforceable Euro VI PM emissions limit, the application
of GPFs are viewed as the most effective approach. Therefore, GPF properties are
extensively evaluated, like DPF in the past, in order to search for a design with
optimum performance (filtration efficiency and pressure drop). It is likely that the
application of the GPF will be downstream to the TWC, forming a second brick in the
exhaust system in GDI engines. Consequently, the literature is currently focussing on
assessing aftertreatment architectural configurations and how it affects GPF
performance. In order to optimise the aftertreatment architecture between substrates,
two configurations were comprehensively evaluated from ‘fresh state’ to the formation
of the PM cake layer. Furthermore, this chapter presents the integration of GPF
properties into the architectural configurations in order to study its influence on the

GPF performance for further optimisation.

6.2 Methodology and Test Conditions

Figure 6.1 illustrates a schematic of the experimental setup for this study. Tests
were performed under steady state engine conditions, with torque and speed set at 60
Nm /2100 rpm, corresponding to the medium-load point of WLTP. The engine IEGR
was removed to avoid influencing PM emissions, hence the IVO and EVC were set at
11 and 8 CAD aTDC. Other engine conditions are shown in Table 6.1. Prior to the
test, GPFs were regenerated in a furnace at 550 °C for 4 hours. The GFPs were

subsequently pre-treated, using 5 L / min of air at 400 °C. The gas hourly space
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velocity (GHSV) was set at 30 000 h-1, similar to real-world vehicle operating

conditions using Equation 6.1 [6].

Turbine
\
= (| =
\ /
' Compressor TWC
sampling Point 1 Heated Lines @ 191°C Hot Air Inlet
' (L \ h
. . I—- 1
- 1 OF
Reactor UU e [
* * Dil\ufor P
Sampling POirFltuin—;E;? Heated Lines @ 191°C
2L GDI Engine
Figure 6.1. Schematic of the experimental setup.
Table 6.1: Experimental engine condition.
Engine Condition
Stoichiometry, A 1
Speed (rpm) 2100
Torque/Load (Nm) 60
Intake Valves Opening (CAD aTDC) 11
Exhaust Valves Closing (CAD aTDC) 8
Injection Timing (CAD bTDC) 303

Spark Timing (CAD bTDC) 30
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3
1 Feed rate (mT)

Equation 6.1 GHSV (h™1) = =

Contact time (h) - Catalyst bed volume (m3)

The two GPFs utilised in this study were made out of cordierite and silicon
carbide. Both GPFs had differing properties, which are tabulated in Table 3.3. The test
consisted of CC and UF architectural configurations, corresponding to a 0 cm and 10
cm interval gap between the two substrates respectively. The UF configuration is
displayed in Figure 6.2. The denotations of CC Cord., CC SiC, UF Cord. and UF SiC
represent the CC cordierite, CC silicon carbide, UF cordierite and UF silicon carbide.
Each individual test lasted for 4800 seconds, with variation in injection timing. Tests
were initiated with standard calibration injection timing, for the first 3600 seconds.
Filtration efficiencies were measured at the interval of 600 seconds (at 600th, 1800th
and 3600t second) in order to assess the GPF from a fresh state, until 60 minutes
after the exhaust gas exposure. Subsequently, the injection timing was advanced to
330 CAD bTDC for 600 seconds in order to mimic a cold-start and sudden elevated
load conditions [199]. This interval was designed to study the performance of the GPF
during high PM concentration events, with the filtration efficiency measured at 4200t
second. Finally, the injection timing was reverted back to standard calibration in order
to assess the post PM cake layer formation. The filtration efficiency measurement was
acquired at the 4800t second. The experimental matrix is tabulated in Table 6.2.
Pressure drop was based on the continuous absolution pressure measurements at

sampling point 1 and 2, throughout the duration of the experiments.
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TWC GPF
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= e
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—_— —————
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Figure 6.2: Schematic of aftertreatment architectures for CC (top) and UF (bottom).

Table 6.2: Experimental matrix and procedure for aftertreatment architecture.

Architecture Configurations

TWC + Cordierite GPF

CC Cord.
UF Cord. TWC + Cordierite GPF
CCsiC TWC + SiC GPF
UF SiC TWC + SiC GPF
Experimental Fresh 30 Mins 60 mins Advanced Post Advanced
Procedures GPF 330 330
Time (second) 600th 1800th 3600th 4200th 4800th
Fuel Injection Std. Std. Std. Adv. Std.

Std — Standard Calibration Injection Timing (303 CAD bTDC)
Adv — Advanced Injection Timing (330 CAD bTDC)
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6.3 Results and Discussion
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Figure 6.3: Pressure drop of aftertreatment architectures for 4800 seconds.

