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ABSTRACT

This thesis exams the combustion characteristics and emissions of bioethanol and two
other novel biofuel candidates, 2-methlyfuran (MF) and 2,5-dimethylfuran (DMF) in a spray-
guided GDI engine. The impact of fuels, injector pressure and fouled injectors on PM emissions,

and oxidation of soot produced from GDI engines are also investigated.

Biofuels are one part of the solutions for the renewable energy supply and emission
reduction. Research interests cover detailed combustion characteristics and emissions, especially
particulate matter (PM) emissions. Gasoline is used as the benchmark fuel. A spray-guided
single-cylinder direct-injection (DISI) engine is used in this thesis. A Horiba MEXA-7100DEGR
Gas Analyser is used to measure gaseous emissions such as hydrocarbon (HC), nitrogen oxide
(NOy) and carbon monoxide (CO). Aldehyde emissions and key HCs have been investigated
using the High Performance Liquid Chromatography (HPLC) and Gas Chromatography Mass
Spectrum (GC-MS) techniques. A Scanning Mobility Particle Sizer (SPMS) is used to measure
the particle size distributions. A Thermo-gravimetric analyser (TGA) is applied in the study of

the PM composition and soot oxidation process.

The combustion of DMF and MF in DISI engines demonstrates better knock resistance
properties and faster burning rates compared to those of gasoline. DMF and MF have much
lower fuel consumptions than ethanol due to their higher energy density. The combustion of
DMF and MF produces much lower hydrocarbon (HC) and PM emissions than those of gasoline.
However because of much higher combustion temperatures, their NOy emissions are
significantly higher than those of gasoline, when fuel-optimized spark timings are used. This
issue can be solved by either retarding ignition timing at the price of fuel consumption penalties,



or by using exhaust gas recirculation (EGR) which is more efficient and has a less negative
impact on fuel economy, if it is optimized. DMF and MF produce much lower aldehyde
emissions compared with gasoline and ethanol. The majority of HCs in the exhaust are unburned
fuel. Toluene and benzene are detected in the exhaust; however their concentrations are

relatively low.

Since biofuels such as bioethanol have oxygen in their molecule, PM emissions from
ethanol are lower than those from gasoline, giving it good potential in PM emission reduction.
Therefore, the impact of fuels (ethanol and gasoline) on PM emissions from a GDI engine under
various injection pressure and injector fouling has been studied. Particles are classified into
nucleated and accumulated particles, a distinction not made by most other researchers. Results
show that PM emissions vary to fuels, injection pressure, and injector fouling. Ethanol produces
less PM mass emission compared to gasoline. Unlike gasoline, PM emissions from the DISI
engine fuelled with ethanol are not sensitive to injection pressure. This thesis highlights the
significant negative impact of fouled injectors on PM emissions when using gasoline as the fuel,
and it also highlights how ethanol is able to keep PM emissions low from fouled injectors. A

trade-off between particle number (PN) and PM mass emissions is observed when using ethanol.

Further work has been done to investigate PM composition and soot oxidation of PM
produced in a GDI engine fuelled with DMF, ethanol and gasoline. This is one of the few
investigations focusing on the PM oxidation characteristics from a GDI engine. It is found that
even under rich combustion and later injection timing operating conditions, soot only accounts
for a small fraction (<30%) of PM mass whilst volatility components are the main contributors.
Soot produced from the combustion of oxygenated fuels such as DMF and ethanol is more easily
oxidized than gasoline soot due to their unique capsule type oxidation mode, smaller primary,

and agglomerated particles.
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CHAPTER 1

1 INTRODUCTION

This introductory chapter is intended to give an overview of the author’s PhD
research, which is mainly about combustion and emissions of biofuels in a GDI engine.
The study of biofuels is driven by the call for renewable energy supply and stringent
emission regulations. Two biofuel candidates, DMF and MF, are introduced. The overall
research outline, objectives and corresponding investigation approach are briefly

presented, followed by a thesis outline.

1.1 Overview

The transportation sector is facing two challenges, which are renewable energy
supply and clean transportation. The fossil fuel was, is, and will be the main energy source
for the transportation for many decades; however this trend cannot last forever. On the
other hand, because of increased environmental awareness, regulatory authorities across
the world are putting more and more pressure on the automobile and petroleum industry to
invent and develop technologies for reducing emissions and improving fuel economy. The
author believes that electric vehicles will be the ultimate solution; however the advanced
battery technologies and the battery disposal issues will potentially take decades to be fully
resolved. The related infrastructure requirements such as charging outlets are barriers
stopping electric vehicle from being applied quickly in the short term. There are some

medium term solutions such as the hydrogen fuel cell and hybrid vehicles. For the
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hydrogen fuel cell, there are still technical issues such as hydrogen production,

transportation, and storage.

In spark ignition engines there are many technologies available for improving fuel
economy and reducing emissions. Those technologies include in-cylinder approaches such
as direct injection, 2/4 stroke engine mode switch, turbo-charging, variable valve lift and
valve timing, learn burn stratified-charge combustion, and engine-out approaches such as
high efficiency catalytic converters and particle captures. By using those technologies,
GDI engines reduced fuel consumption at part load by 20~25% compared to PFI engines

(S. Kono, 1995, Jackson et al., 1997, Park et al., 2012, Tomoda et al., 1997).

It is also believed that biofuels such as bio-ethanol are part of the solutions.
Bioethanol is widely blended into gasoline because of high anti-knock abilities, and the
benefits of low HC and PM emissions. However, bio-ethanol has some drawbacks: low
fuel economy, solubility in water, and high production costs. The search for a superior

alternative to bioethanol is critical to energy development.

In 2007, improved MF and DMF production methods were published using fructose
as the feedstock (Roman-Leshkov, 2007, Zhao, 2007). MF and DMF produced by this
method are considered to be renewable biofuels. Before DMF and MF can be widely used
as gasoline alternatives, their impact on engine performance and emissions need to be

assessed.
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1.2 Objectives and Approaches

The research aim was to assess the feasibility of using biofuels (MF, DMF and bioethanol)

in a DISI engine. The following are the specific objectives of the author’s PhD study:

o Effect of MF, DMF and ethanol on combustion and regulated emissions in a GDI

engine.

o Identification of key HCs and aldehyde emissions from a GDI engine fuelled with
MF.

o Impact of fuels (ethanol and gasoline) on PM emissions from a GDI engine under

various injection pressure and injector fouling conditions.
o Study of PM composition and soot oxidization characteristics in a GDI engine

fuelled with DMF, ethanol and gasoline.

A spray-guided single-cylinder DISI engine is used for engine experiments. A Horiba
MEXA-7100DEGR Gas Analyser is used to measure gaseous emissions. Aldehyde
emissions and key HCs are investigated using the High Performance Liquid
Chromatography (HPLC) and Gas Chromatography Mass Spectrum (GC-MS) techniques.
A Scanning Mobility Particle Sizer (SPMS) is used to measure the particle size
distributions. A Thermo-gravimetric analyser (TGA) is applied in the study of PM

composition and the soot oxidation process.

The novelty of this thesis includes:
o Detailed combustion analysis of a GDI engine fuelled with two novel biofuel

candidates; MF and DMF.

o Assessment of the toxic HC and aldehyde emissions from MF combustion.
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o This thesis highlights the significant negative impact of fouled injectors on PM
emissions, and how ethanol is able to reduce PM emissions from fouled injectors.
o Unlike most other investigations, PM analysis in the thesis is detailed into the nature
of the particles. Particles are classified into the nucleation and accumulation modes.
e This is one of the few investigations focusing on oxidation characteristics of soot
produced in a GDI engine. This is one of the few investigations focusing on the

PM oxidation characteristics from a GDI engine.

1.3 Research Outline

In this thesis, the main focus is on the investigation of the impact of biofuels (MF,

DMF and bioethanol) on combustion characteristics and emissions in a DISI engine.

The study of engine combustion characteristics includes a comprehensive analysis of
engine in-cylinder pressure, heat release rate, and combustion phase. A Ricardo Wave
model is used for the calculation of in-cylinder temperatures. Regulated emissions such as
CO, NOy, and HC have been measured and compared with those of gasoline. EGR and
retarded spark timing strategies are used to control NOy emissions. Unregulated emissions
such as individual HCs and aldehyde emissions have been also measured. Since
oxygenated fuels such as ethanol have the advantage of reduced PM emissions, the impact
of fuels (ethanol and gasoline) on PM emissions from a GDI engine under various injection
pressure and injector fouling is studied. Further investigation is carried out for a

comprehensive study of PM composition and soot oxidization characteristics.
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1.4 Thesis Outline

This thesis is comprised of eight chapters. A brief outline of each followed chapters

is presented below.

Chapter 2 — Literature Review

This chapter covers a brief literature review of topics related to this thesis. Firstly,
GDI technologies are introduced. Secondly, physiochemical properties of gasoline, DMF
and MF, and the review of previous publications investigating those fuels, are presented.
Thirdly, emissions, especially PM emissions, are reviewed. Lastly, the GDI injector
fouling issue, one of major challenges in GDI combustion system development, is

reviewed.

Chapter 3 — Experimental Setup

This chapter provides detailed information of engine and instrument setup, data
acquisition, and recording systems. Emission analysers are also briefly presented. Finally,

key calculations used in this thesis are presented.

Chapter 4 — Combustion Characteristics and fuel consumptions of MF, DMF and

Ethanol in a GDI Engine

This chapter assesses combustion of MF, DMF, and ethanol in a DISI engine. The
experiments were conducted at stoichiometric combustion, 1500 rpm engine speed, and 3.5
to 8.5 bar IMEP. The analysed combustion characteristics include in-cylinder pressure,
heat release rate and combustion phase. A Ricardo Wave model has also been used for the

calculation of in-cylinder temperatures. The importance of this chapter is that it compares
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the combustion of biofuels with that of gasoline, and assesses the feasibility of using those

biofuels as gasoline alternatives.

Chapter 5 — Emission Characteristics of MF in a GDI Engine compared with DMF,

Ethanol, and Gasoline

Engine-out gaseous emissions of MF, DMF and ethanol have been investigated
under the engine condition of 1500 rpm engine speed, 3.5-8.5 bar IMEP load and
stoichiometric air-fuel ratio. EGR and retarded spark timing have been applied to reduce
NO emissions. Key HCs and aldehyde emissions in DISI engines fuelled with MF at 6.5
bar IMEP are detected using the GCMS and HPLC techniques. The importance of this
chapter is that it compares gaseous emissions of biofuels with those of gasoline, and it also

assesses the toxic HC and aldehyde emissions from MF combustion.

Chapter 6 — Impact of Fuels on PM Emissions from a GDI Engine under various

Injection Pressure and Injector Fouling conditions

Impact of fuels on PM Emissions from a GDI engine under various injection pressure
and fouled injectors was studied. The experiments were conducted in a DISI research
engine (A=1, engine speed=1500 rpm, load=3.5-8.5 bar IMEP). Two fuels (gasoline and
ethanol), four injection pressures (50, 100, 150, 172 bar) and three injectors (one clean and
two fouled injectors with 5.3% and 8.5% fuel flow rate loss) were tested. Results show that
PM emissions vary significantly between different fuels and different injection systems.
Ethanol combustion produced less PM emissions compared to gasoline. Unlike gasoline,
PM emissions from the ethanol powered the DISI engine are not sensitive to injection
system; a low injector pressure and fouled injectors have very limited impacts on PM

emissions. This chapter highlights the importance of keeping injectors clean in order to

6
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keep PM emissions low, and also the benefit of using ethanol to reduce PM emissions,

even when injectors are fouled.

Chapter 7 — PM Composition and Soot Oxidation for PM Emissions from a GDI

Engine Fuelled with DMF, Ethanol, and Gasoline

PM composition and soot oxidization characteristics from a DISI engine were
investigated using the TGA technique. A kinetic model was used to quantitatively describe
soot oxidization reactivity. The engine was operated at 1500 rpm with rich combustion and
late fuel injection strategy. A TGA method was developed and then applied to the study of
PM produced from the combustion of ethanol, low ethanol/gasoline blend (E25), and
DMF. The importance of this chapter is that it provides key information about the soot
oxidation characteristics, which are key information for GPF regeneration and GPF

thermal modelling.

Chapter 8 — Summary, Conclusion and Future Work

This chapter gives the key conclusions of this thesis, followed by recommendations

for future work.
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2 LITERATURE REVIEW

This chapter is intended to provide literature review and background knowledge
needed for the author to carry out his PhD research, which is mainly about combustion and
emissions of biofuels in a GDI engine. Since the experiments were carried out in a modern
GDI engine, therefore a general review of GDI technology is presented. Then DMF and
MF are introduced, along with the related investigations done by previous researchers.
Because gasoline is used as the benchmark fuel, it is also introduced. Reducing emissions
by using biofuel is another important theme of this thesis, thus review of emissions
especially PM emissions is presented. Injector fouling is one of the major challenges
during GDI combustion system development, due to its highly negative impact on engine
performance. The author is one of the few that studied the impact of injector fouling on
PM emissions, and the results show that injector fouling affect PM emissions more than
the engine combustion and other emissions such as HC emissions. For the importance of

injector fouling, a review of injector fouling is provided at the end of this chapter.

2.1  GDI Engines

Vehicles powered by GDI engines aiming to improve fuel economy and reduce CO,
emissions started to enter the car market in the late 1990s (Zhao et al., 1999). GDI is a
technology where high pressure fuel (50~150 bar) is injected directly into the cylinder with
the quantity and timing precisely controlled by an electronic control unit (ECU). Direct

injection offers precise fuel metering and improved spray atomization compared with the
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PFI injection system. The first GDI vehicle by Mitsubishi was released in 1996, and

Volkswagen launched fuel stratified injection (FSI) GDI engines in 2000. When coupled

with other advanced technologies such as VVT, turbo-charging, and lean stratified

combustion technologies, GDI engines further reduced fuel consumption at part load by

20~25% due to the use of wasted energy in the exhaust, the use of high compression ratio

engines, optimised combustion and less throttling (S. Kono, 1995, Jackson et al., 1997,

Park et al., 2012, Tomoda et al., 1997). Table 2-1 provides a summary of carburettor, PFI,

and GDI injection systems.

Table 2-1: Summary of Carburettor, PFl and GDI Injection System
Advantages Disadvantages
1) No precise fuel metering
Carburettor Basic fuel metering 2) Bad emissions

3) Bad engine response and
driveability

1) Improved fuel metering compared
with carburettor

2) Three Way Catalyst (TWC)
works well under steady state

1) Bad fuel metering in cold
start and transient operating
conditions, which affects

PFI operation -
. emissions
3) Better engine response and o .
. . . 2) potential intake valve deposit
improved driveability compared )
. issue
to the carburettor engine
4) Low PM emissions
1) Issues regarding fuel
economy and emission in
cold start compared with hot
1) Precise fuel metering, better fuel z:ﬁ?%if:?;f operations are
spray atomization, superior 2) Bad HC and PM emission
transient response . .
. . L compared with PFI engines
2) high compression ratio, high iah . for hiah
engine power output, and low 3) Hig requirement for hig
GDI ’ fuel quality, potential

fuel economy
3) Lower emissions due to faster
catalyst light-off in cold start
4) More flexible choice of
combustion mode

injector plugging problem

4) Piston and cylinder liner
wetting thus more severe
combustion chamber
deposits

5) High system complexity,
high manufacturing cost, and
durability problem
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Based on the mixture preparation process, GDI engines are classified into three
categories. In the air-guided (wide-space concept) combustion system, fuel is transported
to the region near the spark plug by a strong air motion generated by inlet ports with a
specially designed shape. Injector tip wetting is much reduced since the air dries the
injector tip. However, the air-guided combustion system is highly sensitive to air flow
motion therefore it suffers from severe cylinder-by-cylinder and cycle-by-cycle variations.
In the wall-guided combustion system, the injector and spark plug are away from each
other (wide-spacing concept), and fuel spray is directed to the spark plug by a piston with a
cavity on the crown. The wall-guided GDI engines are also referred to as first generation
GDI engines. However, due to the severe piston wetting issue, emissions such HC, CO,
and particulate matter (PM) in the wall-guided combustion system are concerns. In the
spray guided GDI system which is referred to as second generation GDI technology, the
injector is located near the spark plug (close-spacing concept), and one or multiple fuel jets
are delivered to the spark by the injector. The injector of the spray guided GDI system is
often centrally mounted, differing from the side-mounted injectors near the intake port in

both air and wall guided combustion systems.

2.2 Gasoline in SI Engines

Fuel is an important factor in meeting stringent emission requirements for fuel
economy and emissions; it is also a key in guaranteeing the reliability and durability of
GDI engines and after treatment systems. In the past decade in developing countries such
as China and India, and in Africa, significant progress has been made towards low sulphur,
lead-free, and metal-free gasoline, in order to protect human health and the environment,
and to improve catalyst durability.

10
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Fuel standards vary significantly across the world. Table 2-2 lists fuel specifications
of the US (ASTM D4814-2011), the EU (EN228 -2012), and China (GB 17930 — 2013).
Additionally the automotive industry from their perspective describes the requirements on
fuels in their “Worldwide Fuel Charter” (WWFC), currently available as a draft in its Sth
version. The main focus of these fuel standards is on the sulphur, aromatics, olefins, gum,

volatility, and octane rating.

The biggest development in the regulations is the sulphur limit. In the past 20 years,
the EU has applied ever stricter standards regarding sulphur content, starting from a 2000
ppm limit in the year of 1994, to a 150 ppm limit in the year of 2000. Currently, the EU
markets have already regulated the sulphur content below 10 ppm. In China, the sulphur
content is also regulated, starting from 500 ppm limit in the year of 2006, to 50 ppm limit
in the year of 2013. In the year of 2017, China plans to enforce a 10 ppm sulphur limit
nationwide. In the USA, the sulphur cap is also tightened from 300 ppm in the year of

2004 to 80 ppm in the year of 2006.

The investigation of sulphur in GDI engines is still of interest from a global
perspective. Sulphur not only contributes to SO, emissions and therefore acid rain, it is
also partially responsible for PM emissions. Fuel with high sulphur content can rapidly and
irreversibly damage the oxygen sensor and exhaust after treatment devices (TWC and NOy
absorbers), therefore it leads to high emissions (Schifter et al., 2003, Yao et al., 2008,
Hochhauser, 2009). The poisoned catalysts demonstrated a longer light-off time, increased

light-off temperature, and reduced conversion efficiency (WWFC, 2012).

11
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Table 2-2: Fuel Specifications in US, EU and China

P EU XETM D4814 Rev B gI;iT;%O (D

arameter ev — (Dec.
EN 228-2012 2011 2013

Density (kg/m3F 720-775 (at 15C) 720-775(at 20C)

T10 (C) <70 <70

T50 (C) <77-121 <120

T90 (C) <190 <190

End of distillation point

(T) <205

E70 summer (volume %)*  20-48

E70 Winter (volume %)  22-50

E100 (volume %0) 46-71

E150 (volume %) >75

Sulphur (ppm) <10 <80 <(50

Aromatics (m/m) <35% <20.9% <40%

Olefins (%om/m) <18% <11.9% <28%

Max. washed/unwashed 5 (washed)/30

Gum(mg/100mL) 5 (washed) 5 (washed) (ugwashec?)

4 Depends on volatility class of region, country and season

Aromatics are chemicals containing at least one benzene ring in their molecule.
Research evidence shows that aromatics are responsible for carcinogenic emissions such
benzene and toluene (Barnes et al., 2005). Similar to aromatics, olefins are responsible for
deposit formation in the fuel and combustion systems (Aradi et al., 1999, Uehara et al.,
1997, Ashida et al., 2001). Gum also causes deposit problems in the fuel and combustion
system. Research evidence shows that the T90 parameter of fuel is directly related to
injector deposit formation (Aradi et al., 2000a, Kinoshita et al., 1999, Bacho et al., 2009,

Sandquist et al., 2001).

The fuel volatility property indicated by vapour pressure and driveability index is
directly linked to the performance and emissions of GDI engines. Highly volatile fuel is
preferred in the winter to ensure a better cold start performance. If fuel formulated for the

winter is used in the summer mistakenly, there is a risk of vapour lock in the fuel system,

12
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resulting in engine driveability problems. Therefore there is a maximum and minimum

limit for vapour pressure, depending on the season.

Octane rating, a function of the motor octane number (MON) and the research octane
number (RON), is an indicator of the antiknock property of the fuel. GDI engines lead to
less knock tendency due to the fuel cooling effect. Fuel with a high octane rating is used in
high compression ratio GDI engines to avoid engine knock, for the purpose of increasing

engine efficiency.

2.3 Bio-ethanol, DMF and MF

The use of ethanol as an engine fuel dates back to the 1890s. In 1896 Henry Ford
built an automobile running on pure ethanol (Goettemoeller and Goettemoeller, 2007). The
ethanol consumption in the transportation sector has been expanded three times in the past

ten years (Berg and Licht, 2011).

Bio-ethanol is the most widely used biofuel in the world, especially in the EU,
Brazil, and the United States. The United States is the largest bio-ethanol producer (made
mainly from corn crops) and Brazil is the largest exporter (made mainly from sugar cane)
(Berg and Licht, 2011). The first generation bio-ethanol is made from high end stocks such
as sugar cane, wheat, corn, etc., and is highly controversial, because of its consumption of
food supplies. The second generation bio-ethanol is produced from low end stocks such as

grass, wood chips, and agricultural wastes, therefore proving to be less controversial.

Ethanol is a favourable gasoline alternative. Sustained research has been carried out
using ethanol in Sl engines (Kintisch, 2007, Atsumi et al., 2008, Agarwal, 2007, Demirbas,

2007). It can be used in its pure form in specially designed Sl engines or in blended forms

13
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with minor engine modifications. Ethanol has a high octane rating and a high heat of
vaporization, making it a favourable choice in the application of high compression ratio
engines. Due to ethanol’s partially oxygenated nature and its fast flame speed, its
combustion and post-oxidation is more complete than gasoline. The HC, NOy, and PM
emissions from ethanol combustion are lower than those from gasoline (Masum et al.,
2013, Wang et al., 2013a). The difference in vehicle-out HC, NOx and CO emissions
between engines fuelled with ethanol and gasoline will be diminished due to the high
efficiency of TWCs. Publications about the use of diesel-ethanol blends in CI engines are
also available (Rakopoulos et al., 2011, Scania, 2007, Song et al., 2010, Sayin, 2010).
Generally, the ignition delay of the diesel engine powered by an ethanol and diesel blend is
increased, compared to when it’s powered purely by diesel. As a result, HC, CO emissions

and smoke opacity are reduced.

