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ABSTRACT

The thesis presents investigations of advanced combustion strategies in a modern
V6 diesel engine fuelled with mineral diesel and Tallow Methyl Ester (TME)-diesel
blends, in order to meet future emissions legislation. One of the main objectives of this
research is to improve fuel consumption whilst minimising engine emissions through the
combined effects of injection strategy (fuel injection pressure, dwell period, pilot fuel
quantity) and cooled Exhaust Gas Recirculation (EGR) on a modern V6 common rail
direct injection diesel engine.

In the case of using EGR (49-52%) at 1500 rpm and 10% of engine peak torque, by
increasing the fuel injection pressure from 300 to 800 bar, engine thermal efficiency
increased from 16.5 to 19.1% and 17.1 to 19.7%, BSFC decreased by 13.5% and 13.2%,
smoke level decreased by 74.3% and 70.1% and NOy emissions increased by 69.6% and
68.0%, respectively for a short (5 CAD) and a long (40 CAD) dwell period. In addition,
the study of a variation of pilot fuel quantities (0.8-3.0 mg/stroke) with a fixed dwell
period (5 CAD) at two different fuel injection pressures (250 bar and 800 bar) shows that
the smaller pilot quantity with the higher fuel injection pressure can be considered as an
enhanced strategy to control engine performance and emissions simultaneously.
Therefore, the combination of higher injection pressure, longer dwell, smaller pilot
quantity and the use of EGR could potentially improve fuel consumption and minimise
engine emissions.

The use of TME-diesel blends results in lower engine thermal efficiency and higher
fuel consumption and NOy emissions. In the case of 1500 rpm and 25% of engine peak

torque, the combustion of TME10 and TME30 reduced the engine thermal efficiency from
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35.3 to 33.7% and 35.3 to 33.2% and increased the BSFC by 4.9% and 6.5%, respectively.
At the same engine condition, the combustion of TME-diesel blends increased NOy
emissions by 1.8% and 10.0% and reduced CO by 0.9% and 1.8%, THCs by 18.0% and
23.9 %, smoke by 30% and 51.7% for TME10 and TME30 respectively. However, the
engine thermal efficiency, BSFC and NOy emissions could be improved with the
application of the combined effect of injection strategy (fuel injection pressure, dwell

period, pilot fuel quantity) and EGR as shown in the first phase of this study.
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CHAPTER 1
INTRODUCTION

Diesel engines have high thermal efficiency, high fuel economy, high durability
and reliability which have resulted in them becoming the preferred engines in all heavy and
many light duty vehicles. The high thermal efficiency results from the high power output
with lower fuel consumption due to a high compression ratio [1]. However, diesel engines
emit a higher level of emissions as compared with gasoline engines, especially oxides of
nitrogen (NOy) and Particulate Matter (PM) emissions. The application of direct injection
(DI) diesel engines has expanded rapidly from commercial vehicles to passenger cars due
to substantial improvements, with respect to emissions, fuel consumption and engine noise
levels. The common rail direct fuel injection system has a capability of increasing the
injection pressure up to 2000 bar, contributing to a cleaner and quieter diesel engine and
having a positive impact on the environment [2-8]. The ultra high pressures enable
complete combustion leading to less harmful emissions. In fact, a highly precise multiple
injections strategy is favourable for NOy-PM reduction, fuel consumption and engine

noise.

The primary challenges in diesel engine research are exhaust emissions and engine
noise. The NOy emissions are related to the combustion temperature while the smoke level
is related to the Air-Fuel ratio (AFR) or mixing process [9-13]. In the near future, fossil
diesel fuel will be in short supply. In fact, a forecast of world oil consumption (oil-based
fuels) by the International Energy Agency (IEA) suggests a dramatic increase in fuel

consumption from 82.1 (2004) to 115.4 million barrels per day (2030) [14]. Therefore,



much research has been done on biodiesel as an alternative renewable fuel since both fuels
have similar characteristics [15-36]. Biodiesel has special advantages in terms of higher
cetane number, lower sulphur (sulphur-free), and lower aromatic hydrocarbons [16, 30, 31,
33, 37, 38]. The fuel is easy to combine with fossil diesel and can be used on diesel
engines without requiring any engine modification. In fact, several engine manufacturers
have declared that biodiesel was included in their warranty. In general, engines fuelled
with biodiesel emit a lower level of emissions, except NOy, as compared with fossil diesel
fuel [16, 31, 39, 40]. Alternatively, the use of biodiesel can be combined with exhaust gas
recirculation (EGR) to improve the NOy emissions. Exhaust gas recirculation is an
effective technique to reduce NOy emissions emitted from diesel engines [10, 12, 41-44].
However, the technique tends to produce high particulate matter emissions, specific fuel
consumption and degrade the lubrication oil quality and engine durability [45, 46].
Therefore, more research is required to study the effects of combustion strategy and
exhaust gas recirculation on diesel engine performance and emissions when fuelled by
biodiesel-diesel blends.

Based on the above discussion, this study has been developed to investigate the
effects of injection timing (dwell period), fuel injection pressure, pilot fuel quantity and
EGR rates on engine performance and emissions. These strategies are key in solving the
initial problems encountered with diesel engines which are associated with a poor mixing
process and an incomplete combustion. The experimental work has been done on fossil
diesel and biodiesel blends fuel through a combustion strategy at a variety of engine speeds
and loads chosen to comply with selected points of the New European Driving Cycle

(NEDC). The main objective is to improve engine performance and emissions



accompanied by low fuel consumption in a wide range of fuel types and engine test

conditions.

1.1. Background

In the following section, the background information about emissions regulation,
diesel engine operation, injection modes and emissions control in diesel engines are
discussed. The first subsection presents the latest information about the emissions

regulation. In the last subsection, the emissions control in diesel engines is described.

1.1.1 Emission Regulations

The most challenging task in diesel emissions controls is the combination of NOy
and PM emissions. The emissions which constitute the major part of PM are characterized
by a carbonic mixture composed of approximately 18,000 different high-molecular-weight
organic compounds [3]. PM consists of a mixture of solid and liquid species differing in
origin, dimension and composition. The fraction of soot in the PM from diesel exhaust
varies, but it is typically higher than 50% [4]. This pollutant is strongly correlated with
adverse effects on the respiratory system and it can be classified by size as PM10 and
PM2.5, which means that the particles diameter is less than 10 and 2.5 pum respectively [3].
Therefore, the reduction of the emissions level is always regarded as an important target to
be achieved for human stability and to be environmentally friendly.

Soot is a solid substance consisting of roughly eight parts carbon and one part
hydrogen, most primary particles range in size from about 20 to 70 nm [4]. It is formed
from unburned fuel, which nucleates from the vapour phase to a solid phase in fuel-rich

regions at elevated temperatures. Soot absorbs hydrocarbons or other available molecules



in the exhaust system. Soot is quite complicated to control. The higher temperatures at the
end of combustion enhance the burnout of soot, while high temperatures at the time of
injection reduce air entrainment and increase soot formation due to incomplete combustion
[4]. In the diffusion combustion phase, the amount of soot formed increases monotonically
with the increasing temperature, particularly for the case of oxygen deficiency [10, 11, 13]

and decreases with high oxygen availability [26, 44].

Table 1.1 shows that European Union emission standards for passenger cars diesel
engines have tightened since EURO 1 which came into force in 1992 up to EURO 6 for the
year of 2014 in the future. It is evident from the Table 1.1 that the major challenges raised

in diesel engines are NOx and PM emissions.

Table 1.1. European Union emission standards for diesel engine passenger cars [47]

g/km

Tier Year CO HC NOx HC+ NOx [(PM
EURO 1% July 1992 2.72 (3.16) |- - 0.97(1.13) ]0.14 (0.18)
EURO 2 January 1996 1.00 - - 0.70 0.08
EURO 3 January 2000 0.64 - 0.50 0.56 0.05
EURO 4 January 2005 0.50 - 0.25 0.30 0.025
EURO 5 September 2009  |0.500 - 0.180 0.230 0.005
EURO 6 September 2014 |0.500 - 0.080 0.170 0.0025

* Values in brackets are conformity of production (COP) limits.

1.1.2. 4- Stroke Diesel Engine Operation

Diesel engines produce high pressure during compression stroke due to their
operation with high compression ratio. The engine converts the chemical energy stored in
fuel into mechanical energy through the crankshaft. One complete 4-stroke engine cycle
consists of four events (intake, compression, power and expansion). Each event requires
180 crank angle degrees (CAD), so that the complete cycle requires two rotations of the

crankshaft which is 720 crank angle degrees (CAD). The combustion process occurs when



the fuel is injected into the hot compressed air near the end of the compression stroke. The
high compression ratio up to 25:1 is used to compress the fresh air while simultaneously
heating the mixture up to approximately 627 ° C before injection [48]. The engine power is
controlled by the amount of fuel injected into the combustion chamber. In general, diesel
engines combustion occurs with a lean mixture up to 1.5-1.8 of lambda value on full load
and higher lambda values at lower loads [1, 49]. However, in the whole mixture there still
remain spot regions of rich mixture, which contributes to higher emissions. The engine
firing order is defined as the order of combustion in each cylinder of multi-cylinder
engines. For example, in a six cylinder as shown in Figure 1.1, the engine's firing order is
1,4, 2,5, 3, 6. This means that the cylinder 1 is fired first and cylinder 6 is fired last
within the 2-revolution cycle. Thus, there is a combustion event every 120 degrees of the

crankshaft revolution.
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Figure 1.1. Cylinder arrangement in V6 diesel engine.

In diesel engines, heat is generated during a compression stroke to produce hot
compressed air to ignite the mixture. Therefore, the injected fuel needs to be a finely

dispersed spray for fast evaporation and mixing process to promote complete combustion.



1.1.3. Summary of 4- Strokes Diesel Engines

Intake stroke: The piston moves from top dead centre (TDC) to bottom dead
centre (BDC) to draw in the fresh air from the atmosphere. During this period, the intake
valve(s) open and the exhaust valve is still open for a few degrees to allow the scavenging
process.

Compression Stroke: The piston moves from BDC to TDC to compress the
charged air before the fuel is injected into the combustion chamber. The fuel is injected at
the end of the compression stroke when the temperature of compressed air is high enough
to ignite the mixture.

Power Stroke: The combustion process occurs in this stroke. It consists of two
types of combustion modes. The first phase is called premixed combustion and the second
phase is called diffusion combustion. The expanding gases from combustion force the
piston downward to rotate the crankshaft to produce power. Any high pressure condition
in the crankcase shows that the engine is in poor condition due to blow-by mechanism
(leakage around the piston rings).

Exhaust Stroke: The piston moves from BDC to TDC to remove all residual gas

to flow out of the cylinder. The cycle is completed after the piston reaches TDC.

1.1.4. Mixture Formation in Diesel Engines

Local Air-Fuel ratio (AFR) highly influences the engine emissions, particularly
NOx emissions and smoke level. In this case, the timing of start of injection has a major
contribution to the formation of the partial homogenous mixture. The mixture quality has
a significant effect to produce a cleaner combustion. The improved mixture can be formed

through the optimisation of nozzle parameters, increased injection pressure, and



optimization of the injection timing. In the combustion process, only 80% of charge air is
burned with fuel and the rest is not fully utilised due to the limited available contact time
between fuel and air. In fact, combustion methods such as homogenous charge
compression ignition HCCI, premixed compression ignition (PCI) and modulated kinetics
(MK) use a combined effect of injection timing and EGR to create a long contact time
(long ignition delay) for a complete mixing process. As is well accepted, the longer
ignition delay can reduce the PM emissions due to the complete mixing process [50].

The most important injection characteristics are injection timing, injection pressure,
fuel quantity and injection duration. All these factors affect the engine performance and
emissions directly. The injection pressure has a direct impact on spray formation and the
mixing process. In diesel spray, the fuel is evaporated and then mixed with compressed air
before being ignited. The evaporation rate can also be improved through a smaller injector
nozzle diameter that leads to smaller droplets which tend to evaporate and mix faster. The
fuel distribution is largely determined by the local conditions such as air motion, density,
injection pressure and temperature, with the fuel spray penetration decreasing along with
increasing local temperatures. This is because the high temperature of the entrained
compressed air leads to the quicker fuel evaporation process. The injection pressure and
nozzle parameters significantly influence the behaviour of the fuel spray during the
formation and breakup process.

The diesel spray structure can be investigated both macroscopically and
microscopically. The overall spray behaviour such as penetration length, spray angle and
profile can be classified under macroscopic characteristics. Meanwhile, the microscopic
characteristics are the droplets size and fuel distribution. It is well accepted that the spray

consists of cold fuel, rich regions, ignition zones and combustion products as shown in



Figure 1.2. The high injection pressure contributes to the fine atomisation that induces
high air entrainment leading to the complete mixing process. The complete mixing process
can suppress the soot formation. The effect of air entrainment on the spray structure is
important for engine performance and emissions improvement. This is due to fuel
evaporation rate being dominantly controlled by air entrainment in the spray structure.

In steady spray condition, the spray surface is smooth near the spray tip and uneven
rugged structures develop at the downstream of the nozzle. Air near the spray surface is
forced by spray to flow along the spray before entering the spray envelope. The
surrounding gas in front of the spray is pushed outward resulting in a large-scale vortex
around the spray structure to enhance the mixing process. The premixed combustion phase
occurs at the middle of the spray envelope and the diffusion combustion phase occurs at
the outer surface as shown in Figure 1.2. This is due to Air-Fuel ratio distribution along
the spray envelope. The soot formation is high due to oxygen deficiency and the high level

of NOy is due to high combustion temperatures.
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Figure 1.2. Conventional diesel spray and production of NOy and soot (PM) [48]



PM emissions are formed in the middle of the spray structure where there occurs
pyrolysis of fuel by hot burned gases. This region consists of liquid core and fuel-rich
zones with flame temperatures between 727 and 2527 °C [48]. At the end, a large portion
of the PM is oxidised by oxygen with the yellow colour of the flame being a visual effect
of the glowing soot. The high temperatures from the diffusion combustion phase can
increase PM oxidisation, thus reducing the total PM emissions. Only a small portion of

PM exits to the exhaust manifold as visible smoke.

1.1.5. Injection Modes

The technology of common rail direct injection offers flexibility in injection
strategy such as injection durations, fuel quantities and pressures. The significant
improvement in the fuel injection systems improves the engine performance and emissions.
In fact, the multiple injections strategy has a potential of simultaneous reduction of NOx
and PM emissions. The term of multiple injections has a wide meaning which includes
pilot injection, split injections and multiple injections. The pilot injection (pre-injection)
has a relatively small fuel quantity injected earlier than the main injection. Split injections
consist of two injections with a small dwell period and larger fuel quantity at the first
injection. Meanwhile, the multiple injections consist of double injections and are more of
variation in fuel quantities and dwell periods. The multiple injections have a capability to
increase the Fuel-Air interactions to form a complete mixture. Figure 1.3 shows an
example of multiple injections strategy which is commonly used in diesel engines.

The optimization of pilot injection (pre-injection) is a significant strategy for NOx
reduction and engine noise level [48]. The strategy also improves the engine thermal

efficiency and specific fuel consumption. However, the pilot injection introduces an



increase in soot formation especially at part load due to the low initial combustion
temperatures. Nevertheless, this effect is completely compensated by a post-injection

strategy without affecting the fuel consumption [48].
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Figure 1.3. Injection modes in multiple injection strategy [48]

1.1.6. Combustion in Diesel Engines

Combustion in diesel engines can be divided into two phases. The first phase is
called premixed combustion and the second phase is called diffusion combustion as shown
in Figure 1.4 [48]. The appearance of a double peak on the rate of heat release analysis
shows the combustion consists of two phases. The overall combustion process can be
identified through the rate of heat release analysis and cylinder pressure traces as shown in
Figure 1.4. Ignition delay is the time period between start of injection (SOI) and start of
combustion (SOC). The SOI can be dictated through the engine management system
(EMS). Meanwhile, the SOC can be indentified through a heat-release analysis against

crank angle degrees which represent the time scale. The duration of the ignition delay

10



period depends on a number of factors such as evaporation process, mixing process, Air-

Fuel ratio, cetane number, fuel amount and local temperatures.
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Figure 1.4. Conventional diesel engine combustion (injected fuel mass rate, rate of heat

release and cylinder pressure [48].

The injected fuel breaks up into sub-micron size droplets, and then spreads,
evaporates and mixes with the hot compressed air during the ignition delay period. The
fuel mixes with the compressed air and undergoes a series of spontaneous chemical
reactions that result in auto-ignition. The portion of the fuel that had been mixed with air
burns very rapidly during a period known as premixed combustion. A rapid rise in the in-
cylinder pressure during premixed combustion promotes high NOy formation. The rate
and duration of the in-cylinder pressure increase as the amount of fuel burned during
premixed combustion is increased. This combustion phase is useful to increase the
combustion temperatures that contribute to the oxidation of particulates. The remaining

fuel and burnt gas mix together in a diffusion combustion phase. The air and partially

11



burnt products diffuse from the centre of the spray area to the outer regions to form the
diffusion flame as shown in Figure 1.3. In Figure 1.4, the diffusion combustion is
categorised under phases 2 and 3. The combustion is slower than in the premixed phase
due to limited mixing of partially burnt products and air. In phase 2, the fuel evaporates
and partially oxidises to increase soot formation due to the lack of oxygen and high
combustion temperatures. The particles are formed in high temperatures particularly in
fuel-rich regions. The early post-injection can be considered as an alternative option to
reduce soot emissions.

The final oxidation of the remaining unburned and partially oxidized fuel fragments
as well as soot particles occurs in phase 3. The chemical reaction rates decrease
dramatically in phase 3 due to low gas temperature in the expansion stroke and due to lack
of oxygen. However, the engines fuelled with biodiesel have a capability to increase this

combustion rate due to extra oxygen content in the fuel.

1.1.7. Emissions Control in Diesel engines

In diesel engines, there are possible several advanced technologies which have been
introduced in order to eliminate emissions. They can be classified into four strategies: (1)
fuel development and modification, (2) combustion optimisation strategy, (3) engine oil
development, and (4) after-treatment devices. In this work, the emissions reduction
strategy is focused on combustion optimisation and its effect on engine performance and
emissions fuelled with fossil diesel and Tallow Methyl Ester (TME) blends. The literature
results show that the advanced combustion system consisting of high injection pressure,
cooled EGR, piston-bowl geometries, and in-cylinder flows have produced substantial

reductions in engine emissions [12].
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This work uses exhaust gas recirculation (EGR) to control high NOy emissions that
are produced by high injection pressure and biodiesel-diesel blend fuels. Alternatively,
PM and smoke can be reduced by using biodiesel due to high oxygen content. The
injection strategies consisting of double injections (pilot and main), variable dwell period
between pilot and main injection, variable fuel injection pressure, variable pilot fuel
quantity followed by cooled EGR and without cooled EGR have all been presented in this

work.

1.2. Objectives and Approaches
The aim of this research is to investigate the combustion characteristics and exhaust
emissions through combustion strategies using 2.71 and 3.01 modern V6 diesel engines
fuelled with fossil diesel and TME-diesel blends. Objectives that related to the research
are as below:
1. To study a combined effect of injection strategy (variable fuel injection pressure,
variable dwell period and variable pilot fuel quantity) and cooled exhaust gas

recirculation (EGR) on the engine performance and emissions.

2. To study the effect of fuel properties on engine performance and emissions fuelled
with TME-diesel blends at a variety of engine test conditions with unmodified EMS

calibration.

3. To develop an improved understanding of in-cylinder combustion behaviour of
TME-diesel blends through analysis of in-cylinder pressure traces and rate of heat

release.
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1.3. Research outline

The initial work is based on the advanced combustion strategy on a modern V6
diesel engine fuelled with fossil diesel and TME-diesel blends in order to meet future
emissions legislation. The principle relies on high fuel injection pressure, variation of
injection timings, variation of pilot fuel quantities and cooled EGR. This approach leads to
a new advanced combustion strategy that offers low emissions, high power output and low
fuel consumption. This work is a collaboration of University of Birmingham with other
parties such as Jaguar Land Rover, Shell Global Solution UK, Green Fuel Ltd, Johnson
Matthey Plc and partly funded by Technology Strategy Board (Department of Industry,
UK Government). The present work detailed in this thesis is divided into the following

chapters:

CHAPTER 1: INTRODUCTION

Chapter 1 gives a brief explanation about the emissions regulation and the concept
of combustion in diesel engines. The concept of combustion strategy is also explained in

this chapter. This chapter ends with the objectives of this study and research outline.

CHAPTER 2: LITERATURE-REVIEW

An overview of current diesel engine technology in terms of common rail direct
injection system, injection strategy, cooled exhaust gas recirculation as well as emissions
and after-treatment devices are presented. This chapter also briefly describes biodiesel fuel
as a renewable potential alternative fuel. The aims of the experimental work are to

improve engine power output, exhaust emissions and fuel economy. All of these rely on
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the optimisation of the combustion strategy (injection strategy and cooled EGR) and fuel

characteristics.

CHAPTER 3: EXPERIMENTAL FACILITIES

Chapter 3 introduces the experimental set up, data acquisition and facilities of the
engine work bench. The specifications of modern V6 engines (2.71 and 3.01), equipment
and measurement devices are shown in this chapter. This chapter also explains the detail

of the experimental procedure, data collection and data analysis.

CHAPTER 4: COMBINED EFFECT OF FUEL INJECTION PRESSURE AND

EGR ON THE ENGINE PERFORMANCE AND EMISSIONS

Chapter 4 reports the combined effect of injection pressure and EGR on combustion
characteristics and emissions of a modern 2.71 V6 diesel engine. The experiments were
carried out with different injection pressures (300 — 700 bar) and EGR mode at different
engine test conditions by fuelling with ultra low sulphur diesel fuel. The fuel injection
pressure for the pilot and main injection are the same. The fuel quantity ratio between

pilot and main is approximately 10:90 by mass.

CHAPTER 5: COMBINED EFFECT OF FUEL INJECTION PRESSURE, DWELL
PERIOD (INTERVAL BETWEEN PILOT AND MAIN) AND EGR ON THE

ENGINE PERFORMANCE AND EMISSIONS

This chapter discusses the analysis of short and long dwell periods between the
pilot and main fuel injection at different fuel injection pressures (300 — 800 bar) and EGR
mode. The fuel injection pressure for the pilot and main injection are the same. The fuel

quantity ratio between pilot and main is approximately 10:90 by mass. Short and long
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dwell periods are 5 CAD and 40 CAD respectively, are controlled by INCA V5.3 software
to communicate with the engine management system (EMS). The effects of these changes
are evaluated by repeating the experiments at different engine test conditions. Finally, the
results from in-cylinder pressures, rate of heat release, engine performance (ignition delay,

fuel consumption etc.) and emissions are explained.

CHAPTER 6: COMBINED EFFECTS OF PILOT FUEL QUANTITY, FUEL
INJECTION PRESSURE AND DWELL TIMING ON THE ENGINE

PERFORMANCE AND EMISSIONS

Chapter 6 presents a further investigation of injection strategies. The effect of pilot
fuel quantity (0.8 - 3.0 mg/stroke) and dwell timing (5 - 30 CAD) were carried out at
different engine test conditions. In this case, the pilot fuel quantity was changed from 0.8
to 3.0 mg/stroke, while the main fuel quantity was controlled by the EMS in order to meet
the required power output. The fuel injection pressure for the pilot and main injection the
same. In the dwell timing study, advanced pilot injection timing delivers promising
emissions reduction it in terms of smoke, THCs and CO emissions. This confirms that the
main purpose of the pilot injection is to reduce engine noise, fuel consumption and exhaust

emissions.

CHAPTER 7: COMBUSTION BEHAVIOUR AND EMISSIONS

CHARACTERISTICS OF TME BLENDS FUELLING

Chapter 7 reports the combustion and emissions analysis of a 3.0 1 V6 diesel engine
fuelled with TME-diesel blends. The experiments were conducted with unmodified EMS
calibration for a wide range of engine test conditions. The selected fuel blends are TME10

and TME30 (10% and 30% TME with ULSD). The output from this study can be used to
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develop a new engine mapping specifically for the engines fuelled with a wide range of

fuels.