6.3.1 Pressure Drop Analysis

Figure 6.3 Iillustrates the pressure drop measured throughout all the
experimental work for 4800 seconds. In the examined aftertreatment architectural
configurations, no observable pressure drop was observed during the standard
calibrated fuel injection period (first 3600 seconds). This was evidenced by the PM
emitted during this engine condition; composed of comparatively higher volatile
content and smaller agglomerate size (Figure 6.4) to PM formed during advanced fuel
injection condition [92], [105], [106]. Thus, the PM adhered in the GPF was not
sufficient to induce observable back pressure in the system. When the fuel injection

was advanced (3600 to 4200 seconds), a PM cake layer was formed, reducing the
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permeability of the GPF and resulted in a linear surge in pressure drop. This occurred
because flow was restricted through the filter walls and channels. As illustrated in
Figure 6.4, a greater PM concentration and larger agglomerates were the cause. As
soon as fuel injection timing reverted back to standard calibration at the 4200t second,
the pressure drop did not display noticeable changes. Hence, this suggests that PM
bridging (phase 3) and the PM cake layer (phase 4) were only formed during the sooty

event (advanced fuel injection).
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Figure 6.4: Number PSD at 60 nm /2100 rpm for standard calibration and advanced

fuel injections.

6.3.1.1 Effect on GPFs Properties on Pressure Drop
Pressure drop was observed at a consistently higher level with the use of a SiC

based GPF, in comparison to cordierite based GPF, regardless of the architectural
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configuration used. This was related to the advantageous properties of SiC GPF,
including lower porosity, smaller MPS, lower cell density and thicker wall, that
contributed to the restriction of gas flow. In spite of the negative impact on pressure
drop, these properties can be beneficial in efficiently trapping PM (to be discussed in
the later subsection). As observed in Figure 6.3, the pressure drop difference during
the standard calibration fuel injection is negligible. The pressure drop difference was

only induced during the advanced fuel injection timing.

=
N

[EEN
o
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CC Cord. UF Cord. CC SsiC UF SiC

Figure 6.5: Pressure drop difference during advanced fuel injection for all

architecture configurations.

The pressure drop difference computed during the advanced injection timing
stage is presented in Figure 6.5. This can be used to estimate the thickness of PM on
the GPF channel surface. The SIiC GPF results exhibited a higher pressure drop
difference (9 and 11 mbar) and steeper pressure drop gradient than Cord. GPF (6.9

and 5.5 mbar. This indicated that a thicker PM cake layer was formed. Moreover, the
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steeper gradients of the pressure drop in Figure 6.3 indicates a higher rate of PM wall-
loading and bridging than the cordierite GPF. Therefore, it was believed that the higher
effectiveness in PM filtration with the SiC GPF resulted in a reduction of GPF

permeability, leading to greater pressure drop differences.

6.3.1.2 Influence of Aftertreament Architecture on Pressure Drop

In regards to the architectural configurations, the CC configuration showed a
greater magnitude of pressure drop (28 and 24 mbar) in the system compared to the
UF configuration (21 and 19 mbar) regardless of GPF properties (Figure 6.3). The
greater pressure drop was associated with greater gas temperatures at the inlet of the
GPF [289]. Despite the temperature of the furnace being controlled between 450 to
500 °C, the local gas temperature at the inlet of GPF in CC architectural configuration
was higher. This was due to the closer proximity to the TWC. The temperature at the
TWC increased as a result of an exothermic reaction, generated by the oxidation of
THC and CO. Consequently, a reduction in the exhaust gas density boosted the
volumetric flowrate, leading to the more back pressure. In the case of the UF
architectural configuration, the effect of supplemental heat from the TWC did not have
a significantimpact due to the heat loss in the interval gap. This led to a lower pressure
drop, as there was no increase of flow resistance through the GPF wall due to the flow
rate remaining unchanged. However, the pressure drop of UF SiC was measured at
31 mbar, surpassing CC Cord. (30 mbar) at the post-advanced fuel injection stage
(4200 to 4600 second) despite having a lower pressure drop during earlier stages of
the experiment. This was attributed to the advantageous properties of the SiC, which
allowed swifter PM bridging in the porous medium (phase 3) and thicker PM cake layer
formation (phase 4) from the improvement of the filtration performance. Despite that,
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the pressure drop remained consistently lower in comparison to the CC SiC (35 mbar).
However, PM collisions were thought to occur in between the interval gap of
substrates, increasing the agglomeration process. This increased the concentration of
larger dp PM, which falls within the Greenfield gap. Consequently, the Greenfield gap
effect was promoted with the less advantageous characteristics of the Cord. GPF,
leading to the PM bridging at a slower rate. As a consequence, a thinner PM cake
layer was formed on the GPF wall channel surface, during the event of the advanced

fuel injection.