However, bio-ethanol has some drawbacks as an engine fuel, the most significant
being low energy content and high production costs. Due to its solubility in water, its
production, transportation, and storage cost are all increased. Engine performance and
emissions in cold start are issues due to its high heat of vaporization, and low saturated
vapour pressure at low temperature (lodice and Senatore, 2013). Therefore, the search for
new biofuel candidates is a focus of future fuel research. The new biofuel candidates for SI

engines should meet the following requirements:

e Safe, easy, and low-cost storage and transportation
e Use of biomass as raw feedstock

¢ High production efficiency with competitive cost
e High energy density

e Easily adapted to current-existing SI engines

14
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Competitive combustion characteristic and emissions

DMF and MF has become attractive biofuel candidates, after a new production

method was published in 2007, using fructose as the feedstock (Roman-Leshkov, 2007,

Zhao, 2007). Figure 2-1 shows the rationale for converting carbohydrates to DMF and MF.

Selective oxygen removal can be achieved in two steps: firstly, by removing three oxygen

atoms from fructose through dehydration to produce 5-hydroxymethylfurfural (HMF); and

secondly, by removing two oxygen atoms through hydrogenolysis to produce DMF and

MF (Yuriy Romé&-Leshkov, 2009, Tian et al., 2011). Fructose is abundant and renewable,

and biomass can be used as the feedstock. Since the feedstock for DMF and MF production

Is renewable, DMF and MF produced by this method are also considered to be renewable.
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Figure 2-1:  Rationale for Converting Carbohydrates to DMF and MF (Roman-

Leshkov, 2007, Zhao, 2007)

15



Chapter 2

Before commercial mass production of any new biofuels, the costs, energy
efficiency, and carbon footprint, which largely depend on the availability of raw feedstock
and production methods, need to be assessed.

For the analysis of energy and GHG emissions, there are two methodologies
available, well to wheels (WTW) and life cycle analysis (LCA). WTW can be separated
into well to tank (WTT) and tank to wheels (TTW). WTT assessment considers energy
required and GHG emitted in the procedures of crop growing and harvesting, crop
transportation, biofuel refinery, and delivering fuels into the tank of vehicles. The TTW
assessment accounts for the energy required and GHG emitted by vehicles during the
driving process. Apart from all the factors considered in the WTW analysis, LCA assesses
other energy required and GHG emitted such as the plant construction, water, and emission
of all kind of pollutants. As a result, LCA is a more accurate methodology; however it
requires more data input. In this work, the WTW of bioethanol, instead of LCA, is
reviewed.

The WTW analysis of future automotive fuels and powertrains in the European
context is currently in the fourth edition (Edwards et al., 2014). Figure 2-2 shows the
WTW fossil energy expended and GHG emissions for ethanol pathways when using 2020
model year DISI vehicles. Table 2-3 shows the code for the pathways presented in Figure
2-2, where NG stands for nature gas; CHP stands for combined heat and power; DDGS
stands for distiller’s dried grain with solubles (the residue left after ethanol production

from wheat grain).
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STET1
WWET1
WFET1

SCET1
CRETus
CRET2a
BRET2a

Bars represent the total WTT + TTW fossilenergy

Bars represent the total WTT + TTW emissions
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Figure 2-2:  WTW fossil energy expended and GHG emissions for ethanol pathways

(2020+ DISI vehicles) (Edwards et al., 2014)

Table 2-3: Key to pathway codes (Edwards et al., 2014)

STET1 Wood (wheat)

WFET1 Wood (farmed)

WWFET1 | Wood (waste)

SCET1 Sugar Cane (Brazil), surplus biogas to electricity
CRET2a | Maize (EU), NG to CHP, DDGS to animal feed
CRETus Corn (US)

BRET2a | Barley/Rye, NG to CHP, DDGS to animal feed
WTET5 Wheat, convention boiler, DDGS to electricity via biogas
WTET4b | Wheat, straw to CHP, DDGS to electricity
WTET3b | Wheat, lignite to CHP, DDGS to electricity
WTET2b | Wheat, NG to CHP, DDGS to electricity
WTET1b | Wheat, convention boiler, DDGS to electricity
WTET4a | Wheat, straw to CHP, DDGS to animal feed
WTET3a | Wheat, lignite to CHP, DDGS to animal feed
WTET2a | Wheat, NG to CHP, DDGS to animal feed
WTET1a | Wheat, convention boiler, DDGS to animal feed
SBET1c Sugar beet, pulp to fuel, slops to biogas
SBET1b | Sugar beet, pulp to animal feed, slops to biogas
SBET1a Sugar beet, pulp to animal feed, slops not used
COG1 Conventional gasoline
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In Brazil, the feedstock for bioethanol production is mainly sugar cane. If the surplus
biogas is used to produce electricity, the WTW average energy and GHG saving compared
to gasoline is around 80% and 70% respectively. In the USA, corn is the primary feedstock
for bioethanol production, and the WTW average energy and GHG saving compared to
convention gasoline is around 30% and 20% respectively. The variation of GHG saving is
so big that in some cases it is negative. The WTW energy and GHG saving in the EU using

maize as feedstock is less than those in the USA using corn as the feedstock.

Sugar beet leads to over 50% energy and GHG saving, especially when co-products
such as pulp and slops are used as the energy source. By using wood or straw as part of the

fuel, advanced processes lead to even higher savings in energy and GHG.

The WTW analysis of DMF and MF is challenging, since both of them are new
biofuel candidates, and the production method is still in the improvement process. Limited
data are available. If wasted biomass is used in the DMF and MF production, the
production of feedstock involves almost no extra energy input, which is an advantage over
bioethanol production. Unlike the feedstock for bioethanol, production of DMF and MF
does not need to involve the conversion of forests into agricultural land, which leads to
increased GHG emissions. The collection of feedstock requires some energy; therefore it
involves GHG emissions. The energy required and GHG emitted during feedstock
conversion into DMF and MF is hard to quantitatively assess at this stage, and no literature
is available. However, one advantage of DMF and MF is that they consume only one-third
of the energy in the purification process (evaporation) compared to bioethanol because
they are not soluble in water. The TTW CO2 emission of bio-ethanol, DMF and MF is

related to the engine-out CO2 emissions, and will be discussed in the Chapter 4.
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Worldwide, around 170 billion tons of biomass are produced annually through
photosynthesis, among which 75%, or 128 billion tons, are classified as carbohydrates
(R&per, 2002). Only 3-4% of those carbohydrates are consumed by humans for food and
other purposes. The first generation bioethanol mainly uses corn and sugar cane as
feedstock, which accounts only a very small fraction of carbohydrates that can be used as
human food. Therefore, compared to the feedstock for the production (mainly corn and
sugar cane) of first generation bioethanol, there are widely abundant biomass
carbohydrates, which are viewed as feedstock for the Green Chemistry of the future
(Lichtenthaler and Peters, 2004). The production of DMF and MF does not compete with
food since it uses non-food biomass carbohydrates as feedstock. McCormick et al.
estimated that by the year of 2050, there is potentially 80+ billion annual gallons of biofuel
capacity in the US, compared to 400 million tons available today (McCormick et al.,

2014).

The properties of DMF, MF, ethanol and gasoline (supplied by Shell, UK) are listed
in Table 2-4. The chemical structure of MF is very similar to that of DMF, except that MF
has one methyl group only on its furan ring whilst DMF has two methyl groups. Both MF
and DMF have higher octane ratings than gasoline, making them more knock resistant in
Sl engines. MF and DMF have around 19% higher energy densities than ethanol, thus they
have a better fuel consumption. The oxygen atom in their molecule makes DMF and MF
competitive in engine-out emissions. The initial boiling point of MF (63 <€) is much closer

to gasoline (25.4 <€) than DMF (92 <€).

The properties of MF are slightly different from those of DMF. Compared to DMF,
MF has a higher density (913.2 kg/m®at 20 €) than DMF (889.72 kg/m*at 20 €) and its

flash point (-22 <€) is lower than DMF (16 <€), which would also overcome the cold
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engine start problems usually associated with bio-ethanol. Finally, its latent heat of
vaporization (358.4 kJ/kg) is higher than DMF (330.5 kJ/kg), thus the cooling effect from
MF is better than DMF. Consequently, MF has a higher maximum power output in a DISI

engine than DMF.

Table 2-4: Fuel Properties

Gasoline* DMF MF Ethanol
Formula C,-Cyy CeHsO  CsHO C,HsO
Gravimetric Oxygen Content
o) 16.67 19.51 34.78
Density @ 20€ (kg/m®) 726.7 889.7 913.2 790.9
RON 96.8 101.3 102.5 107
MON 85.3 88.1 86.1 89
Stoichiometric AFR 14.27 10.72 10.04 8.95
LHV (MJ/kg) 42.9 32.89 31.2 26.9
Flash Point (C) -40 1 -22 13
Heat of Vaporization (kJ/kg) 373 332 358 840
Stoichiometric Heat of
Vaporization (kd/kg air) 28 3 35 %39
Initial Boiling Point (C) 25.4 92 63 78.4
Reid Vapour Pressure (kPa) 86 3.45 185 5.83

*gasoline, labelled as ULG95, is supplied by Shell, with 5 vol% ethanol

The engine research group at the University of Birmingham was the first to study
DMF as an engine fuel (Zhong et al., 2010, Daniel et al., 2011, Tian et al., 2011). The
research subjects covered lubricity properties, spray characteristics, optical combustion

imaging, laminar flame speed study, thermal engine testing, and numerical modelling.

Hu et al. (Hu et al., 2012) assessed the lubricity properties of DMF using an MQ-800
four-ball tribometer, under the load of 100 N and at 500 rpm. They tested DMF and

various DMF blends for 30 min at humidity of 55%. Gasoline was used as the benchmark.
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Table 2-5 shows some selected results. It is clear that DMF has a better wear resistance
than gasoline, indicated by 49% smaller average wear scar diameter (AWSD) and 91%
lower roughness of rotational ball. The SMD is defined as six times droplet volume
divided by droplet surface. However, it seems that adding 20% DMF into gasoline had

limited impact on the lubricity properties.

Table 2-5: Images of steel ball surface, AWSD and ball roughness after 30 min test
under different DMF concentration (Hu et al., 2012)

DMF (Vol%) Image of stationary ball Image of rotating ball AWSD Roughness of
o rotational ball, Ra (qum)

0.443 £ 0.015 0.086 + 0.01

20 0.477 £ 0.015 0.081+0.012

100 0.297 + 0.015 0.045+0.013

Spray characteristics, including spray angle, penetration length, and droplet diameter
are essential for fuel/air mixture preparation in GDI engines. High-speed imaging and
PDPA tests were carried out at room temperature and pressure (Tian et al., 2010a). Even
though the temperature and pressure in the GDI engine during the injection event is much
higher than the test condition in (Tian et al., 2010a), the data is still valuable as a reference.
It was found that the spray structure of DMF, including spray angle, and penetration

length, shows a limited difference to that of ethanol and gasoline, however a significant
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difference is observed with their droplet size. Figure 2-3 shows the Sauter Mean Diameter

(SMD) for DMF, ethanol, and gasoline at 50-150 bar injection pressure, with the

measurement position at 32 mm from the nozzle. The SMD is defined as six times droplet

volume divided by droplet surface. DMF has similar droplet size to gasoline and their

difference in SMD is within 1 um. Ethanol has a larger SMD compared to gasoline and

DMF when the injection pressure is higher than 100 bar. The maximum difference in SMD

between DMF and ethanol is 3 um at 150 bar injection pressure.
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SMD for DMF, ethanol and gasoline at 50-150 bar injection pressure, with

the measurement position at 32 mm from the nozzle (Tian et al., 2010a)
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Figure 2-4:  Chronological Schlieren images of stoichiometric fuel/air mixture of DMF,
MF, and iso-octane at an initial temperature of 90 <C and 0.1 Mpa initial pressure (Ma et
al., 2013)

Laminar flame characteristics are fundamental fuel properties, and are important
information for the combustion modelling. Schlieren imaging is a commonly used
technique for the study of laminar frame characteristics. Many studies have been
conducted regarding the laminar flame speeds of DMF, MF, and iso-octane (Ma et al.,
2014, Ma et al., 2013, Tian et al., 2010b, Li et al., 2012, Wu et al., 2009b). Iso-octane is
used to represent gasoline due to their similar properties. Figure 2-4 shows the
Chronological Schlieren images of the stoichiometric fuel/air mixture of DMF, MF, and
Iso-octane at an initial temperature of 90 <C and 0.1 MPa initial pressure (Ma et al., 2013).
It is clear that MF has the fastest laminar flame speed and iso-octane has the slowest. Tests
were also conducted under various initial temperatures and air/fuel ratios, as shown in
Figure 2-5. Again, the ranking of laminar burning velocity for those three fuels is:

MF>DMF>iso-octane.
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Figure 2-5:  Upstretched flame speed of the test fuels at different temperatures and
equivalence ratios (Ma et al., 2013)
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Ma et al. (Ma et al., 2012) studied the combustion of DMF in a single cylinder
optical GDI engine, using the high-speed imaging technique. Figure 2-6 shows flame
images of DMF, gasoline, and ethanol at various crank angles at the engine speed of 1500
rpm and engine loads of 3 and 4 bar IMEP. The same spark timing, 1 degree delayed from
MBT/KLCA timing of gasoline, was used for all the fuels, for the purpose of avoiding
engine knock. DMF, in both engine loads, has a much brighter flame due to high

combustion temperature and has bigger flame areas than gasoline at every crank angle.
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Figure 2-6:  Flame images of DMF, gasoline and ethanol in an optical engine at the
engine speed of 1500 rpm and engine load of 3 and 4 bar IMEP (Ma et al., 2012)
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Engine tests were also carried out to compare the engine performance and emissions
when using DMF, ethanol, and gasoline fuel in a GDI engine with a compression ratio of
11.5 (Daniel et al., 2011, Zhong et al., 2010). MBT/KLSA was used for fuels at 3.5-8.5 bar
IMEP. It was found that at 1500 rpm engine speed, DMF allowed a more advance spark
timing to be used than gasoline; however knock was observed at high engine loads.
Ethanol did not knock, even at high engine loads. DMF combustion was faster than ethanol
and gasoline. The full throttle power output ranking when using DI was: ethanol > DMF >
gasoline. The volumetric fuel consumption of DMF was much closer to gasoline than
ethanol, due to its higher energy density. DMF produced less HC emissions than gasoline,
however not as low as ethanol. Due to DMF’s significantly high combustion temperature,
its NO, emissions were the higher than gasoline and ethanol. The difference in vehicle-out
HC, NOx and CO emissions between engines fuelled with ethanol and gasoline will be

diminished due to the use of highly efficient TWCs.

Various combustion strategies were tested when using DMF as an engine fuel, such
as split and dual injection. Split injection strategy, with one injection in the induction
stroke and another in compression stroke, was used at full throttle, for the purpose of
supressing engine knock and thus increasing engine power output (Daniel et al., 2012b).
The cooling effect of first fuel DI injection is used to increase volumetric efficiency and
the second fuel DI injection generates a stratified air/fuel mixture charge. It is found that
the increase in power output over single injection is less consistent with and more sensitive
to the second injection timing when using bio-fuels, compared to gasoline. A 2.3%
increase of IMEP was observed when using DMF and ethanol using a split injection
strategy. The dual-injection concept, with gasoline being injected in using PFI and bio-fuel

being injected in using DI, was proposed, for the purpose of taking advantage of both PFI
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and DI injection (Daniel et al., 2012d, Wu et al., 2011). Dual-injection allows the
flexibility of in-cylinder blending of one or two fuels at any blending ratio, which offers
the flexibility and potential to optimize the combustion process at any engine operating
condition. Dual-injection was also used for PM emission reduction (Daniel et al., 2013). It
is well proven that PM emissions are lower when using the PFI injection system; therefore,

compared with DI injection alone, dual injection is reduces PM emissions.

An in-house KIVA 3V spray model was developed and validated using the data from
experiments (Li et al., 2013). It is found that more significant spray-wall interaction exists
with DMF compared to gasoline, resulting from DMF’s slower evaporation rate and larger
amount of injected fuel due to its lower energy density. Therefore, a richer mixture is

found in the case of DMF compared to the case of gasoline.

The first engine report about MF concluded that MF is more competitive in cold
engine starts than the widely used biofuel, ethanol, because of its better vaporization and
higher combustion stabilities (Thewes et al., 2011). The knock suppression ability of MF is
better than gasoline, which makes it more suitable in suppressing engine knock in the
application of higher compression ratio downsized Sl engines. HC emissions from MF are
less than half of those from gasoline. However, because of high combustion flame

temperatures of MF, its high NOy emission is a concern.

2.4 Emissions in SI Engines

Table 2-6 shows the European emission standards for light duty commercial petrol

vehicles (<1305 kg).
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Table 2-6: EU Emission Limits For Light duty SI Vehicles (Delphi, 2012)

Tier Unit CcoO THC NO PM PN

Euro 1l 2720 - - - -

Euro 2 2200 - - - -

Euro 3 mg/km 2300 200 150 - -

Euro 4 1000 100 80 - -

Euro 5 1000 100 60 5(4.5%) -

Euro 6 1000 100 60 4.5 610" /km**

*Euro 5b

**PN is proposed however the limit has not been confirmed

24.1 Regulated Emissions

GDI engines significantly improve the fuel metering by delivering fuel directly into
each cylinder with a high fuel injection pressure commonly ranging from 50 to150 bar,

leading to low HC emissions in cold start and transient conditions (Zhao et al., 1999).

However, there are still some issues related to the HC emissions in GDI engines: (1)
inhomogeneous fuel/air mixture in the cylinder, (2) Incomplete fuel vaporization due to
limited time window for fuel spray evaporation, (3) Fuel impingement on the cylinder liner
and piston crown (Zhao et al., 1999, Stevens and Steeper, 2001), (4) Fuel trapped in the
piston ring crevice, (5) fuel absorbed and disrupt by piston deposits, and (6) Flame quench

near the piston and cylinder wall.

Drake et al. studied the correlation between piston fuel film and the engine-out HC
emissions from a wall-guided GDI engine using a high-speed refractive-index-matching
imaging technique for quantitative time and space resolved fuel-film mass measurements
(Drake et al., 2003). They found that for off-optimum injection timings, the wall firm can
account for up to 35% of Unburned Hydrocarbons (UBHC). The fuel trapped in the fuel

film, formed by droplets impinging on the piston surface has been shown to be an
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important source of UBHC. The piston temperature is lower than the surrounding air
temperature so the evaporation rate is lower for fuel trapped in the wall film. The film
creates an under-mixed area outside the ignition limits, where the combustion rate is

limited and the unburned fuel leaves the engine as UBHC emissions.

NOx formations are highly sensitive to combustion temperature (Heywood, 1989).
NOx emissions are related to fuel H/C ratio (Harrington and Shishu, 1973, Daniel et al.,
2011). Fuel with higher H/C ratio tends to have a higher adiabatic flame temperature, thus
it produces a higher NOx emission. There are several strategies for in-cylinder NO
reductions, such as EGR, retarded spark timing, water injection, and the use of fuels with
high heat of vaporization such as ethanol and methanol. TWCs and NOjy trappers are also

used for engine-out NOy reductions.

CO is a colourless and odourless chemical, with a lower density than air. It is
indirectly toxic to humans at high concentrations. An immediately dangerous to life
concentration is proposed as 1200 ppm (NIOSH, 1994). CO can disable haemoglobin in
blood which delivers oxygen to all parts of the body. When insufficient oxygen is
delivered to the body, especially the brain, the consequence can be fatal. CO emissions are
formed when there are insufficient oxidizers, or when temperature is too low, or when time
is not sufficient for a complete combustion (NIOSH, 1994). Even though GDI engines are
operated in global stoichiometric conditions, there are still local rich regions. CO emissions
increase significantly with an increase in the fuel/air ratio. The solution to reduce CO
emissions is to improve the homogeneity of air/fuel mixture inside the cylinder, and

regular vehicle maintenance.
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2.4.2 PM Emissions

As listed in Table 2-6, Euro 5+ enforced a limit on PM mass emissions (<4.5 mg/km)
for light duty commercial petrol vehicles. The PN limit is proposed in the coming Euro 6

regulations.

(1) What are the PM emissions?

PM size distributions (Figure 2-7) are composed of particles of different nature: (a) HC
nuclei which mainly compose the nucleation mode and (b) soot agglomerates with HCs
condensed or adsorbed on their surface, which mainly compose the accumulation mode

(Kittelson, 1998).
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(2) Dangers of PM emissions

Nano-particulates are difficult to be trapped by filters and their residence time in the
atmosphere is very long. Ultrafine particulates (UFPs) with diameters less than 100 nm
have significantly high surface to volume ratios, making them highly active. Some
particles containing benzpyrene have carcinogenic properties and potentially cause DNA
damage and mutation, resulting in risks of lung and lymphatic term bladder cancers
(Charlton et al., 2011, Agency, 2009, Mansurov, 2005). Apart from the damage to human
health, particles can affect the climate by scattering and absorbing solar and infrared
radiation in the atmosphere. PM is responsible for global warming according to some
research evidence (Ramanathan and Carmichael, 2008). There is also research evidence
showing that TWCs plugged by ash or soot have reduced conversion efficiency and require

a high light-off temperature (Kittelson et al., 2013 ).

(3) Soot formation mechanism

Soot is formed under rich fuel/air ratio conditions (A<0.5) (Dec, 2009). Hydrocarbon
fuels break down to short chain unsaturated hydrocarbon such as acetylene and then form
polycyclic aromatic hydrocarbons (PHASs); the so called soot particle precursors.
Precursors grow and develop into soot by aggregation agglomeration and coagulation

processes (Mansurov, 2005).

(4) PM emissions in various engine types (PFI, GDI, diesel)

Mathis et al. concluded that GDI engines produce more PM emissions than their
equivalent PFI engines, with PM mass exceeding those of diesel engines equipped with
diesel particulate filters (DPFs) (Mathis et al., 2005). Conventional diesel engines have

higher engine-out PM emissions (11-40 mg/km) than those of GDI engines (2-13 mg/km)

31



Chapter 2

(Parkin, 2008). A DPF is capable of reducing the PM emissions from conventional diesel
engines below the latest PM limit (5 mg/km). Theoretically, increasing the DPF load can
reduce PM emissions; however DPFs lead to increased back pressure, thus increase fuel
consumption. Therefore, there is a fuel economy penalty and a PM emission benefit when
DPFs are used. Particle number (PN) emissions also vary significantly depending on the
engine type (conventional diesel (5x<1013 #/km) > GDI (5%1012 #/km), DPFs are able to
reduce the PN emissions from conventional diesel engines below the latest PN limit
(6x<1011/km). The data presented by the Association for Emissions Control by Catalyst
(AECC) showed similar results, with GDI PM mass emissions in the range of 0.8 to 22.11
mg/km, and PN in the range of 61011 #/km to 1.5%1013 #/km, depending on the engine

configurations and operating conditions (ACSS, 2013).

PM emissions from various GDI engines are notably different (Andersson et al.,
1999, Price et al., 2007a). PM emissions from a wall-guided GDI engine were close to
those from diesel engines, and elemental soot dominated the PM composition (72%)
(Andersson et al., 1999). This is because the significant fuel impingement on the piston
and cylinder liner. The fuel impingement leads to a favourable rich region for soot
formation. PM emissions from a spray-guided GDI engine was largely composed of
volatile components whilst the elemental soot formed 2-29% of PM mass, depending on
the engine operating conditions (Price et al., 2007a). Compared to the wall-guided GDI

engines, spray-guided GDI engines lead to less fuel impingement.