CHAPTER 8: CONCLUSIONS AND RECOMENDATIONS

The key parameters for understanding the observed trends are the in-cylinder
pressure trace, mass of fuel burnt, rate of heat release (premixed and diffusion phase),
ignition delay, fuel consumption and exhaust emissions. By combining EGR with
optimised injection strategies, it is possible to minimise both smoke and NOy at a wide
range of engine conditions. A further study with TME10 and TME30 was carried out in
order to investigate the effects of fuel properties on the combustion and emissions. Both
TME-diesel blends result in higher NOy emissions and in higher BSFC. The potential
solution to improve fuel consumption and minimise NOy emissions in engine fuelled with
TME-diesel blends is a combined strategy between injection strategy (fuel injection

pressure, dwell period and pilot fuel quantity) and cooled EGR.
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CHAPTER 2
LITERATURE REVIEW

In this chapter, a review of literature used in this study is presented. The chapter is
divided into five sections which include fuel injection system and strategies, exhaust gas
recirculation and combustion strategy, biodiesel as renewable fuel, engine emissions and
lastly after-treatment technology development is also being expressed in each subsection

respectively.

2.1 Review of Fuel Injection System

The main focus in the development of diesel engine technologies is on the fuel
injection system in order to improve performance and emissions. A high injection pressure
is the most important factor in a diesel engine leading to complete combustion. In modern
engines, the injection pressures can be increased up to 2000 bar for a specific combustion
configuration [4, 51]. The high injection pressure results in generating small-sized fuel
droplets, leading to fast fuel evaporation and mixing processes leading to active
combustion. The fast mixing process is significantly important in diesel engines since only
80 percent of air is utilised in combustion due to limited available contact time between
fuel and air [36]. Traditionally, the injection pump is driven by gears, chains or a toothed
belt which indirectly connects to the crankshaft or the camshaft. A rotary pump or
distributor pump 1is usually used in cars and light trucks. The system uses a rotary
distribution valve to distribute the fuel to the individual cylinders. The system allows more
fuel to be injected into the cylinder with the application of a turbocharger or supercharger

on the engines.
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The in-line fuel-injection pump was used on diesel engines during the last
development stage especially in passenger cars. In-line fuel-injection pump systems use
one pump element for each engine cylinder. The camshaft of the in-line fuel-injection
pump is driven by the gear wheels or chains from the combustion engine. The in-line fuel-
injection pump runs at half of the engine speed (four stroke) and always synchronously
with the piston movements. The fuel reaches the nozzle-holder assemblies via high-
pressure lines before being injected into the cylinder. The common rail direct injection
system is the latest technology in diesel fuel injection that is widely used in modern diesel
engines. The high injection pressures and the precisely-metered amount of fuel in a
common rail system introduce high combustion efficiency, low fuel consumption and low
engine emissions. The rail is always filled with pressurised fuel supplied by a high
pressure pump, while, a conventional direct-injection systems take time to build up the

pressure in the rail before a next cycle of injection process.

The nozzle is the heart of the injection systems. The nozzle components consist of
nozzle body or nozzle-holder assembly and the nozzle needle. The injector receives a
signal from the Engine Management System (EMS) to open and close the nozzle needle.
The injectors are connected to the rail (high-pressure connection) via short lines. The
piezo-electric injectors can operate at fast injection timing with a precise fuel metering.
This type of injector can operate almost five times faster than the most modern magnetic

injector systems.
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2.1.1 Types of Fuel Injection Pumps

2.1.1.1 In-line Fuel Pump

The nozzle is arranged in an inline position. The pump consists of separate units
i.e. barrel, plunger, and inlet port. The plunger continues to move upwards and downwards

to increase the fuel pressure before the fuel is injected through the injector.

2.1.1.2 Distributor fuel pump

Only one pump serves all engine cylinders. An axial piston is used to increase fuel
pressure. The rotating shaft at the centre of the pump is used to distribute the fuel to the

specific cylinder.

2.1.1.3 Individual Pumps Type PE

The pump is driven by a camshaft. They are usually used in marine engines, diesel

locomotives and construction machinery.

2.1.14 Unit Injector System (UIS)

It consists of a pump and nozzle as shown in Figure 2.1. The pump is driven by a
tappet or rocker arm that links to the camshaft. The pump is usually fitted on commercial

vehicles [48].
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Figure 2.1. Unit injector system [48].

2.1.1.5 Unit Pump System (UPS)

This pump operates on the same principle as the UIS. However, the pump and
nozzle is connected through a short high pressure line as schematically shown in Figure

2.2. Itis driven by a camshaft.
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Figure 2.2. Unit pump system [48].

2.1.2 Common Rail Direct Injection Systems

The common rail offers flexibility in pressure, switching times and variable rate of
fuel to be injected in the cylinder. The main advantage of common rail is its ability to
change the injection pressure and timing over a wider scale. In this case, the common rail
system increases a specific power output, lowers fuel consumption, engine noise and

emissions [52-54].
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Diesel engines have associated problems with emissions (NOx-PM trade-off), cold
start, engine noise and vibration. However, the innovative technology in the common rail
direct injection system greatly reduces diesel’s environmental impact. The system consists
of one high pressure pump, common rail, fuel rail and an electronic control unit. It offers a
high degree of flexibility in the injection strategies. The common rail direct injection
system has a capability to increase the injection pressure that leads to cleaner and quieter
diesel engines [2-8]. Common rail (CR) direct injection fuel systems provide a significant
increase in injection pressure as compared with the previous rotary and inline pump
systems [4]. The high injection pressures enable complete combustion resulting in less
harmful engine emissions. In addition, highly precise multiple injection strategies are
favourable for NOy reduction and engine noise. In fact, the common rail direct injection
systems are less sensitive to the fuel properties as compared with the in-line injection
systems [16]. This is due to a constant pressure supplied in a fuel rail by the high pressure
pump. The generated pressure in the fuel rail is independent of the engine speed and fuel
quantity. The required injection pressure in the fuel rail is controlled by the rail pressure
sensor located in front of the rail as shown in Figure 2.3. The fuel metering unit on the

high pressure pump is used to determine the amount of fuel delivered by the pump.
There are presently three different injector types available as a serial product:

1. Solenoid-valve injectors with one-part armature.

2. Solenoid-valve injectors with two-part armature.

3. Injector with piezo actuator.
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Figure 2.3. Common rail direct injection system.

2.1.3 Multiple Injection Strategy with High Injection Pressure

Diesel engine performance and emissions are significantly influenced by the
amount of fuel burnt in the premixed combustion, peak in-cylinder pressure and
combustion temperatures. All of these are highly related to the start of injection (SOI)
timing, fuel evaporation and mixing process and start of combustion (SOC) timing.
Previous study shows that the injection timing in a single injection strategy is one of the
most influential factors on the engine emissions particularly in NOy [16]. The retardation
of the SOI timing in a single injection strategy results in lower NOy emissions but brings
also a high level of PM due to the poor mixing process [39, 55]. Meanwhile, the advanced
SOI timing yields lower PM but introduces a higher level of NOy emissions due to high
combustion temperatures [55-57]. The strategy also increases the CO and THCs emissions
and specific fuel consumption (SFC) due to wall wetting. The injection timing strategy in
a multi injection system also shows a similar effect on engine emissions. Late SOI timing

in the multiple injection strategy tends to increase smoke due to poor evaporation while
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early SOI timing minimises the smoke level [58]. The early injection timing in a multi
injection strategy reduces the smoke level due to long ignition delay (ID) that allows a
complete mixing process. However an early SOI timing induces wall wetting results in
higher THCs, CO, smoke level and fuel consumption. In the worst case, the fuel that
accumulates in the oil sump will result in a degradation of engine oil [9]. Therefore, the
injection timing requires further investigations in order to reduce NOy -PM trade-off.

In other injection strategy studies, the results show that the higher injection
pressure is positively influencing the combustion behaviour and engine emissions [2, 59-
64]. The higher injection pressures induced faster combustion rates resulting in higher
combustion temperatures. Faster combustion occurs due to better fuel evaporation and
faster mixing process. The high injection pressure has a potential to reduce the particulate
matter up to 80% without a significant increment in NOx and THCs emissions. Indeed, the
combination of injection timing and injection pressure promises a better result in terms of
engine performance and emissions [65]. The advanced injection timing shows better
results in terms of brake specific fuel consumption (BSFC) as compared with retarded
injection timing in conjunction with a high injection pressure on a multi injection strategy
[59]. This is strongly related to the long ignition delay that provides longer reaction time
for the fuel and air mixed together. Moreover, the effect of high injection pressure can be
clearly observed at low engine speed and load [59]. At low engine speed, the availability
of oxygen is lower leading to the poor mixing process resulting in higher emissions.
Therefore, the application of high injection pressure at low engine speed has tremendous
effects on the mixing process leading to cleaner combustion due to complete mixture
formation. The combined effects of the high injection pressures and EGR rates have

potential results in the simultaneous reduction of PM and NOy emissions [5, 11, 66, 67]. A
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small difference in injection pressure allows further increase in EGR rates resulting in
further reduction in NO4 emissions.

An increased injection pressure tends to reduce the smoke level due to improved
fuel evaporation leading to complete combustion and high combustion temperatures for
soot oxidation [14, 59, 61, 68-70]. However, the increase in spray penetration with
increasing injection pressure results in high THCs and CO due to wall wetting [68]. This
drawback can be controlled by using a multiple pilot injection strategy [58] with a special
nozzle to reduce the fuel penetration force [71]. The pilot injection strategy shows a
reduction in the ignition delay of the main injection leading to less fuel burnt in the
premixed combustion phase. This leads to lower peak combustion temperatures and
results in a significant reduction of the NOy emissions [8, 72].

Okude et al. [58] researched the effect of multiple injections on a single-cylinder
diesel engine. Their results showed that multiple pilot injections substantially reduced
THCs and CO emissions. This is due to a better mixture resulting from improved turbulent
effect between the two pilot injections [6]. In fact, the advanced pilot injection timing
tends to reduce NOy emissions due to lower combustion temperatures. However, the
advanced pilot injection contributes to the wall wetting resulting in higher THCs and CO
emissions. In addition, the wall wetting also induced the higher fuel consumption.
Alternatively, the injection strategy through the small quantity of pilot injection is
promising in term of improvement in CO and THCs emissions and fuel consumption
[6, 58, 60, 73].

Recently, the multiple and split injection strategies are the most effective strategies
for diesel emissions reduction with the exception of NOy emissions [3, 6, 8, 58, 74-76].

Other studies showed an advanced combustion strategy possible with the common rail
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direct injection system has a potential to control NOx-PM trade-off [5-8, 11, 58, 60, 66, 67,
74, 77-79]. In line with these studies, the NOy emissions can effectively be reduced by
using EGR [12, 41, 43, 80-82]. In addition, the introduction of cooled EGR has a potential
for further NO, reduction with less soot formation [10, 41, 77, 83, 84]. In conclusion, the
application of multiple injection strategies is beneficial for the PM reduction and the EGR
is beneficial for NOy emissions. Therefore, the combination of injection strategies and
EGR has a promising output in the simultaneous reduction in NOy and soot emissions [77,
78, 85-87]. In fact, both of these affect heavily on the combustion behaviour and engine

emissions.

2.1.4 Injector Nozzle Development

The most important component of the common rail direct injection system is the
injector nozzle. In the common rail direct injection system, each injector located in the
cylinder is fitted with a rapid action valve (solenoid or piezo-triggered actuator). The
injector nozzle is designed to atomise the fuel that introduces a high evaporation rate. Two
different types of nozzles normally used in direct injection diesel engines are a valve
covered orifice (VCO) nozzle and a sac hole nozzle. The schematic diagram of both
nozzles is showed in Figure 2.4. The large volume below the needle seat of the sac hole
nozzle can increase THCs and soot emissions due to fuel enter the combustion chamber
after the end of injection process [48]. The fuel evaporation of the residual fuel inside the
sac hole nozzle at a later stage of combustion can also increases the THCs emissions.
Meanwhile, the VCO nozzle has the smaller volume below the needle seat as compared to

the sac hole nozzle as shown in Figure 2.4.

27



Nozzle geometry affects spray characteristics that resulting in better air fuel
mixing. The solenoid or piezo actuator is used to open and close the nozzle to inject and
pressurise the fuel respectively. The timing interval between injection events can be
controlled up to 0.4 ms. In fact, the system also has a capability to perform up to six
injection events per cycle with appropriate fuel quantity. The high needle speeds can
deliver a complete closing in order to avoid a deteriorated mixture formation and
unintended post-injections at the end of each injection process. The small holes of the
nozzle are not suitable for the larger amounts of the injected fuel but favourable for the
small quantity of injected fuel. Therefore, the effective cross-sectional area of the nozzle
will be a variable for every fuel quantity. The experimental work has found that the wide
injection angles and high injection pressures tend to emit a higher level of NOy emissions
due to the lean mixture and high combustion temperatures [88]. A conventional injector is
often suitable for the injection timings close to the top dead centre (TDC) and is quite
limited in application to the early or late injection timings. However, the modern injector
comes with narrow angles, low penetration, and high dispersion that offer a better solution
to the emissions. The application of two coaxial needles seems possible to open and close
the nozzle at a different timing of each hole. The outer needle is used to control the
smaller amount of pilot injection and the inner needle is used to control the main injection

with a larger fuel quantity.
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Figure 2.4. Two types of nozzles a) VCO nozzle and b) Sac hole nozzle [48].

2.2. Exhaust Gas Recirculation (EGR)

Exhaust gas recirculation (EGR) technique is used in both diesel and gasoline
engines. A small fraction of exhaust gases is recycled from the exhaust manifold to the
engine intake system via a control valve (EGR valve). In both types of engines, the main
objective is to reduce NOy emissions through lower combustion temperatures. However,
the way EGR is being applied to these engines is quite different. In gasoline engines, the
total amount of charge is increased as the EGR is applied in order to maintain a required
power output. Air throttle is open wider to provide more mixture enters to the combustion
chamber as can be clearly seen in Figure 2.5 [89]. Meanwhile, in diesel engines, the total
amount of charge air is constant even with EGR due to the engine operating without a
throttle (fully open). Therefore, the EGR technique tends to replace some of the inlet air
resulting in less oxygen availability for the combustion. The amount of fuel injected to the
engine is similar to maintain a required power output. This condition affects heavily on the
air fuel ratio of diesel engines which resulting in lower NOy emissions. The difference in
EGR in both engines is shown in Figure 2.5.

Nowadays, the introduction of the combustion strategy and EGR seems to be

mandatory in order to meet the future stringent emission legislations. The EGR reduces
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the combustion temperatures through high specific heat of inert gases in the flame and a
retardation of the combustion rate. The total amount of fuel burnt in the premixed
combustion phase is decreased as the hot EGR rate increases due to short ignition delay
caused by hot charge air [90]. The shorter ignition delay tends to form a larger local rich
region during the start of combustion (SOC) due to less time available for the mixing
process.  This condition promotes high NOy formation due to high combustion
temperatures coming from rapid combustion. Alternatively, the cooled EGR can reduce
the inlet charge air temperature even at high EGR rates contributing to the low NOy

emissions [41, 46].
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Figure 2.5 Comparison of EGR in Gasoline and Diesel engines [46, 89].

2.2.1 Effects of Exhaust Gas Recirculation (EGR) on Emissions

EGR was established as a standard method for NOy reduction in both single and
multi cylinder engines [1]. With the use of EGR, the rate of NOy reduction increases as
engine load increases. The experimental results showed that the lower NOy emissions are
contributed by the dilution effect and both the chemical and thermal effects had very little
influence [89]. In fact, a number of reports use simulated EGR by injecting CO; into the

intake air to investigate the effect on the NOy emissions [91, 92]. The results showed that
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the increase in CO, decreased the NOy emissions. The EGR techniques could also
possibly control the combustion quality and engine noise [53, 54, 93]. EGR can prolong
the ignition delay thus preventing rapid combustion and keeping the local peak combustion
temperatures low to reduce the engine noise.

The combustion with a short ignition delay induces higher level of soot due to the
poor mixing process. In this condition, the fuel has insufficient time to evaporate and mix
with air. The soot formation is also promoted by the rich regions due to air deficiency
caused by EGR. However, the problem can be controlled by using high injection pressure
strategies to promote the fuel vaporization and fast mixing process since diesel engine
combustion is significantly influenced by the rate of mixture formation [94]. The high
temperatures from complete combustion are beneficial for the soot oxidation. Even the
application of high EGR rates decreased the soot emissions that were due to oxygen
deficiency [86, 95]. An initial increase followed by a decrease in the smoke level with
increasing EGR rates has been observed in both single and multi cylinder engines
operating with common rail injection systems [96, 97]. A simultaneous reduction of soot
and NOy can be obtained through the high EGR rates due to low combustion temperatures.
The soot formation freezes at low combustion temperatures even at rich regions [97].
Other combustion methods such as premixed charge compression ignition (PCCI),
modulated kinetics (MK) combustion and homogeneous charge compression ignition
(HCCI) [42, 67, 98] show that simultaneous reduction in NOy and soot can be achieved
through the injection timing strategy and EGR. The primary reason for the above method
is the longer ignition delay leading to a more complete mixing process.

A number of studies have found that EGR in general tends to produce high

particulate matter emissions (soot), specific fuel consumption and degrades the lubrication
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oil quality and engine durability [5, 14, 44-46, 50, 68, 78, 86, 91, 99]. Other experimental
studies prove that the increase in EGR rates increases the engine wear rate particularly on
the piston ring and cylinder liner due to higher carbon and sulphur oxide content in the
cylinder [1, 100, 101]. The formation of an abrasive surface by a large amount of soot
leads to the lubricant film being removed resulting in high wear rate on the surface [99,
100, 102-104]. High EGR rates also increase cycle-by-cycle variations which result in
poor engine stability.

From the above studies, it is seen that the proper strategies on EGR have a potential
for better outputs reducing all these drawbacks simultaneously. This work strongly proves
that the combined effects of injection strategies and EGR on engines fuelled with
biodiesel-diesel blends can demonstrate new scientific knowledge which explores engine
performance and emissions. More benefits can be abstracted from EGR techniques when

these are combined with injection strategy on engines fuelled with biodiesel-diesel blends.

2.2.2 Variable Geometry Turbocharger and Boost Pressure

The main function of a variable geometry turbocharger (VGT) is to provide
increased boost pressure at lower loads and speeds while constantly maintaining this value
at high engine loads and speeds [14, 105]. The combustion deterioration is minimal even
at an increased EGR rate due to a high enough boost pressure that is generated by VGT
and variable speed superchargers [105, 106]. The increased boost pressure is important for
the mixing process especially at high EGR rates. The conventional EGR system has
drawback effects in terms of increased back pressure and fuel consumption. However,
three advanced turbo-charging technologies such as variable nozzle turbochargers, integral

EGR pump and an ultra-high pressure ratio long life compressor, are effectively used to
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reduce back pressure and fuel consumption [106]. The latest systems such as sequential
hydro supercharging and hydraulic pump are more flexible making it possible to control
the boost pressure at all engine conditions.

The increased boost pressure is significant to increase air entrainment resulting in a
faster mixing process leading to smoke reduction [77]. The faster mixing process at higher
boost pressure results in complete combustion due to high air density [107]. Therefore, the
start of combustion occurs earlier and promotes energy release which takes place closer to
TDC, which increases the thermodynamic efficiency resulting in lower fuel consumption
[61]. The high boost pressure leads to complete combustion resulting in lower particulate
matter and fuel consumption [90, 105]. This is due to better fuel distribution resulting in a

complete mixing process.

2.3 Biodiesel as a Renewable Fuel

Biodiesel offers several advantages such as lower sulphur content, generally higher
flash point, lower aromatic content and higher oxygen content [108-110]. A study by
Mittelbach [111] showed that biodiesel characteristics are highly dependent on the origin
of the vegetable oil. The lower sulphur content results in low engine corrosion and
environmental pollution. The combustion of biodiesel does not add to the net CO; in the

atmosphere, because the next crop will reuse CO; to grow.

2.3.1 Production of Biodiesel
Biodiesel is a renewable fuel that consists of the alkyl monoesters of fatty acids. In
1999, biodiesel was certified as a provisional standard by ASTM. Later on in 2002, it

received a full standard from the same board as ASTM D6751. It has been considered as
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an alternative diesel fuel for internal combustion engines due to its efficiency, cleanliness
and biodegradability [1-4, 8]. Besides that, it as significant environmental benefits as an
oxygenated fuel being biodegradable and essentially free of sulphur and compounds of ring
structures (aromatics) [109].

Biodiesel is composed of large molecules consisting of carbon chains with sixteen
to eighteen carbon atoms [24]. It can be derived from fresh-pressed vegetable oil, waste
oils, waste restaurant greases, non-food grade vegetable oils and animal fat through a
transesterification process by using alcohol and sodium hydroxide [109]. In the chemical
reaction, the fatty acid radicals of the triglyceride molecule split away from the main
(glycerine) backbone as shown in Figure 2.6. The fatty acid radicals form a new bonding
with the alcohol molecule to form fatty acid esters known as biodiesel. Vegetable oils and
animal fats are composed of triglycerides. The fatty acids have the greatest impact on the

physical properties of oil due to 90% of total oil mass contributed by fatty acids.
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Figure 2.6. Transesterification reaction [108]
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2.3.2 Fuel Characteristics

Biodiesels are classified based on the proportions of unsaturated and saturated
methyl esters measured by Iodine Value (IV). The iodine value of soy-derived biodiesel is
130 and decreases with increasing degree of saturation [112]. The iodine number increases
as the number of double bond increases. The chain length becomes shorter as there is an
increase in the number of double bonds. The viscosity increases as the chain length
increases. Biodiesel produced from vegetable oils is higher in esters of unsaturated fatty
acids but biodiesel from animal fats is higher in esters of saturated fatty acids [113, 114].
Both of them have advantages and disadvantages in terms of engine performance and
emissions. An unsaturated biodiesel tends to increase NOy emissions and decreases
particle mass emissions. The increase of NOy with unsaturated biodiesel is due to higher
flame temperature [40]. However, it produces a smaller mean diameter of particulate
matter [32]. A large degree of unsaturation in fuels affects the start of combustion due to
their lower cetane number resulting in longer ignition delays as compared to the saturated
biodiesel. However, the unsaturated biodiesel has low viscosity as a result of a better

atomization process and tends to produce cleaner combustion [32].

Previous studies by Lapuerta et al. [32] showed that the unsaturated esters have
higher adiabatic flame temperature which contributes to the higher soot oxidation rate and
higher NOy formation. On the other hand, the saturated biodiesel has lower NOy emissions
than ordinary soy-derived biodiesel, but essentially with the same level of PM emissions
[112] due to higher cetane number and shorter ignition delay. A higher cetane number fuel
has a shortened ignition delay period thereby allowing less time for the air/fuel mixing
before the premixed burning phase. Consequently, a weaker mixture would be generated

and burnt during the premixed phase resulting in a relatively lower NOy formation [34].
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2.3.3 Combustion Characteristics of Biodiesel

Biodiesel has high oxygen content (10-11%) that leads to a complete combustion
[23, 32, 35, 115-117]. It has a potential to become an additive to petroleum diesel fuel for
the reduction of emissions and improved lubrication of the fuel injectors. The improved
fuel lubrication properties can reduce the engine wear [118]. Biodiesel is completely
soluble in commercial petroleum-based diesel fuel. Therefore, it can be used as a blend in
one fuel tank. The blended fuels can be used directly in the diesel engines without engine
modification. In fact diesel engines were originally designed to use vegetable oils [119].

Previous studies have shown that biodiesel produces comparable engine
performance with fossil diesel [120, 121]. However, biodiesel showed higher fuel
consumption [55, 117, 122-125]. Biodiesel has a higher cetane number, no aromatics,
almost zero sulphur and a high oxygen content [55, 123, 126] that is favourable to
emissions. The earlier start of combustion in biodiesel leads to higher NOy emissions.
This is due to the burned gases being exposed to the high temperature and pressure for a
longer time period as compared with burned gas from fossil diesel fuel. The oxygen
availability in the fuel boosted the NOy formation. However, the higher oxygen content
contributes to the reduction of smoke due to complete combustion [45]. It has been
reported in the previous studies [23, 39, 45, 127] that biodiesel has lower emissions in
THCs, CO, soot and PM as compared with petroleum-based diesel fuel. In addition, it has
almost zero sulphur oxide (SOy) due to sulphur free fuel. However, biodiesel has higher
NOy emissions than diesel fuel [40] due to fuel properties. This commonly occurs with an
in-line fuel pump but not with a common rail fuel injection system [16]. However, some
studies [16, 128] showed that NOy is increased even with common rail. In fact the increase

of NOy with biodiesel is dependent on fuel injection type [112].
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The result was confirmed through a detailed study on injection pressure and
injector needle movement with biodiesel [129]. A pump-nozzle fuel injection system for
biodiesel has been used with advanced injection timing [26, 39, 130]. However, the
advanced injection timing also occurred in a diesel engine equipped with a common rail
fuel injection system [131]. The advanced injection timing with biodiesels tends to
increase the ignition delay and prolong the combustion duration, leading to higher NOy
emissions. The higher cetane number in biodiesel can reduce premixed combustion
resulting in lower combustion temperatures that are favourable for NOy emissions. The
volumetric efficiency also increases in engines fuelled with biodiesel due to low
combustion temperature [132]. However, the disadvantages of biodiesel such as cold start
problems, lower energy content and fuel pumping difficulty need to be improved for future

effective fuel.