6.3.2 Filtration Efficiency Analysis

Figure 6.6 is a plot of average nritration across the PSD diameter range (7.77 nm
to 294.3 nm) for all aftertreatment architectural configurations. A mutual trend was
observed where all architectural configurations gradually improved in filtration
performance (nritration), achieving around 100% nritration , except for UF Cord (98%).
The improvement was due to the PM cake layer forming on the GPF surface wall
channel. This replaced and enhanced the filtration process, during high PM
concentration events (advanced fuel injection) [7]. This was associated with the PM
cake layer, which is the key factor for effective trapping of PM within the Greenfield
gap [6], [289]. Therefore, both CC and UF presents a possibility of enhancing PM
filtration with minimum thickness and density of the PM cake layer. The reason for the
lower filtration efficiency with UF Cord. was clearly related to an inadequate PM cake
layer thickness and density formed during stage 4. This was evidenced by the lowest
pressure drop difference of 5.5 mbar (Figure 6.5). Although the pressure drop cannot
be observed before the advanced fuel injection stage, progressive improvements in
the filtration process were shown by all architectural configurations (Figure 6.3). This
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was attributed to the low fraction of the porous wall medium being filled, which was not

sufficient to significantly impact pressure drop.
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Figure 6.6: Average nrilration for all aftertreatment architectural configurations.

6.3.2.1 Effect of GPFs Properties on Filtration Performance

The nriraon Of all tested aftertreatment architectural configurations were
measured for the duration of the experiments shown in Figure 6.7. The majority of
nucleation mode PM showed about 100% nritration during the test for all architectural
configurations due to the Brownian Diffusion mechanism. However, there was a range
of dp with the highest penetration, leading to the lowest nritration before the formation of
PM cake layer (Greenfield gap). As explained in the literature review section, PM in
that diameter range is too large for Brownian Diffusion mechanism, and the mass was

insufficient for Inertia Impaction or Direct Interception mechanisms to take place
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(Figure 6.7ato Figure 6.7b) [35], [178]. However, the effect of the Greenfield gap was
improved with a SiC based GPF within CC and UF architectural configurations. This
was due to the advantageous properties affecting both filtration velocity and MPS
effects as shown in Figure 2.12a and Figure 2.12b. The gas flow was restricted more
in the SiC GPF by the lower porosity and cell density, and thicker walls enhanced the
filtration velocity effect. In conjunction with the smaller MPS of the SiC GPF, the PM
filtration process was promoted through the enhancement of Inertia Impaction and
Direct Interception mechanisms. Thus, this explains the narrower and lower peak of
the Greenfield gap effect prior to the PM cake layer formation (advanced fuel injection
stage) in comparison to the Cord. GPF. Subsequently, a greater volume of the GPF
porous medium was filled. This led to a more rapid, and thicker PM cake layer
formation during the highly sooty events in both CC and UF architectural
configurations. This was reflected by greater pressure drop differences in Figure 6.5

and a steeper pressure drop gradient in Figure 6.3).
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4800t second (Post Advanced Injection Timing).

6.3.2.2 Influence of Aftertreament Architecture on Filtration Performance

The data charted in Figure 6.7 illustrated the CC architectural configuration has
a better filtration performance in comparison to the UF architectural configuration
(highest average filtration efficiency in Figure 6.6). Referring to the nritration prior to
formation of PM (advanced fuel injection timing), the Greenfield gap was narrower and
lower in peak using the CC architectural configuration. The peak dp of the Greenfield
gap for both Cord. and SiC GPFs in the CC architectural configuration are lower,
measured at around 130 nm and 150 nm (200 nm and 250 nm for UF architectural
configuration). As aforementioned, the higher gas flow rate in the CC architecture was
predicted to have lower filtration performance than the UF architectural configuration.
However, an opposite trend was exhibited in the results. This was attributed to the
interval gap between substrates in the UF architectural configuration. The interval gap
in the UF architectural configuration has led to PM growth, promoting the
agglomeration process of PM. Therefore, increasing the PM agglomerate size and the

concentration which falls within the Greenfield gap (wider and longer peak) [55], [310],
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[311]. The use of the GPF with advantageous properties (SiC), resulted in an
improvement in filtration performance (narrower and lower Greenfield gap), which was
observed in the UF architectural configuration. The GPF improved the nritration , as the
penetration of PM within the Greenfield gap was reduced. Additionally, this justifies
the lowest filtration performance with the Cord. GPF. This was particularly prominent
in the UF Cord. architectural configuration, as it was unable to achieve 100 % nFritration
, despite the formation of the PM cake layer. The higher PM concentrations within the
Greenfield gap (higher penetration), resulted in a smaller fraction of GPF wall porous
medium filled before the advanced fuel injection stage. Subsequently, a thinner and
less dense PM cake layer was formed on the channel wall surface during the high PM
concentration event. This resulted in a lower ability to trap PM efficiently. Comparing
all the architectural configurations, the CC SiC has the highest nritration, and the UF
Cord. has the lowest nritration overall, based on the assessment of the measurement

intervals.