(5) Effect of fuel and fuel composition on PM emissions in gasoline engines

PM emissions vary widely depending on fuel properties such as aromatic content,
vapour pressure, boiling range, and oxygen content are the mostly studied (Aikawa et al.,

2010, Chen et al., 2012, Di lorio et al., 2011, Liang et al., 2013, Leach, 2012). Fuel boiling
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range is directly associated to fuel evaporation and thus PM emissions (Khalek et al.,
2010). Liquid fuel like iso-octane generates higher PM emissions than gas fuel like
propane (Xu, 2012). A ‘PM Index’, taking into account vapour pressure and fuel structure
(double bond and aromatic ring), is used to predict PM emissions in gasoline vehicles, was
concluded (Aikawa et al., 2010). They calculated the PM Index distribution of 1445
worldwide commercially available gasoline fuels and found that the PM Indices of
gasoline fuels sold globally fall in a very wide band, ranging from 0.67 to 3.86. Leach et al.
has studied the influence of fuel properties on PN emissions from a DISI engine by
designing fuels with different volatility and aromatic content, and has validated a ‘PN
index’ for evaluating the PM emissions from commercial gasoline fuel (Leach et al., 2013).
It is well reported that compared to gasoline, pure ethanol produces much less PM
emissions in GDI engines (Daniel et al., 2011, Di lorio et al., 2011, Catapano et al., 2013).
The effect of ethanol blend on PM emissions in GDI engine is not well understood.
Mohammad et al. reported significant reduction of soot formation by using alcohol blends
(Fatouraie et al., 2013), which is supported by other publications (Zhang et al., 2010,
Storey et al., 2012, Storey et al., 2010). However Chen et al.’s data showed that increases
in both PM mass and number based emissions were observed with ethanol addition,
particularly in a cold engine (Chen et al., 2012). Other publication also concluded that low
percentage ethanol-gasoline blends had higher or similar PM emissions compared with
pure gasoline (Khalek et al., 2010, He et al., 2010, Di lorio et al., 2011, Catapano et al.,

2013).

(6) Research equipment and study methodologies

There are several facilities which are used for PM characterization. The DMS500

from Cambustion and SMPS/EEPS from TSI are widely used for PM size distribution
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measurements (Khalek et al., 2010, Rubino et al., 2005, Price et al., 2006). Transmission
electron microscopy (TEM) is used for structural characteristics of nano-particles. For the
soot reactivity and the oxidation behaviour study, some techniques such as, TGA,
differential scanning calorimetry (DSC), and X-ray diffraction (XRD) are widely used.
There are other techniques for the study of PM composition, like energy dispersive X-ray
(EDX) (D'ambrosio and Ferrari, 2012), infrared spectroscopy (IR) (VonBacho et al., 2005,
Aradi et al., 1999, Schwahn et al., 2010), X-Ray fluorescence analysis (XRF) (Schwahn et

al., 2010), and GC-MS.

TGA is an essential instrument for PM characterization in which the mass of a test
sample is constantly monitored as it is heated by a furnace. The sample atmosphere can be
an inert or reactive gas and its flow rate can be controlled to achieve the specific research
objectives. Overall the operation of the TGA is relatively simple and its performance is
reliable. The soot oxidization reaction rate can be affected by the TGA program settings.
The oxidation reaction inside the TGA furnace is partially diffusion-controlled (Lapuerta et
al., 2010, Gilot et al., 1993). There are some key factors (instrument and sample) affecting
the TGA measurement reliability and repeatability: balance, furnace, temperature
calibration, sample mass as mentioned earlier, sample atmosphere gas flow rate, and
heating ramps are all such factors. The balance, furnace, and temperature calibration are
independent of PM factors and can be calibrated according to standard operation
procedures. However sample masses and heating ramps are both PM dependent

necessitating further studies.

Much research has been conducted on diesel PM using TGA (Bhardwaj et al., 2013,
Song et al., 2006, Lapuerta et al., 2012, Al-Qurashi and Boehman, 2008). A robust TGA

method for the diesel soot has been developed by the University of Castilla-La Mancha
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(Rodriguez-Fernandez et al., 2011) however the application of TGA on PM generated from
DISI engines is limited (Price et al., 2007a). PM emissions from spark ignition engines are
far lower than those of diesel engines, making it substantially more difficult to collect.
Moreover, PM oxidization characteristics are highly fuel-dependent (Rodriguez-Fernandez

etal., 2011).

Unlike diesel engines, PM size distribution measurement in the GDI engines can be
extremely challenging. The measurement system developed by the Particle Measurement
Programme (PMP) is not suitable for the measurement PM from GDI engines, because a
high percentage of volatile components in the exhaust make the measurement
unrepeatable. On the other hand, the separation of PM size distributions into the nucleation
and accumulation modes is difficult. A thermo-denuder, or volatile particle remover, is

needed to reduce the negative impacts of volatility on PM measurements.

(7) Reduction of PM solutions in DISI engines

PM emissions in GDI engines are complicated, especially when various fuel and fuel
blends are used. The stringent PM regulations may not be satisfied by pushing the
boundary of engine optimization, and/or by using green fuels alone. There is a potential
that, in the future, GPFs will be required for GDI engines, just like DPFs on diesel engines.
There are many studies focusing on GPFs (Richter et al., 2012, Chan et al., 2013, Ito et al.,
2013, Chan et al., 2012, Kim et al., 2013, Mason et al., 2013). To ensure the durability and
reliability of the GPF and thermal management in its regeneration, profound understanding

about the oxidation characteristics of the PM is needed.
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There are also some other solutions available for PM reduction, such as the use of
ethanol and natural gas. Dual injection (DI+PFI) is also a good solution which has been

proved by the University of Birmingham (Daniel et al., 2013).

2.5  GDI Injector Deposits

The effect of injector fouling on PM emissions in a GDI engine is investigated in this

thesis; therefore, injector fouling is reviewed in this chapter.

Fuel injector deposits have been observed since the introduction of PFI system, and
these issues may be worsened in GDI engines due to injectors’ harsher operating
conditions compared to those of PFI system (Zhao et al., 1999, Arters et al., 1999, Arters
and Macduff, 2000, Bardasz et al., 1999, Brogan et al., 2000, Aradi et al., 2003, Aradi et

al., 2000b).

The effects of injector deposits on engine performance and emissions have been
widely reported (DuMont et al., 2009, Lindgren et al., 2003, Whitehead et al., 1998,
Carlisle et al., 2001, Zhao et al., 1999, Arters et al., 1999, Sandquist et al., 2001). For
example, Arters et al. reported that the correlation between injector fouling and vehicle
performance (drivability, fuel consumption, HC, CO and PM emissions) is over 90% in
GDI vehicles (Arters and Macduff, 2000). Similarly, deposit formation on fuel injectors
can cause increased HC, CO and smoke emissions in GDI engines (Ohyama, 1998, Noma
et al., 1998, Nogi et al., 1998, Joedicke et al., 2012, Sandquist et al., 2001). Research
evidence showed that as the spray angle decreases, there is increased tendency of smoke
formation (Nogi et al., 1998). Fouled injectors with 22% fuel flow rate losses led to 30%

and 190% increased HC and CO emissions respectively (Joedicke et al., 2012). Similar

36



Chapter 2

results were observed in the tests conducted in a four-cylinder GDI engine (Sandquist et
al., 2001). It was found that HC emissions were increased by 80% after 60 hours of test
and fell back to the initial levels when fouled injectors were replaced with new injectors.
Lindgren et al. found that increased mass of fuel captured in the wall film resulting from
higher spray jet velocity and larger droplet diameter was the primary reason for the

increased HC emissions in the fouled injectors (Lindgren et al., 2003).

There are extensive studies on GDI injector deposit reduction methods, mainly
including using of fuel detergents, improved injection system (injector and injection
pressure) and engine design. The use of ethanol is also proven to be useful in suppressing

injection fouling.

Detergent

Many studies have been carried out on PFI injector deposit control additives (Tupa
and Koehler, 1986, Tupa, 1987, Richardson et al., 1989, Herbstman and Virk, 1991,
Reading et al., 1992) with investigations of additives used in GDI being reported in recent
years (Aradi et al., 2000a, Ashida et al., 2001, China and Rivere, 2003, Aradi et al., 2003,
DuMont et al., 2009). A study of two types of detergents (Manniches and polyether amines
(PEAS)) in a research GDI engine controlled to maintain five fixed injector nozzle
temperatures ranging from 120 <C to 184 <C was reported in (Aradi et al., 2000a). The
results show that Mannich detergents were more effective in injector deposit control
especially at 173 <C injector tip temperature than PEAs. In another study of three GDI
injector deposit detergents (Manniches, PEAs and polyisobutylene amines) (China and
Rivere, 2003), it was found that some chemistries were more effective that the other at
same treat rates, however the authors did not disclose the which chemistry performs best.

Polyisobutylene amines performed the best amongst the three tested additives. In the study
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of (DuMont et al., 2009), four additives were tested and it was found that three of them
effectively removed injector deposits. Nevertheless, in almost all the literature, the
performances of different types of additives were difficult to assess because of the lack of

detailed information and contradictory results of similar detergent chemistries.

The concentrations of deposit control additives need to be optimized, since there are
research evidence from Kalghatgi and Uehara et al. showing that they could accelerate

combustion chamber deposit (CCD) formation (Uehara et al., 1997, Kalghatgi, 1995).

GDI Injector Design

Based on the proposed T90 theory as one important factor for deposit formation,
studies have been done to reduce the injector temperature by modifying injector design.
Saito et al. (Kinoshita et al., 1999) reduced nozzle temperature by changing cooling
passages in the cylinder head, placing material with a high heat conductivity rate into the
space between the nozzle and the engine head, and installing a heat insulator on the part of
the nozzle surface exposed to combustion gases. Matsushita et al. (Matsushita et al., 1998)
patented a GDI injector featuring an insulating material on the injector surface to reduce
heat transfer from hot combustion gases to injectors. Katashiba et al. (Katashiba et al.,
2006) examined a method of reducing the heat transfer by the combination of reducing the

injector surface area exposed to the heat source and using a front seal.

Investigations have also been done on using various coatings on the injector key
surface. A patent for injectors coated with an anti-deposit fluorine-coating amorphous
hydrogenated carbon film is found in (Fleming et al., 2000). Another application for patent
for an injection nozzle with coating which either had a higher or lower thermal

conductivity than that of nozzle body is reported in (Green et al., 2001). Zhao et al. [1]
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discussed the interfacial tension between the fuel deposit and the solid surface. It was also
pointed out that the surface coating was found to be able to delay the onset of deposition.
Once a deposit layer is formed, the coated and uncoated injectors exhibited very little
difference in the deposition formation. Berndorfer et al. (Berndorfer et al., 2013) applied
coating on the injector tip which could prevent deposit formation and also help deposit
removal. They found that those coatings did not reveal a breakthrough in preventing
coking layer formation on the GDI injector. Imoehl et al. (Imoehl et al., 2012) concluded

that the use of an inert amorphous silicon coating is statistically insignificant.

Reducing injector SAC volume, better nozzle surface finishing and nozzle shape are
also beneficial for supressing injector deposits. Imoehl et al. (Imoehl et al., 2012) pointed
out that the surface finish was one of the most significant factors. Laser drilling holes with
smooth inner-surface and sharp inlets could reduce injector fouling and the interactions
between the jets (Rivera, 2014). Sharp hole entrances also contributed to injector deposit
suppression probably due to increased cavitation and turbulence (Rivera, 2014, Imoehl et
al., 2012). According to (Imoehl et al., 2012), protruded injector tip reduces the likelihood
of the spray impacting the protruded seat by providing a roughly uniform step hole depth
around the circumference of the step. The protrusion also reduces the likelihood of the
spray contracting the face of the seat or combustion chamber surface by positioning the
hole exit further away from these surfaces. The temperature profile of the seat is also
affected by the protrusion. Since deposits in the injector nozzle are mainly fuel-derived;
therefore any attempt to reduce the residual fuel inside the nozzles contributes to reduce
the deposit formation tendency. Reducing the SAC volume, or even use valve covered
orifices (VCO) benefit the control of residual fuels (Lindstrém and Angstrém, 2008,

Gilles-Birth et al., 2005, Sczomak, 1990, Imoehl et al., 2012). In the VCO layout, the
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injector orifices are completely covered by injector needle when valve is closed. No fuel
escapes from the injector after the injector event ends and therefore VCO layout can also
reduce the diffusive combustion caused by fuel leakage. Besides, the step hole or counter
bore in the outlet side can decrease the impact of the deposits formation (Imoehl et al.,

2012). Optimized injector configurations found to inhibit deposit formation are listed in

Combustion seal design

Orifice hole divergence

Orifice hole surface finish

Hydro erosive grinding of
orifice holes

Inlet shape

Outlet shape

Table 2-7.
Table 2-7: Summary for anti-deposit injector design
Factors Optimised design
Orifice holes outside the Sac volume (Imoehl et al., 2012);0r
SAC volume® valve covered orifice (VOC) (Lindstrém and Angstrém, 2008,
Gilles-Birth et al., 2005, Sczomak, 1990)
Tip design Protruded injector tip is better than flat tip (Imoehl et al., 2012)

Not statistically significant (Imoehl et al., 2012)°

No taper (Imoehl et al., 2012)

Smooth finish, mechanical micro-machining is recommended
(Imoehl et al., 2012);
Laser drilling is better than EDM (Rivera, 2014)

No hydro erosive grinding (Imoehl et al., 2012)
Sharp inlet (Rivera, 2014)

Step holes or counter bore (Imoehl et al., 2012)

outward opening injector> inward opening swirl injector> multi-
hole injector (Preussner et al., 1998)

% Defined as the volume between the valve seat and the entrance to the metering orifice of the injector
® Contradicts with (Katashiba et al., 2006)

Injector type

The injector formation and its impact on the injector performance are different for
various types of GDI injectors which mainly include swirl-type, multi hole and outward
opening injectors. Swirl injectors generate thin liquid sheets by opening the needle inwards
(inward opening), with which the spray flexibility is less than with multi-hole injectors

(Preussner et al., 1998). For a given deposit layer inside the swirl chamber, circumferential
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and axial flow resistances inside the nozzle, which have opposite effects on the flow rate,
are both increased where the overall result is a relatively increase in the robustness of swirl
injectors against fouling (Preussner et al., 1998). Multi-hole injectors, which also open
inwards, allow the best flexibility of the spray pattern by changing the position and
orientation of the holes, making asymmetrical spray patterns possible. However, multi-hole
injectors are highly vulnerable to deposits inside the nozzle because injector flow is highly
sensitive to the change in the dimensions of the internal geometry (Aradi et al., 20003,
Arters et al., 1999). Unlike swirl and multi-hole injectors, outward opening injectors open
the needle outwards and generate a hollow cone spray resembling to those of swirl
injectors. Outward opening injectors have less cycle-to-cycle spray angle variation
compared to swirl injectors, and do not have the poorly atomized pre-spray structure which
exists in most swirl injectors (Xu and Markle, 1998, Arcoumanis et al., 2008). Outward
opening injectors have the potential to address typical problems related to spray-guided
configurations (close-spacing concept) due to better air utilization than multi-hole sprays,
good penetration during early injection and spray angle almost independent of
backpressure (March et al., 2010). The conical shape and zero SAC volume of the nozzle
passage of outward opening injectors prevents carbon formation, and the robustness
against fouling of the inward opening injectors can be improved by the appropriate design
of needle tip and seat (Mathieu et al., 2010). The deposit built up may only influence spray
pattern, not the flow rate (March et al., 2010). The new generation of outward opening
piezo-driven injectors have better performances than, or comparable to those of the
solenoid injectors (Skiba and Melbert, 2012, Smith et al., 2011, Mathieu et al., 2010).
Preussner et al. (Preussner et al., 1998) compared those three types of injectors. They
concluded that the multi-hole injectors have the least robustness against fouling, whilst

outward opening injectors have the best robustness against fouling. Thus outward opening

41



Chapter 2

piezo-driven injector design is a promising technology for future GDI injector deposit

reduction.

Engine Design

The injector tip temperature is affected by the protrusion of its tip into the cylinder,
the conductive path from the injector mounting boss to the coolant passage and the in-
cylinder charge velocity near the tip location. The position of the injector relative to the
spark plug is a critical feature; the longer the distance, the lower the injector nozzle
temperature tends to be. Bacho et al. (Bacho et al., 2009) studied the GDI injector
mounting location and observed that centre mounted injector tended to experience more
deposit formation compared to side mounted injector (7.2% versus 2% in flow rate 10ss).
Katashiba et al. (Katashiba et al., 2006) also pointed out that the primary issue for the
centre injection structure was to reduce the spray structure changes resulting from the
deposits built up near the injector nozzle holes. The spray-guided GDI engines, injectors
could experience more deposit problem compared to the wall-guided GDI engines (Aradi
et al., 1999). However, currently there is not enough data to support this viewpoint and

therefore more investigation is required.

Increasing fuel injection pressure is also an effective way of limiting deposit
formation. Bacho et al. (Bacho et al., 2009) studied the effect of injection pressure (5 MPa
and 10 MPa) on injector flow rate loss. The results showed that a higher injector pressure
(10 MPa) helped to reduce the injector deposit formation and the fuel flow rate losses was
lower (3.8% vs 7.4%) than the case of a lower injector pressure (5 MPa). A higher
injection pressure suppressed the injector deposition formation by increasing the deposit

removal rate, which is supported by the mathematical model in (Aradi et al., 2000a). High
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injection pressure also contributes to reduce PM emissions in GDI engines (He et al., 2012,
Matousek et al., 2013). However, with all things being kept constant, the extra work
required by fuel pump to offset some benefits derived from reduced injector deposit

formation.

Ethanol

Many researchers reported the effect of blended ethanol on GDI injector deposit
formation. Ashida et al. (Ashida et al., 2001) added 10% ethanol into the base fuel alkylate.
They observed that injector deposit formation was reduced (4% versus 1.5% flow rate loss)
after 8 hours’ test. Dumont et al. reported that by adding 10% (volume) ethanol into
gasoline (E10), the injector flow rate loss was reduced from 18.9% to 5.5% (DuMont et al.,

2009).

Taniguhi et al. (Taniguchi et al., 2007) reported that an ethanol blend in the form of
E20 (20% vol. ethanol in gasoline) is able to suppress injector deposit formation. In their
study various ethanol blend fuels were examined in a V6 GDI engine. The test condition
consisted of an injection pressure of 40 bar (reduced from nominal 120 bar) with an
increased injector tip protrusion to increase the injector tip temperature. The test duration
was 10 hours for each blend. They found that injectors had less flow rate loss and less
deposit formation when using E20 compared with gasoline. They believed that the
reduction of injector deposit formation was caused by the synergistic effects of both the

injector nozzle temperature reduction and fuel composition in blended fuels.
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2.6 Summary

The author’s PhD is mainly about the study of performance and emissions in a
modern GDI engine fuelled with biofuels, such as MF, DMF and ethanol. The author
believe that biofuels can play an important part of role in securing renewable energy

supply, and reducing greenhouse gas emission and other emission such as NOy and PM.

Since the experiments were carried out in a modern GDI engine, therefore a general
review of GDI technology is presented, along with its comparison with carburettor and PFI
technologies. Special attention was paid on the various GDI concept, such as air-guided,
wall-guided (wide-space concept) and spray-guided (close-space concept) GDI system. Of
course, this review is not able to cover topics about GDI technology due to the page limit,
such as engine downsizing which is currently. So the author does acknowledge that there

are many other important topics about GDI engines that are not included in this review.

Some key properties of gasoline such as volatility and octane rating properties are
briefly introduced, which are also top important properties for Sl engine fuels. However
the review of gasoline is not priority of this review, therefore it only accounts for a small

fraction.

Followed by the review of gasoline, ethanol is introduced. Some key publications
about the application of ethanol in SI engine are reviewed, and drawbacks of bio-ethanol as
a renewable fuel are discussed, which inspired and motived the author to take on the
research of the next generation biofuels. Review of promising biofuel candidates, DMF
and MF, are given, including review of their production method, fuel properties. Review of
research work done by other researchers on DMF and MF are also given. Those literature

covered lubricity properties, spray characteristics using high-speed imaging and Phase
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Doppler Particle Analyser, optical combustion imaging, laminar frame speed study,

thermal engine testing and numerical modelling.

Since one of the points of using biofuels is for the reduction of emissions, emissions
in Sl engines are reviewed. The thesis has two chapters focusing on PM emissions, so

special attention is put on the review of PM emissions.

In the end, one of the challenges in the development of GDI engines, injector fouling
is reviewed, including effect of injector fouling on engine performance and emissions, and
solutions for GDI injector fouling. The reason for review injector fouling is because, PM
emissions and injector fouling can interact with each, and they have similar nature of
carbon of particles and deposits. Injector fouling can increase PM emissions, and particles
can be deposited on injector tip and form deposits. This inspired the author to study PM
emissions from a GDI engine fuelled with biofuel when using fouled injectors. Actually,

the author is not only involved in a biofuel project, also a GDI injector deposit project.

In summary, this literature reveals the main subject of this thesis, which is to study
the biofuels’ performance and emissions in a modern GDI engine, so as to pave the way
for promoting the use of renewable biofuels as a part of solutions for renewable energy

supply and emission reduction.
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3 EXPERIMENTAL SETUP

This chapter is intended to provide detailed information about the single-cylinder spray-
guided DISI research engine along with its control systems. The data (temperature, pressure
and emission) acquisition and recording system as well as data processing are briefly

introduced, followed by the properties of fuels used in this thesis.

During the PhD research, the author updated the Labview control system, and built an
in-house Labview combustion analysis program. The hardware of control system was updated
due to circuit board failure. The DI fuel system and air flow rate measuring system was also

updated.

3.1 Engine and Instrument

The engine and instrumentation setup (Figure 3-1) consists of a direct current (DC)
dynamometer, single cylinder spray guided DISI research engine, control, data acquisition

and recording system.
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Figure 3-1:  Schematic of engine and instrumentation setup

The engine is coupled to a DC dynamometer which is capable of maintaining engine at
a fixed speed (resolution: 1 rpm) regardless of the engine power output. The dynamometer is
used as an engine starter when the engine starts and as a load absorber when the engine is
fired. A 100 L intake buffer box made of steel is used to reduce intake flow oscillation
introduced by the single cylinder engine, which improves the volumetric efficiency and the
accuracy of air flow rate measurement. The engine is operated via a LabVIEW program. The
controllable parameters including injection timing and pulse width, injection mode (DI or PFl,
or dual-injection mode), ignition timing and ignition energy, intake and exhaust valve timing.
The throttle is manually controlled via a cable. Gaseous emissions such as THC, CO,, CO and
NO, were measured using a Horiba MEXA-7100DEGR gas Analyser. PM emissions were
characterized by using the TGA and SMPS3936. Exhaust samples are taken 300 mm
downstream of the exhaust valve and are pumped via a heated line (464 K) to the analysers.
The engine running conditions such as intake manifold pressure, IMEP, COV of IMEP, in-

cylinder pressure trace and combustion phase are real-time displayed by a Labview program.
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The key parts such as engine, combustion system, control system, and data recording,

acquisition and processing are discussed in the following sub-sections.