2.3.4 Tallow Methyl Ester (TME)

The alternative feedstocks for producing Tallow Methyl Ester (TME) are beef,
mutton, and pork. A study by Nelson and Schrock [133] shows that the tallow from animal
fat offered a wide range of energy, environmental and economic benefits. Tallow from
beef contains high levels of saturated fatty acids and low levels of polyunsaturated fatty
acids [134]. The high content of saturated fatty acids in tallow contributed to high fuel
sensitivity at the low temperature range [135]. The main components of fatty acids in the
tallow are palmitic (28.7%), stearic (19.5%), and oleic (44.4%) [118]. The details about
the beef tallow composition are given in Table 2.1. The high melting point and viscosity
of tallow are due to the higher palmitic and stearic acid. But, the melting point was

dramatically reduced from 45 to 15.9 °C after transesterification process [136]. A study by
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Oner et al. [137] shows that the viscosity, density and calorific value of TME are very
close to that of fossil diesel. Meanwhile, the higher cetane number and oxygen content
compensates the disadvantages of TME such as high viscosity and low volatility. This is
because the higher cetane number and oxygen content contributes to a cleaner and more
efficient of combustion process [110, 138].

The experimental results show that engine fuelled with TME consumed higher fuel
as compared to fossil diesel due to lower calorific value and higher fuel density [139].
However, other study by Winther [135] shows that the difference in BSFC does not change
significantly with TME. TME emits lower emissions of THCs and smoke as compared to
fossil diesel [135, 139] but not so with NOy emissions [139]. However, study by
McCormick et al. [128] found that the engine fuelled with TME decreased the NOy
emissions due to the high cetane number. This finding was confirmed by Kalligeros et al.
[110] who mentioned that the high cetane number in TME can reduce the ignition delay,

resulting in low quantity of fuel burnt in premixed combustion.

Table 2.1. Fatty acid composition of beef tallow and TME [136]

Carbon chain (Acid name) Edible beef tallow (%) Tallow Methyl Ester (%)
C14;0 (Myristic) 4.8 3.6

Ci6:0 (Palmitic) 28.4 26.8
Ci6:1 (Palmitoleic) 4.7 3.5

Cig.0 (Stearic) 14.8 18.1
Cis.1 (Oleic) 44.6 46.2
Cis2 (Linoleic) 2.7 1.8
Total saturated 48.0 48.5
Total unsaturated 52.0 51.5

39



2.4 Emissions of Diesel Engines
2.4.1 Ogxides of Nitrogen (NOy)

Nitric oxide (NO) and nitrogen dioxide (NO;) are non-flammable gases. The
mixture of both of them is called oxides of nitrogen (NOy). NOy can combine with other
chemicals to form smog and acid rain. NOy emissions in diesel engines are increased when
fuel cetane number and fatty acid are decreased. However, the primary reasons for high
NOy emissions are high temperature and pressure in the combustion chamber during fuel
combustion [140]. In addition, the higher air to fuel ratio operation in diesel engines will
increase NOy emissions due to excess air at high combustion temperatures. The
combination of lean mixtures and high local temperatures significantly influences the
higher NOy formation. However, the lean Air-Fuel ratio can also reverse this behaviour.
The lean mixture induced by the swirl motion at high engine speed promotes a reduction of
the local temperatures around the spray that leads to the lower NOy formation [61]. The
retardation of injection timing strategy reduces the NOy emissions due to low combustion
temperatures [141]. The shorter ignition delay from high injection pressure reduces the
NOy formation as less fuel is burnt in the premixed phase [36]. However, other studies
showed that the increased injection pressure increased the NOy emissions due to faster
combustion leading to higher combustion temperatures and rapid pressure rise [64, 142].

The primary principle of NO formation has been explained by the Zeldovich

mechanism as below:

O+N, NO+N (2.1)

N+ O, NO + O (2.2)
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Another possible mechanism for the formation of NO, is NO + HO, = NO, + OH
and all of them together are called the extended Zeldovich mechanism. In the normal
combustion, the amount of NO, is approximately 10 to 30 percent of the total exhaust
oxides of nitrogen emissions. A conversion of this NO, to NO occurs via

NO; + O = NO + O, reaction.

2.4.2 Particulate Matter

In diesel engines exhaust emissions, the combination of soot, liquid and other
absorbed or adsorbed condensed substances is called particulate matter (PM). The
structure of PM is illustrated schematically in Figure 2.7. The soot comes from the
incomplete combustion of hydrocarbon fuel. It is strongly dependent on air-fuel ratio and
mixture distribution; the fuel composition also affects the smoke formation and oxidation.
The low sulphur content in biodiesel is favourable for low smoke formation and high
oxygen content is favourable for smoke oxidation [143]. Exposure to the fine PM can
cause a variety of health effects including heart and lung disease.

In general, the formation of soot emissions consists of two opposing processes, i.e.
soot formation and soot oxidation. Therefore, the net soot emission appearing in the
exhaust is dependent on the dominant process. The soot formation occurs inside the fuel
spray at the rich fuel regions whereas the soot oxidation occurs at the late combustion
phase (diffusion combustion). The high temperatures at the rich fuel regions tend to
increase soot formation while the lean fuel regions contribute to the soot oxidation. The
soot formation can be reduced by inducing a better prepared mixture, e.g. through injection
strategy and swirl ratios. The injection strategy with pilot injection increases the ignition

delay of the main fuel injection to allow a complete mixing process. Meanwhile, soot
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oxidation can be increased by introducing high temperatures at late combustion, i.e post
injection. The air entrainment and turbulence intensity can minimize the fuel-rich regions
that favour soot formation [84].

Studies by Svensson et al. [144] showed that the higher boost pressure and
oxygenate content of the fuel are favourable in smoke reduction. In general, almost all
(over 90 percent) of the soot formed during the combustion process is subsequently

oxidised prior to exhaust [145].

Solid carbonaceous

particles with adsorbed
/ hydrocarbon/sulfate
layer

QO
OQQ

O  Sulfuric acid particles

‘ Solid carbonaceous particles

Q Hydrocarbons/Sulfate particles

Figure 2.7. Schematic diagram of PM’s structure [146].
2.4.3 Total Hydrocarbons

Total hydrocarbons (THCs) in diesel emissions are the result of incomplete fuel

combustion due to heavier hydrocarbon [64]. Imaging studies showed that the THC’s
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source is dominated by engine conditions and geometry [147, 148]. Poor fuel oxidation in
the combustion chamber can be considered as a main contributor to the THC’s emissions.
The condition is created by the lower wall temperature, fuel impingement on the cylinder
wall, over-lean mixture and lower temperature due to the poor mixing process.
Meanwhile, the well-prepared mixture tends to promote a cleaner combustion resulting in a
low level of THCs [142].

THCs emissions are decreased with biodiesel fuels. This is due to the higher
oxygen (10 — 11%) content in the fuel [35, 115-117, 149, 150]. The fuel properties also
influence the atomization process that leads to the homogeneous mixture formation
resulting in lower THCs emissions [151]. Therefore, the application of injection strategy
in terms of injection pressure, injection timing and pilot quantity is a potential solution to

reduce the THCs in diesel emissions through homogenous mixture formation.

2.4.4 Carbon Monoxide

Carbon monoxide (CO) emissions are odourless, colourless, tasteless and
noncorrosive but they are poisonous. They are generated in either too lean or too rich fuel-
air mixtures [152-154]. In lean mixture regions, the low temperatures can cause partial
fuel oxidation that leads to higher CO. In the rich mixture regions, the low oxygen
concentration can cause partial fuel oxidation that also increases the CO emissions. In this
case, the higher boost pressure is favourable for CO emissions [155]. Therefore, the
complete mixing process between fuel and air is significantly important for a reduction of
CO emissions. The smaller droplets can increase the mixing rate which results in active
combustion favourable for the low CO emissions [36]. The increase in CO emissions

indicates poor fuel combustion caused by lower oxygen concentration and lower local
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temperatures [156]. The lower local temperatures during cold start can be considered as a
reason for the higher CO emissions as compared with the higher local temperatures during

fully hot-soak, i.e, when engine has been running for a period.

2.4.5 Carbon Dioxide

The amount of carbon dioxide (CO;) in exhaust emissions is an indication of
complete combustion [36]. The emission level is proportional to the amount of fuel burned
during combustion. The higher injection pressure tends to promote smaller droplets for
complete combustion that are favourable for high CO, emissions. Oxygenated fuel like
biodiesel, can increase the CO, emissions due to better combustion [36]. Increasing the
engine load at a constant speed decreases the CO, emissions due to high quantities of

injected fuel resulting in incomplete combustion.

2.5. After-treatment Development

The major harmful substances from diesel emissions are particulate matter (PM),
oxides of nitrogen (NOy), carbon monoxide (CO) and total hydrocarbons (THCs). A
particulate filter is effective for PM reduction and NOy reduction can be achieved through
after-treatment devices. High temperatures at the diffusion-combustion phase significantly
lower the PM oxidation resulting in low total emissions. There are several after-treatment
techniques available for diesel’s emissions treatment such as diesel particulate filters
(DPF), selective catalytic reduction (SCR), NOy adsorber catalyst (NAC), diesel oxidation

catalysts (DOC) and NOy storage reduction (NSR) catalyst and four-way catalyst.
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2.5.1. Diesel Particulate Filter

Diesel particulate filter (DPF) is one of the most technically feasible solutions to
reduce diesel particulate matter. The DPF is fitted in the exhaust line and collects
particulate matter through a deep-bed filtration process. Unlike a catalytic converter which
is a flow-through device, a DPF cleans exhaust emissions by forcing them to flow through
the filter. In emission studies, the filtration process has shown to be an effective method to
remove particles in exhaust emissions up to 97% depending on the porosity of the filter
material [157]. The collected PM in the filter is then periodically combusted by oxidizing
agents in the exhaust gas which is supplied much hotter. This is called a regeneration
process. In general, the process of filtration can be divided into three major stages. First,
the particle filtration, which leads to a deposition of particulate matter in the filter, then the
occasional regeneration of the collected particle and finally, the rearrangement of the soot
deposition ash collected from the regeneration process.

The DPF consists either of porous ceramic or sintered metal and is made up of a
large number of parallel channels that are open and closed at alternate ends. This structure
can withstand high temperatures of exhaust gases. The most popular materials to make a
filter are Cordierite and Silicon Carbide (SiC). The filters can be ceramic wall-flow
monoliths, ceramic and metallic yarns, or ceramic and metallic foams. The exhaust gas is
forced to flow through the porous walls of the honeycomb structure as shown in Figure 2.8.
The particle loading of the filter makes the back pressure increase over the time, therefore
the particulate filter must be regenerated regularly to avoid back pressure increases. The
negative effect from poor regeneration is increased pumping work, and consequently the

deterioration of fuel consumption. Usually, for supercharged engines, a noticeable
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deterioration of combustion can occur at back-pressures higher than 200 - 250 mbar [158]
and the normal value of back pressure is less than 100 mbar [159].

The main considerations that need to be emphasized in connection with the after-
treatment system’s performance are methods, operating conditions and effectiveness of the
regeneration process. Based on a previous study, regeneration can’t occur naturally due to
the high ignition temperature of soot [160]. The soot oxidation process can occur at
temperature levels exceeding 550 °C. However, various approaches have been tried in
order to burn the collected particles on the filter to avoid exceeding back pressure limits in
order to maintain good engine performance. The concept is either to increase the exhaust
gas temperature or to reduce the soot oxidation temperature. There are several practical
techniques used such as raised temperature using a burner or by electrical heating, or a
catalyst may be employed either on the DPF or in the fuel [160]. In automatic dual filter
systems one clean filter is loaded by the particulate exhaust and automatically the second
filter is regenerated off-line by a burner [161]. The process can be done by using a
conducting material for the filters or by equipping the filter with heating wires. However,
the filter fitted with a heater is very costly to use in the active regeneration process [162].
Another method is to use an oxidation catalyst to increase NO, concentration to oxidise
more soot in the exhaust system.

The flow resistance represents an important performance parameter for DPF. It can
be divided into four major components: inlet/exit effects, frictional losses flow through the
filtration wall and the particulate layer. There are two types of filter normally used, these
are Segmented and Monolithic filters. In general, segmented filters generate higher
pressure drop than monolithic filters due to smaller filtration wall area, thus yielding higher

flow resistance by up to 30% for clean cases and up to 35% when loaded with particulate
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[163]. Almost all the total pressure drop in the filter is contributed by the particulate
packing layer and the filtration walls [163] while effects from channel friction and flow
contraction/ expansion are less significant.

The combustion strategy needs to be improved in order to control the engine
emissions even though the after-treatment devices could take care of all of these emissions.
This is due to limitations in after-treatment techniques such as the requirement of high
exhaust temperature, low filtration efficiency and high fuel consumption. The devices
work with a low efficiency at cold start and low load conditions due to the lower exhaust
gas temperature. Therefore, the combustion strategy remains as an important technique to
control the engine emissions before passing it into the atmosphere through the after-

treatment devices and the exhaust pipe.

Inlet
Channel

Inlet
Channel

Figure 2.8. Schematic diagram of DPF channels from side view [164].

2.5.2. Selective Catalytic Reduction

The main solution in NOy after-treatment technologies is the selective catalytic
reduction (SCR) [165]. This technique does not suffer from sulphur poisoning that is
present in fossil diesel fuel. It’s main function is to reduce NOy from diesel emissions to
N, by using a catalyst. The catalysts are classified into two types. The first type is called

the Urea-SCR system which uses ammonia produced from urea as a reducing agent. The
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second type is called the HC-SCR system since the reductant of NOx is a hydrocarbon
(HC)The Urea-SCR system has been widely attached to heavy duty trucks and buses due to
high NOy purification efficiency [166, 167]. Currently some research has been performed
in replacing ammonia with hydrocarbons (HC-SCR) [165, 168]. The HC-SCR system has
been used widely on passenger cars. The catalyst materials and fuel deterioration are the
major concerns in the SCR application. Besides that, the SCR still has a number of
associated problems, such as the high cost, the lack of low temperature performance, and

deactivation through ageing.

2.5.3. NOx Adsorber Catalysts

The principle of NOy adsorbers involves the adsorption and storage of NOy on the
catalyst during lean conditions and its release under locally rich operating conditions [169,
170]. The higher NOy emissions in a diesel engine are difficult to control due to excess air
and high combustion temperatures. The usual reductants applied in a NOy adsorber are HC
and CO. In this technique, the NO is catalytically oxidized to NO, and stored as a nitrate
[171]. The rich condition in the exhaust pipe is created by post injection in order to release
the stored NOy. The released NOy is quickly converted to N, by the reaction with CO on a

rhodium catalyst.

2.5.4. Diesel Oxidation Catalyst

Diesel Oxidation Catalyst (DOC) is the lowest cost device in after-treatment
systems. DOCs have been used in off-road applications since the 1960s and widely used in
on-road applications since the 1980s. A DOC is a flow-through device that consists of a

porous ceramic monolith honeycomb substrate. The substrate has a large surface area that

48



is coated with an active catalyst layer such as platinum or palladium to enhance the
chemical process to reduce some harmful substances in diesel emissions. The system has a
capability to oxidise diesel emissions such as carbon moNOxide (CO), total hydrocarbons
(THCs) and liquid hydrocarbon particles (unburned fuel and oil) resulting in lower
particulate matter emissions. The devices work effectively in emissions reduction without

introducing any penalty to the engine performance.

2.5.5. NOx Reduction System and Four-way Catalyst

This is also known as the Diesel Particulate — NOx Reduction system (DPNR). The
system has great potential to simultaneously purify the four harmful diesel emissions (PM,
NOy, CO and THCs). This system uses a DPF where the filter surface is coated by a kind
of NOy storage reduction (NSR) catalyst. The PM is oxidised by active oxygen from the

NOy storage and reduction processes or oxygen from excess air due to lean combustion.
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CHAPTER 3

EXPERIMENTAL FACILITY SET-UP AND
APPARATUS

This section describes the experimental facilities that have been used in this study.
The experimental facilities consist of a modern V6 2.7 and a 3.0l common rail direct
injection Jaguar diesel engine. The engine cooling system (engine cooler and intercooler)
had a fully automated control system that utilised a 3-way valve from Honeywell and a
PID controller from TC Direct. The CADET V14 software from CP Engineering is used to
control the engine speed and torque. This chapter details the apparatus and measuring
devices that have been used in this work such as thermocouples, pressure sensors, exhaust
gas monitoring (Horiba MEXA 7100EGR), AVL 415S smoke meter, 365CC AVL
encoder, AVL in-cylinder pressure transducer, AVL Indi Master 420 (combustion
analyser) and CADET V14 software. The experiments were conducted at various engine

operating conditions in order to analyse the combustion characteristics and emissions level.
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Figure 3.1. The Jaguar V6 3.0l diesel engine

3.1. Engine Set Up

3.1.1. 2.7L and 3.0L V6 Diesel Engines

The experiments were conducted using a modern V6 2.71 and a 3.01 Jaguar diesel
engine, which is twin-turbocharged, water-cooled, and equipped with a common rail direct
injection system. The engine is fully equipped with emission control devices such as
variable geometry turbochargers, cooled EGR, twin DOCs and DPFs. The engine
geometry and characteristics for the 2.71 and 3.0l diesel engines used for engine testing are

summarised in Table 3.1 and Figure 3.2 respectively.

51



Table 3.1. Engine specifications 2.71 and 3.01

Jaguar V6 2.71 Jaguar V6 3.01
Bore 81.0 mm 84.0 mm
Stroke 88.0 mm 90.0 mm
Displacement volume 2720 cm® 2993 cm’

Maximum torque
Maximum power
Compression ratio

435 Nm @ 1900 rpm
152 kW @ 4000 rpm
17.3:1

600 Nm @ 2000 rpm
199.1 kW @ 4000 rpm
16.1:1

Connecting rod length 160.0 mm 160.0 mm
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Figure 3.2. Engine torque and power versus speed a) 2.71 and b) 3.01
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3.1.2. Dynamometer and Controller

The dynamometer used to load the engine is an eddy-current water-cooled provided
by the Dynamometer Services Group Limited (DSG Ltd), model number W230. The main
specifications and performance envelope for the engine dynamometer are listed and
depicted in Table 3.2 and Figure 3.3, respectively. The dynamometer has a capacity to
cover the full-load and full-speed of both engines (see Figures 3.2 and 3.3). A flow switch
is attached on the cooling water feed line circuit to monitor water flow inside the
dynamometer which is required for safety purposes. The dynamometer was calibrated up
to 500 Nm with the controller CP128 installed. Engine load and speed are digitally
controlled by the dynamometer’s controller CP 128 through the CADET V14 software.
The dynamometer controller consists of CADET computer, transducer box, engine
electrics box and AT12 throttle actuator as shown in Figure 3.4. The electrics box is used
to connect the engine wiring system such as battery, engine management system (EMS),
ignition, starter motor, fuel supply, AT12 throttle actuator, engine coolant temperature and
oil temperature sensors. The engine oil pressure sensor is connected to the transducer box
for safety reasons. This allows for the engine pressure to be read during cranking and
running. The controller communicates with the dynamometer through the CADET V14

software.

The additional electronics box is used to record and monitor the temperatures and
pressures from the selected engine components such as air intake, exhaust, compressor etc,

as this is important to monitor the engine’s health and standards during engine operation.
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Table 3.2. Dynamometer specifications

Model W230

Rated torque 750 Nm

Maximum speed 7500 rpm

Power 230 kW

Moment of inertia 0.53 kgm®

Torsional stiffness 0.593x 10° Nm/rad

Weight 480 kg
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Figure 3.3. Engine dynamometer performance envelope from DSG Ltd
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V6 Diesel Engine
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Box 1 = Transducer
Box 2 = Engine Electrics

Figure 3.4. Schematic diagram of the CP 128 dynamometer controller.

CADET V14 software is a computer based system designed to perform engine
testing under automatic or manual control. The actuator is connected to the electronics box
then driven by a DC motor to control the engine speed. The unit contains a permanent
magnet DC motor which drives a cable drum through an integral reduction gearbox. A
servo-potentiometer, directly coupled to the output shaft provides a signal that is dependent
on the throttle lever position. The position control loop maintains the required throttle
position by comparing this feedback signal with the demand and outputting a corrected

demand signal.
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3.1.3. Engine Cooling System and Controllers

There are two additional cooling systems for the engine test rig: engine cooler and
charged air cooler (intercooler). The heat exchanger, model GL320-1428-5 from EJ
Bowman (Birmingham) Ltd is used as the engine cooler. The standard heat exchanger is
made from many materials, e.g. cuprum-nickel tubes, cast aluminium shell, and cast iron

end covers.

Figure 3.5 shows that the available plant water from the main tank located on top of
the building flows through a Bowman GL320 heat exchanger to absorb heat from engine
coolant. The counter-flow is applied between plant water and engine coolant circulation.
The counter-flow regime is more efficient in removing the heat as compared with cross-
flow and parallel flow. Water flow rate is controlled by a constant flow rate cartridge

(60 1/min) that is located at the end of the Bowman heat exchanger.
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2.71 Diesel Engine
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Figure 3.5. Schematic diagram of the engine cooler controller based on the Bowman

GL320 heat exchanger.

The Bowman model FG100-4075-2 heat exchanger is used as an intercooler to cool
the charged air after the compressor. Counter-flow arrangement is applied to cool the
charge air up to between 21 and 51 °C. The constant water flow rate is induced by a
constant auto-flow valve located at the end of the pipeline (120 I/min) as shown in Figure
3.6. The valve consists of the main body with the special cartridge inside controlling the
flow rate. The actuator on the 3-way valve is controlled by an FB400-2 controller supplied
by TC Direct. The measured input temperature from a K-type thermocouple is registered
as input into the controller. The output from the controller is in voltage signal (0-10V)
transmitted to the EP transducer RP751A 1009-1 to activate the 3-way valve MP

953C5084 supplied by Honeywell. The actuator on the 3-way valve is activated by
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compressed air (1.25 bar) to control the amount of water flow rate flowing from the
Bowman FG100-4075-2 heat exchanger and the restriction valve in order to keep the
required charge air temperature. The charge air temperature is set on the controller as a set

value (SV) and the process value displays on the controller as process value (PV).

2.71 Diesel Engine
Compressor RH Compressor LH

Fresh Ar —> -. <«— Fresh Air
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Outlet Plant Water Inlet Plant Water

Figure 3.6. Schematic diagram of the intercooler controller based on the Bowman FG100

heat exchanger.

3.1.4. Fuel Measuring Unit (FMS) and Fuel Cooling Unit (FCU)

Figure 3.7 shows the fuel layout of the engine test bench. The engine is provided
with two 15.01 and 25.01 of stainless steel tanks for diesel and biodiesel respectively. As it

is seen in the layout, the fuel flows to the fuel measuring system through a solenoid valve.
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The low pressure fuel line is pressured by a 12V low pressure pump in order to supply
constant pressurised fuel at approximately 0.5 bar to the engine. The fuel pressure is
manually controlled by a fuel pressure regulator as shown in Figure 3.7. The supply fuel is
cooled by the “Bowman 17 heat exchanger and filtered through a fine filter before being
fed to the high pressure pump. The hot return fuel from the common rail and injectors are
cooled by the “Bowman 2" heat exchanger before mixing with fresh supply fuel in the next
delivery. The temperature range for the return fuel is 35 to 80 °C depending on engine
speed and load. The input temperature measured by a K-type thermocouple is used as an
input signal to the controller through the CADET V14 software as an interface. The output
signal from the controller is connected to the solenoid valve in order to control the water
flow-rate to achieve the required temperature. The feed fuel temperature is controlled at
20 to 25 °C by the fuel cooling unit (FCU). The mixed fuel flows through the

“Bowman 17 heat exchanger and fine filter again before entering the high pressure pump.

The fuel measuring system (FMS1000) is controlled and monitored by the CADET
V14 software which also records and displays the data on the computer screen. The
FMS1000 uses a 20N load cell to measure the fuel consumption. The system has
capability to stabilize any vibration as the construction is stiff and has no moving parts.
Inside the box, the system has a 1.0l tank that is mounted on top of the 20N load cell. The
FMS has four ports which are for fuel feed, fuel supply, fuel return and vent, as shown in
Figure 3.7.