6.4 Summary

The aftertreatment architectural configurations of the CC and UF were assessed
on a scaled-down TWC-GPF. Assessment included pressure drop and nprilration.
Furthermore, the influence of GPF properties were also evaluated in the aftertreatment
architectural configuration. The results demonstrated a capability of reducing PM
emissions efficiently up to 90%, displaying a potential to meet current Euro VI
legislation. However, a major drawback was revealed, due to the trade-off between

pressure drop and nFitration.
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The pressure drop in the CC architectural configuration was constantly higher
than the UF architectural configuration prior to the PM cake layer formation, regardless
of the GPF used. Additionally, the CC architectural configuration also had better
Nritration. The effect was more significant when using a GPF with more advantageous
properties characteristics (SiC). In turn, the pressure drop was increased, notably in
the UF SiC architectural configuration. The induced pressure drop during the
advanced fuel injection stage surpassed CC Cord. and slightly below CC SiC. In
conclusion, the aftertreatment architectural configurations are ranked as following: UF
SiC, CC Cord., CC SiC and UF Cord, based on the balance between pressure drop

and nriltration.

The application of the UF architectural configuration, using a GPF with similar
properties to the SiC GPF, is the most promising combination for controlling GDI
engine PM emissions. The trade-off shown was more optimum compared to other
architectural configurations. It can minimise the deteriorating effects of the engine fuel
economy and output power, due to the pressure drop (lower magnitude overall).
Simultaneously, it can achieve similar nritation to CC Cord. and CC SiC after the PM
cake layer formation. Furthermore, the proposed architectural configuration can also
benefit the GPF passive regeneration strategy. This is achieved by lowering the
frequency of regeneration, due to the comparable pressure drop after the PM cake
layer was formed. Therefore, these results should be further verified with a commercial

scale TWC and GPF.
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CHAPTER 7 ENHANCING TEM ANALYSIS WITH

UTILISATION OF FILTER EXTRACTION METHOD FOR GDI

PM REDUCTION INVESTIGATION

7.1 Introduction

(b)

Figure 7.1: TEM micrographs of (a) broken formvar-carbon coating and (b) PM

agglomerates adhered on TEM grid wall.

TEM analyses have been widely performed on PM that has been emitted by both

Cl and Sl engines. Most studies have prepared TEM grid samples via direct exposure
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thermophoretic sampling. In this chapter, an alternative method is proposed. Several
reasons are associated with the proposal of alternative method, based on several
limitations. One limitation includes the breaking of formvar-carbon coating on the TEM
grids, leading to unrecognisable boundaries of PM agglomerates (Figure 7.1a). This
limitation is thought to be related to the high flow rate and high EGT. Secondly, PM
agglomerates were adhered to the TEM grid walls (Figure 7.1b), leading to alteration
of the geometric dimension (Df) of PM agglomerates. It also caused difficulty in
detecting clear boundaries for the primary particle diameter measurements. However,
a limited number of PM agglomerates were adhered onto the TEM grids. This
consequently increases the difficulty in locating an adequate number of PM
agglomerates for the microstructural and Nanostructural analyses. Therefore, filter
extraction method proposed in this study is hypothesised to be able to improve the
analytical process. Hence, this chapter demonstrates the advantages of the proposed
method through visual comparison. Additionally, the comparison in the microstructure

scale between the two methodologies was performed including dpo, npo, Rg and Dr.

7.2 Methodology and Test Conditions

The engine condition was set to MBT conditions of torque and speed, measuring
at 90 Nm /2200 rpm. The direct exposure TEM grids and PM loaded filters were used
for the case study in Chapter 4. TEM grids were prepared according to the
Transmission Electron Microscope (TEM) section discussed in Chapter 3.
Subsequently, the same procedures and post-processing processes were used with

the in-house MATLAB script.
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7.3 Results and Discussion
7.3.1 Advantages of Filter Extraction Method

Figure 7.2 shows TEM micrographs captured from TEM grids prepared by the
filter extraction method. The concentration of PM agglomerates on the TEM grids were
significantly increased, improving the reliability and repeatability of the microstructural
results. Furthermore, there was no occurrence of broken TEM coatings or PM
agglomerates that adhered onto the TEM grid wall. Through visual assessment, some
drastically larger agglomerates (course mode PM) and filter microfibers were present.
For the purpose of confirming the comparability between the methods, an evaluation

was performed on dpo, npo, Rgand Dr; discussed in the next subsection.