3.2 Single Cylinder Research Engine

The 4-valve, 4-stroke single-cylinder close-space concept (spray-guided) DISI research

engine is presented in Figure 3-2.

Figure 3-2:  Single cylinder GDI engine

The technical data and engine specification are listed in Table 3-1. The engine has a
geometric compression ratio (CR) of 11.5, which can be changed by adjusting the number and
the size of metal blocks between the crankcase and cylinder block. However the increase of
CR is limited due to the risk of intake valves hitting the piston crown. The engine features a
modern spray-guided direct-injection (SGDI) cylinder head as a single cylinder version of
Jaguar AJ133 (V8) engines. The engine has compact double overhead camshafts (DOHC) and

equipped with variable valve timing (VVT) systems in both intake and exhaust sides enabling
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a 50 CAD valve timing adjusting window. The engine is equipped with both DI (150 bar) and
PFI (3 bar) injection systems. By adjusting the hardware settings, users are able to use those

two injection system either independently or simultaneously.

Table 3-1: Engine specification

Engine Type 4-Stroke, 4-Valve
Combustion System Spray Guided DISI/PFI
Swept Volume 565.6 cc

Bore x Stroke 90 x 88.9 mm

Connecting Rod Length 160 mm

Geometric compression Ratio 115:1

Injection system DI (150 bar) and PFI (3 bar)
Intake Valve Opening -25~ 25<aTDC*

Exhaust Valve Closing 0~ 50<aTDC*

* 0aTDC refers to TDC in the combustion stroke

3.3 Combustion System

The engine features a SGDI combustion system (Sandford et al., 2009). A 3D cylinder

head diagram and a picture of piston are presented in Figure 3-3.

Figure 3-3:  Combustion system of single cylinder GDI engine (a) 3D cylinder head

diagram, (b) piston
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The combustion system features a flat top piston and a centrally-mounted, six-hole
direct injector along with a side-mounted spark plug located closely beside the DI injector.

The injector spray plume orientation is shown in Figure 3-4.

34 25 16 123 456

’

Figure 3-4:  Injector spray plume

The injector has two symmetric groups of holes with three in each side. The spark plug
is at an angle of 18<to the cylinder axis and is located between fuel spray plumes 1 and 6.
The injector delivers a desirable hollow-core spray, creating a locally fuel-rich zone near the

spark plug with precise timing and quantity.

3.4 Intake and Exhaust System

The intake and exhaust runners are shown in Figure 3-5. ‘A’ and ‘B’ noted in the figure
represents stable boxes for intake and exhaust system respectively.
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Figure 3-5:  Runner for (a) intake, and (b) exhaust system

The intake and exhaust camshaft and valve geometry is listed in Table 3-2.

Table 3-2: Camshaft and valve geometry

Intake Valve Lift 10.mm
Intake valve inner seat diameter 36 mm
Exhaust Valve Lift 9.3 mm
Exhaust valve inner seat diameter 33 mm
Intake Valve Duration 250 CAD
Exhaust VValve Duration 250 CAD

The designs of a larger lift and a larger inner seat diameter of intake valve than those of
the exhaust valve are to ensure a maximum volumetric efficiency. In 2012 one intake valve
failed. The intake valve was a prototype one and Jaguar did not have any in stock. The author
modified one intake valve purchased from ebay and successfully solved the problem at a low

Ccost.
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Figure 3-6:  VVT camshaft pulley

Both the exhaust and intake sides of this engine are equipped with VVT systems. The
camshaft pulley (Figure 3-6) includes two parts: part ‘A’ (highlighted in red) and part ‘B’. ‘B’
is driven by crankshaft through a belt, and ‘A’ is driven by ‘B’ and is connected to the
camshaft. Part ‘A’ and ‘B’ can be relatively rotated up to 25 degrees enabling 50 CAD
adjusting window for both intake and exhaust valve timing. The relative rotating is depending
on the volume of oil (highlighted by C noted in Figure 3-6). A solenoid is used to control

pressurized oil (3 bar) in and out of ‘C’.
3.5 Fuel System

The engine is equipped with both high pressure DI (150 bar) and low pressure PFI (3

bar) injection system. The high pressure DI system design is shown in Figure 3-7.
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Figure 3-7:  Direct injection system
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The DI injection system has functions of fuelling, pressurizing, refuelling and purging,
featuring a free piston accumulator and a high pressure nitrogen bottle. Pressure is delivered
by high pressure nitrogen bottle pressurizing on the accumulator piston. When different fuels
are used, the whole system is purged to avoid any contamination, ensuring the reliability and
repeatability of the test data. Because the piston seal for the accumulator is specifically
designed for gasoline usage, the system is washed by gasoline on a daily basis if fuels other
than gasoline are used. Several seal replacements were required during the author’s PhD,

possibly related to the use of ethanol, DMF or MF.

The PFI system features a 5 bar PFI pump, a low pressure regulator, a fuel cooler and a
PFI injector supplied by Siemens. The pressure gauge is used to monitor the fuel pressure

throughout the test. Both PFI and DI systems can be operated under the split injection mode.
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3.6 Engine Control System

This sub-section provides a brief description of the engine control system (Figure 3-8).

Injection, ignition, .
VVT control signal .‘J
= a ¥

>

Interface Box

Camshaft encoder signal
and Camflag signal

Engine control system
with NI PCI-6620 card

Figure 3-8:  Engine control system

A Labview program was used to control the engine via a National Instruments card
(model 6202). This program receives the camshaft encoder and camflag signals as inputs and

outputs injection, ignition and VVT control signals.
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Figure 3-9:  TDC identification in engine control program

All the control signals are based on the 1440 TTL pulses per cycle clock signals (2
pulse/CAD) generated by the crankshaft encoder. The encoder is also capable of outputting
two TTL pulses per cycle at a fixed encoder shaft position. By using those two type of signals,
TDC position can be identified (Figure 3-9). The further identification of TDCcomp and

TDC\niake IS Mmade by using a camflag signal from the intake camshaft flag (Figure 3-10).

Figure 3-10:  Camshaft flag

To ensure the control system outputting accurate engine control signals, the TDCcomp
position identified by the encoder must be exactly the same as TDC mark on the engine
flywheel. The TDC defined in the control software is checked and adjusted by motoring the
engine at very low speed and at the same timing using a timing light flashing at the mark of
flywheel when spark timing is set at TDC. Because the camflag (Figure 3-10) is fixed on the
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camshaft and their relative position is certain, the engine control system is able to identify the
inlet and exhaust valve opening time (Figure 3-9). The VVT system (include intake and
exhaust side) works by controlling the solenoid controls pressurized oil in and out of camshaft

Pulley (C in Figure 3-6) using PID strategy.

During the experiments, coolant and oil temperatures are heated up by heating elements
and precisely maintained at 358 K and 368 K (23 K) respectively, using PID controllers and
heat exchangers. The engine coolant and lubricant are pumped using separate electric pumps.

The coolant is cooled by external water through a Bowman heat exchanger.

3.7 Temperature and Pressure Measurement

In-cylinder pressure is sampled by a Kistler water-cooled pressure transducer (Type:
6041A). Signals are amplified by a Kistler 5011B charge amplifier. EPT 3100 media isolated
pressure transmitters supplied by EuroSensor were used for measuring the intake, exhaust
manifold pressure. The sensors were calibrated by the author on an annual basis.

K type stainless thermocouples (steel sheath, 3 mm > 0.15 m) supplied by RS are
used for the temperature measurement. The thermocouples and pressure transmitters (except
for in-cylinder pressure sensor) outputs are sent to TCK-4 thermocouple amplifier units
before being sampled by the data acquisition card. A Ricardo Wave Model was used for
simulating in-cylinder temperature (see Figure 3-16). WAVE is a widely used 1D engine &
gas dynamics simulation software developed by Ricardo, featuring engine performance

simulations based on customized intake, combustion and exhaust system configuration.
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3.8 Emission Measurement

The emissions being measured are gaseous emissions, PM emissions, and aldehyde
emissions. Horiba MEXA-7100DEGER analyser is used for the analysis of gaseous
emissions. SMPS are used for the analysis of PM emissions. TGA is used for further study of
PM composition and soot oxidization characteristics. GC-MS and HPLC are used for HC

speciation and aldehyde emissions measurement respectively.

3.8.1 Gaseous Emissions

The specification of MEXA-7100DEGER is listed in Table 3-3.

Table 3-3: Specifications for MEXA-7100DEGER

HC CO CO, NOy

Methods FID (hot-wet) NDIR (dry) NDIR (dry) CLD (dry)

Min. (ppm) 0-10 0-100 0-5000 0-10
Max. (ppm) 0-50000 0-12% 0-20% 0-10000
Zero gas N,/ air N> N, [\
Span gas CsHg COIN, CO/N, NO/N,

The flame ionization detector (FID) is widely used for the analysis of THC. The sample
gas is introduced from a nozzle charged with a high voltage into a hydrogen flame. In the
high-temperature hydrogen flame environment, a portion of hydrocarbon molecules in the
sample gas is ionized resulting in a current flow between the nozzle and a collector. By
detecting this ion current and converting it into a voltage output, it is possible to measure the
concentration of the total HCs. To keep HCs from condensation and preventing it from

dissolving in water, the sample gas is maintained at 191 C. The chemiluminescence detector
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(CLD) is used for NO analysis. NO reacts with ozone; as a result, photon is emitted. The
voltage output converted from photon current is a function of the sample NO concentration.
For the NO, measurement, NO, is first converted to NO before reacting with ozone. O,
balanced in N; is used to generate ozone. Non-dispersive infra-red (NDIR) is a detector for
carbon oxides (CO and CO) analysis. Carbon oxides absorb infrared. By measuring the light
intensity change before and after infra-red beam passing through a sample gas chamber, the

NDIR detector is capable of the analysis of carbon oxides concentration.

3.8.2 PM Emission

PM emissions are characterized by a Scanning Mobility Particle Sizer (SMPS) Model
3936 which measures the size and number distribution. The settings used in this study are
illustrated in Table 3-4. Before the sample is analysed by SMPS, the sample is diluted using a

rotating disk diluter (Model 379020A) which is also supplied by TSI.

Table 3-4:  SMPS measurement settings

Sample Flow Rate (L/min) 1
Sheath Flow Rate (L/min) 10
Scan Time (s) 120

Min. Particle Diameter (hm) 7.23
Max. Particle Diameter (nm) 294.3

The particle classifier charges the particles into a known charge distribution. In DMA a
narrow size band of particles is selected according to their mobility in the electrical field and

then the selected particles are introduced into the CPC where their number is counted.

PM emissions from DISI engines are fundamentally different from those of diesel
engines and most of which are composed of volatilities. The existence of large amounts of
volatilities in the PM emissions makes the measurement of PM size distribution significantly
difficult. Volatilities not only exist in nucleation mode, but also the accumulation mode.
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Therefore it is necessary to use thermo-denuder to remove volatilities before the measurement

of PM size distributions.

Table 3-5: TGA specification

Temperature Range Sub-ambient to 1000 T

tandar . . .
Standard Scanning Rates 0.1 <T/minute to 200 T/minute
furnace
Temp. Precision 2 <
Tare Reproducible to £2 pg
Sensitivity 0.1 pg
Balance
Accuracy Better than 0.02%
Capacity 1300 mg
Sample pan Standard Furnace Platinum or Ceramic with capacity of 60 pL

Apart from the PM size distribution, PM composition and soot oxidization
characteristics are measured by using a TGA supplied by Perkin Elmer. The TGA
specification is listed in Table 3-5. TGA is an essential instrument used for material
characterization in which the mass of a sample is constantly monitored as it is heated by a
furnace. The sample atmosphere can be an inert or reactive gas and its flow rate can be varied

for specific research objectives.

The PM sample collection system is shown in Figure 3-11. Exhaust samples were taken
300 mm downstream of the exhaust valve and diluted by air. The diluted sample was then
pumped via a heated line (maintained at 464 +2 K) and was collected by glass micro-fibre

filters. The sampling flow (after the dilutor) was controlled at 10 L/min.
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Figure 3-11: PM collection setup

3.8.3 HC and Aldehyde Emissions

GCMS and HPLC are used for HC emission speciation and aldehyde emissions analysis
respectively. The specifications of GCMS and HPLC used in this study are shown in Table

3-6.

In this study, the temperature of raw exhaust gas was maintained at 191 C by a heating
line and introduced into GCMS for analysis. GC is used to separate individual HC which has
their unique detention time as it travels through the column. MS is used to identify each HC.
The principle is as follows: each HC molecule separated in GC is broken into several ionized
fragments. Each ionized fragment is identified based on their electrical mobility (m/z). The
whole ionized fragment spectrum is searched in a NIST (National Institute of Standards and

Technology) library and possible matches are outputted.
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Table 3-6: Specifications of GCMS and HPLC
GC/MS HPLC
) Perkin-Elmer )

Separation Shimadzu LC20
Clarus600
Perkin-Elmer

Detection Shimadzu SPD-M20A
Clarus600T
Elite-1: 30m x

Column Luna: 250 4.6mm x Spm
0.32mm x 3um

Sample Tedlar Bag (10-15:1) DNPH (20ml)

Injection Size Iml 25ul

Split Ratio 20:1 -

Flow Rate 2mL/min ImL/min
50<C, 1min; 10:90 to 70:30 v/v

Test Conditions 12<C/min; MeCN/water, 120mins;
200<C, 1min UV A =360nm

Test Duration 14.5mins 130mins

In this study, carbonyls were analysed by using HPLC. The raw exhaust sample is
bobbling into a glass (20 ml DNPH solution) immersed in an ice bath (Figure 3-12). The
aldehyde components in the exhaust react with DNPH (Figure 3-13) and the DNPH-derivative

products are retained in the solvent. The solvent then is then analysed by HPLC.
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Figure 3-12: Sample collection set up

0
Il H*
O,N N-NH, + R—C-H — =
NO,
02N—QN—N=CH—R + HO
NO

2
Figure 3-13: Reaction scheme

3.9  Data Acquisition and Record System

A general overview of the data acquisition and recording system used in this study is

introduced. The system consists of high and low speed acquisition channels (See Table 3-7).

The high speed channel recording system features an in-house LABVIEW program and

a National Instruments card model 6251with a sample frequency of 1440/cycle. The low
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speed channel recording system features an in-house LABVIEW program and a National

Instruments card model 6220.

Table 3-7: Data Acquisition Channel

In-cylinder and intake manifold pressure

High speed
Intake and camshaft flag
channel o
HC emissions
Exhaust gas, cylinder block, intake air, lubricant, coolant temperature
Torque
Low speed .
CO, O, and NOx emissions
channel )
Air flow rate

Throttle position

3.10 Data Processing

3.10.1 In-Cylinder Pressure Processing

For each engine operation condition, 300 sequence cycles of in-cylinder pressure was
recorded. The Kistler water-cooled pressure transducer (Type: 6041A) is a piezoelectric type
pressure sensor with a high measurement frequency however it has the problem of drifting
caused by temperature fluctuations. A widely used practice for solving this issue is to peg the
in-cylinder pressure at the end of intake stroke with the intake manifold pressure at the same
crank angle degree (in-cylinder P_BDCntake = intake manifold P_BDCytake). The 300
cycle pressure is then averaged. Mathematical smooth function is used to reduce the signal

noise.
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3.10.2 Heat Release Rate and Mass Fraction Burned Calculation

The heat release rate and mass fraction burned (MFB) are calculated and used to
characterize the combustion process. In-cylinder pressure and the corresponding cylinder

volume data are used to calculate the heat release rate based on (Equation 3-1.

dQ/do =y/(y —1)*«PxdV/d6+1/(y — 1) =V = dP/dO (Equation 3-1)

where v is the polytrophic exponent. In this study, y are separately calculated in both the
compression and expansion stroke and each value is used to calculate the heat release rate in
their corresponding crank angle range. The definition of MFB is the accumulated released
heat in successive crank angle ranging from the start of combustion to certain crank angle

degree divided by the total heat released in the entire combustion process.
3.10.3 Combustion Efficiency

The combustion efficiency is calculated based on the exhaust gas composition (CO and
HCs) as shown in Equation 3-2, which is a simplified version of that used by Christensen and

Johansson (2000).

XcoQuuveo T Xuc QLuv sy

1——
Mgir
mr/ . ) QLHVquE
(}nai'r + “nfuea‘.)

Equation 3-2: Combustion Efficiency Calculation

Neombustion =

where X, and X, are the mass fractions of CO and HC. QLHvco and QLHVfuel are the
low heating values of carbon monoxide and the fuel respectively. The calorific value of the
unburned HCs is assumed to be equal to the calorific value of fuel times a correction factor.
Because HCs are not individually measured, and thus the actual aggregated hydrocarbon

calorific value is unknown. The correction factor for gasoline, MF and DMF is assumed to be
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1, and the correction factor for ethanol is 0.68 (Wallner and Miers, 2008). However, in the
exhaust of gasoline, DMF and MF, there are many oxygenated HCs. Therefore, it is expected
that there are errors in the calculation of combustion efficiency for gasoline, DMF and MF.
FTIR can be used to calculate the combustion efficiency more calculatedly, which measure all

the combustion productions enabling the calculation of unreleased energy in the exhaust gas.

3.10.4  Air Flow Rate

An encoder is coupled to the shaft of air flow meter. TTL signals generated by the
encoder are processed by a National Instruments counter-timer card (model 6202) where the
rotation frequency is calculated. The actual air flow rate is a function of the rotation
frequency. The calibration curve for the air flow rate and rotation frequency is generated by

using an orifice plate. The air flow rate calibration setup is shown in Figure 3-14.

P1

Upstream Pressure

Flow
direction
:D’ Flow
Meter

Orific Plate

Rotationally air
flow meter

Downstream Pressure

P2

Pipe iner diameter: 52 mm
Orifice diameter: 22.93 mm
Ap=4kPa, Flow=21L/s

Figure 3-14: Air flow rate calibration

It is known from the orifice plate flow meter that at 4 kPa pressure drop, the actual flow

rate is 21 L/s. The charge coefficient C,; can be indirectly obtained by dividing the actual flow
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rate with the theoretical flow rate calculated in Equation 3-3. The gravimetric air flow rate is

the function of volumetric air flow rate and air density (Equation 3-3).

M., :
pairZP*ﬁ

Qactuar = 21 (L/s)

2%pqir*AP
Qtheoretical = A1 * ﬁ = 35.361 (L/s)
Aq

¢, = Zactual_( 593881

theory

Qactuar = Cq * Aq *

Equation 3-3: Airflow Rate Calculation

where P and T are the intake air pressure and temperature, My, represents the molar
mass of air, R is the gas constant. The air pressure presented here has already excluded the
moisture pressure which is calculated based on the humidity value measured by humidity
sensor and temperature measured by thermocouple. Figure 3-15 shows the air flow meter

calibration curve.

66



Chapter 3

350
£
£ 300+
: | ]
2 2504
o 250 y = 1.0265x - 18.275
o R? = 0.9987
©
o 200+
=]
o
o
@ 150 =
=
=
[
O 100
120 140 160 180 200 220 240 260 280 300
Pre-calibrated air flow (L/min)
Figure 3-15: Air flow meter calibration curve

3.10.5 Gravimetric Emissions Calculation

The indicated specific gravimetric emissions rather than volumetric fraction (ppm) are
presented in this study. An example of ISCO calculation is given here. First of all the molar
mass of exhaust stream is calculated based on the fraction of each component (NOx, CO, HC,
N2 and COy). Then the exhaust stream mass flow stream is calculated based on the fuel and
air consumption data. The density of CO gas is calculated using (Equation 3-4. In the end the

ISCO is calculated by (Equation 3-5.

Mco
R+T

Pco = P * (Equation 3-4)

where P and T are the exhaust stream pressure and temperature, M, represents the

molar mass of CO, R is the gas constant.

ISCO = pco * COppy * Vexh (Equation 3-5)

PM = power
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where COppm represents the reading of CO emissions from Horiba, V,,, is the exhaust

stream volumetric flow rate.
3.10.6  Fuel Consumption

The indicated specific fuel consumption is calculated by using the gravimetric air flow
rate, A value from an ETAS Lambda Meter (model LA3) and the engine power output

((Equation 3-6).

Mmyir+F_AxA
Power

ISFC = (Equation 3-6)

where F_A, A and Power represent stoichiometric fuel air rate, lambda value and engine

power output.

3.10.7  In-cylinder Temperature

The in-cylinder temperature is calculated using the Ricardo Wave software. When
simulating a certain engine running condition, mass fraction burned data (MFB50 and
MFB10-90) are used as key inputs of combustion characteristics. The volumetric efficiency
and in-cylinder peak pressure of one case matches as well as possible with thermal engine
data. When simulating the combustion of gasoline, the fluid properties of indolence were
used. Some properties of DMF and MF, viscosity-temperature behaviour, were taken from

indolence.

Model
The following steps were taken to build up the model.
1. Gathering data of intake and exhaust manifold configurations.
2. Measuring engine parameter data including bore, stroke, valve diameters and cam

profiles.
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3. Build up Ricardo Wave Model based on the above information (see Figure 3-16).

4. Check model using self-checking function embedded in the Wave software.

Medusa_Single Cylinder engine

PID
Aijection_duration_Aciustor
GDI_Ijector FID_Lambda

Lamda|_sensor

Cylinder1 || ||

Exhausl_ambieni

wiebe_exponent MF% MFE10_90

Figure 3-16: Ricardo Wave model for the single cylinder DISI engine

Calibration

Figure 3-17 shows the procedure for calibrating the single cylinder DISI Engine Wave
model. Table 3-8 shows five operating points being used for the model calibration. The valve
timing used is IVO=4.4°bTDC, EVC =36.5°aTDC. Figure 3-18 and Figure 3-19 shows
simulated and experimental data of IMEP, in-cylinder peak pressure, volumetric efficiency

and indicated efficiency.
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Choose ten operation points, match each
volumetric efficiency (=1%), and input heat
release rates into combustion model

-
™

A
Set heat transfer, friction
loss multiply factors in the
model

Check the matchup of engine
parameters such as power output,
in-cylinder pressure, and
efficiency with real engine data
collected from thermal engine

NO

Figure 3-17: Calibration procedure for the Ricardo Wave model

Table 3-8: Calibration cases for the Ricardo Wave model

IMEP (bar)
Casel 3.40
Case 2 452
Case 3 6.38
Case 4 7.57
Case 5 8.32

70



Chapter 3

10+ I Simulation dat
imulation data
I simulation data 40 1 [JTestdata
8 [JTestdata
304
= 6 H
r ©
(1]
o 2
~ 20 A
o 4. é
w £
= o
2 10 4
0 e 0- b

1.0, Case1 case2 <case3 case4 case5 0.5 Case1 case2 case3 cased4 case5

I Simulation data I Simulation data
0.8 [ Testdata 0.4 [Testdata
4=0.64 4 031
© 3
O T
> 0.4 £0.24
0.0 = 0.0 h—
case1 <case2 case3 case4 case5 case1 <case2 case3 case4 case5
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Figure 3-19: Deviation of IMEP, peak pressure, volumetric efficiency and indicated
efficiency between simulation data and test data at various engine loads
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Validation

Table 3-9 shows five operating points being used for model calibration. The valve
timing used is IVO=20 TDC, EVC =36.5 aTDC. Figure 3-20 and Figure 3-21 shows the
tested data and simulated IMEP, in-cylinder peak pressure, volumetric efficiency and

indicated efficiency.