During the measuring process, the CADET V14 software shuts down the fuel
flowing from the tank through the solenoid valve. This is so that the fuel is taken only
from the small tank (1.01) inside the box during this stage. After a short settling time, the

net mass of fuel taken from the small tank (over the desired sampling time) is measured.

59



The CP128 card samples data at 10 kHz and returns the averaged value back to the
CADET V14 at a frequency of up to 10 Hz. At steady state conditions the engine power is
known and the CADET V14 software calculates brake specific fuel consumption (BSFC).
The FMS1000 is capable of monitoring fuel during a period of a test stage, or cycle, for a
specific time as short as 100 ms. The stage, or cycle, is then repeated and the average fuel

consumption rate is calculated as a true dynamic reading.

Vent Tank 1 Tank 2 Fuel Cooling Unit (FCU)
J’ I\l’ A+ b Fuel from FMS
—> L S__ Plant Water In ‘l’
FMS sz Plant Water Out
Vet Low Pressure Pump
en Return Fuel /]\ — (Approx 3.0 bar)
e
== < Bowman 1 Pressure
Fuel Filter [ L Return <— Regulator
T /]\ Return Water to FCU Fuel
<
\l/ Fuel to Engine
\l/ ,I\ Water Flow se— (0.5 bar)
Return Fuel se—
\l/ Fuel To Engine
e r—
\l/ Bowman 2 12 mm Rubber Hose for Fuel Line
Drain Valvell —> 22 mm Copper Pipe for FCU
Drain Valve @ !

<— Return Fuel from regulator
Fuel to the Engine \l, /I\ Return Fuel from the Engine

Drive
V6 Diesel Engine Shaft Dynamometer

Figure 3.7. Schematic diagram of the fuel measuring system (FMS) and fuel cooling unit
(FCU)

A fuel cooling unit is used to control the temperature of supply fuel to the engine.
The temperature of supply fuel is high when the return fuel is piped back to the fuel
measurement unit. Both fuels, fresh and return, mix together and cool down after passing

through the heat exchanger and are filtered by the fine filter before being injected in the
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engine cylinder. Figure 3.7 shows the fuel conditioning system process enclosure and the
associated heat exchangers. The principle of work is based on generating a conditioned
fluid (water or water glycol mix) that can be pumped through one or more fuel heat
exchangers. The conditioned fluid is pumped from a vented header tank through the heat
exchangers and returned to the header tank. When heating is required a 3 kW heater fitted
in the header tank is activated by the control system. When cooling is required two
solenoid valves operating in tandem are activated to allow the conditioned fluid through
the conditioned fluid heat exchanger. The conditioned fluid temperature in the header tank

is monitored by a PRT.

3.1.5. Engine and Controller Wirings

The main features of the engine wiring system such as ignition, engine
management system, starter motor and engine emergency stop are explained as below. A
schematic diagram of the whole engine wiring system is displayed in Figure 3.8. For the
engine starting system, power from a battery is used to turn the engine crank via the starter
motor. The re-charging system fully works as the alternator circuit is connected to the
charging system. During the cranking process, a high-current power supply from the
battery is connected directly to the starter motor and is triggered by a solenoid coil in the

starter motor to turn the engine crank via the flywheel.

The ignition and engine management system (EMS) switches are wired to the
CADET V14 software through box 2. The battery is expected to supply a constant 12-
13.8VDC all the time. The primary ignition switch functions are to switch the EMS
(start/stop the engine) and to be used during cranking the engine for top dead centre (TDC)

identification. Two emergency stop buttons are attached in the engine wiring system, one
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of which is placed in the control room in front of the control panel whilst the second is
located in the engine test cell. These two stop buttons are used only for emergencies to

stop the engine by isolating the power supply to the EMS.

V6 Diesel Engine

Drive
Shaft

Dynamometer
Battery Engine X3
Wiring
Box 2
X2
Oil & Coolant
Temperature Sensors
P Box 1 X4 ( )
X5
Box 1 = Transducer Emergency
Box 2 = Engine Electrics Stop
Engine Test Cell
Control Room
A—

O——=

Emergency Stop CADET V14

Figure 3.8. Schematic diagram of engine and controller wiring

3.2 Instrumentation and Control

3.2.1. In-cylinder Pressure Data Acquisition Devices

The layout of the cylinder pressure transducers and optical encoder is displayed in

Figure 3.9. The air shut off throttle and oil filter are removed from the engine top before
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the glow plug is dismantled. The glow plug at cylinder 2 and cylinder 5 are replaced by
AVL GUI13G piezo pressure transducers. The glow plug bores are matched with pressure
transducer adaptors. Each transducer is mounted into a glow plug adaptor before being
fitted into cylinder 2 and cylinder 5. Key technical data of the transducers are listed in

Table 3.3.

Table 3.3. In-cylinder pressure transducer specification

Measuring range (FSO) 0 to 200 bar
Sensitivity for S/N 6045 15.53 pC/bar
Sensitivity for S/N6046 15.44 pC/bar
Linearity <+0.3%FS
Operating temperature range up to 400°C
Natural frequency 130 kHz
Tighten torque 1.5 Nm

An amplifier model AVL 3066A03 with two-channels is used to rectify the raw
signals from the piezo-electric transducer. The amplified cylinder pressure signal and
encoder signal are connected to the AVL Indi Master 620 combustion analyser and the data
is recorded by IndiCom 2010 software. The key technical data of the amplifier are listed in

Table 3.4.

Table 3.4. Charge amplifier specification

Measurement range (for 10V output voltage) 100 pC to 16000 pC
Measurement range settings 1, 2,5, 10, 20, 50 bar/V
Transducer sensitivity 1.00 pC/bar to 99.9 pC/bar
Linearity error <+0.01% FS

Upper cut-off frequency (low-pass) 200 kHz

Output voltage -10V to +10V
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The crankshaft position is determined by the optical encoder 365CC from AVL by
using IndiCom 2010 software. The encoder is attached into the bracket and mounted on to
the main pulley of the engine crankshaft. The engine crankshaft and the encoder are
connected by an adapter flange. The encoder generates 720 pulses for each complete
revolution of the crank shaft. Therefore, for a complete 4-stroke engine cycle the 1440
pulses have been transmitted by the encoder. The encoder shaft with double bearing is
built with high strength materials (titanium and high strength aluminium alloy) as the

housing. Technical data of the AVL 365CC encoder is given in Table 3.5.

Table 3.5. Shaft encoder specification (AVL 365CC)

Speed range 50 rpm — 20,000 rpm
Vibration-resistance axial and radial 500 - 1000 g x 9.81 m/s’
Permissible ambient temperature -40 deg C - 120 deg C
Mass load of crank shaft 300 g horizontal, 350 g
Moment of inertia of rotating masses 3.8 x 10” kgm®
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Figure 3.9. Schematic diagram and wirings of the in-cylinder pressure data acquisition

3.2.2. Engine Management System Acquisition and Calibration

Figure 3.10 shows the connection of the INCA management system from ETAS
with the CADET V 14 software. The engine management system (EMS) is connected to
the computer for data monitoring, calibration and recording. The INCA V5.3 software
from ETAS has been used to communicate with the EMS through a specific file provided
by Jaguar Land Rover. The EMS signals for engine operating parameters such as air mass
flow, fuel mass flow, fuel injection pressure, start of pre-, main-, and post- injection,
temperature of coolant and lubrication, intake manifold pressure etc, can be monitored,

calibrated, and recorded through the computer.

65



V6 Diesel Engine Drive

Shaft
Dynamometer

EMS
Extension
Cable
Box 2 = Engine Electrics
Box 2
Box 1
Box 1 = Transducer
Transceiver

__—

ETAS ES 580

PCMCIA Computer CADET V14

Figure 3.10. Schematic diagram of the engine management system (EMS).

The data was recorded in the CADET V14 software by using ASAP 3 command
provided by CP Engineering. The specification of the ETAS ES 580 CAN card interface is

displayed in Table 3.6.

Table 3.6. CAN card interface module specification

CAN No. of channels 2 (V2.0B extended format)

Maximum baud rate 1 Mbit/s

Resolution 1 us

PC interface 16-bit PC-Card Version 2.0 (PCMCIA)

Current consumption 150 mA for ES580 and typical 30 mA for CAN cable
Temperature range Operation: 0°C to 55°C, Storage: -40°C to 125°C

3.2.3. Temperature and Pressure Data Acquisition Devices

The additional data acquisition systems for pressures and temperatures are shown

in Figures 3.11 and 3.12 respectively. Thermocouples and pressures are located at
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strategic points in the engine as listed in the Appendix C. The temperatures signal
acquired by K-type thermocouple and the output signals in voltage are connected to the CP

box and recorded on CADET V14 software.

Computer
—

—
E |

Electrics Box CADET V14

12 V Power Supply

Pressure Sensor

Figure 3.11. Schematic diagram and wirings of pressure data acquisition

Computer
—

—
E |

Electrics Box CADET V14

Thermocouple

Figure 3.12. Schematic diagram and wirings of temperature data acquisition

3.2.4 Relative Humidity and Atmosphere Pressure

The relative humidity and ambient temperature are monitored by hygrometer from
VAISALA. The atmosphere’s pressure is measured by using a barometer also provided by

VAISALA. The data is recorded by the CADET V14 software.
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3.2.5 Engine Load and Speed Control

The engine is loaded with an eddy current dynamometer using the CADET V14
control software and hardware. The complete test plan is created in the CADET V14
software to run the experiments. The engine load is measured from the IMEP calculated
by the CADET V14 software. The dynamometer automatically balances the changes in the

engine load and speed during the settling time.

3.2.6 Injection Pressure Control
The 2.71 V6 engine is equipped with a Siemens common rail direct injection system
and the 3.0l V6 engine is equipped with a Bosch common rail direct injection system. The

summary of both injection systems are displayed in Table 3.7.

Table 3.7. Summary of injection system

Injection System 2.7 1 Engine 3.0 1 Engine
Parameters

Control System Siemens Bosch

Maximum Rating (bar) 1600 2000

Injector Type Siemens Piezo Actuator Bosch Piezo Actuator
Injector Pipe (mm) Inner Diameter 3 Inner Diameter 3
Nozzle Type 6 Holes 8 Holes

The injection strategies control the injection timing, injection pressure, injection
quantity, injection events, injection duration and dwell period between injection events.
The injection strategies can be controlled by using the INCA V5.3 software that
communicates through the Engine Management System (EMS). The user can modify
these values on the calibration window of the INCA software. The engine operation will

automatically change based on the modifications made in the calibration window. The
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EMS has a capability of executing up to 6 injection events per cycle. All the injection

parameters such as duration, pressure etc, can be controlled.

3.2.7 EGR Ratio Control

The exhaust gas recirculation (EGR) ratio is also electronically controlled by the
INCA V5.3 software. The EGR operation can be changed in the calibration window of the
INCA software and the engine automatically responds to the modification. In this case, the
EGR rate is totally controlled by engine calibration. The EGR configuration used in this
engine is shown in Figures 3.13a and 3.13b. The exhaust gas diverted before turbines
(high pressure EGR) flows through the EGR valve and then mixes with charge air

downstream of the compressor.

EGR =100x 1—(’”“”} 3.1)
pvn,

The EGR set-point is calculated using Equation 3.1 [131], where m, represents the
air mass flow rate, p is the manifold pressure, V is the volume, 7, is the volumetric
efficiency, and R is the gas constant. The main parameters’ influences on the EGR set-
point are the air mass flow rate, boost pressure and volumetric efficiency. These
parameters are changing according to the engine speed, load and feedback signals such as
smoke, fuel consumption, engine power, etc. Therefore, the EGR set-point is slightly
different with different injection strategy (injection pressure, dwell period and pilot
quantity) due to the different values in the air mass flow rate, manifold pressure and

volumetric efficiency.
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Figure 3.13. Schematic diagram of the EGR system on V6 diesel engine a) general view
b) top view.

3.2.8 Engine Cooler and Intercooler

The details about the engine cooler and intercooler were described in Section 3.1.3.
Both temperatures are fully controlled by the PID controller. In this study, the engine
coolant inlet temperature is set at 90 °C. However, the temperature of the intercooler

outlet is set based on engine speed and load.

3.2.9 Fuel Measuring System (FMS)

Fuel consumption is measured by using a Fuel Measuring System (FMS) supplied
by CP Engineering. The details about the FMS were explained in Section 3.1.4. The fuel
consumption is monitored and recorded by the CADET V14 software. The reading of fuel

flow rate is recorded in gram per second (g/s).
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3.3. [Exhaust Gas Monitoring Analysis and Instrumentation
3.3.1. Exhaust Gaseous Instrumentation (Horiba MEXA 7100EGR)

Emissions of CO, CO,, THC and NOy are measured from the exhaust sample line
by an exhaust gas analyzer (Horiba MEXA-7100EGR). The different exhaust gas
components are measured using different measuring techniques as shown in Table 3.8.
The heated line and pre-filter are maintained at 191 °C. The system has to be calibrated by
suitable bottled span and zero calibration gases. After this process, the system is ready to
use.

Table 3.8. Exhaust emissions measurement methods

Emissions components Measurement method

Carbon MoNOxide (CO) Non-dispersive Infrared Sensor (Dry)
Carbon Dioxide (CO,) Non-dispersive Infrared Sensor (Dry)
Total Hydrocarbons (THCs) Flame Ionisation Detector (Hot)
Nitrogen Oxide (NOx) Chemiluminescene Detector (Dry)

In this experimental work, the Horiba MEXA-7100EGR is controlled digitally by
the CADET V14 software. The initial stage is purge, sample and then measurement for

every engine test condition.

3.3.2 Smoke Analysis (Smoke Meter AVL415S)

Smoke emissions are measured by using an AVL 415S smoke meter which
provides results directly as a Filter Smoke Number (FSN) unit. The colour of the filter
paper mainly depends on the soot concentration emitted by the engine. The value O is
assigned to the clean filter paper and the completely black paper filter that is loaded with
soot is assigned value 10. The effective length is standardized from ISO DP 10054 with

405 mm, a sampled volume of 0.331 and a loaded paper face of 8.15 cm? (@ 32 mm). The
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sampling time is approximately 30 seconds with 1.01 of a sampled volume. However, at
higher soot concentrations (FSN > 6), the sampled volume must be reduced down to 0.331.

The smoke meter has a capability to take 5 measurements and then average.

3.4. Fuel Properties and Engine Oil

Two biodiesel-diesel blends Tallow Methyl Ester (TME10 and TME30) and ultra
low sulphur diesel (ULSD) were used throughout the research work. All fuels are
provided by Green Fuels and Shell Global Solutions UK and conform to EN590 and
EN14214, the standard for ULSD and TME respectively. The fuel properties are shown in

Table 3.9.

Table 3.9. Fuel properties [172-174]

Test method ULSD TME
Cetane number® ASTM D613 47 58.8
Density at 15°C (kg/m?)* ASTM D4052 843.51 877
KinematicViscosity at 40°C (cSt)*  ASTM D445 3.6 5.07
LHV (MJ/kg)* 42.7 39.8
Sulphur (% wt)" 0.29 0.18
C (% wt.)° 87.12 76.77
H (% wt.)° 12.88 12.88
O (% wt.)° - 11.47
a[172]
b [137, 174]

In all the experimental study, biodiesel blended fuels are designated as TMEXX etc
where XX represents the volumetric percentage of neat biodiesel contained in the blended
mixture. For example, TME30 represents the volumetric blend of 30 percent TME with 70

percent ULSD.
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The engine lubrication oil used throughout the research as recommended by the
manufacturer for the engine is Castrol MAGNATEC 5W-30 Al. The initial oil capacity is
7.71 and for the next service oil capacity is 6.6l for both engines. The initial line fill is
higher than usual since the oil needs to be circulated through all engine parts including the
oil filter. The maximum dipstick indication is 6.4] and the minimum dipstick indication is
4.91 in both engine capacities. Both engines use the same amount of oil as shown in Table

3.10.

Table 3.10. : Engine oil capacity

Volume of Engine QOil 2.71 Engine 3.0l Engine

Initial line fill (1) 7.7 7.7
Service oil fill (1) 6.6 6.6
Maximum dipstick (1) 6.4 6.4
Minimum dipstick (1) 4.9 4.9

3.5 Engine Test Conditions
The engine test conditions are explained in each chapter separately. The results
presented in the following chapters are the average of the measurements taken from three

separate tests, with outlying points either removed or retested.
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CHAPTER 4

COMBINED EFFECT OF FUEL INJECTION
PRESSURE AND EGR ON THE ENGINE
PERFORMANCE AND EMISSIONS

This chapter presents the measurable engine performance parameters and emissions
of a diesel engine fuelled with ultra-low sulphur diesel (ULSD). The experiments are
carried out on a fully instrumented 2.71 V6 Jaguar diesel engine, twin-turbocharged, water-
cooled, variable geometry turbochargers, with cooled EGR and equipped with a common
rail direct fuel injection system as given in Chapter 3. The details of the engine test
conditions are described in the following section. In Sections 4.2 and 4.3 the effect of fuel
injection pressure and EGR on the measurable engine performance parameters and
emissions are discussed, respectively. The summary of the chapter is presented in Section

4.4.

4.1 Engine Test Conditions

The present study was carried out with a constant engine speed and three different
engine loads as shown in Table 4.1. Five different levels of fuel injection pressure 300,
430, 500, 600, 700 bar, at three different engine loads (35.1, 70.2 and 140 Nm) were
carried out in this experiment. The selected conditions (speed and loads) are chosen in
order to investigate fuel injection pressure effect at low speed and moderate engine loads.
The effect of the EGR mode on the engine performance and emissions is discussed in
detail in Section 4.3.

The focus of the study is to investigate the effect of a variation in fuel injection

pressures with split (pilot and main) injection, (with and without cooled EGR) on engine
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performance and emissions. The fuel ratio between the pilot and main injection is
approximately 10:90 by mass. The fuel injection pressure for both pilot and main injection
are the same. The pilot injection was timed at -15.80 CAD and main injection was timed

at 2.55 CAD.

Table 4.1. Engine test conditions

Engine Speed (rpm) Engine Load (Nm) Injection Pressure (bar)

1500 35.1 (10%) 70.2 (20%) 140.4 (40%) 300-700

The inlet fuel temperature (35 = 1 °C), inlet air temperature (30 £ 1 °C) and relative
humidity (45-50%) were kept constant and monitored throughout the tests. These
parameters are significantly important as are influencing ignition delay and combustion
behaviour, particularly when the engine operating with EGR. In Chapter 5, the same
conditions used in order to study the effects of injection pressure and dwell period on the

engine performance and emissions.

4.2 The Effects of Fuel Injection Pressures
The study is designed to investigate the effects of fuel injection pressure on a V6
diesel engine at a variation of engine loads operating without EGR. The engine test

conditions were mentioned in section 4.1.

4.2.1 Engine Performance and Combustion Characteristics
Figure 4.1 shows the rate of heat release (ROHR) and in-cylinder pressure as a
function of crank angle degree (CAD) at 1500 rpm, without EGR at five different fuel

injection pressures (300, 430, 500, 600 and 700 bar). It can be clearly seen that the peak
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in-cylinder pressure increased with the increase of the fuel injection pressure, as the start of
the main combustion was advanced.

High fuel injection pressures enhancing fuel atomisation corresponding to small
fuel droplets size, thus promoting a shorter duration of combustion and faster heat release
rate [68]. In contrast, the lower fuel injection pressure produces lower peak in-cylinder
pressure due to a reduction in the premixed combustion phase, a consequence of a poor
rate of fuel evaporation at lower fuel injection pressure. In addition, the peak in-cylinder
pressure mainly depends upon the initial combustion rate which is strongly influenced by
the amount of fuel available to burn at this stage [36]. The ROHR diagram shows the
combustion from lower fuel injection pressure consists of a shorter premixed phase and a
longer diffusion-controlled combustion phase.

The different in a first peak (peak 1) in-cylinder pressure is very difficult to notice.
However, it is clearly seen in the peak 2 of in-cylinder pressure where the highest fuel
injection pressure of 700 bar produced the highest peak in-cylinder pressure. The second
envelope of peak in-cylinder pressure appears due to the engine operating with split
injection strategy. The peak 1 is appeared due to the pilot combustion and the peak 2 is

due to the main combustion.
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Figure 4.1. The heat release rate and in-cylinder pressure for a variation of fuel injection

pressures at 1500 rpm, 35.1 Nm with EGR OFF.

Figures 4.2a and 4.2b show the values of peak in-cylinder pressure (peak 1 and
peak 2) due to pilot combustion and main combustion, respectively. The values of peak 1
are increased by 2.3%, 14.0% and 15.0% with the increase of fuel injection pressure from
300 bar to 700 bar at 35.1 Nm, 70.2 Nm and 140.4 Nm respectively. Meanwhile, the
values of peak 2 are increased by 19.0%, 18.3% and 23.7% with the increase of fuel
injection pressure from 300 to 700 bar at 35.1 Nm, 70.2 Nm and 140.4 Nm respectively.
The results showed that the higher fuel injection pressure is more important at high loads

compared with lower load where Fuel-Air mixing is easier.
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Figure 4.2. a) Peak in-cylinder pressure 1(peak 1), b) peak in-cylinder pressure 2 (peak 2)
from a variation of fuel injection pressures and three engine loads at 1500 rpm, error bars

represent 95 percent confidence.

Figures 4.3a and 4.3b show the brake specific fuel consumption (BSFC) and engine
thermal efficiency respectively for a variation of fuel injection pressures at three different
engine loads. In all engine test conditions BSFC decreases as the fuel injection pressure
increases due to advanced combustion (Figure 4.1), reduced ignition delay (Figure 4.4) and
rapid combustion rate [64]. Ignition delay was calculated from the start of injection (SOI)
of the main injection to the first point of a positive value of ROHR. In addition, based on
the lower CO and THCs emissions from Figures 4.6 and 4.7 respectively, it can be
concluded that the higher fuel injection pressure gave slightly improved fuel combustion
efficiency. This is strongly believed to be due to the improved mixing process as
compared to the lower fuel injection pressure. In fact, the higher fuel injection pressure
leads to an improvement in the combustion process and a high power output is produced

due to better fuel distribution and heat utilisation for almost all engine test conditions [64].
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The engine thermal efficiency was increased as the main combustion advanced due to
increased fuel injection pressure. This is due to less injected fuel to produce the equal
power output by high fuel injection pressure. The results also showed that the higher load

has higher efficiency due to higher combustion temperatures and lower heat losses.
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Figure 4.3. a) Brake specific fuel consumption, b) engine thermal efficiency for a variation
of fuel injection pressures and three engine loads at 1500 rpm, error bars represent 95

percent confidence.
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Figure 4.4. Ignition delay for a variation of fuel injection pressures and three engine loads

at 1500 rpm, error bars represent 95 percent confidence.

79



4.2.2 Engine Emissions

Figure 4.5 shows the emissions of NOy for a variation of fuel injection pressures
and three different engine loads at 1500 rpm. The results showed that the NOx emissions
are increased with the increase of fuel injection pressure for all engine test conditions. The
higher fuel injection pressure leads to higher levels of NOyx emissions as compared to the
lowest fuel injection pressure. This is due to rapid combustion process as a result of the
increased global in-cylinder temperatures due to advanced combustion [36, 64].

The smaller fuel droplets size, produced by the higher fuel injection pressure is
strongly contributes to the higher flame temperature [2, 36, 142, 175]. Several factors that
contribute to the fast combustion process in diesel engines are; fuel properties, fuel droplet
size, penetration length, turbulence intensity, fuel evaporation, rate of combustion and

ignition delay.
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Figure 4.5. NO, emissions for a variation of fuel injection pressures and three engine loads

at 1500 rpm, error bars represent 95 percent confidence.

Figures 4.6 and 4.7 show the carbon monoxide (CO) and total hydrocarbons

(THCs) emissions respectively for a variation of fuel injection pressures and three different
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engine loads at 1500 rpm. The overall results show that both emissions decreased as the
fuel injection pressure increases for almost all engine test conditions due to improved
combustion efficiency. As explained earlier, higher in-cylinder pressure, high combustion
temperatures, improved Air-Fuel mixing and fuel atomisation led to enhanced CO and

THCs oxidation [69, 142].
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Figure 4.6. CO emissions for a variation of fuel injection pressures and three engine loads

at 1500 rpm, error bars represent 95 percent confidence.
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Figure 4.7. THCs emissions for a variation of fuel injection pressures and three engine

loads at 1500 rpm, error bars represent 95 percent confidence.
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Figure 4.8 shows the smoke levels for a variation of fuel injection pressures and
three different engine loads at 1500 rpm. The smoke levels are decreased with the increase
of fuel injection pressure. These results are consistent with other studies by Bhusnoor et al.
[36] and Dhananjaya et al. [64] and suggest that the higher fuel injection pressure can be
beneficial due to better fuel atomisation leading to improved combustion behaviour. This
leads to a reduction of the rate of soot formation. In fact, the smoke emissions decrease as
the fuel injection pressure increases due to an improved mixing process and less fuel-rich

regions that can contribute to soot formation [84, 176].
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Figure 4.8. Smoke level for a variation of fuel injection pressures and three engine loads at

1500 rpm, error bars represent 95 percent confidence.