Figure 7.2: TEM Micrographs from filter extraction method at low, medium and high

magnifications.

7.3.2 Comparisons of dpo, npo, Rg and D.
The dpo measurements for the PM extracted from the loaded filter satisfied the
log-normality test (Table 7.1), and is plotted in Figure 7.3. The average dpo

measurements are similar between both methodologies, 28.5 nm and 28.2 nm
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respectively (Figure 7.4), for direct exposure and filter extraction methods. This
indicates no alteration (e.g. surface growth or oxidation) to the primary particles during
the loading process.

Table 7.1: Statistical normality test for TEM grids prepared by direct exposure and

filter extraction.

Null Hypothesis Significance Results
The distribution of Log (DirectExposure) is normal 0.200a Retain  null
with mean 1.43 and standard deviation 0.138 hypothesis
The distribution of Log (FilterExtraction) is normal 0.097a Retain  null
with mean 1.44 and standard deviation 0.107 hypothesis

Asymptotic significances are displayed. The significance level is 0.05
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Figure 7.3: Log-normal primary particles distribution for (a) direct exposure and (b)

filter extraction methods.

It is expected for growth to take place in PM agglomerates. Therefore, the
measured Rg was increased from 75.9 nm to 126.2 nm in the filter extraction method.
PM growth is attributed to the increase of residence time during the loading process

in the filter. Although the same sampling point was used for TEM grid preparation
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during the direct exposure method and PM loading, the use of an external heating line
during the loading process has promoted the interaction between particles. During the
process, the particles collided forming larger agglomerates. As a consequence, the

npo also increased, which is consistent with the Rg trend.
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Figure 7.4: dpo, npo, Rg and Dt for direct exposure and filter extraction methods.

Table 7.2: R2 of linear regression for Df (Rg) and D (LW) methodology.

Dt (Rg) Dv (LW)
Direct Exposure 0.7511 0.8070
Filter Extraction 0.6866 0.7875

Prior to the comparison of Dt, R2 was evaluated, indicating the filter extraction

method has a magnitude above 0.5. Thus, the results were deemed comparable.
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Referring to the Dr in Figure 7.5, both Dt (Rg) and D (LW) do not show a significant
difference between the two methodologies used for TEM grid preparation. However,
the RFF shows a slightly lower value, reflecting sensitivity to changes in agglomerate
size [199]. According to the Equation 3.20, the average perimeter of agglomerates
increased in the filter extraction method, due to the larger Rg of the PM agglomerates
and similar dpo. Overall, the geometrical dimensions were similar for both methods,
proving that longer residence times during agglomeration does not change the type of

collisions.

Ds (Ry) B D; (LW) m RFF
2.5

0.5

Direct Exposure Filter Extraction

Figure 7.5: Dr of PM agglomerates for direct exposure and filter extraction.

7.4 Summary

A microscale evaluation of PM agglomerates was performed with direct exposure

and filter extraction methods. The proposed methodology demonstrated to be more
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advantageous in comparison to the conventional direct exposure method from the
visual assessment. The assessment did not show any limitations using the proposed
alternative method. It can increase PM adhesion on TEM grids, allowing a greater

number of agglomerates to be analysed for better reliability and repeatability.

With regards to the microscale analysis, similar dpo and Dr values were
measured, except for Rg and npo. This indicates no major alterations to the PM during
the loading process, other than increased collision frequency (larger Rg). This proves
comparability between the two methods. Furthermore, the validation of the direct

exposure method in this study can be used as a reference for future utilisation.
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CHAPTER 8 CONCLUSIONS AND FUTURE WORKS

8.1 Summary of Findings

This research thesis has extensively studied PM emissions and characteristics,
utilising several approaches. These approaches include the combustion stoichiometry,
DMC/gasoline blends, and aftertreatment architectural configurations. Moreover, filter
extraction TEM grid preparation methodology was introduced and validated.
Experimental results were obtained using a 2L turbocharged GDI engine. The

summary of this research thesis is as follows:

8.1.1 Effect of Combustion Stoichiometry

Regarding the effects of combustion stoichiometry at MBT conditions, the engine
operation during lean conditions was found to be beneficial in many ways. This was
with the exception of the deteriorating combustion stability (higher COViveer). The
BTE, n combustion and fuel economy were gradually improved up to 3%, 2% and 5.44%
respectively as the A transitioned towards lean. Although THC and CO showed
improvement (reduced by 23% and 87%), as combustion was leaner, 42% more NOx
was formed. However, this condition can be advantageous in conjunction with excess

oxygen, allowing easier GPF regeneration.