Table 3-9: Validation cases for the Ricardo Wave model

IMEP (bar)
Case 1 3.53
Case 2 4.66
Case 3 6.42
Case 4 7.63
Case 5 8.43
. ’ ElSimulation data
10 - HlSimulation data
(a) [JTestdata 40 (b) [ JTestdata
84
= 30+
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2 % 50
oA 4 )
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s o
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Figure 3-20: Comparison of IMEP, peak pressure, volumetric efficiency and indicated
efficiency between simulation data and test data at various engine loads
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Figure 3-21: Deviation of IMEP, peak pressure, volumetric efficiency and indicated
efficiency between simulation data and test data at various engine loads

This Ricardo Wave model is a simple 1D model, only for the purpose of acquiring the
in-cylinder temperature. The parameters such as volumetric efficiency, peak in-cylinder
pressure, IMEP and indicated efficiency are used to calibrate and validate the model. The
author acknowledges that more work could be done to improve the accuracy of modelling,
such as the use of a detailed 3D KIVA model; therefore the simulated in-cylinder

temperatures are approximate of the real in-cylinder temperatures.

3.10.8  Injector Flow Rate

The injector flow rate is measured by weighing the fuel injected in a thousand pulses of
injection. Each measurement is repeated for three times, and then an average is made, in order
to minimize the uncertainties associated with the measurement process. Iso-octane is used as

the testing fluid.
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3.11 Statistical Data Analysis

The variability or error bars of parameters tested has been assessed based on the sample

standard deviation, sample size and t distribution, which are presented in (Equation 3-7.

Error bar = +t a

S .
Cn-1) 75 (Equation 3-7)

where a represents significance level; n represents sample size; s represents the sample
standard deviation. The reason of using t distribution is that in most cases the sample size is
less than 30. If the sample size is more than 30, then a normal or Gaussian distribution will be
used instead of t distribution. However, those error bars only address the random errors
occurred in the measurements. System errors such as zero errors, calibration errors are not

excluded.
3.12 Fuels

Gasoline and ethanol were supplied by the Shell Global Solutions, UK. Although in
every delivery the gasoline supplied by Shell is different especially the winter and summer
gasoline, the properties of gasoline listed in Table 2-4 represents the most used gasoline
throughout of the author’s tests. MF was supplied by the Fisher Scientific, UK. DMF was
supplied by the Shijiazhuang Lida Chemical Co. Ltd. and the Beijing LYS Chemicals Co.
Ltd. with a purity of 99%. It has to be noted that the DMF was produced from crude-oil,

rather than from bio-mass using the method mentioned by nature and science.
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4 Combustion Characteristics and Fuel Consumptions of MF,
DMF and Ethanol in a GDI Engine

This chapter examines combustion characteristics of a GDI engine fuelled with MF,
DMF and ethanol. Gasoline is used as the benchmark fuel. Tests are carried out at the
condition of stoichiometric combustion, 1500 rpm engine speed and engine loads ranging
from 3.5 to 8.5 bar IMEP. A fixed geographic compression ratio of 11.5 is used. Fuel-

optimized maximum brake torque (MBT) or knock limited spark advance (KLSA) is used.
4.1 Introduction

This chapter focuses on the application of MF, DMF and ethanol in a DISI research
engine. The combustion analysis includes antiknock ability, combustion phase, in-cylinder
pressure and temperature, indicated thermal efficiency, combustion efficiency and
indicated specific fuel consumption. A Ricardo Wave model was used for the simulation of

in-cylinder peak temperature.

Limited publication is available for combustion characteristics of MF. One report
(Thewes et al., 2011) found that MF is more robust in the application of cold start
compared to ethanol due to its higher volatility and higher combustion stability. The octane
rating of MF is better than gasoline, which would be an advantage in downsized SI
engines.

The results presented in this chapter are representative due to the use of a modern
single-cylinder spray-guided (close-space concept) GDI research engines and much
detailed analysis.
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4.2 Experimental Procedure

The engine was firstly run for at least 20 minutes, using the PFI injection system.
When the coolant and oil temperatures were stabilized at 358 K, the engine was considered
to be warm and then GDI injection system was switched on to replace the PFI injection
system. Tests were done at 1500 rpm engine speed and stoichiometric combustion.

Fuel-optimized spark timings, also known as the MBT timings, were used in the
tests. The definition of MBT timing was where the maximum power output at a fixed
throttle position was achieved while keeping the air/fuel ratio the same. When engine
knocking was detected, the spark timing was retarded by 2 CAD, which was referred as

KLSA.

4.3 Results and Discussion

43.1 MBT/KLSA

Since a fixed geometric compression ratio of 11.5 is used, fuels with higher octane
rating will experience less engine knocking at high engine load. Knocking is observed
when MF, DMF and gasoline are used; therefore, spark timing has to be retarded to avoid
potential engine damage. For MF and DMF, knock occurs from 6.5 bar IMEP whereas for

gasoline it is 5.5 bar IMEP. No engine knock is detected with ethanol.

The fuel-optimized MBT/KLSA timings at engine load of 3.5-8.5 bar IEMP for MF
and other tested fuels are presented in Figure 4-1. At 3.5 bar IMEP, fuel-optimized
MBT/KLSA timings for MF and other three fuels are similar. Difference is observed from
4.5 bar IMEP and is increased with load. MF and DMF show a similar MBT/KLSA at all

tested load. Ethanol has the most advanced MBT/KLSA timings while gasoline the least. If
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fuel-optimised compression ratio is used, engine knocking may be avoided even at wide

open throttle condition.

If the compression ratio is lowed to the extent that used for gasoline, DMF and MF,
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Figure 4-1:  Spark timings for MF and other three fuels

The anti-knock ability of fuel is closely associated with its molecule structure. MF
has similar molecule structure to DMF; the only difference is the number of methyl group
on their cyclobenzene ring. The structure of MF is compact whilst gasoline is a complexes
mixture with carbon number ranging from 2 to 14. The long chains of heavy HCs in
gasoline make knock easily happen. Ethanol has only two carbons in its molecule. As
molecule length increases, fuel has increased knock tendency in a Sl engine. This partially

explains that MF has a better anti-knock ability than gasoline.

The cooling effect of fuel direct injection also helps to supress knocking (Daniel et
al., 2011). Vaporization of fuel spray lowers charge temperature in the cylinder. The ratio

of heat of vaporization (HV) and lower heating value (LHV) is an indicator for the cooling
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effect (Figure 4-2), which tells the amount of heat absorbed during the vaporization of one

energy unit of fuel. MF shows a higher cooling effect than DMF and gasoline.
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Figure 4-2:  HV/ LHV Ratio for MF and other three fuels

4.3.2 Combustion Phase

The MFB profiles for MF and other three fuels at 3.5, 5.5 and 8.5 bar IMEP are
shown in Figure 4-3. MF burns the fastest among the tested fuels. At 3.5 and 5.5 bar IMEP,
the spark timing of MF and ethanol are the same however MF burns faster. At 8.5 bar
IMEP, the combustion of gasoline is significantly slower than other fuels, which is because
of retarded spark timing, and a weak turbulence inside the cylinder at the timing of
ignition. Low combustion rate of gasoline at 8.5 bar IMEP is a negative factor for engine
efficiency. If compression ratio is optimised for each fuel, combustion phase will be
optimised and therefore it is expected that the combustion of gasoline will be quicker due

to higher in-cylinder charge turbulence at the time of ignition.

78



Chapter 4

Mass Fraction Burned

Mass Fraction Burned

Mass Fraction Burned

Figure 4-3:

(a) 1500rpm, 1 =1
1.0
——MF 3.5 bar
—— DMF 3.5 bar
—— ETH 3.5 bar
0.8 4= —— ULG 3.5 bar
0.6+
0.4+
0.2+
0.0 ~ } } $ $ $ $ $
20 -10 0 10 20 30 40 50 60
Crank Angle (CAD)
(b) 1500rpm, A =1
1.0 re—
—— MF 5.5 bar
—— DMF 5.5 bar
—— ETH 5.5 bar
0.8 4 — ULG 5.5 bar
0.6 4=
0.4+
0.24
0.0 } $ $ $
20 -10 0 10 20 30 40 50 60
Crank Angle (CAD)
C 1500rpm, A =1
1.0 (c) p
——MF 8.5bar
—— DMF 8.5 bar
0.8+ —— ETHB8.5bar
—— ULG 8.5 bar
0.6 +
04+
0.2+
0.0 + ¥ i i i i

-10

MFB profiles for MF and other three fuels at 3.5, 5.5 and 8.5 bar

0

1.0 20 3.0 40 50
Crank Angle (CAD)

IMEP

79



Chapter 4

30 (a) 1500rpm, 1 =1
® MF
(=) m DMF
g ¢ ETH
Q26T 4 A UG
[
o *
= o
224 4
a 2
[
o ' 3
v 184 g
S L4 A
3 :
° A
; 14 ° N
— °
8
=
c
- 10 i i i i i
3 4 5 6 7 8 9
IMEP (bar)
30 1500rpm, A= 1
® MF
- B DMF
- 28 A ¢ ETH
o A UG
g 26 +
Q Py R
S 24+
2
o
8 22.. .
S 204+
2
g
_g 18" ®
2 16
o -
14 i i i i i
3 4 5 6 7 8 9
IMEP (bar)

Figure 4-4:  Combustion phase for MF and other three fuels at 3.5-8.5bar IMEP
(@) ICD, (b) CD

The combustion initiation durations (CID), which is defined as the engine crank
angle interval between ignition timing and 5% MFB crank angle position, are presented in
Figure 4-4 (a). The CID of MF combustion is always the shortest among all the tested
fuels. The difference between MF and gasoline regarding CID becomes closer as engine

load increases, which is because of their increased differences in fuel-optimized
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MBT/KLSA timings. Advanced spark timing tends to increase CID due to a lower fuel and
air mixture pressure and temperature at the time of ignition. Due to ethanol’s outstanding
heat of vaporization and octane rating, the difference in CID between MF and ethanol is
increased with engine load. The difference in CID between MF and DMF maintains
consistent (2 CAD) throughout 3.5-8.5 bar IMEP, due to similar octane rating and cooling

effect.

Figure 4-4 (b) shows the combustion durations (CD), which is the crank angle
interval between 10% MFB and 90% MFB, for MF and other three fuels at 3.5-8.5bar
IMEP. When using MF as the engine fuel, its combustion consistently has the shortest CD
whilst gasoline has the longest CD. The gap between MF and gasoline in CD increases
with engine load. The maximum difference of 7 CAD between MF and gasoline is at 8.5
bar IMEP and the minimum difference of 4 CAD is at 3.5 bar IMEP. The CD for MF at 8.5

bar IMEP is about 3 and 2 CAD shorter than ethanol and DMF, respectively.
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Figure 4-5:  COV of IMEP for MF and other three fuels at 3.5-8.5 bar IMEP

Fast burning rates of oxygenised hydrocarbon have already reported by many

publications (Aleiferis et al., 2008, Cairns et al., 2009, Yeliana et al., 2008). This is why
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oxygenated fuels such as MF, DMF and ethanol, have a shorter CD than gasoline. The
combustion stability, indicated by the COV of IMEP, is shown in Figure 4-5. The
combustion stability of MF is the lowest in four tested fuels, indicating that MF has an

ideal fuel for lean GDI combustion mode.

4.3.3 In-Cylinder Pressure and Temperature

The in-cylinder pressure for MF and other three fuels at 3.5, 5.5 and 8.5 bar IMEP
are shown in Figure 4-6. At 3.5 and 5.5 bar IMEP, MF has the highest in-cylinder pressure
in four tested fuels. At 8.5 bar IMEP, MF has similar maximum in-cylinder pressure to bio-
ethanol. The pressure profile difference between MF and gasoline are significantly
different and sensitive to engine load. At 8.5 bar IMEP, the combustion of gasoline is
significantly slower than other fuels, which is because of retarded spark timing, and weak
turbulence inside the cylinder at the ignition timing. If compression ratio is optimised for

each fuel, it is expected that the combustion of gasoline will be quicker.
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The theoretical in-cylinder temperature of tested fuels at 3.5, 5.5 and 8.5 bar IMEP
are shown in Figure 4-7, which are calculated using a 1D Ricardo Wave model, where the
difference between experimental and simulated IMEP and maximum pressure is within
2%. Indolene is used to represent gasoline fuel. Unknown properties of MF and DMF, such
as the viscosity-temperature behaviour, were copied from indolene. MFB50 and MFB10-

90 are used as input parameters in the SI Wiebe combustion function.
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The combustion temperatures of MF at those three loads are significantly higher
amongst four tested fuels, especially compared with that of gasoline. This is due to the
faster burning rate of MF as well as its advanced spark timing. At 3.5 and 5.5 bar IMEP,
the temperature profiles for gasoline, ethanol and DMF are not significantly different
however for MF the temperature rise rate is obviously larger. At 8.5 bar IMEP, the
temperature rise rate of MF and ethanol are similar however MF combustion leads to

higher peak temperature.
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Figure 4-8:  Maximum in-cylinder (a) pressures, (b) temperature for MF and other
three fuels at 3.5-8.5 bar IMEP
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The maximum in-cylinder pressure and temperature for MF and other three fuels at
3.5-8.5 bar IMEP is shown in Figure 4-8. MF combustion consistently leads to the highest
in-cylinder peak pressure. Gasoline combustion produces the lowest peak pressure among
the four fuels and the maximum in-cylinder pressure peaks at 7.5 bar IMEP. The difference
between MF and gasoline in maximum in-cylinder pressure increases with engine load.
The maximum in-cylinder pressure of ethanol becomes closer to that of MF as load
increases. The difference in combustion duration between MF and DMF is not sensitive to
engine load. If fuel-optimised compression ratio is used, it is expected that the peak in-
cylinder pressure and temperature for gasoline, DMF and MF will be lower than that

presented in in Figure 4-8.

There are two major factors that attribute to the significantly higher peak pressure for
MF: fuel-optimized MBT/KLSA timing and faster burning rate. Faster burning rate for MF
leads to more heat released around TDC and higher maximum in-cylinder pressure.
Although MF and DMF have similar fuel-optimized MBT/KLSA timings, its maximum in-
cylinder pressure is consistently higher than DMF due to its faster burning rate. The
combination of fuel-optimized MBT/KLSA timing and faster burning rate makes MF have

higher peak pressures than gasoline.

The maximum in-cylinder temperature for MF and other three fuels at 3.5-8.5 bar
IMEP are shown in Figure 4-8 (b). As load increases maximum in-cylinder temperature
increases. MF generates the highest maximum in-cylinder temperature and ethanol the
lowest. The maximum in-cylinder temperature, like peak pressure, is sensitive spark timing
and burning rate. Although MF has similar fuel-optimized MBT/KLSA timings with DMF,
the faster burning rate of MF makes its peak temperature higher than DMF. As burning

rate increases, maximum in-cylinder temperature increases. MF has a significant higher
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peak temperature than ethanol, because of faster burning rate of MF, and ethanol’s
significant cooling effect. If fuel-optimised compression ratio is used, it is expected that
the peak in-cylinder pressure and temperature for gasoline, DMF and MF will be lower

than that presented in Figure 4-8.
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Figure 4-9:  In-Cylinder (a) pressure, (b) temperature at ignition event for MF and
other three fuels at 3.5-8.5 bar IMEP

The temperature and pressure of in-cylinder mixture charge at the time of ignition for
MF and other three fuels at 3.5-8.5 bar IMEP are shown in Figure 4-9. MF consistently has
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higher in-cylinder temperature in the event of ignition than ethanol. This is because of the
synergy effects of later ignition and lower heat of vaporization of MF. Compared with
gasoline, MF has lower in-cylinder temperature in the event of ignition mainly because of
more advanced spark timing. DMF and MF shares similar anti-knock ability and heat of
vaporization therefore the in-cylinder temperature and pressure at the event of ignition are

quite similar.

4.34 Indicated Thermal Efficiency

The indicated thermal efficiencies for MF and other three fuels at 3.5-8.5 bar IMEP

are shown in Figure 4-10.
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Figure 4-10: Indicated thermal efficiency for MF and other three fuels at 3.5-8.5
bar IMEP

The indicated thermal efficiency of MF is better than gasoline and DMF. Heat loss is
the main source of wasted energy during combustion. High in-cylinder temperature leads
to more energy loss to the cylinder wall and exhaust, which partially explains indicated the
lower thermal efficiency of MF than that of ethanol. On the other hand, ethanol

consistently has optimized combustion phase, because its combustion is not limited by
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engine knock. For ethanol, the combustion temperature is significantly lower than that of
gasoline, and thus the heat transfer to cylinder wall and piston is low. As a consequence,
more chemical energy released during combustion of ethanol is converted into effective
work to the piston. This is another reason that ethanol has higher indicated efficiencies
than MF. It should be noted that the compression ratio of the engine is not optimized. In
the 11.5 compression ratio GDI engine, combustion phase is optimal up to 5.5 bar IMEP
for gasoline, and up to 6.5 bar IMEP for DMF and MF. If a lower compression ratio GDI
engine is used, it is expected that knocking may not occur even at wide open throttle
condition. The engine efficiency at the range of 3.5-5.5 bar IMEP for gasoline, DMF and
MF in a lower compression ratio GDI engine will be less than that in an 11.5 compression
ratio GDI engine. At high engine loads, the engine efficiency may be improved for
gasoline, DMF and MF in a fuel-optimised compression ratio, because combustion phase
will be optimised and there is high in-cylinder charge turbulence at the timing of ignition.
Therefore, for ethanol, a further increase of compression ratio may lead to a higher
indicated efficiency. For gasoline, DMF and MF, when compression ratio is decreased,
there is a trade-off in the indicated efficiencies between low and medium engine loads, and

high engine loads.

4.3.5 Combustion Efficiency

The combustion efficiency, presented in Figure 4-11, describes the completeness of

combustion.
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Figure 4-11: Combustion efficiency for MF and other three fuels at 3.5-8.5 bar
IMEP

Generally, the combustion efficiency of Sl engine is in the range of 92% to 98%
(Heywood, 1989). The 2%-8% incomplete combustion is because of the unreleased
chemical energy in incompletely combusted products like CO, and unburned HCs. From
Figure 4-11, MF has higher combustion efficiency compared to DMF and gasoline whilst
ethanol has the highest combustion efficiency. Combustion efficiency is associated with
combustion temperature, partially indicated by the maximum in-cylinder temperatures
(Figure 4-9 (a)). Higher combustion temperature leads to more complete combustion and
HC post-oxidization. Oxygen content is another positive factor effecting combustion
efficiency. The oxygen in fuel molecule self-supplied oxygen in combustion, and leads to
high combustion efficiency. MF has lower oxygen content than ethanol, explaining that

MF has lower combustion efficiency than ethanol.

HCs in the exhaust are not individually measured, and thus the actual hydrocarbon
calorific value of the HCs in the exhaust is unknown. An assumption made in the
calculation of combustion efficiency is that the calorific value of the unburned HCs is

assumed to be equal to the calorific value of fuel, which is based on the fact that most of
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the HCs in the exhaust are unburned fuels. In reality, there are other HCs including
oxygenated HCs in the exhaust in addition to the unburned fuel. However in this study,
quantitative specification of HCs in the exhaust is not carried out, and also the sensitivity
of FID detectors varies towards oxygenated HCs, therefore the combustion efficiencies

given in this thesis are approximate values.
4.3.6 Indicated Specific Fuel Consumption

The gravimetric indicated specific fuel consumptions (GisFCs) for MF and other
three fuels are shown in Figure 4-12 (a). The volumetric indicated specific fuel

consumptions (VisFCs) are presented in Figure 4-12 (b).
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Figure 4-12: GisFC for MF and other three Fuels at 3.5-8.5 bar IMEP

MF has around 12%-13% lower GisFC than ethanol because of its higher energy
content. Even though MF has a 5.4% lower energy density (in mass) than DMF, its higher
indicated thermal efficiency makes its volumetric fuel consumption closer to DMF. Due to
the higher energy content of gasoline, MF is not competitive to gasoline in terms of GisFC.

The dash line in Figure 4-12 (a) shows the gasoline normalized GisFC for MF. It can be
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seen that MF has lower gasoline normalized GisFCs due to its higher indicated thermal

efficiency. MF is close to gasoline and DMF, and 30% less than ethanol in VisFC.

4.4 Summary

This chapter examines the combustion characteristics of MF, DMF and ethanol in a
single cylinder spray guided GDI research engine in the engine load ranging from 3.5 to
8.5 bar IMEP, 1500 rpm engine speed of and stoichiometric combustion. The results are

compared with gasoline. The following are the main conclusion of this study:

1. Regardless of the similar chemical structure, MF shows notably different
combustion characteristics to DMF. MF burns fastest rate among the four studied fuels at
equivalent engine conditions, which also makes MF generate the highest in-cylinder peak
pressure.

2. MF shows a better anti-knock ability than gasoline, due to its compact molecule
structure and faster burning rate, which allows more advanced spark timing. MF a
competitive fuel in the application of downsized Sl engines.

3. Due to the combined effect of significant anti-knock ability, fast burning rates,
MF has the second highest indicated thermal efficiency among the fuel tested fuels. At 8.5
bar IMEP, the indicated thermal efficiency for MF is 1.4% and 2.7% higher than DMF and
gasoline respectively.

4.  Fuel consumptions for DMF and MF are comparable to gasoline, and 30% lower

than ethanol, which is mainly due to their high energy content.
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It should be pointed out that, since a fixed geometric compression ratio of 11.5 is
used, fuels with higher octane rating will experience less engine knocking. Knocking is
observed when the GDI engine uses MF, DMF and gasoline. Severe engine knock is
detected when gasoline is used. Consequently, spark timing is retarded to an extent that the
combustion of gasoline is slow at high engine load due to weak in-cylinder turbulence.
Therefore, the effect of compression ratio on combustion of MF, DMF and ethanol remains

a subject for future investigation.
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5 Emission Characteristics of MF in a GDI Engine Compared
with DMF, Ethanol and Gasoline

This chapter details the emission characteristics of a GDI engine fuelled with MF.