Figure 4.9 shows the NOy-smoke trade-off emissions, for a variation of fuel
injection pressures and three different engine loads at 1500 rpm, 35.1 Nm. The smoke
levels appeared to be lower with high fuel injection pressure while the NOy emissions
increased dramatically at all engine loads. A low level of 0.533 FSN smoke and a high
level of 2.992 g/kWh NOy can be achieved at the fuel injection pressure of 700 bar when

the engine is operating with the engine load of 35.1 Nm, without EGR. Therefore, the
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simultaneous reductions in smoke and NOy could be achieved when there is a combined

strategy between high fuel injection pressure and EGR.
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Figure 4.9. NOs-Smoke trade-off emissions for a variation of fuel injection pressures and

three engine loads at 1500 rpm.

4.3 Effects of Cooled Exhaust Gas Recirculation

In Section 4.2, the higher fuel injection pressure tends to produce a high level of
NOy emissions due to high combustion temperatures. Therefore, in this section, EGR is
used to balance the higher level of NOy emissions produced by higher fuel injection
pressure and in an attempt to break the NOy -Smoke trade-off. As it is well accepted, EGR
is favourable for NOy reduction and high fuel injection pressure is favourable for engine
performance and emissions. The main objective of this study is to investigate the
combined effects of cooled EGR and fuel injection pressure to the engine performance and
emissions

Below are the summaries of engine test conditions for the effects of fuel injection
pressure and exhaust gas recirculation on engine performance and emissions. The test

conditions were carried out at 1500 rpm and 35.1 Nm at a variety of fuel injection
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pressures (300 — 700 bar) with EGR OFF and EGR ON. In EGR ON mode, the EGR rates
are changing in between (44.4 -45.79%) at a variation of fuel injection pressures as shown
in Table 4.2. The EGR rate is controlled automatically by the engine management system
(EMS), and is dependent on the engine test conditions. The detail about EGR’s control
was mentioned in Section 3.27.

Table 4.2. Engine test conditions (Various fuel injection pressures + EGR)

Injection Pressure (bar) 300 430 500 600 700
EGR ON (%) 44 .4 447 46.31 45.75 45.79
EGR OFF (%) 0 0 0 0 0

4.3.1 Engine Performance and Combustion Characteristics

Figures 4.10a, 4.10b, 4.11a and 4.11b show that the peak pressures are increased as
the engine operation changed from EGR ON to EGR OFF. It is clearly observed from the
graph that the EGR ON delayed the start of combustion due to a lean mixture and thus
resulted in a longer ignition delay. The EGR ON influenced the start of combustion and
the combustion period through the longer ignition delay. The overall results show a good
agreement with the study by Zheng et al. [177] that shows the ignition delay increases with
the EGR. The use of cooled EGR produces lower peak in-cylinder pressure as compared
to EGR OFF. This is due to a retarded combustion, a result of the reduced oxygen density
and high heat capacity of the gas mixture [34, 68]. In addition, the reduction of fuel burnt
in the premixed combustion phase can be considered as a strong factor in lowering in-

cylinder peak pressure.
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Figure 4.10. a) ROHR and in-cylinder pressure profile for EGR OFF and b) ROHR and in-

cylinder pressure profile for EGR ON at 1500 rpm, 35.1 Nm.

Figures 4.11a and 4.11b show the values of peak 1 and peak 2 for both EGR ON
and EGR OFF respectively. The values of peak 1 are due to pilot combustion and peak 2
are due to main combustion. The values of peak 1 are increased by 4.8% and 2.3% with
the increase of fuel injection pressure from 300 to 700 bar for EGR ON and EGR OFF
respectively. Meanwhile, the values of peak 2 are increased by 22.5% and 19.1 % with the

increase of fuel injection pressure from 300 to 700 bar for EGR ON and EGR OFF
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respectively. These results showed that the higher improvement to the EGR ON rather
than the EGR OFF with the increase of fuel injection pressure. This is because a poor
combustion at lower fuel injection pressure with EGR ON as compared to EGR OFF due
to less availability of oxygen in EGR ON. Therefore, the increased fuel injection pressure

is more significant to the EGR ON.
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Figure 4.11. a) Peak in-cylinder pressure 1 and b) Peak in-cylinder pressure 2 for a
variation of fuel injection pressures at 1500 rpm, 35.1 Nm, error bars represent 95 percent

confidence.

Figure 4.12 shows the main ignition delay for a variation of fuel injection pressures
with EGR ON and EGR OFF at 1500 rpm, 35.1 Nm. The ignition delays are decreased by
4.8% and 13.6% with the increase of fuel injection pressure from 300 to 700 bar at EGR
ON and EGR OFF respectively. The longer ignition delay with EGR ON is due to the

dilution effect, chemical effect and thermal effect [89, 178-180].
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Figure 4.12. Main ignition delay for a variation of fuel injection pressures at 1500 rpm,

35.1 Nm, error bars represent 95 percent confidence.

Figures 4.13a and 4.13b show the brake specific fuel consumption and engine
thermal efficiency respectively, for a variation of fuel injection pressures with EGR ON
and EGR OFF at 1500 rpm, 35.1 Nm. The BSFC is decreased by 2.7% and 5.1% with the
increase of fuel injection pressure from 300 to 700 bar for EGR ON and EGR OFF,
respectively. The engine thermal efficiency is increased with the higher injection pressure
in both cases EGR ON and EGR OFF. The values of engine thermal efficiency are
increased from 18.5% to 20.0% and 19.0% to 20% with the increase of fuel injection
pressure from 300 to 700 bar for EGR ON and EGR OFF, respectively. It showed that the
effect of higher fuel injection pressure to the BSFC is better in EGR OFF as compared to
EGR ON. The results also showed that the BSFC decreased when the engine is switched
from EGR ON to EGR OFF. This is due to the higher availability of oxygen in the

cylinder that is ready to mix with the injected fuel.
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Figure 4.13. a) Brake specific fuel consumption (BSFC), b) Engine thermal efficiency for
a variation of fuel injection pressures at 1500 rpm, 35.1 Nm, error bars represent 95

percent confidence.

4.3.2 Engine Emissions

Figure 4.14 shows the emissions of NOy as a function of fuel injection pressure at
1500 rpm, 35.1 Nm with EGR ON and EGR OFF. The EGR was used to dilute the intake
air resulting in longer ignition delay. This condition tends to reduce combustion

temperatures that result in low NOx emissions as clearly seen from Figure 4.14.
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Figure 4.14. NOx emissions for a variation of fuel injection pressures at 1500 rpm, 35.1

Nm, error bars represent 95 percent confidence.
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Figures 4.15 and 4.16 show the CO and THCs emissions respectively, for a
variation of fuel injection pressures operating with EGR ON and EGR OFF at 1500 rpm,
35.1 Nm. The both emissions are decreased with the increase of fuel injection pressure
from 300 to 700 bar for EGR ON and EGR OFF. The CO and THCs emissions are
decreased when the engine operation is switched from EGR ON to the EGR OFF. This is
due to less oxygen availability [49, 181] and a lower combustion temperature [182] with
EGR ON that contributes to the higher CO and THCs emissions. The poor fuel
distribution and less amounts of oxygen with EGR ON contributed to the higher CO and
THCs emissions in the exhaust pipe as agreed by Sayin et al. [56]. Meanwhile, the lower
THCs emissions with EGR OFF are due higher oxygen content resulting in a complete

combustion.
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Figure 4.15. CO emissions for a variation of fuel injection pressures at 1500 rpm, 35.1

Nm, error bars represent 95 percent confidence.
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Figure 4.16. THCs emissions for a variation of fuel injection pressures at 1500 rpm, 35.1

Nm, error bars represent 95 percent confidence.

Figure 4.17 shows the smoke level for a variation of fuel injection pressures
operating with EGR ON and EGR OFF at 1500 rpm, 35.1 Nm. The smoke levels are
decreased by 74.6% and 63.4% with the increase of fuel injection pressure from 300 to 700
bar for EGR ON and EGR OFF respectively. As expected, the EGR ON has higher smoke
level as compared to EGR OFF. This is due to high oxygen availability in EGR OFF
contributes to complete mixing process resulting in low smoke level. The difference of
smoke level between EGR ON and EGR OFF becomes smaller when the engine operates
with high fuel injection pressure. Therefore, the higher fuel injection pressure has a

promising result in smoke level even with EGR ON.
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Figure 4.17. Smoke level for a variation of fuel injection pressures with EGR ON and

EGR OFF, error bars represent 95 percent confidence.

Figure 4.18 shows the NOy-smoke trade-off emissions, for a variation of fuel
injection pressures operating with EGR ON and EGR OFF at 1500 rpm, 35.1 Nm. The
smoke levels appeared to be higher with EGR ON while the NOx emissions decreased
dramatically. However, there was a considerable decrease in smoke with the increase of
fuel injection pressure from 300 to 700 bar for both EGR ON and EGR OFF. Very low
levels of smoke and NOy can be achieved at the fuel injection pressure of 700 bar when the
engine is operating with EGR. Under the same fuel injection pressure, running without
EGR results in higher NOy emissions (9 times) while achieving a lower smoke number
(41%). Therefore, the simultaneous reductions in smoke and NOy could be achieved when

the engine is operating with high fuel injection pressure and EGR ON.
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Figure 4.18. NO4-Smoke trade-off emissions for a variation of fuel injection pressures

with EGR ON and EGR OFF.

4.4 Summary

Experimental work was carried out to investigate the effect of a variation in fuel
injection pressures with split (pilot and main) injection, (with and without cooled EGR) on
engine performance and emissions of a modern 2.71 V6 diesel engine. The results clearly
showed that increasing the fuel injection pressure from 300 to 700 bar resulted in a
significant improvement in engine performance and emissions (THCs, CO and smoke) for
all engine test conditions. The engine thermal efficiencies are increased from 19.0 to
20.0%, 26.1 to 27.2% and 29.2 to 30.1%, BSFC is decreased by 4.4%, 4.2% and 3.0%,
smoke levels are decreased by 63.4%, 57.8% and 19.6% and NOy emissions are increased
by 44.0%, 35.0% and 37.0% with the increase of fuel injection pressure from 300 to 700
bar at 35.1 Nm, 70.2 Nm and 140.4 Nm respectively. The effect of higher fuel injection
pressure is more important at the higher engine load compared with the lower loads. This
is due to higher injected fuel at higher engine load that requires a longer time for a mixing
process. The smaller fuel droplet size that can be produced by higher fuel injection

pressure is significantly important in this case to form a complete mixing process.
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The combined effect of fuel injection pressure and EGR study showed that effect of
fuel injection pressure is more important in the case of EGR ON compared with EGR OFF
due to higher availability of oxygen in the charge air in the EGR OFF mode. This is
clearly observed from Figures 4.15, 4.16 and 4.17 that the emissions of CO, THCs and
smoke were converging between EGR ON and EGR OFF at higher fuel injection pressure.
In the case of less oxygen availability, the higher fuel injection pressure plays an important
role in creating a better mixture formation resulting in a cleaner combustion. The smoke
level, CO and THCs are decreased by 74.6%, 22.7% and 29.4% respectively with the
increase of fuel injection pressure from 300 to 700 bar when engine operating with EGR
ON at 1500 rpm, 35.1 Nm. Meanwhile, the smoke level, CO and THCs are decreased by
63.4%, 10.2% and 11.0% with the increase of fuel injection pressure from 300 to 700 bar
when the engine is operating with EGR OFF at the same engine test condition. The BSFC
is decreased by 2.7% and 5.1%, thermal efficiencies are increased from 18.5 to 19.0% and
19.0 to 20.0%, and NOy emissions are increased by 65.0% and 44.0% with the increase of
fuel injection pressure from 300 to 700 bar for EGR ON and EGR OFF respectively. The
NOy-smoke trade-off could be improved when the engine is operating with high fuel

injection pressure and EGR ON.
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CHAPTER 5

COMBINED EFFECT OF FUEL INJECTION
PRESSURE, DWELL PERIOD (INTERVAL
BETWEEN PILOT AND MAIN) AND EGR ON THE
ENGINE PERFORMANCE AND EMISSIONS

This chapter presents experimental results for a diesel engine operating with ULSD
at short and long dwell period (interval between pilot and main) with a variation of fuel
injection pressures. The study is designed to determine the combined effects of dwell
period (5 CAD and 40 CAD), fuel injection pressure and EGR modes on a modern 2.71 V6
diesel engine. The aim of this study is to induce a better mixture formation by tailoring the
dwell period between pilot and main injection at a variation of fuel injection pressures. It
is thought that there is potential in this method as it is known that only 80% of the intake
air is effectively used in the combustion process. This is due in part to an insufficient
reaction time between fuel and compressed air to form a combustible mixture [36]. The
details of engine test conditions are described in Section 5.1. Sections 5.2 and 5.3 discuss
the details of the effect of dwell period and engine speed on the measured engine

performance and emissions respectively. The overall results are summarised in Section

54.

5.1 Engine Test Conditions

The present work involves with two different engine speeds at a constant engine
load of 35.1 Nm. The details about the engine setting parameters were described in
Chapter 3. The dwell period, EGR modes and fuel injection pressures are changed by

using the INCA V5.3 software. The dwell period is changed from 5 (short dwell) to 40
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CAD (long dwell) at a variation of fuel injection pressures (300 — 800 bar) in parallel with
EGR modes (EGR ON and EGR OFF). The fuel injection pressure for the pilot and main
injection are the same. The fuel split between the pilot and main are approximately 10:90
by mass as explained in Chapter 4. The inlet fuel temperature (35 £ 1 °C), inlet air
temperature (30 = 1 °C) and relative humidity (45-50%) were kept constant and monitored
throughout the tests.

The experiment was carried out with a fixed start of main injection. The main
injections are timed at 2.55 CAD and 0.70 CAD for 1500 rpm and 2250 rpm respectively.
Therefore, the start of pilot injection is changed in order to make 5 CAD (later pilot
injection) and 40 CAD (advanced pilot injection) of dwell period for both 1500 rpm and
2250 rpm. In the case of 1500 rpm, the SOI for the pilot are -2.45 CAD and -37.45 CAD
for short dwell and long dwell, respectively. Meanwhile, in the case of 2250 rpm, the SOI
for the pilot are -4.30 CAD and -39.30 CAD for short dwell and long dwell, respectively.
The details about EGR rates are displayed in Tables 5.1 and 5.2 for both 1500 rpm and

2250 rpm respectively.

Table 5.1. EGR rates at1500 rpm, 35.1Nm

Fuel injection pressure (bar) 300 430 500 600 700 800
EGR OFF (%) - Short dwell 0 0 0 0 0 0
EGR OFF (%) - Long dwell 0 0 0 0 0 0
EGR ON (%) - Short dwell 51.89 51.65 52.68 5236 49.52 49.57
EGR ON (%) - Long dwell 51.37 51.11 514 51.14 49.8 49.73
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Table 5.2. EGR rates at 2250 rpm, 35.1Nm

Fuel injection pressure (bar) 300 430 500 600 700 800
EGR OFF (%) —Short dwell 0 0 0 0 0 0
EGR OFF (%)- Long dwell 0 0 0 0 0 0
EGR ON (%)-Short dwell 33.01 34.13 33.61 33.18 32.58 33.92
EGR ON (%)-Long dwell 327 32.14 3192 31.56 31.28 31.5

5.2  The Effects of Dwell Period

Previous studies have reported that the ignition delay period depends on the quality
of the combustible mixture, air temperature and the size of fuel droplets [61, 70]. As is
well accepted, the timing of start of injection (SOI) for both (pilot and main) is an
important parameter to control the mixing process. Early SOI leads to a homogenous
charge combustion that leads to a low combustion temperatures. Meanwhile, late SOI
leads to poor mixing process resulting in incomplete combustion. Therefore, the effect of
dwell period (between pilot and main) is significantly important to the mixture formation
resulting in lower fuel consumption and engine emissions. The exhaust gas recirculation
(EGR) is an effective method of NOy control [155, 183, 184], therefore the dwell period is

also a function of to exhaust gas recirculation (EGR).

5.2.1 Engine Performance and Combustion Characteristics

Figures 5.1a and 5.1b show the rate of heat release (ROHR) and the in-cylinder
pressure as a function of crank angle degree (CAD) for a variation of fuel injection
pressures and dwell periods at 1500 rpm, 35.1 Nm EGR ON and EGR OFF respectively. It
can be clearly seen from both figures that the peak in-cylinder pressure increases as the

fuel injection pressure increases for both dwell periods. The longer dwell period of 40
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CAD produced the highest peak in-cylinder pressure from all engine test conditions, due to
better fuel mixing process corresponding to long ignition delay, thus promoting a complete
combustion. In contrast, the shorter dwell period produces lower in-cylinder pressure due

to a reduction in the premixed combustion phase, a consequence of a poor mixing process.
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Figure 5.1 The rate of heat release and in-cylinder pressure for a variation of fuel injection

pressures at 1500 rpm, 35.1 Nm EGR OFF. a) Short dwell , and b) Long dwell.
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Figures 5.2a and 5.2b show the peak in-cylinder pressure for a variation of fuel
injection pressures and two dwell periods at 1500 rpm, 35.1 Nm for both EGR ON and
EGR OFF respectively. The results show that the long dwell period produces a higher
peak in-cylinder pressure when compared to the short dwell period for both EGR ON and
EGR OFF. This is attributed to the longer residence time of the pilot fuel. Consequently
more fuel is mixed with air and in turn, more of the fuel is burnt during premixed
combustion. In contrast, the short dwell provides a limited residence time for the pilot fuel
to mix with air especially at lower fuel injection pressure and EGR ON. In this study, the
difference in the first peak in-cylinder pressure is very difficult to notice (Figures 5.1a and
5.1b). However, it is clearly seen in the second envelope of peak (Peak 2) in-cylinder

pressure where the longer dwell period of 40 CAD produced the highest peak in-cylinder

pressure.
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Figure 5.2. Peak in-cylinder pressure (Peak 1) for a variation of fuel injection pressures
and two dwell periods at1500 rpm, 35.1 Nm a) EGR ON, b) EGR OFF, error bars represent

95 percent confidence.
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Figures 5.3a and 5.3b show the brake specific fuel consumption (BSFC) for a
variation of fuel injection pressure and two dwell periods at 1500 rpm, 35.1 Nm for both
EGR ON and EGR OFF respectively. The results show that the brake specific fuel
consumption (BSFC) decreases with the increase of dwell period due to an improved
mixing process. In addition, based on the lower CO (Figures 5.7a and 5.7b) and THCs
(Figures 5.8a and 5.8b) emissions, it can be concluded that the longer dwell period gave
slightly improved fuel combustion. This is strongly believed to be due to the improved
mixing process as compared with the lower dwell period. In fact, the longer dwell period
leads to an improvement in the combustion process and a high power output is produced
due to the better fuel mixing process for almost all engine test conditions. As a result,
energy release takes place closer to TDC, which increases the thermodynamic efficiency
and thus reduces BSFC [61]. The shorter dwell period provides a limited time for fuel to
entrain with the air. As previously mentioned, this is thought to be due to the poorer
mixing process of the short dwell period which relates to the residence time of the fuel to
mix with air in the combustion chamber. The overall results show that the long dwell

period required less fuel as compared to the short dwell period for both EGR ON and OFF.
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Figure 5.3. Brake specific fuel consumption (BSFC) for a variation of fuel injection
pressures and two dwell periods at 1500 rpm, 35.1 Nm a) EGR ON, b) EGR OFF, error

bars represent 95 percent confidence.

It is clearly observed from Figures 5.4a and 5.4b that the pilot ignition delay
increased with the increase of dwell period for both EGR ON and EGR OFF, respectively.
The results also show that a small variation of pilot ignition delay versus fuel injection
pressure for both EGR ON and EGR OFF. Therefore, the effect of dwell period on the
pilot ignition delay is more dominant than that of the EGR. The long dwell leads to the
longer pilot ignition delay due to low local temperatures at that time (earlier in the
compression stroke). The effect of fuel injection pressure is more significant at a condition
of long dwell period with EGR ON. It seems possible that these results are due to less
oxygen availability with EGR ON that required a small fuel droplet size to enhance the
mixing process. In the case of EGR ON, the dwell period plays a major role in producing a
better mixture due to the decreased availability of oxygen in the cylinder. Hence, it could
be hypothesised that the long dwell period enhanced the combustion as the oxygen

deficiency caused by EGR operation increased the dominance of the mixing process for
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complete combustion. In the case of EGR OFF, the results show that the ignition delay is

less sensitive to the dwell period due to higher oxygen availability.
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Figure 5.4. Pilot ignition delay for a variation of fuel injection pressures and two dwell

periods at 1500 rpm, 35.1 Nm a) EGR ON, b) EGR OFF, error bars represent 95 percent

confidence.

Figures 5.5a and 5.5b show the engine thermal efficiency for a variation of fuel
injection pressures and dwell periods at 1500 rpm, 35.1 Nm EGR ON and EGR OFF,
respectively. The longer dwell period produces higher thermal efficiency than the short
dwell period. The higher thermal efficiency indicates less fuel is consumed to produce the
same required power output. The thermal efficiency increased with the increase of dwell

period due to the complete mixing process.
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Figure 5.5. Engine thermal efficiency for a variation of fuel injection pressures and two
dwell periods at 1500 rpm, 35.1 Nm a) EGR ON, b) EGR OFF, error bars represent 95

percent confidence.

5.2.2 [Engine Emissions

As is seen from the Figures 5.6a and 5.6b, the emissions of NOy slightly increased with
the increase of dwell period for both EGR ON and EGR OFF respectively. This is due to
longer dwell tends to introduce the higher combustion temperatures that promote NOy
formation. The results show a good agreement with many authors, that the formation of
NOy is highly influenced by the higher combustion temperatures [140, 141]. Meanwhile,
the shorter dwell tends to produce lower combustion temperatures that lead to the lower

level of NOy emissions [49, 83, 181].
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Figure 5.6. NO, emissions for a variation of fuel injection pressures and two dwell periods
at 1500 rpm, 35.1 Nm a) EGR ON, b) EGR OFF, error bars represent 95 percent

confidence.

Figures 5.7a and 5.7b show the carbon monoxide emissions for a variation of fuel
injection pressures and two dwell periods at 1500 rpm, 35.1 Nm EGR ON and EGR OFF
respectively. As expected, CO levels are decreased when the engine is operating without
EGR. The higher CO levels with EGR are due to the reduced combustion temperatures
through dilution and decreased oxygen availability [34, 68, 156]. In fact, CO emissions are
strongly influenced by mixing process and the Air-Fuel ratio [36]. It is observed that the
CO emissions are decreased for longer dwell across the range of fuel injection pressure
especially with EGR OFF. The longer dwell period leads to a complete mixing process
that is favourable for CO emissions reduction. Therefore, the longer dwell produced a
complete combustion resulting in low CO emissions. The overall results show that the CO
emissions decrease as dwell period increases for almost all engine test conditions due to a
more complete combustion at the longer dwell period and therefore, complete oxidation of

CO to CO,.
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Figure 5.7. CO emissions for a variation of fuel injection pressures and two dwell periods
at 1500 rpm, 35.1 Nm a) EGR ON, b) EGR OFF, error bars represent 95 percent

confidence.

Figures 5.8a and 5.8b show the total hydrocarbons (THCs) emissions for a variation
of fuel injection pressures and two dwell periods at 1500 rpm, 35.1 Nm EGR ON and EGR
OFF respectively. The THCs emissions are emitted by the engine as a result of incomplete
combustion, due in part to heavier hydrocarbons in diesel fuel [64]. It is clearly seen from
Figures 5.8a and 5.8b that the THCs emissions decrease as the dwell period increases, due
to more complete vaporisation process to form a more combustible mixture. Ideally, the
fuel should be atomised, vaporized and mixed with air before it reaches a self-ignition
temperature and the combustion process is initiated. The mixing process is highly
dependent on the interaction time between fuel and air. As would be expected, the longer
dwell period provides more time and therefore, improved mixing process. These results
are consistent with Abd-Alla et al. [57] who found the long dwell promoted higher
combustion temperatures thus lowering the THCs emissions. The reason for the low THCs

with longer dwell period is may be due mainly to improved mixing, but it is thought that
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perhaps higher turbulence and high combustion temperature also contribute to the more

complete combustion at longer dwell [70].
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Figure 5.8. THCs emissions for a variation of fuel injection pressures and two dwell

periods at 1500 rpm, 35.1 Nm a) EGR ON, b) EGR OFF, error bars represent 95 percent

confidence.