With regards to the PM emissions, the lowest concentration was measured
during the stoichiometric condition. This was due to greater nucleation mode PM
forming during lean and rich combustion, which did not occur during the stoichiometric
condition. Contrarily, both lean and rich conditions had a lower concentration of solid
soot PM in comparison to stoichiometric. Regardless, both lean and stoichiometric PM

have a similar composition ratio of VOM to elemental soot at approximately of 29% to
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71%. The rich condition exhibited a slightly higher PM composition ratio of 32% to

68%.

The overall PM characteristics indicated a similarity between rich and
stoichiometric conditions. An improvement in PM oxidation reactivity was only
observed in the lean PM with about 20 °C earlier. This was attributed to Nanostructural
changes observed in RAMAN. Shorter, more disordered graphene fringes exhibiting
more curvature, were the reason for the aforementioned changes. The study suggests
rich and stoichiometric PM agglomerates were formed in the same course, however
were formed differently in the lean condition. The lower Dt of rich and stoichiometric
PM have a similar impact on human health. The D similarities exhibited under rich and
stoichiometric conditions have a similar influence on GPF performance. Although the
higher Dt in lean PM can reduce the negative effects on human health, it also reduces
the effectiveness of trapping by the GPF. In terms of advantages, lean PM is easier to
oxidise in comparison to rich and stoichiometric PM. Furthermore, periodic combustion
under lean conditions can benefit the regeneration strategy of the GPF. This is due to
the higher NOx further enhancing PM oxidation reactivity. The higher oxidation
reactivity of NOx (lower start of oxidation temperature for PM) can reduce the
regeneration time of the GPF at a lower temperature. Therefore, the duration of engine
combustion in the lean condition can be reduced (reducing duration of low combustion
stability). Lean combustion can be proposed during idle or low load conditions, as it
can simultaneously reduce unnecessary carbonaceous emissions (THC, CO, CO2z and

PM emissions).
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8.1.2 DMC-Gasoline Blend

The alternative fuel, 8% (v/v) DMC-gasoline blend, did not show any significant
deteriorations in engine performance. Similar in-cylinder pressure and combustion
stability were measured. The engine combustion temperature was estimated lower,
demonstrated by lower RoHR and EGT. This led to reduced post-combustion oxidation
(with 7% greater of CO emission) and impacted the PM Nanostructure. The alteration
of Nanostructure includes shorter La graphene fringe layers were more disorderly and
consisted of higher amorphous concentration. The excess oxygen contributed by DMC
reduced the THC (30%), PM emissions (60%) and the average dpo (3 nm reduction).
Improvements exhibited in PM emissions were due to the lower elemental soot
formation, and as consequence, resulted in less npo and lower Rg. Consequently,
these effects altered the collisions of PM, emitting more compact and clustery
agglomerates (higher Dr). Generally, the influence of DMC on PM agglomerates

agreed with higher oxidation reactivity.

The enhanced oxidation reactivity is beneficial for GPF regeneration strategies,
by reducing the required energy and the frequency of regeneration. Additionally, lower
PM concentration and smaller agglomerates (lower Rg) emitted by D8 can reduce the
pressure drop of GPFs. This minimises the deteriorating effect of the engine by the
back pressure. Therefore, DMC is considered as a potential candidate as a fuel
replacement for GDI engines, which can potentially achieve the Euro VI emissions
limits. This can aid the reduction of hazardous emissions that affect humans and the

environment.
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8.1.3 Aftertreatment Architectures

Aftertreatment architectural configurations were assessed, suggesting that there
is trade-off between pressure drop and nritration. The CC architectural configuration
induced up to 32% higher back pressure (pressure drop), although a maximum of 6%
improvement on filtration performance was promoted. As a subsequent effect, a
thicker PM cake layer was formed, rapidly promoting nritration close to 100%. Despite
the lower pressure drop and filtration performance exhibited with the UF architectural
configuration, it was learned that using a GPF with advantageous properties can
improve the nritration. The increase of filtration efficiency was observed to be as high as
3%. The pressure drop was slightly increased, along with a slower PM cake layer
formation. This was evidenced in the UF SiC architectural configuration,
demonstrating the ability to form an adequate PM cake layer thickness at nearly 100

% NFiltration.