The results of DMF, gasoline and ethanol results are also presented.

5.1 Introduction

This chapter focuses on the emission characteristics of MF in a DISI research engine.
The research interests covered gaseous emissions including NO,, HC, CO and PM
emissions as well as NOy control strategies. The investigation of carbonyls emissions and

key HC speciation was also carried out and presented in this chapter.

Before any bio-fuel being widely promoted, a detailed research focusing on its
emissions should be carried out. The regulated gaseous emission from MF combustion
were investigated and compared with those of gasoline and ethanol. Currently, little is
known about aldehydes emissions and individual HCs from MF combustion, let alone their
chemical reaction mechanisms. In recent years, the research evidences show that aldehyde
emissions from Sl engines especially formaldehyde and acetaldehyde, are highly toxic and
harmful to human bronchial epithelial cells (Saladino et al., 1985). Some HCs in the
emissions from Sl engines such as benzene and toluene are even toxic and can cause

cancer (Agency, 1998).

HCs speciation is a fundamental combustion research work. It is usually used to

validate the Kkinetic combustion mechanism. Furthermore, HCs speciation and aldehyde
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quantitative measurement are of vital importance in the calibration of FID because the
sensitivity of FID differs to individual HCs, especially to the oxygenated HC. As reported
by Wallner, FID’s response factor towards formaldehyde and acetaldehyde are only 0.2
and 0.6 respectively whilst toluene is 1 (Wallner, 2011, 1IARC, 2011, CARB, 2010). MF
has oxygen element in its molecule therefore it has a profound importance to do fuel-
specific FID calibration in order to make reliable and repeatable measurement (Grob,

1985).

5.2 Experimental Procedure

The engine was firstly run for at least 20 minutes, using the PFI injection system.
When the coolant and oil temperatures stabilized at 358 K, the engine was considered to be
warm and then GDI injection system was switched on to replace the PFI injection system.
For all of the tests, the exhaust temperature was monitored as an important indicator of
stable test conditions. All of the tests were carried out at ambient air intake conditions (298
# K), at the engine speed of 1500 rpm and stoichiometric air/fuel ratio (AFR). The test

conditions are listed in Table 5-1.

Table 5-1: Engine test conditions and test equipment

IMEP | Spark Timing | Emission measurement
Note Tested Fuels (bar) (BTDC) equipment
Gaseous
emissions (NO,, :\J/IEGDIQ{IFL 3.5-85 | KLSA/MBT Horiba
HC and CO) '
ULG: 17
B Egﬁ)s“ategy (cold MF, MF: 22 Horiba
NOx Efissions DMF,ULG, | 65 ETH: 25
Retarded Spark ETH . .
C Varied Horiba
Timing Strategy
Carbonyls MF,
oony DMF,ULG, 6.5 KLSA/MBT HPLC
emissions
ETH
HC speciation MF 6.5 KLSA/MBT GCMS
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For each test point, the throttle and injection duration pulse were control
simultaneously to reach one desired engine load. The setup of HPLC and GCMS, and the

test procedure were all introduced in the introduction chapter.

521 Aldehydes measurement

Aldehydes were measured using a HPLC (model: Shimadzu LC20). The aldehydes
being measured included formaldehyde, acetaldehyde, acrolein, propionaldehyde,
methacrolein, benzaldehyde, valeradehyde, m-tolualdehyde and hexaldehyde. The samples
were bubbled at 1 L/min for 20 min in an acidified 2,4-dinitrophenylhydrazine (DNPH)
reagent (20 mL). The reaction of carbonyls with the DNPH reagent forms DNPH-carbonyl
derivatives, which was analysed then by HPLC. The HPLC parameters and column

information can be found in the experimental setup chapter.

5.2.2 Hydrocarbon speciation

The samples were delivered to the GCMS (model: Perkin-Elmer Clarus600) though a
heated line and injected into the GC column using a six-port injection valve. MS with a
porous layer open tubular column was used to identify HCs with carbon number ranging
from 3 to 8. This allows unknown compounds to be qualitatively measured. The mass
spectrum (mass to charge ratio, or m/z, for each mass) of each peak was identified using a
NIST library. Detailed GCMS operation parameters and column information can be found

in the experimental setup chapter.
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5.3 Gaseous Emissions and NO, Control Strategies
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Figure 5-1:  Indicated specific gaseous emissions for MF and other three fuels at
3.5-8.5 bar IMEP

Figure 5-1 shows gaseous emissions, including NO,, HC, and CO. The NOy
formation is primary dependent on the combustion flame temperature (Heywood, 1989),

which is clearly observed in Figure 5-1 (a) and Figure 4-8 (b) (maximum in-cylinder
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temperature). MF combustion in GDI engine under MBT/KLSA spark timing produces the
highest NO, emissions because of its significant high maximum in-cylinder temperature.
The maximum difference in NOy emissions between MF and other three fuels is at 3.5 bar
IMEP, where MF produced 82%, 280% and 40% more NOy emissions than gasoline,
ethanol and DMF, respectively. For all the tested fuels, NOx emissions increase with
engine load, and have a similar tend as the maximum in-cylinder temperatures. NOX
emissions are related to the adiabatic flame temperature. The combustion of fuels with a
higher H/C ratio tend to have higher adiabatic flame temperature because water has a
higher specific heat capacity than CO, (Harrington and Shishu, 1973, Daniel et al., 2011).

Figure 5-1 (b) presents the indicated specific hydrocarbon (isHC) emissions for MF
and other tests fuels. MF combustion produces significantly lower HC emissions than
gasoline and DMF. HC emissions from MF, gasoline and DMF combustion decrease with
engine load, which is primary because of the increased in-cylinder temperature as engine
load increases. Higher temperature makes the HC oxidization in the exhaust stroke more
complete.

Oxygenated fuels tend to produce low HC emissions, which partially explain that MF
produces lower HC emissions than gasoline and DMF. However, HC emissions of MF
combustion can also be related with HC measurement method. FID method is used for
quantitatively measuring HC emissions however, the sensitivity of FID is reduced when
oxygenated hydrocarbons are among the sample gas, which is reported by Wallner
(Wallner and Miers, 2008) and Price et al (Price et al., 2007b).

Figure 5-1 (c) presents the indicated specific carbon monoxide (isCO) emissions for
MF and other tests fuels. In is obvious that MF produces more isCO emissions than ethanol
and gasoline. The CO formation is sensitive to the mixture homogeneity and is
significantly increased as air/fuel mixture is rich. Although tests are conducted under
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stoichiometric combustion, the homogeneity for each fuel/air mixture various due to their
difference fuel properties. Spray with a shorter penetration distance leads to less fuel
impingement on the piston crown and cylinder liner. Liquid fuel firm on cylinder liner and
piston crown is difficult to be fully evaporated. Lower volatility can also reduce the
homogeneity of fuel/air mixture. Gasoline produced less isCO emissions than MF, which is
because gasoline is relatively easier to form homogenous combustible mixture due to its
higher volatility property. On the other hand, ethanol is an oxygenated fuel and thus self-

supplies oxygen in the combustion reaction (Dale Turnera et al., 2011).

12 1500rpm, 1 =1 6.5 bar IMEP
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»
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Figure 5-2:  Effect of EGR on the NOy emissions in a DISI engine fuelled with
MF, DMF, gasoline and ethanol at 6.5 bar IMEP

Figure 5-2 shows the effect of EGR on indicated specific NOx emissions from MF,
DMF, gasoline and ethanol at 6.5 bar IMEP. Adding EGR is effective method of
controlling NOy emissions mainly due to its notable impact on reducing the combustion
flame temperature. With 7.8% and 16.2% EGR, the NOy emissions from MF combustion
could be reduced by 50% and 83% respectively. Even though without adding EGR, NOy

emissions from MF were 77% higher than those from gasoline at 6.5 bar IMEP, the use of
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EGR at the range of 12% to 16% made their NOy emissions at the same level. The use of

EGR also reduces the NO, emissions difference between MF and ethanol.
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Figure 5-3:  Effect of spark timing on the NOy4 emissions in a DISI Engine fuelled

with MF, DMF, gasoline and ethanol at 6.5 bar IMEP

Figure 5-3 shows the effect of spark timing on indicated specific NOx emissions from
MF, DMF, gasoline and ethanol at 6.5 bar IMEP. The x axis represents the number of CAD
that spark timing is away from KL_SA spark timing. NOx emissions are almost negatively
linear to the retarded spark timing. With 8 and 16 CAD retarded spark timing, NOy
emissions from MF combustion were reduced by 25% and 45%, respectively. Similar
reductions are observed when using gasoline and ethanol as fuels. Unlike the EGR
strategy, when using retarded spark timing strategy the NOx emissions from MF

combustion is always higher than those from gasoline and ethanol.

It is concluded that even though MF combustion produces more NOy emissions than
those of gasoline and ethanol, the use of EGR or spark timing strategy would lower down

its NOy emissions to an equivalent level of gasoline and ethanol combustion.
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54  Aldehyde Emissions
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Figure 5-4.  (a) Formaldehyde and acetaldehyde, (b) total C3-C6 aldehyde
emissions for MF and other tested fuels at 6.5 bar IMEP

The aldehyde emissions of MF, DMF, gasoline, and ethanol at 6.5 bar IMEP are
presented in Figure 5-4. Formaldehyde emissions of MF were almost halved compared
with those of DMF, which were lower than those of gasoline, and ethanol. Acetaldehyde
emissions of MF were close to those of DMF and were lower than those of gasoline and
ethanol. The concentrations of aldehydes ranging from C3 to C6 were relatively low
compared with formaldehyde and acetaldehyde. The overall aldehyde emissions of MF (89
ppm) and DMF (104 ppm) were considerably lower than those of gasoline (258 ppm) and
ethanol (462 ppm). The total aldehyde emissions accounted for 4.6%, 4.7%, 9.2% and

25.1% of total HC emissions for MF, DMF, gasoline and ethanol.
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55 HC Speciation

Figure 5-5, Figure 5-6 and Figure 5-7 show the gas chromatogram of the exhaust
from MF combustion. Unburned fuel (MF, 17.29 min) dominated the HC emissions, which
is also reported by many researchers (Kar and Cheng, 2009, Zhu et al., 2012). Common
heavy HCs such as xylenes (26.10 min, 26.29 min, and 26.90 min for the three forms),
toluene (23.05 min), ethylbenzene (23.24 min), and benzene (19.74 min) were detected, as
well as the light HC of propene (5.58 min). Oxygenated HCs such as acrolein
(CH2=CHCHO, 13.85 min), acetone (CH3COCHS3, 14.87 min), methyl vinyl ketone
(CH2=CHCOCH3, 18.04 min), acetic acid (CH3COOH, 18.60 min), propanoic acid
(CH3CH2COOH, 21.67 min), 3-butenoic acid (CH2=CHCH2COOH, 24.42 min), and the
furan series emissions, including furan (13.38 min), DMF (21.12 min), and furfural (24.75
min) were also detected. Aromatic hydrocarbons are common in the combustion of furan
series biofuel flames, for both the premixed flames and engine combustion (Wu et al.,

2009a, Wei et al., 2012, Tran et al., 2014, Togbéet al., 2014, Daniel et al., 2012c).
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6 Impact of Fuels on PM Emissions from a GDI Engine
under various Injection Pressure and Injector Fouling
Conditions

Followed by previous chapter (Chapter 5) which studied the gaseous emissions from
GDI engine fuelled with biofuels, this chapter examines the impact of fuels (ethanol and
gasoline) on PM Emissions from a GDI Engine under various injection pressure and injector
fouling. Experiments were carried out under the operating conditions of stoichiometric
combustion, 1500 rpm engine speed and 3.5-8.5 bar IMEP. Two fuels (gasoline and ethanol),
four injection pressures ranging from 50 to 172 bar, and three fouled injectors were studied.

SMPS was used to measure particle size distributions.

6.1 Introduction

In recent years, PM emissions from the GDI engine, especially the ultrafine
particulates, have become a subject of concern. Euro 5b and coming Euro 6 emission
standards put pressure on reducing PM emissions from GDI engines. Therefore, it is of vital
importance to understand the characterization of particulates as well as the influence of
different factors (engine type, fuel properties, and injection system) on their
formation/oxidation mechanisms.

Unlike wall-guided GDI engines, spray-guided GDI engines have less fuel
impingement on the piston crown; therefore the combustion is less diffusive. The particle
emissions vary widely, depending on fuel properties such as aromatic content, volatility and
oxygen content (Aikawa et al., 2010, Chen et al., 2012, Di lorio et al., 2011, Liang et al.,

2013, Leach, 2012, Armas et al., 2013, Labecki et al., 2012). A ‘PM Index’ for predicting
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PM emissions from gasoline vehicles was concluded (Aikawa et al., 2010). They calculated
the PM Index distribution of 1445 commercially available gasoline fuels from around the
world and found that the PM Indices of gasoline fuels sold globally fall in a very wide band.
It is well reported that compared to gasoline, pure ethanol produces much less PM emissions
in GDI engines (Daniel et al., 2011, Di lorio et al., 2011, Catapano et al., 2013).

Injection system, such as the injection pressure and injector fouling, is important in
determining the engine-out PM characteristics. High DI injection pressure and good injector
condition leads to higher spray velocity, shorter injection pulse and smaller droplets which
are more widely distributed (Oh et al., 2012, He et al., 2012, Matousek et al., 2013). Injector
fouling in GDI engines is a far greater concern than in PFI engines due to the injectors’
harsher thermal conditions and its direct impact on the fuel and air mixture process, and
combustion (Zhao et al., 1999, Arters and Macduff, 2000, Bardasz et al., 1999, Aradi et al.,
2003). Berndorfer et al. (Berndorfer et al., 2013) studied a fouled injector and observed
diffusion combustion phenomenon near the injector tip, after the main combustion in a GDI
optical engine, leading to high soot and high HC emissions.

There is a need of better understanding PM characteristics in GDI engines, but detailed
study of the impact of fuels on PM Emissions from a GDI Engine under various injection
pressure and injector fouling is limited, especially concerning the close-space GDI engines.
Even through it is clear that gasoline fuel and injection pressure both have significant impact
on the particulate emissions in GDI engines, it is not clear which of those two factors is
more prominent. Therefore, this paper examines the impact of fuel and injection system on
PM emissions in a spray-guided GDI engine. Two fuels (gasoline and ethanol), four
injection pressures (50, 100, 150 172 bar) and three injectors (one clean injector and two

fouled injectors) were tested. The test conditions were shown in Table 6-1.
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Table 6-1: Engine operating conditions
Factors Fuel Injection Pressure (bar) Injector Others
number

Iniecti gasoline 50, 100, 150, 172 # 3 (clean)
njection IMEP: 3.5-8.5
pressure |ethanol 50, 100, 150 # 3 (clean) Lambda: 1

_ gasoline 50, 150 #1 (8.5%) Engine speed: 1500 rpm,
Injector #2 (5.3%) | Startof injection: 280 DTDC
fouling  |ethanol 150 #3 (clean) | lgnition timing: MBT/KLSA

6.2 Impact of Injection Pressure

6.2.1 Gasoline

Figure 6-1 shows on the HC emissions for gasoline at 3.5-8.5 bar IMEP under various
injection pressures. Higher injection pressure consistently led to decreased HC emissions
within the entire tested load range due to improved spray atomization (He et al., 2012,
Matousek et al., 2013).
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Figure 6-1:  HC emissions in a GDI Engine fuelled with gasoline under various
injection pressures
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Figure 6-2 shows the effect of injection pressure on particle size distributions in
number (a, b and c) and mass (d, e and f) for gasoline at 4.5, 6.5 and 8.5 bar IMEP. At 4.5
bar IMEP, the particulate size distributions in number (Figure 6-2 (a)) and mass (Figure 6-2
(d)) had mono-peak shapes under 100-172 bar injection pressure, indicating that most of the
particles were nuclei HCs and there were limited soot emissions. At 6.5 bar IMEP, the
differences in particulate size distributions in number (Figure 6-2 (b)) were limited, however
there were obvious differences in particulate size distributions in mass (Figure 6-2 (e)). At
8.5 bar IMEP, both the particulate size distributions in number (Figure 6-2 (c)) and mass
(Figure 6-2 (f)) demonstrated dual-modal shapes and had completely different characteristics

under various injection pressures.
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Figure 6-2:  Particle size distributions in number (a, b and c¢) and mass (a, b and c)
in GDI engine fuelled with gasoline under various injection pressures

Particle size distributions are composed of particles with different nature: (a) nuclei
HCs which mainly compose the nucleation mode, and (b) soot agglomerates with HCs
condensed or adsorbed on their surface, which compose the accumulation mode (Kittelson,
1998). Injection pressure affects particle size distributions through its impacts on both HCs
and soot formation and the interactions between them. The interactions could be clearly

observed in the particle size distributions in number at 8.5 bar IMEP (Figure 6-2 (c)). An
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increased injection pressure resulted in increased PN in the nucleation mode. However, at
8.5 bar IMEP, higher injection pressure contributed to lower HC emissions (Figure 6-1), and
lower soot emissions as indicated by the lower PN at the accumulation mode. The opposite
trend is because soot not only directly determines the accumulation mode, but also has an
indirect impact on the nucleation mode (Kittelson, 1998). High injection pressure reduced
the soot formation and thus the available soot surface area for the HC adsorption or
condensation, favouring hydrocarbon nucleation (Kittelson, 1998). Since the nucleation
mode is the main contributor of PN emissions and the accumulation mode is the main
contributor of PM emissions, it can be seen that there is an apparent trade-off in the PM and
PN emission in the GDI engine at high injection pressures. This example reflects the
complexity of particle emission analysis, necessitating separating/identifying of particles
based on the particle nature.

The separation of particles from GDI engines into the nucleation and accumulation
mode is not straightforward. Previous research shows that majority of particulates from GDI
engines is composed of volatile material (unburnt HCs and lubricant) while soot only
accounts for a small fraction (2%-29%), varying significantly on engine operating conditions
(Price et al., 2007a).

There is no standard method to separate the nucleation and accumulation mode based
on the particle nature, due to the complexity of particulate formation in the combustion
process and evolution in the exhaust system. In most publications, particles were not
classified into different modes, and analysis was done on total particle number and mass (He
etal., 2012, Maricq et al., 1999, Farron et al., 2011, Myung et al., 2012, Ojapah et al., 2013).
In some publications (Daniel et al., 2012a, Daniel et al., 2013, Daniel et al., 2011), particle

size was used to separate PM modes, with 50-100 nm corresponding to the accumulation
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mode and 0-50 nm corresponding to the nucleation mode, as originally proposed by
Kittelson (Kittelson, 1998). Eastwood suggested that the nucleation mode is in the size range
of less than100 nm and the accumulation mode is in the range of 100-900 nm (Eastwood,
2007). Obviously, particle size only partially reflects the particle nature; therefore we
consider more interesting try to separate particulate by nature rather than just by size.

In this study, PM modes are separated based on the inflection point of the net particle
size distribution using a Matlab script developed by the University of Castilla-La Mancha,
which is also used in (Armas et al., 2011). This Matlab script has its limitation that it is only
able to separate the PM modes if PM size distributions have dual-modal shapes with clear
separated peaks or lightly/medium overlapped peaks. The PM size distribution is the sum of
the nucleation and accumulation modes. For PM size distributions that are able to be
separated by this Matlab script, an assumption is made that PM size distributions for the
nucleation and accumulation mode are normal distributions. The left-side of the first peak of
the PM size distribution is mostly from the nucleation mode and the right-side of the second
peak is mostly from the accumulation mode. The separation point and lognormal fitted
distributions are based on the criteria to minimise the difference between the distribution
resulting to add the two fitted log-normal distributions (i.e. nucleation and accumulation)
and the actual one.

At low engine loads, the nucleation mode in the particle size distribution overlaps
largely with the accumulation mode, making the separation impossible. Only in some cases
such as Figure 6-2 (c)), a dual-mode shape with a light overlap is observed and the
separation can be easily made, which is presented in Figure 6-3 (a). In this operating
condition, the high soot concentration increased the weight of PN in the accumulation mode

and reduced that in the nucleation mode, which led to two clearly separated modes.
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However, when soot formation is low, separation based on the particle size distributions

expressed in number becomes difficult (e.g. 50 bar injection pressure and 6.5 bar IMEP,

Figure 6-3 (

b)).

Another approach to identify PM modes is proposed here. As the accumulation mode

is the primary source of PM emissions, particle size distributions in mass could help to

separate the modes. At 6.5 bar IMEP and high injection pressure, the particle size

distribution expressed in mass had a dual-modal shape with a slight overlap (Figure 6-3 (c)).

In this engine condition, there was a relatively low soot formation and lower HC emissions,

compared with those of the lower injection pressure.
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Table 6-2 and Table 6-3 listed the possibility of particle mode separation based on

particle size distributions in number and mass respectively. It can be concluded that high

soot formation at high engine loads was the key for separation based on the particle size

distribution in number, while at medium level of soot formation (such as 6.5 bar IMEP), the

separation based on the particle size distribution in mass is possible.

Table 6-2: Possibility of PM mode separation based on number distributions

IMEP (bar)
35 4.5 55
50 - - -
Injection 100 - - -
Pressure 150 - - -
172 - - -

6.5

7.5
++
++

8.5
++
++
++
++

- Refers to the case of impossible mode separation

+ Refers to the case of possible mode separation however with some challenges such as in Figure 6-3 (b)
++ Refers to the case of very clear mode separation such as Figure 6-3 (a)

Table 6-3: Possibility of PM mode separation based on mass distributions

IMEP (bar)
3.5 4.5 55
50 - - -
N 100 - - -
Injection
Pressure
150 - - -
172 - - -

6.5

75

++

8.5

- Refers to the case of impossible mode separation

+ Refers to the case of possible mode separation however with some challenges such as in Figure 6-3 (d)
++ Refers to the case Refers to the case of very clear mode separation such as Figure 6-3 (c)
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Figure 6-4: PN (a, b and c¢) and PM (d, e and f) emissions in GDI engine fuelled

with gasoline under various injection pressure

Table 6-2 and Table 6-3 listed the possibility of particle mode separation based on particle
size distributions in number and mass respectively. It can be concluded that high soot
formation at high engine loads was the key for separation based on the particle size
distribution in number, while at medium level of soot formation (such as 6.5 bar IMEP), the

separation based on the particle size distribution in mass is possible.
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Table 6-2 and Table 6-3 listed the possibility of particle mode separation based on
particle size distributions in number and mass respectively. It can be concluded that high
soot formation at high engine loads was the key for separation based on the particle size
distribution in number, while at medium level of soot formation (such as 6.5 bar IMEP), the

separation based on the particle size distribution in mass is possible.