Figures 5.9a and 5.9b show the smoke level for a variation of fuel injection
pressures and two dwell periods at 1500 rpm, 35.1 Nm EGR ON and EGR OFF
respectively. The smoke level is decreased with the increase of dwell period for both EGR
ON and EGR OFF particularly for low fuel injection pressure with EGR ON. The finding
suggests that the longer dwell period can be beneficial for the smoke reduction due to
better fuel mixing leading to improved combustion behaviour as suggested by many

studies [36, 61, 105, 185].

105



O Shortdwell @ Long dwell O Shortdwell @ Long dwell
1.6 1.6
z =
E 1.2 4
g 1.2 “m._-.
Q Q
3 3
g 084 g 081
7] 7]
0+ 0
300 430 500 600 700 800 300 430 500 600 700 800
Injection pressure (bar) Injection pressure (bar)
a) b)

Figure 5.9. Smoke for a variation of fuel injection pressures and two dwell periods at 1500

rpm, 35.1 Nm. a) EGR ON, b) EGR OFF, error bars represent 95 percent confidence.

Figures 5.10a and 15.10b show the NOy-smoke trade-off emissions, for a variation
of fuel injection pressures and two dwell periods at 1500 rpm, 35.1 Nm EGR ON and EGR
OFF respectively. The smoke levels appeared to be lower and the NOy emissions appeared
to be higher with the increase of the injection pressure from 300 to 800 bar for all engine
test conditions. Low levels of smoke and NOy can be achieved at long dwell period when
the engine is operating at the fuel injection pressure of 800 bar and EGR ON. Under the
same engine conditions, dwell period and fuel injection pressure, running without EGR
results in higher NOy (approximately 9 times) while achieving a lower smoke number
(41%). Therefore, the simultaneous reductions in smoke and NOy could be achieved when

the engine is operating with EGR ON, high fuel injection pressure and long dwell period.
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Figure 5.10. NOy-smoke trade-off emissions for a variation of fuel injection pressures and

two dwell periods at 1500 rpm, 35.1 Nm. a) EGR ON, b) EGR OFF.

5.3 Effects of Engine Speed

In section 5.2, the overall results showed that EGR ON is favourable for NOy
reduction even when the engine is operating with high fuel injection pressure. Therefore,
in this chapter the author would like to investigate the effect of dwell period with EGR ON

at different engine speeds (1500 rpm and 2250 rpm) and one constant load (35.1Nm).

5.3.1 Engine Performance and Combustion Characteristics

Figures 5.11a and 5.11b show the in-cylinder pressure and rate of heat release
resulting for a variation of fuel injection pressures and two dwell periods at 2250 rpm, 35.1
Nm. It is noticeable that the rate of heat release is shifted forwards to the early of
expansion stroke with the longer dwell period. It is clearly seen from Figures 15.11a and
15.11b that less energy is released with the short dwell period (the area under the curve of
the ROHR) suggesting that only a proportion of the fuel has been burnt and indicates poor

mixing. This suggestion is reinforced on inspection of Figure 5.12 which details about the
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brake specific fuel consumption (BSFC) as fuel consumption increases with the short dwell

period.
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Figure 5.11. Cylinder pressure and rate of heat release for a variation of fuel injection

pressures at 2250 rpm, 35.1 Nm a) short dwell, b) long dwell.

Figures 5.12a and 5.12b show the brake specific fuel consumption for a variation of
fuel injection pressures and two dwell periods at 1500 rpm and 2250 rpm, respectively.
The BSFC is lower at higher engine speed as compared with lower engine speed. The
results are in good agreement with An et al. [2] who also found the improvement in
specific fuel consumption at higher engine speed. This is due to high air motion and
turbulence that is favourable in the Fuel-Air mixing and evaporation process. Therefore,
the higher engine speed tends to create a better mixing process thus consuming less fuel to
produce the same required power output. The higher engine speed also can provides
higher combustion temperatures that lead to the complete combustion and lower heat
losses. In both cases of engine speed, the results showed that the long dwell period

requires less fuel as compared with the short dwell period in all fuel injection pressures.
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This is particularly at higher speed as the difference at dwell period between 5 and 40 CAD

1S more important.
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Figure 5.12. Brake specific fuel consumption (BSFC) for a variation of fuel injection
pressures and two dwell periods at, a) 1500 rpm, b) 2250 rpm, error bars represent 95

percent confidence.

Figures 5.13a and 5.13b show the thermal efficiency from a variation of fuel
injection pressures and two dwell periods at 1500 rpm and 2250 rpm, respectively. The
results show that the thermal efficiency increases as the engine speed increases. This is
due to less heat lost to the cylinder wall during high engine speed operation. The
volumetric efficiency also increases as the engine speed increases that resulting in the

higher thermal efficiency due to complete combustion process.
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dwell periods at, a) 1500 rpm, b) 2250 rpm, error bars represent 95 percent confidence.

injection pressures and two dwell periods at 1500 rpm and 2250 rpm, respectively. The
results show that the peak pressure is less influenced by the fuel injection pressure when
engine operating at higher engine speed. However, the dwell period has a significant
influence on the peak pressure in both engine speeds. The effect of fuel injection pressure

is less significant at higher engine speed due to high air turbulence motion that is

Figures 5.14a and 5.14b show the in-cylinder peak pressure for a variation of fuel

favourable for the mixing process even at lower injection pressure.
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Figure 5.14. In-cylinder peak pressure (P max) for a variation of fuel injection pressures
and two dwell periods at, a) 1500 rpm, b) 2250 rpm, error bars represent 95 percent

confidence.

5.3.2 Engine Emissions

Figures 5.15a and 5.15b show the NOy emissions for a variation of fuel injection
pressures and two dwell periods at 1500 rpm and 2250 rpm, respectively. As expected, the
NOy formation is higher at high engine speed as compared with low engine speed due to
high combustion temperatures. The NOy emissions increased with the increase of engine
speed due to a large amount of fuel being injected during the ignition delay. The air flow
also increases with the increase of engine speed. This condition is favourable to the fuel-
compressed air mixing process that leads to a leaner mixture (fewer localised fuel rich
regions) and complete combustion resulting in a higher level of NOy emissions. The
higher combustion temperatures at high engine speed also contribute to the improved fuel

evaporation rate resulting in well mixed Fuel-Air charge.
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Figure 5.15. NOy emissions for a variation of fuel injection pressures and two dwell

periods at, a) 1500 rpm, b) 2250 rpm, error bars represent 95 percent confidence.

Figures 5.16a and 5.16b show the THCs emissions for a variation of fuel injection
pressures and two dwell periods at 1500 rpm and 2250 rpm, respectively. The results show
that the level of THCs is decreased at high engine speed as compared with low engine
speed. Similar results are obtained by Sinha and Agarwal [127]. It seems possible that
these results are due to increased oxygen availability forming an improved mixture
resulting in a more complete combustion [70]. On the other hand, the lower engine speed
conceivably leads to the poor mixing process and low combustion temperatures resulting in
higher THCs emissions level.

The reduction of THCs emissions at high engine speeds is related to the improved
mixing process. At the same time, the air flow is increased with the increase of engine
speed or turbulence. This enhances the fuel atomisation and evaporation to form a

homogeneous mixture [151].
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Figure 5.16. THCs emissions for a variation of fuel injection pressures and two dwell

periods at, a) 1500 rpm, b) 2250 rpm, error bars represent 95 percent confidence.

Figures 5.17a and 5.17b show the CO emissions for a variation of fuel injection
pressures and two dwell periods at 1500 rpm and 2250 rpm, respectively. The results show
that the CO emissions decrease as engine speed increases for both dwell periods. The
higher engine speed increases the volumetric efficiency, boosting turbulence and resulting
in complete combustion and high cylinder temperatures. The higher combustion
temperatures lead to lower carbon monoxide emissions [56, 181, 186]. The higher CO
emissions at low engine speed are due to low combustion temperatures that prevent the

further oxidation of CO to CO, [187].
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Figure 5.17. CO emissions for a variation of fuel injection pressures and two dwell periods

at, a) 1500 rpm, b) 2250 rpm, error bars represent 95 percent confidence.

Figures 5.18a and 5.18b show the smoke level for a variation of fuel injection
pressures and two dwell periods at 1500 rpm and 2250 rpm, respectively. It is clearly
observed from both figures that the higher engine speed produces higher levels of smoke
emissions, probably due to the higher quantity of injected fuel. This leads to a reduction of
the rate of soot oxidation. However, the smoke emissions are decreased with the increase
of the dwell period (earlier pilot fuel injection) due to an improved mixing process and
fewer fuel-rich regions that can contribute to soot formation. The effect of the dwell
period on smoke emissions is more significant when the engine operates at higher speed.
This is as expected and is explained by the increased quality of mixing achieved with a
longer dwell period. In this case, the smoke level reduces due to better fuel atomisation
leading to improved combustion behaviour. In contrast, the shorter dwell period tends to
produce higher levels of smoke due to less time being available for the fuel to mix with air;
this leads to less complete combustion.

A late combustion process can bring benefits the soot oxidation, resulting in low

emission levels due to higher temperatures extending the combustion into the expansion
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stroke. The current findings suggest that the long dwell period can be considered
beneficial for smoke reduction particularly at higher engine speed. This might have
potential for an optimised injection strategy incorporating higher EGR rates (e.g. >60%

EGR) to reduce both smoke and NOy emissions simultaneously.
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Figure 5.18. Smoke level for a variation of fuel injection pressures and two dwell periods

at, a) 1500 rpm, b) 2250 rpm, error bars represent 95 percent confidence.

Figures 5.19a and 5.19b show the NOx-smoke trade-off emissions, for a variation
of fuel injection pressures and two dwell periods at 1500 rpm and 2250 rpm, respectively.
The smoke levels appeared to be lower and the NOy emissions appeared to be higher with
the increase of the injection pressure from 300 to 800 bar for both dwell periods. Low
levels of smoke and NOy can be achieved at long dwell periods when the engine is
operating at a fuel injection pressure of 800 bar and a engine speed of 1500 rpm. Under
the same fuel injection pressure and dwell period, running at 2250 rpm results in higher
NOy (approximately 2 times) while achieving a similar smoke number. Therefore, a
different engine test condition (i.e. engine speed) required a different injection strategy to

control NO-smoke trade-off emissions.
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Figure 5.19. NOy-smoke trade-off emissions for a variation of fuel injection pressures and

two dwell periods at, a) 1500 rpm, b) 2250 rpm.

54 Summary

Experimental work was carried out to evaluate the combined effect of fuel injection
pressure, dwell period and EGR modes on the engine performance and emissions of a
modern 2.71 V6 diesel engine. This study shows that the long dwell produces higher peak
in-cylinder pressure and better fuel economy as compared with the short dwell for both
EGR ON and EGR OFF. In the case of EGR ON (49-52% EGR) at 1500 rpm, 35.1 Nm,
by increasing the fuel injection pressure from 300 to 800 bar, engine thermal efficiency
increased from 16.5 to 19.1% and 17.1 to 19.7%, BSFC decreased by 13.5% and 13.2%,
smoke level decreased by 74.3% and 70.1% and NOy emissions increased by 69.6% and
68.0%, respectively for a short (SCAD) and a long (40CAD) dwell period. Meanwhile,
when the engine is operating without EGR at the same engine load condition, the engine
thermal efficiency increased from 16.8 to 19.7% and 17.3 to 20.4%, BSFC decreased by

14.8% and 15.1%, smoke level decreased by 52.6% and 55.0% and NOx emissions
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increased by 77.5% and 91.8% with the increase of injection pressure from 300 to 800 bar
for a short (5 CAD) and a long (40 CAD) dwell period respectively. The long dwell
provides a longer residence time for the pilot fuel to mix, resulting in more fuel ready to
burn during premixed combustion phase, thus resulting in higher in-cylinder pressure due
to the combustion of the pilot injection. It is also shown that the longer dwell produced
higher exhaust temperature as compared with the shorter dwell. The long dwell shows
better engine emissions except for NOx emissions. The longer dwell period improved the
mixing process particularly when the engine operated with EGR ON.

In the study of the effects of engine speed the results clearly showed that increasing
the engine speed resulted in a significant improvement in engine performance and
emissions for almost all engine test conditions. In the case of 1500 rpm, the BSFC is
decreased with the increase of fuel injection pressure from 300 to 800 bar by 13.5% and
13.2%, engine thermal efficiencies are increased from 16.5 to 19.1% and 17.1 to 19.7%,
smoke levels are decreased by 74.3% and 70.1% and NOy emissions are increased by
69.6% and 68.0% at short and long dwell period respectively. Meanwhile, at 2250 rpm,
the BSFC is decreased with the increase of fuel injection pressure from 300 to 800 bar by
10.4% and 12.4%, thermal efficiency increased from 18.2 to 20.3% and 20.4 to 23.2%,
smoke levels are decreased by 49.6% and 67.7% and NOx emissions are increased by
61.0% and 71.1% at short and long dwell period respectively. It can therefore be
concluded that the higher engine speed operating with the longer dwell period can be
considered to provide an enhanced fuel-air mixing process, resulting in lower exhaust
emissions and fuel consumption.

In the above cases, the emissions of NOy are higher with the increase of dwell

period and engine speed but improving with EGR ON. Meanwhile, smoke level is higher
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with the increase of engine speed and EGR ON but improving with the longer dwell period
and high injection pressure. Therefore, the combination of higher fuel injection pressure,
longer dwell and EGR ON might have potential for a simultaneous reduction of both

smoke and NO, emissions.
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CHAPTER 6

COMBINED EFFECTS OF PILOT FUEL QUANTITY,
FUEL INJECTION PRESSURE AND DWELL TIMING
ON THE ENGINE PERFORMANCE AND EMISSIONS

This chapter presents a study on the influence of the pilot fuel quantity, fuel
injection pressure and pilot fuel injection timing on the engine performance and emissions.
All test conditions were carried out with the engine operation on ULSD fuel and EGR ON
since the previous results from Chapters 4 and 5 showed that EGR ON is effective for the
NOy reduction in any combustion strategy. The summary of the chapter is presented in

Section 6.3.

6.1 The Combined Effects of Pilot Fuel Quantity and Fuel Injection
Pressure

In this study, the objective is to introduce a better air/fuel mixing process through a
variation of pilot fuel quantities at low and high fuel injection pressures. Optimum
combustion phasing and improved mixing process while EGR is employed can lead to
lower combustion temperatures and improved smoke and NOx emissions.

The tests are carried out at five different pilot fuel quantities 0.8, 1.5, 2.0, 2.5 and
3.0 mg/stroke with a fixed dwell period (5 CAD) between pilot and main injection timing
at two different fuel injection pressures 250 bar and 800 bar. In this case, the pilot fuel
quantity was changed from 0.8 to 3.0 mg/stroke, while the main fuel quantity was
controlled by the EMS in order to meet the required power output. The start of injection
(SOI) of pilot fuel was timed at -2.43 CAD and the SOI of main fuel was timed at 2.57.

The fuel injection pressures are similar for both pilot and main injection. The selected
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engine speed and load are 1500 rpm and 30 Nm respectively. The injection timing (pilot
and main), engine speed and load were all kept constant throughout the experiment. The
EGR rates for each condition are shown in Table 6.1. The inlet fuel temperature (35 £+ 1
°C), inlet air temperature (30 £ 1 °C) and relative humidity (45-50%) were kept constant

and monitored throughout the tests.

Table 6.1. EGR rates at different fuel injection pressures

Pilot fuel quantity (mg/stroke) 0.8 1.5 2.0 2.5 3.0
250 bar - EGR ON (%) 4226 4199  40.81 37.28 39.06
800 bar- EGR ON (%) 39.62  40.69 41.13 40.61 41.79

6.1.1 Engine Performance and Combustion Characteristics

Figures 6.1a and 6.1b show the in-cylinder pressure and Figure 6.1c and 6.1d show
the rate of heat release (ROHR) as a function of crank angle degree (CAD) for the different
pilot fuel quantities at 250 bar and 800 bar fuel injection pressures. Increased pilot fuel
quantity advances the combustion, leading to higher in-cylinder peak pressure and rates of
the pressure rise for both fuel injection pressures (Figures 6.1a and 6.1b).

The influence of the pilot fuel quantity is less sensitive at higher fuel injection
pressure due to the fast evaporation process resulting in good mixture quality. The fuel
evaporation rate can be seen from the rate of heat release (Figures 6.1c and 6.1d). The
lower fuel injection pressure shows a slower combustion process as compared with the
higher fuel injection pressure. The longer ignition delay also related to the low local
temperatures and pressures. The rate of evaporation is higher with the higher fuel injection
pressure. The ROHR curve dropped to the negative values as the main fuel injection

evaporated. In the case of 250 bar, the ROHR curve dropped to almost zero value during
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evaporation. This is strongly believed to be due to the small amount of heat absorbed from

pilot combustion to evaporate the main fuel injection. This is the reason why the ROHR

from pilot fuel injection in both cases almost disappears.
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Figure 6.1. The in-cylinder pressure and rate of heat release as a function of crank angle

degree (CAD) for a variation of pilot fuel quantities a) In-cylinder pressure 250 bar, b) In-

cylinder pressure 800 bar, c) ROHR 250 bar and d) ROHR 800 bar.

In all engine test conditions the BSFC increases as the pilot fuel quantity increases

due to the poor mixing process as shown in Figure 6.2. The dwell period is 5 CAD (short

period), therefore the pilot fuel has a limited time to combust before the main fuel injection
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takes place. In the case of low fuel injection pressure, the higher BSFC is due to the poor
mixing process resulting in longer main ignition delay and slower combustion. The slower
combustion from the lower fuel injection pressure leads to the pressure rise at the middle
of the expansion stroke. This leads to high fuel consumption due to loss of the work
available and fuel impingement [77]. In fact, the lowest fuel consumption can be achieved
if all the injected fuel burned quickly near to TDC [68]. While in the case of high fuel
injection pressure, the main ignition delay is shorter and the evaporation rate is fast.
Therefore, the heat absorbed by the main injection was delayed in the pilot combustion and
both fuels combusted together resulting in rapid and higher combustion temperatures.

The overall results show that the lower pilot fuel quantity with the higher fuel
injection pressure leads to the improved fuel economy. These combinations tend to
produce higher power output due to better fuel distribution and heat utilisation as agreed by
Dhananjaya et al. [64]. The pilot fuel injection contributes to the shorter main ignition

delay [8, 72]. As a result, more complete combustion leads to lower fuel consumption.
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Figure 6.2. Brake specific fuel consumption (BSFC) as a function of pilot fuel quantity for
different fuel injection pressures (250 bar and 800 bar), error bars represent 95 percent

confidence.
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The engine thermal efficiency is decreased with the increase of pilot fuel quantity
in both cases of low and high fuel injection pressures (Figure 6.3). This is related to the

incomplete combustion from the higher pilot fuel quantity at short dwell period.
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Figure 6.3. Engine thermal efficiency as a function of pilot fuel quantity at different fuel

injection pressures (250 bar and 800 bar), error bars represent 95 percent confidence.

6.1.2 Engine Emissions

The results from Figure 6.4 show that the NOy emissions were initially decreased
but as the pilot fuel quantity was further increased the NOy emissions were sharply rose for
both fuel injection pressures. The higher pilot fuel quantity increases the in-cylinder
pressure and rapid combustion resulting in higher NOy formation [2, 36, 74, 142, 175].
Meanwhile, the longer dwell period between the two injections allows combustion to occur
at different times resulting in lower NOy emissions [78, 98, 188, 189]. A study by
Montgomery and Reitz [77] shows that the emissions of NOy can be controlled by limiting

the amount of fuel burnt in the premixed combustion phase.
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Figure 6.4. NOy emissions as a function of pilot fuel quantity at different fuel injection

pressures (250 bar and 800 bar), error bars represent 95 percent confidence.

Figure 6.5 depicts the behaviour of carbon monoxide (CO) emissions for a
variation of pilot fuel quantities at different fuel injection pressures. In the lower fuel
injection pressure, increasing pilot fuel quantity from 0.8 to 1.5 mg/stroke increases the CO
emissions, and the CO emissions start rising again as the pilot fuel quantity is further
increased from 2.5 to 3.0 mg/stroke. In between, the CO emissions are decreased with the
increase of pilot fuel quantity from 1.5 to 2.5 mg/stroke. In the case of high fuel injection
pressure, the CO emissions are decreased with the increase of pilot fuel quantity from 0.8
to 2.5 mg/stroke. However, the CO emissions are increased with the further increased of
pilot fuel quantity from 2.5 to 3.0 mg/stroke. The 2.5 mg/stroke of pilot fuel quantity with
the higher fuel injection pressure produced the lowest CO emissions due to the better
mixing process. This is due to more complete combustion at the higher fuel injection
pressure resulting in high oxidation rate of CO to CO; since the CO emissions are greatly

dependent on the Fuel-Air ratio [36].
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Figure 6.5. CO emissions as a function of pilot fuel quantity at different fuel injection

pressures (250 bar and 800 bar), error bars represent 95 percent confidence.

Figure 6.6 shows the total hydrocarbons (THCs) emissions from the engine
operating with different pilot fuel quantities. The THCs emissions are increased by 12.2 %
and 27.3 % with the increase of pilot fuel quantity from 0.8 to 3.0 mg/stroke at 250 bar and
800 bar of fuel injection pressure, respectively. The high THCs are also related to the slow
oxidation of the fuel adhered on the walls [85]. The effects on increased THCs emissions
have been reported by other researchers [147, 148] and are due to the lean or rich mixture
regions and low combustion temperatures. The higher fuel injection pressure produced
improved spray atomisation to initiate and enhance the initial combustion resulting in a
rapid rise in the cylinder pressure thus producing less THCs emissions [69, 142]. The poor
fuel distribution at higher pilot fuel quantity contributed to the higher THCs emissions in
the exhaust pipe [56]. Therefore, the injection strategy with the smaller pilot fuel quantity
and higher fuel injection pressure improved the THCs emissions. In fact, the appropriate
combination of pilot fuel quantity with a dwell period is an important parameter that needs

to be controlled in order to mitigate THCs emissions.
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Figure 6.6. THCs emissions as a function of pilot fuel quantity at different fuel injection

pressures (250 bar and 800 bar), error bars represent 95 percent confidence.

The variation of smoke is relative to the variation of the pilot fuel quantities as
shown in Figure 6.7. The smoke levels are increased by 24.4% and 25.2% with the
increase of pilot fuel quantity from 0.8 to 3.0 mg/stroke at 250 bar and 800 bar of fuel
injection pressure, respectively. The increased pilot fuel quantity from 0.8 to 3.0
mg/stroke resulted in increased smoke levels is agreement with results reported by Carlucci
et al. [73] and Badami et al.[190]. The higher pilot fuel quantity results in high soot
formation which are not oxidised during the main combustion [84, 176]. The higher fuel
injection pressure reduces the smoke level as fuel atomisation and the mixing process are
improved. The higher combustion temperatures from the complete combustion are
favourable for soot oxidation [97]. These findings suggest that the lower pilot fuel
quantity with higher fuel injection pressure can be considered as a smoke reduction with a
short dwell period. Alternatively, the research work by Horibe et al. [98] found that the
fuel injection timing should be matched with the fuel injection quantity for cleaner
combustion and lower emissions. The higher pilot fuel quantity can reduce the smoke

level if the engine operates with the higher boost pressure [77].
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Figure 6.7. Smoke level as a function of pilot fuel quantity at different fuel injection

pressures (250 bar and 800 bar), error bars represent 95 percent confidence.

Figure 6.8 shows the NOy-smoke trade-off emissions, for a variation of pilot fuel
quantities and two different fuel injection pressures. The smoke levels and NOy emissions
appeared to be higher with the increase of the pilot fuel quantity for both fuel injection
pressures. Low levels of smoke and NOy can be achieved at the pilot fuel quantity of 0.8
mg/stroke when the engine is operating with the fuel injection pressure of 800 bar. Under
the same pilot fuel quantity, running with the fuel injection pressure of 250 bar results in
slightly higher smoke (8.8%) and lower NOy (90%). Therefore, the simultaneous
reductions in smoke and NOyx could be achieved when the engine is operating with low

pilot fuel quantity and high fuel injection pressure.
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Figure 6.8. NO-smoke trade-off emissions for a variation of pilot fuel quantities with two

different fuel injection pressures.