The trade-off shown in the UF SiC architectural configuration was optimum in
comparison to other architectural configurations. Its use can minimise the deteriorating
effects of the engine (fuel economy and output power) due to the pressure drop (lower
maghnitude overall) yet exhibited a similar nritation to CC Cord. and CC SiC after the
PM cake layer formation. Furthermore, the proposed architectural configuration can
also benefit the GPF passive regeneration strategy. This can be achieved by lowering
the frequency of regeneration, due to the comparable pressure drop after the formation

of the PM cake layer.

8.1.4 Filter Extraction TEM Grids Preparation

The filter extraction TEM grid preparation methodology shows no defects or other
limitations found in conventional direct exposure method. The microscale analysis for
both methodologies were similar (difference below observable magnitude, lesser than
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5%), with the exception of npo and Rg, due to PM agglomerate growth and maturation.

This leads to larger npo and Rg values measured in the PM agglomerates, when the

TEM grids were prepared by filter extraction method. With the validated results, the

direct exposure TEM grid preparation method demonstrates potential to be used for

further TEM experimentation. However, the investigation should proceed into

Nanostructural analysis for further validation.

8.2 Future Work Reference

1.

In relation to the AFR, combustion analysis, gaseous emissions and PM
characteristics have been understood. The unlikelihood of GPF regeneration during
stoichiometric combustion was predicted in this research thesis. Therefore, it is
important to understand the regeneration process during lean combustion.
Additional tests should be performed with a PM-loaded-GPF, positioned upstream
to a TWC at idle and low load conditions. During the tests, stoichiometry should be
optimised between the values of 1.01 and 1.1. The results will provide valuable
information, allowing regeneration strategies for GPF applications in GDI engines

to be determined.

In regard to the DMC case study; an evaluation of the engine performance,
emissions and PM characteristics were presented. However, these tests were
carried out without the application of a TWC. Therefore, the emissions should be
assessed with the application of a TWC to ensure compatibility, as well as to
investigate its influence over PM characteristics derived from DMC-gasoline blends.
Furthermore, an assessment on the GPF filtration performance should be
performed with DMC-gasoline blends. The differing PM characteristics and PM

concentrations may have an influence on the GPF. It is proposed that further studies
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should be conducted in the WLTC and RDE tests, to ensure compliance with current

Euro VI legislation and future emissions schedules.

3. Aftertreatment architectural configurations have demonstrated more promising
applications with the use of UF SiC. A full size TWC and GPF should be utilised
with complete WLTC and RDE tests in order to validate architectural configurations.
Moreover, optimisation of the UF architectural configuration is required, prior to its
commercial application. Particular attention should be focussed on the distance of
the interval gap, and the influence of GPF properties on architectural configurations.
The future experimental work should also include an assessment of cGPF, that

includes varying the distribution of the catalyst load between the TWC and cGPF.

4. A microscale TEM analysis has been performed, indicating filter extraction method
is capable of producing similar results. However, an extended analysis on
Nanostructure (graphene fringe length, tortuosity, separation distance) would be
required to further verify the methodology. A similar comparative analysis should
also be performed on PM, formed by different fuels or engine conditions. This will
provide a final validation of the methodology. In addition, a novel 'burn-off
investigation can be presented, using the proposed alternative methodology to
study GDI engines PM. This can provide a broader understanding of PM
characteristics during the oxidation process, which can be exceptionally useful in

the determination of GPF design and regeneration strategies.
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Appendix 1: Data Acquisition Channels

APPENDIX 1: DATA ACQUISITION CHANNELS

1 Dynamometer and Engine Control
2 ECU Parameters (10 Hz)

(10 Hz)
Engine speed rpm Engine speed rpm
Engine load Nm Throttle plate position %
Engine coolant temperature °C Throttle pedal position %
Charge air temp °C IVO timing °aTDC
Oil temperature °C EVC timing °aTDC
Temp - Intake Manifold °C Waste-gate duty cycle %
Exhaust temperature (Pre- S
turbo) °C Injection timing °bTDC
Exhaust temperature (Pre- o )
wo) °C Injection duration ms
Exhaust temperature (Post- o \gnition timing D
TWC)
Intake air temperature °C Ignition dwell ms
EGR temperature °C Engine temperature °C
Fuel temperature °C Oil temperature °C
Fuel Mass Flow kg/h Charge air temperature °C
Ambient Pressure bar Fuel temperature °C
Charge Air pressure mbar
2LabVIEW data acquisition (0.5° CAD) Oil Pressure MPa
Cylinder pressure bar Fuel Pressure MPa
sLabVIEW data acquisition (1 Hz) Mass air flow kg/h
GPF Inlet Pressure mbar Oxygen sensor vV
(HEGO)
GPF Outlet Pressure mbar

Data channels acquired by 1 CADET PC, 2 DAQ PC1 and 3 DAQ PC2
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Appendix 2: Instrumentation Measurement Accuracy