Table 6-2 and Table 6-3, it is possible to calculate PM mass and PN in the nucleation
and accumulation mode independently, the result of which is presented in Figure 6-4.
Increased injection pressure led to reductions of both PM and PN emissions in the
accumulation mode. However, high injection pressure seemed to have a negative effect on
PN emissions in the nucleation mode. The injection pressure of 172 bar consistently led to
increased PN emissions in the nucleation mode compared to other tested injection pressures.
This could be related to the reason mentioned earlier: low soot formation led to less soot

surface available for HCs to be condensed or adsorbed on.

6.2.2 Ethanol

Figure 6-5 shows the effect of injection pressure on HC emissions for ethanol at 3.5-
8.5 bar IMEP. Unlike from gasoline combustion, HC emissions from ethanol combustion
were not sensitive to injection pressure. The explanation is that ethanol has one oxygen in its
molecule, which gives it produce less soot compared with gasoline, due to more complete
combustion (Di lorio et al., 2011, Chen et al., 2012). On the other hand, even though low
injection pressure led to more fuel impingement on the piston and cylinder liner, ethanol
evaporated more easily due to its lower boiling point compared with gasoline. Figure 6-6

shows particulate size distributions in number (a and b) and in mass (c and d) for ethanol at

117



Chapter 6

4.5 and 8.5 bar IMEP under various injection pressure. For all tested load and injection
pressure conditions of ethanol, the particle size distributions consistently demonstrated
mono-peaks, with the majority of particles in the diameters between 30 and 50 nm,

suggesting that the soot formation in ethanol combustion is limited.
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Figure 6-5:  Effect of injection pressure on HC emissions in a GDI engine fuelled

with ethanol
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Figure 6-7:  Comparison of (a) PN and (b) PM emissions from a GDI engine
fuelled with gasoline and ethanol

Figure 6-7 shows the comparison of PM mass and PN emissions from gasoline and
ethanol combustion under 150 bar injection pressure. Compared with PM mass emissions,
PN emissions are less sensitive to fuel. The differences made by gasoline and ethanol in PN
emissions are in the range of 6-16% whilst the difference in the PM mass emissions is about
3% at low load (3.5 bar) and up to 900% at high load (8.5 bar). The reason why ethanol has
lower PM emissions compared to gasoline is due to ethanol’s oxygen content and high

volatility. Higher PN emissions from ethanol compared to gasoline is because of the
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following two reasons. Firstly, while soot as nuclei provides the surface on which unburnt
HC is adsorbed or condensed, ethanol has reduced soot particles and therefore most of the
HC is formed from the particles in nucleation mode, which is the main contributor to the
ethanol PN emissions. Secondly, the ethanol adsorbed on the soot has higher volatilities,
compared to typical HCs in gasoline, and thus the PN emissions from ethanol combustion

are higher.

6.3 Impact of Injector Fouling

6.3.1 Injector and Flow Rate Test

Three GDI injectors supplied by Bosch were studied, including two fouled ones that
were used in previous engine testing at the University Birmingham. Various fuels were used
for several months at the engine load of 3.5 to 8.5 bar IMEP. Carbon deposits were built up
inside the injector nozzle and also on the injector tip. Flow rate bench, with an injection
pressure of 150 bar and iso-octane as the test fuel, was used to characterise injector fouling.
Injection pulse widths ranging from 0.3 to 6 ms were selected, and the fuel from 1000
injections was collected and weighted by a balance with a resolution of 0.1 g. Each injection
width was repeated at least three times. Figure 6-9 shows the averaged results. Injector 1 and
2 had a flow rate loss of 8.5% and 5.3% respectively. Injector 3 is a clean injector. After the
flow rate test, the injectors were used in the GDI engine and PM emissions were measured

by SMPS.
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Figure 6-9:  Injection pulse widths for Injector 1 at 3.5-8.5 bar IMEP

It is essential to make sure that the injector condition is consistently throughout PM
measurement, and thus the possibility that injector deposits are washed away or further
accumulated during the experiment has been considered. The variation in injection pulse
width for a certain injection quantity was used as a simple indicator of the variation of

injector condition. The engine test designed for the study of the effect of a fouled injector on

122



Chapter 6

PM emissions lasted 3 hours for each injector. Each engine operating point for every injector
was repeated for at least three times and the injection pulse width was recorded. There was
no evidence that injector 1 and 2 experienced any noticeable change during the PM
measurement in this study. Figure 6-9 shows the injection pulse width of injector 1
throughout the PM measurement. It is clear that the injection pulse width in the 3 tests had
very good repeatability and therefore, it is believed that the injector conditions throughout
the experimental study were consistent.

In summary, although injectors were not fouled using a systematic fouling engine
testing cycle, fouled injectors were accurately characterised, and their conditions stayed

consistent throughout the entire PM measurement.

6.3.2 Gasoline
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Figure 6-10: HC emissions for gasoline at 150 bar injection pressure when using
GDl injector 1, 2 and 3 (engine speed=1500 rpm, A=1)

Figure 6-10 presents HC emissions for gasoline at 3.5-8.5 bar IMEP at 150 bar

injection pressure when using GDI injector 1, 2 and 3. Compared with the clean injector
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(#3), the fouled injector (#1) yielded approximately 10% higher HC emissions at the engine
load range of 5.5-8.5 bar IMEP. Similar results are also reported in other publications
(Joedicke et al., 2012, Sandquist et al., 2001). This is possibly linked to the increased fuel
impingement due to longer injector pulse width resulting from injector fouling. The fuel film
continues to evaporate during the combustion stroke and therefore diffusive combustion
occurs, which leads to high HC and soot formation. Another reason is possibly related to the
gasoline adsorbed on carbon deposits near the injector tip. The adsorbed gasoline contributes
to the diffusive combustion after the main combustion, which is reported in (Berndorfer et
al., 2013) using optical diagnostics. The distorted spray which leads to imperfect air/fuel
mixture preparation is also another reason for high HC emissions (Zhao et al., 1999, Arters
and Macduff, 2000, Bardasz et al., 1999, Aradi et al., 2003).

Figure 6-11 shows the impact of injector fouling on the particulate size distributions in
number (a, b and c) and mass (d, e and f) for gasoline at 4.5, 6.5 and 8.5 bar IMEP under
150 bar injection pressure. The clean injector (#3) consistently had better particulate size
distributions in number and mass. At 4.5 and 6.5 bar IMEP, it is clear that the fouled injector
(#1) produced significantly higher particulate size distributions in number. At 8.5 bar IMEP,
the benefit of the clean injector (#3) regarding particulate size distributions in mass is

obvious.
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Figure 6-12: PN (a, b and c) and PM (d, e and f) emissions in GDI engine fuelled

with gasoline at 150 bar injection pressure when using GDI injector 1, 2 and 3

The particulates at 6.5-8.5 bar IMEP were separated into the nucleation and
accumulation modes, using the same method described in the section 3.1.1. Figure 6-12
presents the impact of injector fouling on PM and PN emissions at 6.5-8.5 bar IMEP at 150
bar injection pressure. At all tested engine loads, the clean injector 3 (#3) consistently led to
the lowest PM and PN emissions. The high PM and PN in the accumulation mode for the

fouled injector is the direct indicator of high soot formation, which is a result of diffusive
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combustion. Increased fuel impingement, gasoline adsorption on the deposit on the injector
tip, and distorted spray all contribute to the diffusive combustion. The maximum difference
was observed at the highest engine load 8.5 bar IMEP, in which the PN emissions of the
clean injector (#3) were nearly 53% and 58% of those of the fouled injectors (#1) and (#2)
respectively.

Figure 6-13 shows combustion parameters such as peak in-cylinder pressure,
combustion initiation duration (CID), and combustion duration for injector (#1) and (#3) at
3.5-8.5 bar IMEP and 150 bar injection pressure. The CID is defined as the crank angle
interval between the start of spark discharge and 5% mass fraction burned (MFB). The

combustion duration is defined as the crank angle interval between 10% and 90% of MFB.

Unlike PM emissions, those combustion parameters are not significantly sensitive to the
fouled injectors, therefore, only results from injectors (#1) and (#3) are presented. It is clear
that for the fouled injector (#1) the peak pressure is slightly increased by up to 0.7 bar for
the engine load range of 3.5-8.5 bar IMEP, resulting from its slightly longer combustion
duration (by up to 0.5 CAD). However, there is almost no difference in CID between

injectors (#1) and (#3).
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Figure 6-14: Comparison of total PM emissions for injectors 1 and 3 under 150 and
50 bar injection pressure at 6.5-8.5 bar IMEP

Figure 6-14 shows the comparison of PM and PN emissions for injectors (#1) and (#3)

under 150 and 50 bar injection pressure at 6.5-8.5 bar IMEP. Compared with the fouled

injector (#1) at 50 bar injection pressure (the worst injection system), the clean injector (#3)

at 150 bar injection pressure (the best injection system) led to a reduction of the PM

emission by 80.3-88.2%. This demonstrates how much difference the condition of the

injection system can make to the particle emissions from the gasoline engine.

It is known that variations of fuel specifications on the market lead to variations of PM

emissions from gasoline fuelled vehicle engines (Khalek et al., 2010, Leach, 2012, Aikawa

et al., 2010). Aikawa et al. proposed a ‘PM index’ for predicting the PM emissions for

gasoline vehicles ( (Equation 6-1) (Aikawa et al., 2010).

1 (VP,DBE) = Y™ ,(DBE; + 1)/(VP_443 K);)] x Wy (Equation 6-1)
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Here, VP_443 K means vapour pressure of a single component i at the temperature of
443 K. W; means the weight fraction of the single component i. DBE represents the double

bond equivalent ( (Equation 6-2).

DBE = (2C—H +2)/2 (Equation 6-2)

More detailed information about the ‘PM Index’ is available in (Aikawa et al., 2010).
Aikawa et al. calculated the PM Index distribution for 1445 worldwide commercially
available gasoline fuels (Fig.12 in (Aikawa et al., 2010) ) and found that the PM Indices for
the gasoline fuels sold globally fell in a very wide band, ranging from 0.67 to 3.86. If
excluding the top and bottom 10% of the data, the PM Indices for the remaining 80% fuels
fall into the range of 1 to 2.2. Based on the PM Index model, the fuel with the PM index
value of 1 reduces the PM emissions by 54.5% compared to the fuel with a PM index value
of 2.2. Given the results in the present study using a different injection system, it appears
that the difference in PM emissions made by the injection system cleanliness can be more

important than that made by the gasoline fuel composition.

6.3.3 Ethanol

Figure 6-15 presents HC emissions for ethanol at 150 bar injection pressure using
injector 1 and 3. It is clear that the fouled injector (#3) did not have a significant negative
impact on HC emissions from the ethanol fuelled GDI engine. Figure 6-16 shows the the
particulate size distributions in number (a and b) and mass (c and d) for ethanol at 4.5 and
8.5 bar IMEP at 150 bar injection pressure using injector 1 and 3. Again, injector fouling
had a limited impact on the particulate size distributions in both number and mass. It is
almost certain that fuel impingement and fuel adsorption on the deposit near the injector tip

130



Chapter 6

is increased due to injector fouling; however the results show that, unlike gasoline, HC and
soot formation is not increased when using ethanol is because ethanol evaporates more
easily and diffusive combustion is not increased as much as the case of gasoline. On the
other hand, compared to the diffusive combustion of gasoline, the diffusive combustion of

ethanol leads to lower HC and soot formation due to the oxygen content within the ethanol

molecule.
2.0
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Figure 6-15: Effect of injector fouling on HC emissions for ethanol at 150 bar

injection pressure
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Figure 6-16: Effect of injector fouling on particle size distribution in number (a and
b) and mass (c and d) in a GDI engine fuelled with ethanol at 150 bar injection pressure

6.4  Conclusions

The impact of fuels (ethanol and gasoline) on PM Emissions from a GDI Engine under
various injection pressure and injector fouling was studied in this chapter. Experiments were
carried out under the operating conditions of stoichiometric combustion, 1500 rpm engine
speed and 3.5-8.5 bar IMEP. Two fuels (gasoline and ethanol), four injection pressures
ranging from 50 to 172 bar, and three fouled injector were studied. SMPS was used to
measure particle size distributions. The following is the main conclusions of this study.

1. Compared with gasoline, ethanol combustion produced much less PM mass
emissions, especially at high engine load, which is mainly because of its significantly lower
soot formation resulting from its 34% oxygen content in its molecule. However, PN
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emissions from ethanol combustion were higher than those from gasoline combustion. This
is because, unlike gasoline, most of unburnt HCs from ethanol formed the condensed nano-
particles in the nucleation mode, and only a small fraction of unburnt HC is attached or
adsorbed on the limited soot surface.

2. High injection pressure improves the particle emissions from a GDI engine
fuelled with gasoline, because of better spray atomization. By increasing the injection
pressure from 50 bar to 150 bar, PM and PN emissions were decreased by up to 22% and
78% respectively. However, increasing the injection pressure further to 172 bar, PN
emissions were increased because of a significant increase in the nucleated HC particles. It
seems that there is a trade-off between the PM and PN emissions from GDI engines at
certain engine conditions.

3. Injector fouling should be considered carefully in the combustion system design
in the close-concept GDI engines. Fouled GDI injector affects PM emissions increasing both
HC and soot formation, resulting from the diffusive combustion due to fuel impingement
and fuel adsorption on the deposit near the injector tip. Fouled injectors could increase PM
mass emissions by up to ten times as shown in this study. Unlike in the case of gasoline, PM
emissions from ethanol combustion are not sensitive to the injection system. The HC and
soot formation are not evidently increased when low injection pressure and fouled injectors
are used, which is because ethanol evaporates more easily and thus experiences less

diffusive combustion.

Furthermore, it is hypothesised that the differences in PM emissions made by injection
system (pressure and injector fouling) are more significant than the differences made by the
composition of commercial gasoline fuels on the market. The data from Honda shows that

the PM Index of 80% of worldwide commercially available gasoline fuels is within the
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range of 1 to 2.2, indicating a difference of up to 54.5% in the corresponding PM emissions.
The difference made in PM emissions by the injection system is up to 88% in this study. In

the real filed, injector fouling can be much worse than the fouled injectors used in this study.

However, this hypothesis needs further and comprehensive investigation.
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7 PM Composition and Soot Oxidation for PM Emissions
from a GDI Engine Fuelled with DMF, Ethanol and
Gasoline

Followed by the previous chapter (Chapter 6), investigating the impact of fuel and
injection system on PM emissions from a GDI engine, this chapter exams the study of PM
composition and soot oxidation for PM emissions from a GDI engine fuelled with DMF,
ethanol and gasoline. Information of PM composition and soot oxidation is also important

for the design of high efficient GPFs and improving GPFs’ durability.

The GDI engine was operated at fixed 1500 rpm engine speed with rich combustion
and late fuel injection strategy, representing one of the worst scenarios of PM emissions in
GDI engines. A TGA method was optimized and then used for analysing PM from GDI
engines. A kinetic model was used to interpret the data from TGA and quantitatively

describe the soot oxidation reactivity.

7.1 Introduction

The previous chapter investigated gasoline’s and ethanol’s PM emissions under
different injection systems. Results shows that, compared to gasoline, ethanol produces
less PM emissions, which are also less sensitive to fuel injection system. Therefore, it
would be interesting to study PM composition, as well as soot oxidation from PM
produced in GDI engines. On the other hand, research evidence shows that PM emissions
produced from lean combustion GDI vehicles are similar to or even more than those from
compression ignition engines equipped with DPFs (Mathis et al., 2005, Andersson et al.,

2008). The stringent PM regulations may not be satisfied by pushing the boundary of
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engine optimization, and/or using green fuels alone. There is a potential that, in the future,
GPFs will be applied on GDI engines, just like DPFs on diesel engines. Many
investigations have been done on the GPFs (Richter et al., 2012, Chan et al., 2013, Kim et
al., 2013). To improve durability of GPFs, a better knowledge of soot oxidation
characteristics is required.

The detailed specification of Perkin EImer TGA used in this study can be found in
Chapter 2. TGA is a widely applied in the study of PM emissions from diesel engines. The
sample atmosphere can be any gas, depending on the research objective. For example,
when PM sample is placed and heating up in the N,/Argon gas atmosphere, the volatilities
in PM sample will evaporate. When air or oxygen is used as gas atmosphere, soot will
react with the gas.

TGA is relatively easy to operate; however, there are several key factors with respect
to the instrument and sample that are critical to the TGA reliability and repeatability of
measurement. These factors include the balance, furnace, temperature, sample mass,
sample atmosphere gas flow rate and heating ramps. The balance, furnace and temperature
are independent to sample and can be calibrated according to standard operation
procedures. Optimising soot sample mass is important, because not enough soot samples
may lead to inaccurate results whilst too much sample will lead to the oxidation process
largely controlled by diffusive oxidation. The heating ramp setting in the TGA is also
significantly important because it affects the accuracy of the results (Rodriguez-Fernandez
et al., 2011). A lower heating ramp can improve the accuracy and reliability of results but
the test can be very long. Therefore in this study an optimised sample mass and heating
ramp are investigated. Then this optimized TGA method was used to the study of study of

the impact of fuel and engine load on PM composition and soot oxidation for PM emission
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produced from the combustion of gasoline, ethanol, E25 and DMF in the GDI engine. The
engine test conditions are listed in Table 7-1.

Table 7-1: Engine test conditions

Start of
IMEP Engine speed Injection
Fuel  par) * (rpm) (SOl)
(DTDC)
TGAmethod  oiiine 85 0.9 1500 100
development
Gasoline,
Effect of fuel [I)EI\ZASE 8.5 0.9 1500 100
Ethanol
Effect of engine Gasoline, 5.5 and
load DMF 85 09 1500 100

7.2  Arrhenius-type Reaction Model

The data produced by TGA was quantitatively analysed and described by a general
reaction model, called Arrhenius-type reaction model. It is widely used in many other
literatures in modelling the soot oxidation process (Rodriguez-Fernandez et al., 2011, Yang
et al., 2010, Karin et al., 2011, Mendiara et al., 2007, Stratakis and Stamatelos, 2003). The

mathematical expression of this Arrhenius-type reaction model is presented as below.

I mipg, = A e

—Eq
RT

) *m™ *po," (Equation 7-1)

where m represents mass; t, represents time; k. represents the oxidation rate constant; A
represents exponential factor; E, represents activation energy of soot oxidation; po,
represents the partial pressure of oxygen; n and r are the reaction orders of sample and
oxygen, respectively; R, the universal gas constant; and T, the temperature. In most of the
cases, for the purpose of simplification, the reaction orders, n and r, are set as unity

(Rodriguez-Fernandez et al., 2011, Yang et al., 2010).
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1d Eq1 .
In (— ;d—T) = -t +In(4py,)  (Equation 7-2)
When logarithms are taken in both left and right side of the (Equation 7-1, a derived

new equation ((Equation 7-2) can be used to calculate the activation energy. In (Equation
7-2, a line can be derived with 1/T as x and In (— %Z—T) as y. The slope of this line equals

7.3  TGA Method Development

Devolatilization (wet PM) Soot oxidation (dry soot)

10004  Nitrogenatmosphere |} Airatmosphere 1: Initial nitrogen atmosphere,
- -|= ™| hold30 minat313K

2: Heating up to 773 K from 313 K at 3 K/min
9 3: Hold 773 K for 30 min
< 800 - 4: Cooling down to 373 K from 773 K at 10 K/min
g
S
=
©
@
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© to 923 K at x K/min (in the figure, x=3)
= 6: Hold 923 K for 20 min

7: Cooling down to 40 K at 50 K/min
400 -

0 100 200 300 400 500
Time (min)

Figure 7-1:  TGA method

Figure 7-1 illustrated the TGA method. Because the PM collected on the filter
contains volatile materials adsorbed/condensed on the soot, it was important to remove all
of the volatile material before the oxidation process. Steps 1-3 in Figure 7-1 presents this
devolatilization treatment, which includes heating PM sample in a N, atmosphere up to 773
K at the rate of 3 K/min, and then maintaining at 773 K for 30 min to ensure a complete
removal of volatile materials. The devolatilization profiles of PM became flat after
maintaining 773 K for 30 min under an N, atmosphere. Oxygen-free nitrogen was selected
to ensure that no soot will be oxidized during the devolatilization treatment. The mass of

volatile materials is the weight difference before and after the devolatilization treatment.
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Step 4 was designed to cool furnace down to 373 K. In step 5, air is used as the sample
atmosphere. Step 6 was added to make sure that soot was completely oxidized by heating
up the sample up to 923 K. The temperature of 923 K is chosen because of two
considerations. First of all, filter should not be melted. Secondly, soot has to be fully
oxidized. The temperature of 923 K satisfies both considerations. The mass of soot in the

PM sample is the sample mass loss before and after the oxidization process.

7.3.1 Effect of Heating Ramp

Soot samples of approximately 0.1 mg were used in the investigation of heating ramp
on soot oxidation. Figure 7-2 shows the soot weight profiles at various heating ramp. It is
clear that soot oxidation process was highly sensitive to heating ramp. When using high
heating ramp (larger than 5 K/min) Soot, which can be oxidized in low temperatures, was
only partially oxidized because of the over-high heating ramp and was continued to be
oxidized at higher temperature range. When the heating ramp was slowed to 3-5 K/min, the

differences between the soot weight profiles were insignificant.
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Figure 7-2:  Soot weight profile at various heating ramps
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Figure 7-3:  Kinetic model at various heating ramps

Table 7-2: Reactive energy at various heating ramps

Heating ramp

(K/min) Ea (kJ/mol) R?
3 153.0 0.9901
5 145.0 0.993
10 84.0 0.8993
20 67.1 0.8903
50 1145 0.9754
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Figure 7-3 shows the kinetic model using different heating ramp setting in TGA. Table
7-2 lists the activation energy calculated from the slop of lines shown in Figure 7-3. It is
clear that, for the 3-5 K/min heating ramp, the linearity of the lines ((Equation 7-2), as
indicated by R? is high, with the calculated activation in a small range of 145 and

153kJ/mol.

7.3.2 Effect of Soot Mass

Soot samples of 0.025-0.111 mg were collected and analysed. The optimized heating
ramp of 3 K/min was used. A high sample mass increases the result accuracy, however an
excessive sample mass leads to diffusive reactions due to the deep sample layer is
potentially inaccessible to the oxidation (Rodriguez-Fernandez et al., 2011). Figure 7-4
shows soot derivative weight profiles at various soot mass. Figure 7-5 shows the effect of
soot mass on two oxidation parameters, the activation energy and maximum mass loss rate
temperature (MMLRT). MMLRT is the temperature that leads to the highest sample
weight loss rate. For a sample with a mass larger than 0.04 mg, the activation energies are
between 146 and 152.4 kJ/mol and the MMLRTSs are between 490 and 494 K. Even though
it seems that soot sample as low as 0.025 mg leads to good results of soot oxidation, soot

of more than 0.040 mg is recommended.
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7.4  TGA Method Application

74.1 Effect of Fuel

Figure 7-6 shows the PM composition for the four tested fuels. ‘ULG’ and ‘ETH’ in
the figure are short for gasoline and ethanol respectively. The volatile components (HCs,
lubricant etc.) in the PM were classified into two ranges: low volatility (313-573 K) and
high volatility (573-773 K) (Price; et al.). PM produced from the engine combustion is
primary composed of particles with different nature: a) condensed HCs and b) soot
agglomerates with HC adsorbed/condensed on its surface (Kittelson, 1998). Based on the

results form Figure 7-6, it is clear volatile materials accounts for the most of PM mass.