6.2 Effects of Pilot Fuel Injection Timing

In the present study, the variations of pilot fuel injection timings are carried out in
order to investigate their effects on the main combustion behaviour and emissions. The
pilot fuel injection has potential to control the pressure rise during the main combustion
through a shorter main ignition delay. This experiment is carried out at a constant fuel
injection pressure of 520 bar for both pilot and main fuel injections. The experimental
works used a small amount of pilot fuel quantity due to the large amount of pilot tending to
increase the NOx emissions due to a higher rate of heat release [74]. The fuel ratio
between the pilot and main injection is approximately 10:90 by mass.

These experiments consists of three different regions of pilot fuel injection timing
(early, middle and late) at two different engine loads (30 Nm, 55 Nm) operating with a
constant engine speed of 2000 rpm with EGR ON. The start of main fuel injection was
timed at 1.4 CAD throughout all the test conditions. The EGR rates for each engine

condition are displayed in Table 6.2.
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Table 6.2. The EGR rates at a variation of SOI of pilot fuel injection for both engine loads

SOI of pilot (CAD) 30 Nm - EGR Rates (%) 55 Nm - EGR Rates (%)

-9 45.48 33.95
-12 46.68 34.20
-15 44.20 36.5

-19 49.14 38.59
21 49.81 38.52
-24 48.15 38.71
=27 48.44 37.68
-30 48.03 37.15

6.2.1 Engine Performance and Combustion Characteristics

Advancing pilot fuel injection timing while maintaining constant timing of the
main fuel injection increases the peak in-cylinder pressure for both engine loads (Figure
6.9). Advancing pilot fuel injection produces a longer pilot ignition delay resulting in an
intermediate main ignition delay. A shorter ignition delay for main injection provides a
suitable time for fuel and air mixed to form a combustible mixture [191]. Early pilot fuel
injection timing (-30 CAD) produces higher peak in-cylinder pressure. Retarding pilot fuel
injection timing from -30 to -27, -24 and -21 CAD reduces the in-cylinder peak pressure,
before the peak pressure starts rising again as the pilot fuel injection timing was further
retarded to -19, -15, -12 and -9 CAD. The latter of pilot fuel injection (-9 CAD) produces
similar results. However, the middle pilot fuel injection timing (-19 CAD) produces lower
peak in-cylinder pressure due to poor combustion related to the main ignition delay. The
middle pilot fuel injection timing generates longer main ignition delay that contributes to
the over lean mixture. The lowest in-cylinder pressure is achieved approximately at -19
CAD for both engine loads. This value indicates that the mixture was burned incompletely

due to over lean mixture and late start of combustion (SOC).
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Figure 6.9. The variation of peak in-cylinder pressure as a function of pilot fuel injection
timings (-9 to -30 CAD) at two different engine loads (30 Nm and 55 Nm) and constant

engine speed 2000 rpm, error bars represent 95 percent confidence.

Figure 6.10 presents the in-cylinder pressure values at 1.4 CAD at a variation of
pilot fuel injection timings. The purpose here is to look at the pressure and temperatures
during the start of main injection timing. As mentioned earlier, the start of main injection
was timed at 1.4 CAD throughout all the test conditions. The pressures and temperatures
are greatly influential on the ignition delay [12]. The results show that the early pilot fuel
injection produces slightly lower pressure as compared to the late injection. The late pilot
fuel injection produces highest pressure at 1.4 CAD in both cases 30 and 55 Nm. This is
strongly believed to be due to high pressure rise by late pilot fuel injection as a
consequence of a short pilot ignition delay. The shorter ignition delay leads to produce a
high pressure rise at early expansion stroke resulting in higher in-cylinder peak pressure
[192]. Therefore, the late pilot fuel injection has a potential to reduce the main ignition
delay. Whereas, the middle of the pilot fuel injection has a potential to extend the main

injection delay due to low local temperatures.
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Figure 6.10. The variation of in-cylinder pressure at 1.4 CAD as a function of pilot fuel
injection timings (-9 to -30 CAD) at two different engine loads (30 Nm and 55 Nm) and

constant engine speed 2000 rpm, error bars represent 95 percent confidence.

Figure 6.11 presents the main ignition delay behaviours at a range of pilot fuel
injection timings. The delay period is noted to be influenced by the engine load and the
local temperature. The longer ignition delay tends to produce a slower combustion that
gives a reduction in peak in-cylinder pressure [193] and is better for NOy emissions.
However, in other conditions the longer ignition delay induced a higher pressure rise
resulting in high NOy emissions and engine knocking due to more fuel burnt at the same
time. The intermediate ignition delay gives a positive influence to the combustion
behaviour in both cases premixed and diffusion flame combustion. The results showed
that the shorter main ignition delay from the early and late of pilot fuel injection timing is
consistent with the findings by Nwafor et al. [193].

The longer ignition delay is a consequence of the poor fuel evaporation due to large
fuel droplet size and low local temperatures [194]. The late pilot fuel injection timing
produced higher in-cylinder pressure thus producing a shorter main ignition delay.

Whereas, the middle pilot fuel injection generated lower in-cylinder pressure and produced
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longer main ignition delay. It is clearly seen that the early pilot fuel injection produces
intermediate main ignition delay. This is due to the early pilot fuel injection producing less
in-cylinder pressure at the start of main fuel injection as compared to the late pilot fuel

injection.
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Figure 6.11. The variation main ignition delay as a function of pilot fuel injection timings
(-9 to -30 CAD) at two different engine loads (30 Nm and 55 Nm) and constant engine

speed 2000 rpm, error bars represent 95 percent confidence.

Figure 6.12 shows that the brake specific fuel consumption is improved by late (-9,
-12 and -15 CAD) and early pilot (-24, -27, -30 CAD) injection timing when compared to
middle, at both engine loads. This is due to a more combustion with early and late pilot
fuel injection timing. The middle pilot fuel injection timing consumed higher fuel due to
longer main ignition delay. The long ignition tends to produce incomplete combustion due
to over lean. The injected fuel probably was stuck onto the cylinder wall before the
combustion occurred. The early pilot fuel injection timing is better for the brake specific
fuel consumption due to enough reaction time between fuel-air to produce a complete

combustion. However, this is depending on the pilot fuel quantity.
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The middle pilot fuel injection timing (-19 CAD) resulted in longer main ignition
delay that led to the higher brake specific fuel consumption. The long ignition delay
resulted in the slower combustion process. This led to the pressure rise after TDC resulting
in high fuel consumption and loss of useful work [77]. The longer ignition delay allows a
higher wall wetting by fuel and thus increases the amount of fuel consumption. In the case

of late and early pilot fuel injection, the difference of BSFC is not significant.
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Figure 6.12. The variation brake specific fuel consumption (BSFC) as a function of pilot
fuel injection timings (-9 to -30 CAD) at two different engine loads (30 Nm and 55 Nm)

and constant engine speed 2000 rpm, error bars represent 95 percent confidence.

6.2.2 Engine Emissions

The NO, emissions are mainly influenced by the peak in-cylinder pressure and high
combustion temperatures. It can clearly be seen from Figure 6.13 that the NOy
concentration increases monotonically with early and late pilot fuel injection timing. The
early pilot fuel injection timing tends to produce intermediate main ignition delay resulting
in a complete combustion process due to long residence time for the reaction of Fuel-Air

[195]. As a result, the early pilot fuel injection timing produces the higher in-cylinder
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pressures leading to the higher temperatures and NOy emissions [186, 196]. The middle
pilot fuel injection produces the longest main ignition delay that leads to the slower
combustion and low NOy emissions [197].

Therefore, NOx reduction generally can be controlled through the reduction of peak
in-cylinder pressure by the air temperature and combustion duration [74]. The overall
results show that the NOx emissions increased with the early and late pilot fuel injection

but decreased with the middle pilot fuel injection timing in both engine loads.
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Figure 6.13. NO, emissions as a function of pilot fuel injection timings (-9 to -30 CAD) at
two different engine loads (30 Nm and 55 Nm) and constant engine speed 2000 rpm, error

bars represent 95 percent confidence.

Figures 6.14 and 6.15 depict the effects of the variation of pilot fuel injection
timings on THCs and CO emissions, respectively. The both emissions will be increased by
several factors such as quenched flame, lean combustion, cold starting, and poor mixture
preparation [193]. The results show that the early pilot fuel injection timing resulted in
lower THCs and CO emissions as compared with late and middle pilot injection timing.

This is due to the intermediate main ignition delay resulting in a complete combustion.
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The shorter ignition delay leads to less fuel adhering to the combustion chamber walls
resulting in more homogeneous mixture that produces less total unburned hydrocarbons
THCs [70]. The early pilot fuel injection timing increased the wall wetting resulting in
higher THCs emissions [39, 188, 195]. However, it does not affect the whole THCs
emissions due to only less than 20 percent (pilot fuel quantity) of total injected fuel. It is
clearly seen from Figures 6.14 and 6.15 show that the middle pilot fuel injection timing
produces a higher level of THCs and CO emissions. The comparatively longer main
ignition delay from the middle of pilot fuel injection timing resulted in higher fuel
impingement contributing to the higher THCs and CO emissions. It is interesting to note
that the CO emissions remained approximately constant with a variation of pilot fuel
injection timing at 55 Nm of engine load. At higher combustion temperatures, the CO
emissions decrease due to complete combustion resulting in higher cylinder temperature
and an increasing oxidation process between carbon and oxygen molecules [186, 196].

The results show that the higher emissions at 30 Nm can be improved significantly
by advancing the pilot fuel injection timing. This is due to early and late pilot injection
timing introducing a comparatively shorter main ignition delay as compared with the
middle pilot fuel injection timing. Therefore, the early pilot fuel injection timing is
applicable to control the main ignition delay thus producing lower THCs and CO

emissions.
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Figure 6.14. THCs emissions as a function of pilot fuel injection timings (-9 to -30 CAD)
at two different engine loads (30 Nm and 55 Nm) and constant engine speed 2000 rpm,

error bars represent 95 percent confidence.
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Figure 6.15. CO emissions as a function of pilot fuel injection timings (-9 to -30 CAD) at
two different engine loads (30 Nm and 55 Nm) and constant engine speed 2000 rpm, error

bars represent 95 percent confidence.

The effect of pilot fuel injection timing on the smoke level (FSN) is shown in
Figure 6.16. The amount of smoke formation is strongly related to the fraction of diffusive
combustion phase [198]. Smoke formation occurs at extremely local air deficiency. It

increases as the Air-Fuel ratio decreases. The higher fraction of diffusive combustion
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phase will result in an increase in the smoke formation. The presented results are in good
agreement with Okude et al. [58] which showed that the smoke decreased as the pilot fuel
injection timing is advanced. This is strongly believed to be due to an improvement in
mixture formation with an early pilot fuel injection. This resulted in complete combustion
due to a better mixing process. The early pilot fuel injection timing produces an
intermediate main ignition delay that results in complete combustion. The formation of
smoke is higher at a high engine load due to more fuel being injected resulting in higher
smoke formation. The most obvious finding to emerge from this study is that the early

pilot fuel injection timing is better for smoke reduction.
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Figure 6.16. Smoke level (FSN) as a function of pilot fuel injection timings
(-9 to -30 CAD) at two different engine loads (30 Nm and 55 Nm) and constant engine

speed 2000 rpm, error bars represent 95 percent confidence.

Figure 6.17 shows the NOy-smoke trade-off emissions, for a variation of pilot
injection timings and two different engine loads. The smoke levels and NOy emissions
appeared to be lower with -21 and -19 CAD of pilot injection timing for the engine loads

of 30 Nm and 55 Nm, respectively. Low levels smoke and NOx can be achieved at the
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pilot injection timing of -21 for the engine load of 30 Nm. Under the same pilot injection
timing, running at the engine load of 55 Nm results in higher smoke (35%) and higher NOy
emissions (1.4 times). Therefore, the simultaneous reductions in smoke and NOy could be
achieved when the engine is operating at the right pilot injection timing i.e the pilot
injection timing of -21 CAD is suitable for the engine is operating at low load (30 Nm) and

low speed (2000 rpm).
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Figure 6.17. NOy-smoke trade-off emissions for a variation of pilot fuel injection timings

(-9 to -30 CAD) and two different engine loads (30Nm and 55 Nm).

6.3 Summary

Experimental work was carried out to evaluate the effect of pilot fuel quantity and
pilot fuel injection timing on the engine performance and emissions of a modern 2.71 V6
diesel engine. The results clearly showed that increasing the pilot fuel quantity from 0.8 to
3.0 mg/stroke resulted in a significant deterioration in fuel consumption and engine
emissions for almost all engine test conditions. The engine thermal efficiencies are
decreased from 15.9 to 13.3% and 17.6 to 14.0%, BSFC is increased by 19.6% and 25.9%,

smoke levels are increased by 24.4% and 25.2% and NOy emissions are increased by
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26.7% and 60.0% with the increase of pilot fuel quantity from 0.8 to 3.0 mg/stroke at low
and high fuel injection pressure respectively. It can therefore be concluded that the smaller
pilot fuel quantity with the higher fuel injection pressure can be considered as an enhanced
strategy in order to control exhaust emissions and engine performance simultaneously.
The simultaneous reductions in smoke and NOy could be achieved when the engine is
operating with low pilot fuel quantity and high fuel injection pressure.

Further experimental work was carried out to investigate the effect of pilot fuel
injection timing to the main combustion behaviour. As it is accepted, the pilot fuel
injection is favoured for the main fuel combustion process. The results showed that the
main ignition delay, BSFC, THCs, CO and smoke level are initially increased with
retarded pilot fuel injection timing of -9 to -19 CAD and then decreased after an advanced
of injection timing of -21 to -30 CAD for both engine loads. However, the effect on NOy
emissions is reversed. Therefore, it has been proven that advanced pilot fuel injection
timings of -21, -24, -27 and -30 CAD are better for smoke, THCs and CO. Conversely, the
pilot fuel injection timings of -9, -12, -15, and-19 are worse for those particular emissions.
In terms of NOy emissions, the pilot fuel injection timings of -21 and -19 CAD are the best
for 30 Nm and 55 Nm respectively. In summary, advanced pilot fuel injection has
promising emissions reduction in terms of smoke, THCs and CO but not for NOx. The
middle of pilot injection timings (-21 and -19 CAD) are also better for NOx-smoke trade-

off emissions for the engine loads of 30 Nm and 55 Nm, respectively.
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CHAPTER 7

COMBUSTION BEHAVIOUR AND EMISSION
CHARACTERISTICS OF TME BLENDS FUELLING

This chapter presents the experimental results of a modern 3.01 V6 diesel engine
fuelling with 10% and 30% Tallow Methyl Ester (TME10 and TME30) blends with diesel.
The study is designed to investigate the influence of the fuel properties by using TME
blends with diesel on the combustion characteristics and emissions without any
modification to the engine management system (EMS). Furthermore, the aim of this study
is to understand more about the fuel economy, combustion and then emissions behaviour
of TME blends. The details of the engine test conditions are described in section 7.1.
Sections 7.2 and 7.3 discussed the details of the combustion behaviour and engine

emissions respectively. The results are summarised in Section 7.4.

7.1 Engine Test Conditions

The experimental work is carried out based on 11 test points as displayed in Figure
7.1. Mode 11 is used to monitor the engine health condition. These conditions are
recommended by Jaguar-Land Rover (JLR) taken from the NEDC (New European Driving
Cycle). The inlet fuel temperature (35 £ 1 °C), inlet air temperature (30 = 1 °C) and

relative humidity (45-50%) were kept constant and monitored throughout the tests.
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Figure 7.1. Engine test conditions

The injection strategy for each mode is different as clearly displayed in Table 7.1.
For modes 1, 2 and 3, the injection strategy consists of pilot 1, pilot 2 and main fuel
injection. However, modes 4—10 consist of all above with additional post 2 fuel injection.
During high speed and high load (mode 11) the injection strategy only consists of main
fuel injection. The fuel injection pressure for the pilot, main and post injections are the

same.

Table 7.1. Injection strategy for each mode

Mode Pilot 1 Pilot 2 Main Post 1 Post 2
1,2,3 ON ON ON OFF OFF
4-10 ON ON ON OFF ON

11 OFF OFF ON OFF OFF
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7.2  Combustion Behaviour of TME10 and TME30

The combustion behaviour of biodiesel-diesel blends (TME10 and TME30) in a
diesel engine can be understood through the output responses such as rate of heat release,
in-cylinder peak pressure, ignition delay, combustion duration, injection timing, mass fuel
burnt, brake specific fuel consumption, and exhaust emissions. The results from this study
will be able to provide useful information to evaluate the engine flexibility to the new fuel
(TME10 and TME30). It can also be considered as a guideline for further development to

the engine mapping for the engines fuelled with a wide range of fuels.

7.2.1 Engine Management System Responses to the Fuel Types
Figure 7.2 shows the EGR rate for different fuel types throughout the engine test
conditions. The EGR rate was not affected as TME concentration increases in the blended

fuel.
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Figure 7.2. EGR rate at each engine test mode and engine fuelling.

Figures 7.3 and 7.4 show the start of main injection and fuel injection pressure

respectively as a function of engine test conditions for each fuel. It is observed that the
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start of injection (SOI) and fuel injection pressure are the same regardless of fuel type.
Although as reported by other researchers [199, 200] higher fuel density and viscosity and
lower compressibility influence significantly the injection process. As a result the
injection system is capable of maintaining the same SOI and fuel injection pressure despite

the variation in the fuel properties.
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Figure 7.3. The start of main injection (SOI main) at each engine test mode and engine

fuelling.
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Figure 7.4. The fuel injection pressure at each engine test mode and engine fuelling.
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7.2.2 Rate of Heat Release and In-cylinder Pressure Profiles

Figures 7.5a, 7.5b and 7.5c show the rate of heat release (ROHR) as a function of

crank angle degree (CAD) for different fuel types. Figures 7.5 b and 7.5 c are closed up

images of ROHR at peak 1 and peak 2 respectively. The start of combustion of TME-

diesel blends was advanced as compared to diesel. This is mainly due to the higher cetane

number i.e TME (58.8) as compared to ULSD (47) [172].

These results are in good

agreement with Zhang et al. [33] who found that the combustion behaviour in biodiesel-

diesel blends is dominated by a higher cetane number and higher oxygen content.
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Figures 7.6a, 7.6b and 7.6¢c show the in-cylinder pressure profile as a function of
crank angle degree (CAD) for three fuels. Figures 7.6b and 7.6¢ are closed up images of
in-cylinder pressure at peak 1 and peak 2 respectively. The reduced ignition delay with
TME-diesel blends fuelling results in higher peak in-cylinder pressure as compared to
diesel (Figure 7.7). The higher oxygen content of the biodiesel can lead to the improved
combustion process as mentioned by previous studies [2, 36, 69]. The increased peak in-
cylinder pressure with TME10 and TME30 fuelling is a result of the different density and

viscosity properties that are influencing injection rate and fuel atomisation.
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Figure 7.6. a) In-cylinder pressure profile for the three fuels at mode 4, b) closed-up peak

1 and c) closed-up peak 2
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Figure 7.7. The peak in-cylinder pressure (peak 1) at each engine test mode and engine

fuelling.

7.2.3 Fuel Consumption and Engine Thermal Efficiency.

Increasing the biodiesel concentration in the blend results in higher BSFC
(Figure 7.8) as compared to diesel; most of the authors agree with these findings [33, 35,
143, 201, 202]. This is mainly due to the lower calorific value i.e TME (39.8 MJ/kg) as
compared to diesel (42.7 MJ/kg) [150]. The higher biodiesel density can compensate for
the significantly lower calorific value. The modified combustion patterns with TME-diesel

blends fuelling led to reduced engine thermal efficiency (Figure 7.9).
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Figure 7.8. Brake specific fuel consumption (BSFC) at each engine test mode and engine

fuelling, error bars represent 95 percent confidence.
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Figure 7.9. Engine thermal efficiency (%) at each engine test mode and engine fuelling.

7.2.4 Combustion Duration

Figure 7.10 shows the analysis of the combustion duration at a variation of engine
test conditions for three fuels. The time period in CAD between 10.0% fuel burnt with
90.0% fuel burnt is considered as combustion duration. These values were recorded and
analysed by using IndiCom 2010 software provided by AVL. Figure 7.10 shows that when

the engine fuelled with TME-diesel blends, results in shorter combustion duration as
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compared to diesel for all engine conditions. The higher oxygen content and high cetane

number of TME-diesel blends contributes to the shorter combustion duration.
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Figure 7.10. Combustion duration at each engine test mode and engine fuelling.

7.3 Engine Emissions

A number of research projects have been carried out on biodiesel combustion and
have reported reductions in carbon monoxide, total hydrocarbons and smoke emissions
[110, 203, 204], however there was an increase in NOy emissions [15, 26, 30-33, 35, 109,
114, 205-207]. It has been reported that the higher NOy with biodiesel is due to advanced
combustion and higher oxygen content and in some cases increased flame temperatures. In
this study, the injection timing of biodiesel is similar to diesel. Therefore the higher NOy
emissions from biodiesel fuelling due to advanced injection timing, is not applicable in this

study.

7.3.1 Okxides of Nitrogen
The key influences of higher NOy emissions seen from the biodiesel combustion

(Figure 7.11) is a result to high peak in-cylinder pressure, temperature and oxygen content
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[15, 33, 35, 109]. Previous studies have described that the advanced injection timing
leading to higher NOy emissions due to longer residence time in the combustion chamber
[15, 31, 114, 208]. Although, in this work, the injection timing occurs at the same time
regardless of fuel types, the reduced ignition delay and the start of combustion might be
possible to explain the slightly higher NOx emissions with TME-diesel blends. The
existing nitrogen in fuel in the form of NH3;, NC and HCN might be a possible reason

contributing to the higher NOx emissions in biodiesel [209].

ODiesel BTME10 TME30

NOx emissions [g/kWh]

Mode
Figure 7.11. NOy emissions at each engine test mode and engine fuelling, error bars

represent 95 percent confidence.

7.3.2 Total Hydrocarbons (THCs) and Carbon Monoxide (CO)

Figures 7.12 and 7.13 show the total hydrocarbons (THCs) and carbon monoxide
(CO) emissions respectively with different fuel types at different engine test conditions.
The reduced THCs and CO are due to the oxygen availability that is favourable to improve
the combustion efficiency [31, 35, 115-117, 149, 150]. In fact, CO and THCs emissions

are greatly influenced by Fuel-Air mixing and the Air-Fuel ratio [36, 151]. The results are
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also consistent with Abd-Alla et al. [S7] who found out that biodiesel leads to higher

combustion temperatures thus lowering the THCs emissions.

O Diesel B8TME10 TME30

THCs emissions [g/kWh]

Mode

Figure 7.12. THCs emissions at each engine test mode and engine fuelling, error bars

represent 95 percent confidence.
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Figure 7.13. CO emissions at each engine test mode and engine fuelling, error bars

represent 95 percent confidence.
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7.3.3 Smoke Level

The variation of smoke level relative to the variation of fuel types at different
engine test conditions is shown in the Figure 7.14. It is observed that when the engine is
fuelled with TME-diesel blends, results in significantly less smoke as compared to diesel.
This is due to improvement in combustion efficiency with TME-diesel blends. The higher
oxygen content in biodiesel is favourable for the soot oxidation process (complete
combustion) [26, 44, 149], while the absence of sulphur in the fuel can reduce carbon [35,
150, 202, 210]. In addition, the soot from biodiesel is easy to be oxidised, it has been
reported biodiesel soot can oxidise up to six times faster than the soot emitted by diesel

fuel [31].

15

ODiesel ETME10 TME30

Smoke [FSN]

0.5 T 1

Mode
Figure 7.14. Smoke level at each engine test mode and engine fuelling, error bars

represent 95 percent confidence.

7.4  Summary

Experimental work was carried out to investigate the influence of the fuel
properties by using TME blends with diesel on the engine performance and emissions of a

modern 3.0l V6 diesel engine. This did not involve any modification to the engine
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management system (EMS). The results on the EMS responses such as EGR rate, SOI and
fuel injection pressure are similar regardless of the fuel types. The overall results showed
that TME-diesel blends (TME10 and TME30) have a potential to reduce exhaust emissions
particularly smoke, THCs and CO emissions. In fact, blended fuels have a capability to
produce a comparable engine performance to diesel. The engine fuelled with TME-diesel
blends, results in higher peak in-cylinder pressure and rate of heat release as compared to
diesel due to the high oxygen content and cetane number of the fuel, providing complete
combustion. In the case of mode 4 (1500 rpm and 25 % of engine peak torque), engine
fuelled with TME-diesel blends results in increased the BSFC by 4.9% and 6.5%, and
reduced the thermal efficiency from 35.3 to 33.7% and 35.3 to 33.2% for TMEI10 and
TME30 respectively. The engine fuelled with TME-diesel blends results in higher fuel
consumption due to its higher density, high viscosity and lower heating value. These
properties will influence both the size of the fuel droplets and fuel atomisation that leads to
the poor evaporation process resulting to the incomplete combustion.