APPENDIX 2: INSTRUMENTATION MEASUREMENT

ACCURACY
Instrument Range Accuracy
Rheonik RM015 Coriolis Mass 0
Fuel Elow Meter 0 to 20 kg/h +0.12%
Dynamometer Load Cell 0 to 1000 N +0.05% FS
AVL GM12D Pressure 0 to 200 bar +0.3% ES
Transducer
Variohm EPT3100 pressure 0 to 4 bar +0.5 %
Transducer (absolute) U0
+10% <5x 104
particles / cms
TSI 3969 SMPS 0to 107

particles/cms +20% < 107

particles/cms
MKS 2030 Multigas FTIR 10 ppb to 100 % 10 to 100 ppb

AVL Digas 440

<2%+0.1%
02 0to 22 %

>22% 5%

Perkin Elmer Pyris 1 TGA

Mass Up to 1300 mg +2ug
Temperature 50 °C to 1500 °C +5°C
Renishaw inVia Raman 200 nm to 2200 <+0.01 cm.t
Spectroscopy nm
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APPENDIX 3: AUTHOR PUBLICATIONS AND AWARDS
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Aftertreatment Architectural Configurations on Gasoline Direct Injection (GDI)

Engines”. (Future Publication)

Awards and Scholarship
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Appendix 4: Additional Information

APPENDIX 4: ADDITIONAL INFORMATION

In-House MATLAB Script

Pixel Calculation

n=0;
DataFileName = [DataFilePre ' ' num2str(D)];
im = imread([DataFilePre ' ' num2str(D) ".png’]);
if size(im,3)==3
im=rgb2gray(im);
else
im=im2uint8(im);
end
disp([DataFilePre ' ' num2str(D) ' Loaded")
dp=dpv(D);
dpO=dp*s1(D)/s2(D);
Lwl=size(im,1);
Lw2=1;
Wwil=size(im,2);
Ww2=1;
sumcent=0;
Areasqf=2E70;

im2=im;

Centroid Calculation

s = regionprops(im,'centroid’);
centroids = cat(1, s.Centroid);
centx=centroids(:;,1);
centy=centroids(:,2);
centx(isnan(centx))=[];
centy(isnan(centy))=[];
centxt=mean(centx);
centyt=mean(centy);

Binarization and Project Area Calculation

for i=1:size(im,1)
for j=1:size(im,2)

n=sum(im2(im2==1));

if im(i,j,:)~=255
sumcent=(norm([i j]-[centxt centyt]))*2+sumcent;
im2(i,j,1)=0;
end
end
end
im2=~im2;
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Appendix 4: Additional Information

Minimum Bounding Rectangular Calculation

for anglexs=0:2:355
im3=imrotate (im2,anglexs);
Lwl=size(im3,1);
Lw2=1;
Ww1l=size(im3,2);
Ww2=1,;

for i=1:size(im3,1)
for j=1:size(im3,2)

if im3(i,j,:)==
if Lwl>=
Lwil=i;
end
if Lw2<=
Lw2=i;
end
if Wwl>=
Wwils=j;
end
if Ww2<=j
Ww2=j;
end
end
end
end

asq=Lw2-Lwl;
bsg=Ww2-Ww1,;
Areasg=asq*bsq;
if Areasq < Areasqf
Areasqf=Areasq;
anglef=anglexs;
Lw=asq;
Ww=bsq;
end
end
imf=imrotate(im2,anglef);
imwrite(imf, ([DataFilePre '_minarea2' num2str(D) '.png"));

Number of Primary Particles (npo) Calculation

Pixar=Pixarv(D);
numpart=(n/(pi/4*dp”~2))*1.09;
Projarea=n*Pixar;
numpartf=ceil(numpart);

Radius of Gyration (Rg) Calculation

Rg=nthroot(1/n*sumcent,2);
Rgnm=nthroot(1/n*sumcent,2)*s1(D)/s2(D);
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Roof Form Factor (RFF) Calculation

im2=im2bw(im2);

image3=imfill(im2,'holes");

image4=edge(image3,'roberts";
perim=sum(image4(image4==1));
RFF=nthroot(4*pi*n/perim”"2,2);

imwrite(image4, ([DataFilePre '_perim' num2str(D) ".png’]));

if D == DataFileNumEnd

MSExcelTitle{1} = 'Filename’;
MSExcelTitle{2} = 'num of part’;
MSExcelTitle{3} = 'Rg(nm)’;
MSExcelTitle{4} = 'dp0";
MSExcelTitle{5} = 'RFF";
MSExcelTitle{6} = 'L";
MSExcelTitle{7} = "W,
MSEXxcelTitle{8} = 'Df';

end
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