. 0\ 7777 High Volatility I Low Volatility ] Soot |

0.8 / / / /
c
)
0.6+
o
£
8 0.4+
=
a
0.2
0.0 T T T T
ULG E25 ETH DMF
Figure 7-6:  PM composition for PM from gasoline, DMF, E25 and ethanol
combustion

Soot fraction in PM composition is strongly affected by fuel properties. For PM
produced from ethanol combustion, 6.3% of PM mass was soot. The reason is that in the
molecule of ethanol, there is an oxygen atom, which makes ethanol have 34.8% oxygen
content. Ethanol combustion produces lower soot formations than gasoline due to more
oxygen available for combustion (Di lorio et al., 2011, Chen et al., 2012). For PM

produced from DMF combustion, soot accounted for 29% of PM mass, which was much
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higher than PM produced from ethanol combustion because of its less oxygen content. The
elemental soot in PM produced from gasoline and E25 combustion are similar (36%).
Ethanol combustion produces significant lower HC and PM emissions than gasoline
(Wang et al., 2013a, Di lorio et al., 2011). Therefore, it is highly possible that gasoline in
E25 is the primary source to the HC and soot emissions. In other words, PM produced
from E25 combustion is mainly due to its 75% gasoline; therefore it explains that no
significant difference in PM composition is observed in PM produced from E25 and
gasoline. Ethanol and light HCs of gasoline in the blended fuel E25 form an azeotropic
mixture which evaporates easily and produces limited PM emissions (Di lorio et al., 2011,
Catapano et al., 2013). The heavy HC compounds remaining on piston, valve and cylinder
liner create extremely ideal environment for the soot formation, which potentially explain
that soot fraction for PM produced from E25 combustion is a bit higher than that for
gasoline, which complies with the literature (Khalek et al., 2010, Di lorio et al., 2011,
Catapano et al., 2013). It has to be noted that the tests carried out in this study in under rich
combustion and late injection, representing the one of the worst cases of PM emissions in
GDI engines. It lean, homogenous combustion is applied, it is expected that soot will
account far less than 36% at the same engine load (8.5 bar IMEP). The PM composition of
PM emissions from GDI engines is significantly different to that from diesel engines;
therefore the method or strategy for mitigating or adapting PM emissions in GDI and diesel
engines is not expected to be the same. In GDI engines, by reducing volatile materials in

the PM emissions, it is possible to greatly reduce the PM emissions.
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Figure 7-8:  Soot oxidization profiles for PM from gasoline, DMF, E25 and
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Figure 7-7 shows the normalized volatility weight profiles for various fuels in the
devolatilization process. No obvious differences in the volatility weight profiles amongst
all the tested fuels were observed. For DMF and ethanol, the low volatility fraction was
approximately 60% whilst for gasoline and E25 it was approximately 55%. The
normalized soot weight profiles for PM produced from various fuels during the oxidization

process are presented in Figure 7-8. The soot oxidization profiles are significantly sensitive
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to fuel, and oxidization of soot produced from DMF and ethanol combustion started at a

lower temperature than soot produced from gasoline and E25 combustion.

Figure 7-9:
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Figure 7-9 presents the soot derivative weight profiles for soot generated from the
combustion of gasoline, ethanol, E25 and DMF. The area integrated of soot derivative
weight profile and x axial is proportional to the soot mass. From Figure 7-9 it is clear that
E25 combustion produced less soot than gasoline. DMF led to less soot emissions than
gasoline and E25 but not as low as ethanol. Figure 7-10 presents the calculated activation
energies and MMLRTSs for soot generated from the combustion of gasoline, ethanol, E25
and DMF. It is clear that the activation energy for the soot produced from gasoline
combustion in the GDI engine was the highest (153 kJ/mol), and for soot from ethanol
combustion it is the lowest (83 kJ/mol). By adding 25% ethanol into the gasoline (E25),
the activation energy was reduced from 153 to 124 kJ/mol. For PM produced from DMF
combustion, the activation energy (109 kJ/mol) was between those of gasoline and ethanol.
The differences in activation energies between fuels were statistically significant. Soot
from gasoline and E25 have similar MMLRT, which was higher than those for soot
produced from DMF and ethanol combustion.

In summary, soot from ethanol combustion was the most easily oxidized, indicating
that it was easy to regenerate the particle filters in GDI engines fuelled with ethanol. Soot
generated from the combustion of gasoline was not easy to be oxidized; however, by
adding 25% ethanol into gasoline, the soot had a reduction in the oxidation activation
energy. The reactivity order for soot from four tested fuel are:
ethanol>DMF>E25>gasoline.

Based on the literature on the study of soot from diesel engines, it could be
hypothesised that the high reactivity of soot from DMF and ethanol combustion could be
due to two primary factors: size of primary and agglomerated particles, and soot

oxidization mode.
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(@) Smaller primary and agglomerated particles with higher surface/volume ratio,
are more easily oxidized. From the literature, the combustion of oxygenated fuels tends to
produce smaller primary particles (Herreros, 2009). Research evidence at the University of
Birmingham also confirmed that the combustion of DMF and ethanol produces smaller
particles (Daniel et al., 2011). This partially explains the higher oxidization rate of soot
produced from DMF and ethanol combustion compared to that of the soot produced from
gasoline combustion.

(b) Studies on the effect of various functional groups on soot oxidation reactivity
are available (Bacho et al., 2009, Yehliu et al., 2012, MUler et al., 2005), although the findings
are not conclusive. Soot from the combustion of oxygenated fuels tends to have
oxygenated functional groups associated with internal burning in the oxidation process, the
rate of which is 10 times higher than that of the normal surface burning (Song et al., 2006).
Therefore it is envisaged that DMF and ethanol generated soot will experience internal
burning. However the effect of oxygenated surface functional groups on soot reactivity
was not clear, and the relative amount of aliphatic C-H groups on the soot surface affects

the soot oxidation reactivity (Wang et al., 2013b); therefore it requires more investigation.

7.4.2 Effect of Engine Load

PM emissions generated from ethanol combustion at 5.5 bar IMEP were very low
and it is significantly difficult to collect enough sample without damaging the filters.

Therefore the results for ethanol at 5.5 bar IMEP are not available.
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Figure 7-11: PM composition for PM produced from gasoline and DMF
combustion at 5.5 and 8.5 bar IMEP

Figure 7-11 shows the PM composition for PM produced from gasoline and DMF
combustion at 5.5 and 8.5 bar IMEP. It can be seen that the soot fraction is increased, which
is more obvious for PM produced from gasoline combustion. In the precious study at the
University of Birmingham, it has been reported that as engine load increased, HC
emissions were reduced due to more HC being post-oxidized at high temperature (Wang et
al., 2013a). The soot formation increases with engine load due to more fuel wetting in the
cylinder liner and on the piston crown. The combined effect of reduced HC emissions and
increased soot formation leads to higher soot fraction in PM composition at higher engine
load. Soot fraction accounted for 15.4% and 28.9% of PM produced form DMF
combustion at 5.5 and 8.5 bar IMEP respectively. However, soot fraction was 9.8% and
35.1% of PM mass at 5.5 and 8.5 bar IMEP respectively. It is clear that soot fraction in
gasoline-generated PM changes at 5.5 and 8.5 bar IMEP is more than that in DMF-

generated PM. DMF has one oxygen atom in its molecule, which leads to less PM
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emissions than gasoline. Therefore, as the engine load is increased, there is more soot

formation from gasoline combustion than that of DMF combustion.

-
[=}
o

80 -

60 =

40 4

20 +

Weight of volatile components (%)

Low Volatility

-—

—+— DMF @5.5 bar IMEP
—o— DMF @8.5 bar IMEP
—+— ULG @5.5 bar IMEP
—v— ULG/@8.5 bar IMEP

/

» High Volatility
0 T T '
373 473 573 673 773
Temperature (K)
Figure 7-12:  Devolatilization profiles for PM from gasoline and DMF combustion at 5.5
and 8.5 bar IMEP
100 ==
+ ULG @5.5bar IMEP
v ULG @8.5bar IMEP
80T DMF @5.5bar IMEP
§ - DMF @8.5bar IMEP
€60+
> ULG 8.5 bar
=
=40+
8 DMF 5.5 bar DMF 8.5 bar
n
20+
0 ; 4 ; ; — ~
623 673 723 773 823 873 923
Temperature (K)
Figure 7-13:  Soot oxidation profiles for PM from gasoline and DMF combustion

at 5.5 and 8.5 bar IMEP

Figure 7-12 shows the PM devolatilization profiles at 5.5 and 8.5 bar IMEP. The

sensitivity of PM devolatilization profile to engine load was limited. Figure 7-13 represents

150



Chapter 7

soot oxidation profiles at 5.5 and 8.5 bar IMEP. The soot oxidation profile for soot from
gasoline combustion moved to high temperature range as the engine load is increased from
5.5 to 8.5 bar IMEP. For DMF generated soot, the shift in soot oxidation profiles was not
as obvious as that from gasoline combustion.

Figure 7-14 presents the soot derivative weight profiles for PM generated from DMF
and gasoline combustion at 5.5 and 8.5 bar IMEP. For gasoline combustion at 8.5 bar
IMEP, net soot formation was increased, indicated by the area enveloped by the soot
derivative weight profiles and x axial. Soot produced from DMF combustion also
increased at 8.5 bar IMEP compared with that at 5.5 bar IMEP, however at a low rate than
that in gasoline combustion. Figure 7-15 illustrated MMLRT and activation energies for
PM generated from gasoline and DMF combustion at 5.5 and 8.5 bar IMEP. For soot
produced from DMF combustion, there was a 20 K difference in MMLRT between the
engine load of 5.5 and 8.5 bar IMEP, however the difference was 70 K for that of gasoline-
generated soot. The activation energy for soot produced from DMF combustion was 109
and 114 kJ/mol at 5.5 and 8.5 bar IMEP respectively, indicating that more energy (4.6%)
was required to for the oxidization reaction as engine load was increased from 5.5 to 8.5
bar IMEP. However for soot produced from gasoline combustion, reaction energy is

increased more, from 131 to 153 kJ/mol at 5.5 to 8.5 bar IMEP respectively.
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The oxidation reaction for soot produced in DMF and gasoline combustion became

difficult when soot was produced at higher engine load, the reasons for which are soot

nano-structure, primary and agglomerated particle size.
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(@) Soot nano-structure. Soot nano-structure has a close impact on the ratio of
active edge carbon atoms to inactive basal carbon atoms, which affects the reactivity of
soot oxidation process. Soot structure has been investigated using equipment such as XRD
and HR-TEM (Yehliu et al., 2012, MUler et al., 2005, Zhu et al., 2005). The order of soot
structure is indicated by crystalline length, crystalline height and fringe length, and
tortuosity. It has been found that particles with a less ordered nano-structure (MUler et al.,
2005, Yehliu et al., 2012)), tend to have a higher oxidation reactivity. Soot produced from
higher combustion temperatures in diesel engines tends to have higher ordered structures
(Zhu et al., 2005, Lee et al., 2002). The data from the present work also shows that the soot
produced at high engine load with high combustion temperature requires more energy to be
oxidized.

(b) Size of primary and agglomerated particles. More soot was formed at 8.5 bar
IMEP compared to 5.5 bar IMEP engine load, which is a result of higher rate of soot
production and growth at higher temperature in the combustion chamber. On the other
hand, at 8.5 bar IMEP, more fuel is injected into the cylinder and thus there are more
locally rich areas in the combustion chamber. The increased fuel impingement at high
engine load enhances soot formation and growth. Both locally rich areas and fuel
impingement results in larger primary particles (Lapuerta et al., 2007) and agglomerates,
reducing the particle surface/volume ratio and thus soot reactivity, which explains that the
soot produced at 8.5 bar IEMP required more energy and higher temperature in the
oxidation process than soot produced at 5.5 bar IMEP. From Figure 7-15 (a), it is also clear
that the effect of engine load on the net soot production in DMF combustion is lower than

that in gasoline combustion. It is expected that the change in the size of primary and
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agglomerated particles from DMF combustion at 5.5 and 8.5 bar IMEP is smaller than that

from gasoline combustion.

75 Conclusions

A TGA method was optimized and applied in the investigation of PM composition
and soot oxidation characteristics for PM emissions produced from a GDI engine. Gasoline,
ethanol, E25 and DMF were tested. The engine was operated at 1500 rpm with a rich
combustion and late fuel injection strategy.

1. A heating ramp of 3-5 K/min and a soot sample of larger than 0.040 mg are
proven to lead to repeatable results for the oxidation of PM from a GDI engine.

2. PM emissions from the GDI engine mainly comprised of volatile components
(over 60%). The research carried out by the University of Oxford shows that, during cold
start, a second generation (spray-guided) GDI engine fuelled with gasoline produced PM
with around 2-29 wt% of elemental soot (Price et al., 2007a). Even through the engine
condition in the author’s work is late injection, rich fuel/air ratio and warm condition,
differencing from the cold start condition used by Price et al (Price et al., 2007a), both
results show that PM composition from the second generation GDI engine are dominated
by volatile components.

3. Soot produced from the combustion of oxygenated fuels such as ethanol and
DMF are easier to be oxidized compared to soot from gasoline combustion, indicated by
the lower MMLRT and oxidation activation energies. Blending ethanol into gasoline will
produce soot that is much easier to be oxidized.

4. The activation energies and temperature required for soot oxidation are

increased with engine load. For soot produced form gasoline combustion, its oxidization
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behaviour is more sensitive to engine load than the soot generated from the combustion of
DMF.

More study is needed to be carried out to further understand the faster oxidation rates
of soot produced from the combustion of oxygenated fuels in GDI engines. The study on
particulate morphology, nano-structure and soot surface functional groups are helpful to

understand the soot oxidation process.
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8 Summary and Future Work Suggestions

This PhD thesis was about the application of bio-fuel (DMF, MF and ethanol) in a
single cylinder DISI research engine. Research interests cover combustion characteristics
and emissions, especially PM emissions. The combustion analysis accounts for one
experimental chapter and emissions account for three chapters. The key conclusions of this

thesis are presented, followed by further work suggestions.

8.1 Summary

The engine tests are conducted in a 4-valve, 4-stroke single-cylinder close-space
concept (spray-guided) DISI research engine with a fixed compression ratio of 11.5:1. The

main summaries are presented separately according to the chapter orders.

Chapter 4: Combustion characteristics and fuel combustions of MF in a DISI

engine

In the single cylinder DISI engine with a fixed compression ratio of 11.5:1, MF
demonstrates competitive or better combustion characteristics compared to gasoline, and
widely used ethanol, which agrees with the finding from first MF engine publication
(Thewes et al., 2011). MF has a better anti-knock ability compared to gasoline, making it a
competitive fuel in the application of downsized Sl engines. Due to synergy effects of
higher octane rating and fast burning rate, MF combustion has higher indicated thermal
efficiency than gasoline. Compared with DMF, MF has notably robust combustion

characteristics although they have similar molecule structures. Last but not the least; MF
156



Chapter 8

has low fuel consumptions than ethanol because of its higher energy content. The fuel
consumption is of interest because it is relevant to the range of distance a driver can drive
before the top-up fuel tank becomes empty.

The first MF engine report suggested that MF allowed for a compression ratio
increase of more than 3.5 units compared to RON 95 gasoline, which led to up to 9.9%
higher efficiency at full load at 2000 rpm in a boosted single cylinder DISI engine (Thewes
et al., 2011). In this thesis, the compression ratio is not optimized for each individual fuel.
For ethanol, a geometric compression ratio higher than the current one (11.5:1) can be used
due to its high octane rating. For DMF and MF, engine knocking is observed at engine
loads higher than 6.5 bar. If a lower compression ratio is used, the combustion phase can
be optimized, with the crank angle position of 50% MFB at the range of 8~10<4TDC. The
combustion phase of gasoline is the least optimized especially at 8.5 bar IMEP, since

retarded spark timings are required in order to avoid engine knock.

Chapter 5: Emission characteristics of MF in a DISI engine

In the single cylinder DISI engine with a fixed compression ratio of 11.5, MF
combustion yields much less HC emissions compared to gasoline combustion. Due to its
higher in-cylinder temperatures, MF generated significantly higher NOy emissions
compared to gasoline and ethanol. NOy emissions from MF combustion can be addressed
by using EGR or retarded spark timing strategies. Aldehyde emissions from MF
combustion are significantly lower than those of gasoline and ethanol. GC/MS detected
signals of cancerigenic products such as toluene, benzene and furan in the MF exhaust

sample however their concentrations are very low compared with the main MF signal.
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Chapter 6: Impact of Fuels on PM Emissions from a GDI Engine under various

Injection Pressure and Injector Fouling conditions

Fuel, injection pressure and injector fouling have direct links to spray patterns such as
spray angle, droplet diameter and penetration distance which are closely related to the
air/fuel mixture preparation in DISI engines and thus PM emissions. In this work, the
impact of fuels on PM Emissions from a GDI engine under various injection pressure and
fouled injectors was studied. The experiments were conducted in a DISI research engine
(A=1, engine speed=1500 rpm, load=3.5-8.5 bar IMEP). Two fuels (gasoline and ethanol),
four injection pressures (50, 100, 150, 172 bar) and three injectors (one clean and two

fouled injectors with 5.3% and 8.5% fuel flow rate loss) were tested.

The results showed that, PM emissions from DISI engines vary significantly to fuel.
Gasoline combustion yields 4-30 times higher PM mass-based and 25%- 40% higher PM
number-based emissions compared with those of ethanol combustion. Ethanol combustion
produces almost no soot formation and most of particles emitted are volatile organics. PM
emissions from the combustion of gasoline and ethanol respond differently towards
injection pressure and injector fouling. For gasoline fuelled DISI engines, injection system
has an essential impact of the PM emissions: high injection pressure (150 bar) and clean
injectors (no injector deposit) both are the keys for low PM emissions. Unlike gasoline,
PM emissions from ethanol operated DISI engines are not sensitive to the injection system:

low injector pressure and injector fouling have very almost no impacts on PM emissions.
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Chapter 7: PM Composition and Soot Oxidation for PM emissions from a GDI

Engine

A TGA method was optimized and applied in the study PM composition (soot and
volatility) and soot oxidization characteristics. The GDI engine was operated at fixed 1500
rpm engine speed with rich combustion and late fuel injection strategy, representing one of
the worst scenarios of PM emissions in GDI engines. The results show that PM produced
from gasoline, E25 and DMF are mainly volatile materials, and soot only accounts for up
to 35% of PM mass at 8.5 bar IMEP under rich combustion and late injection operating
condition. Ethanol combustion produces PM with only 6.3% elemental soot. Soot
oxidation is sensitive to fuel and engine load. Unlike gasoline, ethanol combustion
produces soot which is easily oxidized, showed by the less energies and low temperature
required for oxidization. Activation energy for the oxidation of soot produced from
gasoline combustion is highly sensitive to engine load, which is not the case for soot from
DMF combustion.

The research carried out by the University of Oxford shows that, during cold start, a
second generation (spray-guided) GDI engine fuelled with gasoline produced PM with
around 2-29 wt% of elemental soot (Price et al., 2007a). Even though the engine condition
in the author’s work is late injection, rich fuel/air ratio and warm condition, differing from
the cold start condition used by Price et al (Price et al., 2007a), both results show that PM
composition from the second generation GDI engine are dominated by volatile

components.
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8.2 Future Work

The following are some suggestions for future work.

Combustion characteristics of MF, DMF, bio-ethanol, and gasoline in a GDI

engine using fuel-optimized compression ratio

In an internal combustion engine, high compression ratio leads to high engine
efficiency; however the increase of compression ratio is partially limited by the octane
rating of fuel. It would be interesting to compare the combustion characteristics of MF,
DMF and gasoline in a GDI engine using fuel-optimized compression ratio. The ranking of
octane rating for those four fuels are: ethanol > DMF~MF > gasoline; therefore it is
expected that the ranking of fuel-optimized compression ratios for those four fuels are:

ethanol > DMF~MF > gasoline.

However, it has to be noted that, for gasoline, DMF and MF, when compression ratio
is decreased from 11.5:1, there is a trade-off in indicated efficiencies between low and
medium engine loads, and high engine loads. Any decrease in compression ratio will lead
to low indicated efficiencies at low and medium engine loads, and will lead to potentially
increased indicated efficiencies at high engine loads, only if the benefits of increased
burning speed due to the increased in-cylinder turbulence during the combustion process

outweighs the negative effect resulting from a reduced compression ratio.

Use of MF and DMF in a boosted downsized GDI engine

It would be interesting to use MF and DMF in a downsized engine to fully exploit its
high octane rating property. Engine downsizing is a hot topic in recent years, which usually

requires turbo-charging and/or supercharging technologies. However engine knock and
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pre-ignition is one of the key challenges to the application of engine downsizing. High

octane rating fuels like MF provide a good solution to this issue.

PM emissions from GDI engines

e PM measurement in GDI engines is significantly difficult and not comparable due to
the lack of repeatability and lack of standard test setup; therefore more work is needed to
be done to standardize the PM measurement setup.

e PM emissions from GDI engines are fundamentally different from those of diesel
engines, in which majority of mass are composed of volatilities. Research about the effects
of TWC and HC trappers on PM emissions could be interesting since most of PM mass is
contributed by volatilities.

e Further investigation about the impacts of fuel properties such as vapor pressure,
molecule structure on PM emissions should be conducted.

e The study of PM morphology and structure are helpful for a better understand of the

fundamental knowledge of soot oxidation in GDI engines.

Impact of MF and DMF on DI injector plugging

GDI injector plugging is an important issue in the application of DISI engines,
Injector plugging are shown to reduce injector fuel flow rates and in some cases degrade
the spray quality leading to alterations of spray angle, droplet diameter and penetration
distance. All of these deviations have negative impacts on the desired air/fuel mixture
preparation which is critical to the combustion process in DISI engines. Severe injector
deposit issues can cause vehicle drivability problems and misfire especially at light throttle
operation conditions. HC, CO and PM emissions may be increased due to injector deposit

formation.
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The deposit formation mechanism in GDI injector is less understood and requires
further study. Previous studies on the GDI injector fouling show that the use of ethanol can
help to reduce injector deposit formation. The impact of MF and DMF on injector
plugging needs to be investigated in detail, before they are widely promoted as renewable

biofuels.

Quantitative HC speciation using GC-MS

Individual HC emissions from MF combustion could be done by using GC-MS. A
standard calibration gas containing all HC emissions in the MF and DMF combustion

could be used for the quantitative measurement.
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