The combustion of TME-diesel blends in the case of mode 4 (1500 rpm and 25 %
of engine peak torque) increased NOy emissions by 1.8% and 10.0% and reduced CO by
0.9% and 1.8%, THCs by 18.0% and 23.9 %, smoke by 30% and 51.7% for TME10 and
TME30 respectively. This is due to high oxygen content, no aromatic compounds and high
cetane number of TME-diesel blends. The high NOy emissions in TME-diesel blends are
due to advanced combustion, high peak in-cylinder pressure, temperatures and oxygen
availability. As it is well accepted, the major contribution to the higher NOy emissions is
the thermal effect. The higher oxygen content in the TME-diesel blends is favourable for
smoke emissions. The reduction of smoke can also be observed at high engine load due to

high combustion temperatures and better mixture formation. The fuel properties, engine
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calibration and test conditions have influenced the engine performance and emissions
characteristics. Therefore it can be concluded that, if the engine is fuelled with TME10 or
TME30, engine thermal efficiency and BSFC could be improved and NOy emissions
minimised with the application of a new engine calibration. The author suggests that the
combined effect of injection strategy (fuel injection pressure, dwell period, pilot fuel
quantity) and EGR could be a potential solution to diesel engines fuelled with TME10 and

TME230, as shown in the first phase of this study.
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS

The main objectives of this study were to investigate the combined effect of
injection strategy and EGR modes on engine performance and emissions when using
mineral diesel (ULSD). A further study was carried out with the engine fuelled with tallow
methyl ester (TME)-diesel blends in order to understand the effects of fuel properties on
the combustion characteristics and exhaust emissions. Two phases of experimental work
were conducted; in the first phase, the effect of injection strategies, i.e, variation of
injection pressures, variation of dwell duration periods and variation of pilot quantities and
EGR modes were carried out by using a modern 2.71 V6 Jaguar diesel engine fuelled with
ULSD. The experimental work was carried out at a variation of engine speeds and loads.
In the second phase, an updated 3.01 V6 Jaguar diesel engine was used to investigate the
effects of TME-diesel blends on the combustion characteristics and exhaust emissions.
The experiments were carried out by using mineral diesel, TME10 and TME30 at 11
modes of engine test conditions. The selected test conditions proposed by Jaguar Land
Rover are based on the New European Driving Cycle. Finally, the study summarises the
overall engine combustion characteristics and exhaust emissions from both types of V6

diesel engines (2.71 and 3.01).

8.1 Concluding Remarks

The main outcomes of this study can be concluded as following.
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8.1.1 Combined effect of Fuel Injection Pressure and EGR Modes on The Engine
Performance and Emissions

The experimental results show that the performance and exhaust emissions of the
engine fuelled with higher injection pressure are improved compared to the lower injection
pressure. The effect of higher injection pressure is more important at the higher engine
load compared with the lower loads. This is due to higher quantity of injected fuel at
higher engine load that requires a longer time for a mixing process. The study of the
combined effect of injection pressure and EGR modes showed that effect of injection
pressure is more significant in the case of EGR ON compared with EGR OFF due to higher
availability of oxygen in the charge air in the EGR OFF mode. The smoke level, CO and
THCs are decreased by 74.6%, 22.7% and 29.4% respectively with the increase of
injection pressure from 300 to 700 bar when the engine is operating with EGR ON at 1500
rpm, 35.1 Nm. Meanwhile, the smoke level, CO and THCs are decreased by 63.4%,
10.2% and 11% with the increase in injection pressure from 300 to 700 bar when the
engine is operating with EGR OFF at the same engine condition. The BSFC is decreased
by 2.7% and 5.1% respectively, while thermal efficiencies are increased from 18.5 to
19.0% and 19.0 to 20.0%. Lastly NOx emissions are increased by 65% and 44% with the
increase of injection pressure from 300 to 700 bar for the EGR ON and EGR OFF

respectively.

The high injection pressure introduces a better mixing process to improve smoke
emissions. Meanwhile, the application of EGR was used to reduce the higher NOy
emissions emitted as a result of complete combustion. The results show that fuel injections
with higher injection pressure are a way to improve diesel engine performance and lower

emissions of THCs, smoke and carbon monoxide (CO). However this strategy leads to a
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higher level of NOy emissions. Therefore, the application of a combination of higher fuel
injection pressure and exhaust gas recirculation (EGR) has potential in controlling both

smoke-NOy emissions and improving engine performance simultaneously.

8.1.2 Combined effect of Fuel Injection Pressure, Dwell Period (Interval between
Pilot and Main) and EGR Modes on The Engine Performance and Emissions

The study was designed to produce improvements in the fuel mixing process via the
injection strategy (injection pressure and dwell duration period) and EGR modes. This
would contribute to a minimum amount of fuel burnt in the premixed combustion phase,
leading to a reduction in emissions. Six different injection pressures (300 — 800 bar)
combined with a short and long dwell period were compared in an attempt to improve
engine performance and exhaust emissions. The engine performance is measured in terms
of brake specific fuel consumption, ignition delay, heat release and peak in-cylinder
pressure and emissions, specifically those of oxides of nitrogen (NOy), total unburned
hydrocarbons (THCs), carbon monoxide (CO) and smoke emissions for each engine test
condition. The combustion analysis showed that premixed combustion is important in the
controlling of emissions of NOy and smoke. The results also confirmed that the effect of
injection pressure is more dominant than the dwell period in terms of peak cylinder

pressure, heat release, brake specific fuel consumption and exhaust emissions.

However, the dwell period shows a strong effect at a higher engine speed. In the
case of 1500 rpm, with the increase of injection pressure from 300 to 800 bar at short and
long dwell period, the engine thermal efficiencies are increased from 16.5 to 19.1% and
17.1 to 19.7%, BSFC is decreased by 13.5% and 13.2%, smoke levels are decreased by

74.3% and 70.1% and NOy emissions are increased by 69.6% and 68.0% respectively.

156



Meanwhile, at 2250 rpm, with the increase of injection pressure from 300 to 800 bar at
short and long dwell period the engine thermal efficiencies are increased from 18.2 to
20.3% and 20.4 to 23.2% , BSFC is decreased by 10.4% and 12.4%, smoke levels are
decreased by 49.6% and 67.7% and NOy emissions are increased by 61.0% and 71.1%
respectively. It therefore can be concluded that the longer dwell period is more effective at

the higher engine speed particularly when the engine is operating with EGR ON.

8.1.3 Combined Effects of Pilot Fuel Quantity, Fuel Injection Pressure and Dwell
Timing on The Engine Performance and Emissions

The overall results showed that when the engine is operated with a larger pilot
quantity, higher BSFC, smoke level and NOy emissions are the result; while the smaller
pilot quantities tend to improve smoke, THCs and CO emissions. The engine thermal
efficiencies are decreased from 15.9 to 13.3% and 17.6 to 14.0%, BSFC is increased by
19.6% and 25.9%, smoke levels are increased by 24.4% and 25.2% and NOy emissions are
increased by 26.67% and 60.0% with the increase of pilot quantity from 0.8 to 3.0
mg/stroke at low and high injection pressure with a short dwell period respectively. The
experimental results also reveal that larger pilot quantity increased peak in-cylinder
pressure and rate of heat release.

The results from the study of the effect of pilot injection timing showed that the
main ignition delay, BSFC, THCs, CO and smoke level are initially increased with
retarded pilot injection timing of -9 to -19 CAD and then decreased after an advanced pilot
injection timing of -21 to -30 CAD for both engine loads. However, the effect on NOy
emissions is reversed. The middle of pilot injection timings (-21 and -19 CAD) are better
for NOy-smoke trade-off emissions for the engine loads of 30 Nm and 55 Nm, respectively.

It therefore can be concluded that the most effective combination for improving engine
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performance and minimising exhaust emissions is smaller pilot quantity, moderate dwell

duration period and higher fuel injection pressure.

8.1.4 Combustion Behaviour and Emissions Characteristics of TME Blends Fuelling

The experimental results showed that saturated FAMEs from animals (Tallow
Methyl Ester-diesel blends) showed better combustion characteristics and lower engine
emissions as compared to diesel. Engine fuelling with TME-diesel blends (TME10 and
TME30) results in higher peak in-cylinder pressure and rate of heat release as compared to
diesel. In the case of mode 4 (1500 rpm and 25 % of engine peak torque), the combustion
of TME-diesel blends increased the BSFC by 4.9% and 6.5%, and reduced the thermal
efficiency from 35.3 to 33.7% and 35.3 to 33.2% for TME10 and TME30 respectively.
The fuel properties such as high density and viscosity contribute to the poor fuel
evaporation that leads to incomplete combustion of the fuel.

The combustion of TME-diesel blends in the case of mode 4 (1500 rpm and 25 %
of engine peak torque) increased NOy emissions by 1.8% and 10.0% and reduced CO by
0.9% and 1.8%, THC by 18.0% and 23.9 %, smoke by 30% and 51.7% for TME10 and
TME30 respectively. This is strongly believed to be due to the higher oxygen content in
TME-diesel blends that tends to produce the cleaner combustion and lower engine
emissions. The higher level of NOy with TME-diesel blends is due to high oxygen content
and high combustion temperatures. It can be concluded that the formation of NOy is
influenced by the combustion temperatures and oxygen content in the fuel since the effect
of changed residence time is not applicable in this study where injection timings were kept

constant.
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These findings show that TME10 and TME30 can be considered as a good
alternative fuel for diesel engines. The fuel can be used to the engines even without any
modification on hardware and engine mapping calibration. The results showed that the
engine fuelled with TME10 and TME30 results in slightly higher BSFC and NOy
emissions. The author strongly believes that, with a new engine calibration, i.e the
combined strategy between injection strategy and EGR which is obtained from the first

phase study, both of these problems could be resolved.

8.2. Future Work

Through a series of experimental work done on 2.71 and 3.01 V6 Jaguar diesel
engines, the author would suggest several areas of research work that can be considered for

future work.

8.2.1 The Effect of Injection Strategy and EGR Modes on Engine Operated with
TME-diesel Blends

The experiments were carried out with no modifications on hardware and EMS
when the engine is fuelled with TME blends. Therefore, the results are based on the fossil
diesel fuel’s engine calibration. Engine fuelled with TME results in higher BSFC and
NOy. The results from the combined strategy between injection strategy (injection
pressure, dwell period and pilot quantity) and EGR showed an improvement in BSFC and
emissions when the engine is fuelled with fossil diesel. Based on that, it is worth to apply
the combined injection and EGR strategies on engine when fuelled with TME-diesel
blends. The strategy has the potential to enhance the combustion of TME-diesel blends,

and improve engine fuel consumption and emissions.
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8.2.2 The Study of Fuel Properties on TME-diesel Blend Fuels

The experiments were carried out by using TME-diesel blend fuels. However, the
details about fuel properties have not been completely explored yet. The combustion in a
diesel engine is strongly dependent on the air-fuel mixing process that results in longer or
shorter premixed combustion. As it is well accepted, the premixed combustion has a
significant effect to the engine performance and emissions. A further study should be
carried out to understand the influence of the physical and chemical properties of TME fuel
blends on the combustion characteristics. The fuel compositions such as (C: H: O) are

significantly important to relate with the combustion behaviour.

8.2.3 A Variation of EGR Temperatures

The EGR temperature on this engine is automatically controlled by the engine
management system. The engine coolant is used to cool the exhaust gas in the EGR pipe.
Therefore, the effect of a variation of EGR temperatures is difficult to study. Additional
pipeline needs to be attached into the existing EGR system in order to control the EGR
temperature by controlling the water flow rate. The result from this study will elaborate

more about the effect of EGR temperature to the ignition delay and premixed combustion.
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8.2.4 After-Treatment Performance with TME-diesel Blend fuels

In this research work, the samples of the exhaust emissions are taken upstream of
the after-treatment devices (DOCs and DPFs). Therefore, the results are not comparable
with the actual vehicle on the road. In fact, the exhaust emissions are quite unpredictable
after passing through such devices as the DOC and DPF. A further investigation from the
complete exhaust system is required in order to compare the experimental results to actual
on road vehicles. At the same time, the results from the study can be used to evaluate the

performance of after-treatment devices with TME-diesel blends.
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APPENDIX A

ENGINE MANAGEMENT SYSTEM

A.1. Engine Measurement and Calibration Variables

Table A.1. Engine measurement variables

Abbreviation Description Unit
1 Epm_n Engine Speed rpm
2 | InjCrv_phiPil1Des Pilot Injection Timing 1 °CRK
3 | InjCrv_phiPil2Des Pilot Injection Timing 2 °CRK
4 | InjCrv_phiMI1Des Main Injection Timing 1 °CRK
S | InjCrv_phiPol1Des Post Injection Timing 1 °CRK
6 | InjCrv_phiPol2Des Post Injection Timing 2 °CRK
7 | InjCrv_qgPillDes_mp Pilot Injection Quantity 1 mg/stk
8 | InjCrv_qgPil2Des_mp Pilot Injection Quantity 2 mg/stk
9 | InjCrv_gMI1Des_mp Main Injection Quantity 1 mg/stk
10 | InjCrv_qgPol1Des_mp Post Injection Quantity 1 mg/stk
11 | InjCrv_qgPol2Des_mp Post Injection Quantity 2 mg/stk
12 | InjSys_qTot Total Injected Quantity mg/stk
13 | EGRVIv_rActB2 EGR Right Hand Side (RHS) %
14 | EGRVIv_rActB1 EGR Left Hand Side (LHS) %
15 | EGRVIv_rActB2 EGR RHS Feedback Voltage \Y
16 | EGRVlv_rActB1 EGR LHS Feedback Voltage A\
17 | AirCtl_rEGREst_r32 EGR Desired %
18 | Air_pCmpr2Us Ambient Pressure hPa
19 | Air_tAFS Inlet Air Temperature °C
20 | AFS_dmB2 RLH RHS Mass Air Flow mg/stk
21 | AFS_dmBI1 LH LHS Mass Air Flow mg/stk
22 | AirCtl_rRatDesDyn_ Total Mass Air Flow Desired mg/stk
23 | Air_tCACDs Total Mass Air Flow Actual mg/stk
24 | PCR_pDesVal Manifold Pressure Desired hPa
25 | Air_pCACDs Manifold Pressure Actual hPa
26 | TrbCh_rB2 Turbocharger RHS %
27 | TrbCh_rB1 Turbocharger LHS %
28 | Exh_pPFitDiff Exhaust Back Pressure hPa
29 | Oil_tSwmp Oil Temperature °C
30 | FuelT_t Fuel Temperature °C
31 | APP_r Pedal Value %
32 | Rail_pSetPoint Fuel Pressure Desired MPa
33 | RailP-pCurr_mp Fuel Pressure Actual MPa
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APPENDIX B

BASIC EQUATIONS OF COMBUSTION ANALYSIS

The Indicated Work

The indicated work per engine cycle can be calculated as below:

Indicated work percycle ff pdV

IMEP = - (1)
Displaced volume v,

The Exhaust Gas Recirculation (EGR) Rate (%)

The exhaust gas recirculation EGR rate (%) can be calculated as below [211]:
m

EGR (%) = —£% x100 (2)

mTotal

Where m;, and m;,, represent the mass of EGR and the mass of total intake,

respectively. The mass of total intake consists of mass of air, mass of fuel and mass of

EGR as shown in equation 3.

m

Total = M, T 1My +Mygp (3)

Where, m,, m,and m,, represent the mass of air, the mass of fuel and the mass of EGR

respectively.
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The Rate of Heat Release (ROHR)
The equation of the heat release rate dQ/d@is taken from Heywood [145].

Heat capacity per crank angle is given by

o _dU  ,av
de deo de (ii)

R
Consider the gas in a cylinder as ideal gas dU = mCvdT 359 Cv = Pk Substitute these
9 ;/_
in equation ii.

0 _ R ar v

By substituting the ideal gas equations ( PV =mRT and V.dP+ P.dV =m.R.T) in equation
iii, the final equation of the rate of heat release can be simplified as below.

dQ _ y av. 1 dp

aw__r av. 1 4
a6 y—1"a6" y=1 a6 @

Where:
0: Heat
dO:  Crank angle degree

y: the ratio of specific heats (cy/cy),
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V: the instantaneous volume of the engine cylinder

p: the instantaneous cylinder pressure,

The yvalues before and after combustion are calculated based on actual p-V diagram.

The Engine Brake Power

The engine brake power P, in kW delivered by the engine and absorbed by the
dynamometer is the product of brake torque (7}, in Nm) and the crankshaft rotational speed

(N, in revolution per second).

27NT,
P = b S
" 1000 )

The Brake Specific Fuel Consumption
The brake specific fuel consumption (bsfc, in g/kWh)
m

bsfc = 7f (6)

b

The Engine Thermal Efficiency

The engine thermal efficiency 77, is given by:

Pb
M4, (%) —mxm@ @)
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where m is the fuel mass flow rate per cycle, Py is the brake power and LHV is the lower

heating value of the fuel used.

The Reduction of Theoretical Heating Value

The theoretical heating value of TME30 was reduced by ~2.562% (Eq.8).

®)

LHV,, Reduction(%) = (1 _ 03X LHVry, +0.7xLHVy JxlOO

LHVULSD
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APPENDIX C

TEMPERATURE AND PRESSURE ACQUISITION

Table C.1. Channel designation for the temperature data acquisition

(égl;;g[l*as(l):) Description Unit
1 TC1 Air Inlet °C
2 TC2 Pre Compressor RH °C
3 |TC3 Pre Compressor LH °C
4 | TC4 Compressor Out RH °C
5 TCS Compressor Out LH °C
6 | TCe6 Intercooler In °C
7 | TC7 Intercooler Out °C
8 TC8 Intake Manifold °C
9 |TC9 Exhaust port 1 °C
10 | TC10 Exhaust port 2 °C
11 | TC11 Exhaust port 3 °C
12 | TC12 Exhaust port 4 °C
13 | TC13 Exhaust port 5 °C
14 | TC14 Exhaust port 6 °C
15 | TC15 Turbocharger In RH °C
16 | TC16 Turbocharger In LH °C
17 | TC17 Exhaust Pre DOC RH °C
18 | TC18 Exhaust Pre DOC LH °C
19 | TC19 Fuel In °C
20 | TC20 Coolant In °C
21 | TC21 Oil Gallery °C
22 | TC22 Turbo Oil °C
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Table C.2. Channel designation for the pressure data acquisition

(égl;;g[l‘as(l):) Description Unit
1 PTX 1 Oil Gallery Bar
2 PTX 2 Coolant Inlet Bar
3 PTX 3 Manifold RH Bar
4 PTX 4 Manifold LH Bar
5 PTX 5 Crankcase Bar
6 PTX 6 Exhaust Pre DOC RH Bar
7 PTX 7 Exhaust Pre DOC LH Bar
8 PTX8 Intercooler Outlet Bar

Right and left bank of the V6 engine when looking from flywheel (driver position)
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APPENDIX D

SPECIFICATION OF AVL PRESSURE TRANSDUCER

Table D.1. AVL pressure transducer (GU 13P)

Sensitivity 15,53 pC/Bar
Linearity <+ 0.3%
Measurement range | 200 Bar
Temperature range 400 deg C
Natural frequency 130 kHz
Tight torque 1.5 Nm
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APPENDIX E

ENGINE TEST CONDITIONS

Table E.1. Engine test conditions

Peak Torque
Mode Label Engine Speed (rpm) (%)
Mode 1 750 16
Mode 2 1250 10
Mode 3 1500 13
Mode 4 1500 25
Mode 5 2000 27
Mode 6 2280 33
Mode 7 2250 16
Mode 8 2500 32
Mode 9 2250 20
Mode 10 2500 40
Mode 11 4000 63
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APPENDIX F

LIST OF PUBLICATIONS DURING PHD PERIOD

1. Soot emissions control using diesel particulate filter and fuel-borne additives.
N.R. Abdullah, M.L. Wyszynski and A.Tsolakis (December 2007)
Poster Presentation Organized by Graduate School, University of Birmingham,

December 2007.

2. Thermal Stress Analysis on Diesel Particulate Filter Using CFD Modeling
N.R. Abdullah, M.L. Wyszynski and A.Tsolakis (April 2008)
Poster Presentation Organized by Graduate School, University of Birmingham,

April 2008.

3. Effect of Air Intake Pressure Drop on Performance and Emissions of a Diesel
Engine Operating with Biodiesel and Ultra Low Sulphur Diesel (ULSD)
R. Mamat, N.R.Abdullah, H.M. Xu, M.L.Wyszynski A.Tsolakis (2009),
International Conference on Renewable Energy and Power Quality, 15-17 April

2009, Valencia, Spain

4. Effects of Pilot Injection Timing on Main Combustion Behaviour in Multi Cylinder
V6 Diesel Engine.
N.R. Abdullah, M.L. Wyszynski and A.Tsolakis (June 2009)
Poster Presentation Organized by Graduate School, University of Birmingham,

June 2009
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5. Effect of Fuel Temperature on Combustion and Emissions of a Common Rail
Diesel Engine
R. Mamat, N.R.Abdullah, H.M. Xu, M.L.Wyszynski, A.Tsolakis
International Powertrains, Fuels and Lubricants Meeting June 15-17, 2009

Florence, SAE Paper No. 2009-01-1896

6. Effect of Exhaust Gas Recirculation (EGR) with Multiple Injections on
Combustion Pattern in a Common Rail Diesel Engine .
R. Mamat, N.R.Abdullah, HM. Xu, M.L.Wyszynski, A.Tsolakis.
12th EAEC European Automotive Congress 2009, 29th June - 1st July 2009,

Bratislava, Slovak Republic

7. Effect of Injection Pressure with Split Injection in a V6 Diesel Engine.
N.R.Abdullah, R. Mamat, P. Rounce , A.Tsolakis, M.L.Wyszynski, HM. Xu
(2009) . International Conference, Capri Italy. SAE 2009-24-0049 September

20009.

8. The Effect of Injection Pressure and Strategy in a Jaguar V6 Diesel Engine
N.R.Abdullah, R. Mamat, P. Rounce , A.Tsolakis, M.L.Wyszynski, HM. Xu,
G.Tian
Journal of KONES (Internal Combustion Engines, European Science Society of
Power train and Transport Publication) ISSN 1231-4005, pp 9-22, Vol 16,

September 2009
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12.

Optimisation of Premixed Combustion on V6 Diesel Engine Through The
Variation of Pilot Injection Timings Combined with EGR.

N.R.Abdullah, R. Mamat, P. Rounce , A.Tsolakis, M.L.Wyszynski, H.M. Xu,
G.Tian

United Kingdom-Malaysia Engineering Conference, April 2010

Effect of Boost Temperature on the Performance and Emissions of a Common
Rail Diesel Engine Operating with Rapeseed Methyl Ester (RME)

Rizalman Mamat, Nik Rosli Abdullah, Hongming Xu, Miroslaw L. Wyszynski, A.
Tsolakis

World Congress on Engineering, 30 June - 2 July 2010, London.

Combined effects of pilot quantity, injection pressure and dwell periods on the
combustion and emissions behaviour of a modern V6 diesel engine.

N.R.Abdullah, M.L.Wyszynski, A.Tsolakis, R.Mamat, H.M.Xu, G.Tian.

Journal of Archivum Combustions , ISSN 0208-4198, pp 481-495, Vol 30-2010-

No.4, September 2010.

Emissions of a single cylinder Diesel engine operating with Ethanol.

R.Mamat, N.R. Abdullah, N. Tamaldin.

2" International Youth Science Festival, November 2010.
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13.

14.

15.

A variation of pilot injection timing on V6 diesel engine fuelled with ULSD.
N.R.Abdullah, , A.Tsolakis, M.L.Wyszynski R.Mamat, H.M.Xu, G.Tian

Paper preparation for SAE Technical Paper (Ready for submission)

Control of premixed combustion behaviour in a multiple injections diesel engine
fuelled with biodiesel.
N.R.Abdullah, A.Tsolakis, M.L.Wyszynski, H.M. Xu, S.Chuepeng

Paper preparation for The Journal of Combustion and Flame.

Combustion and emissions characteristics of a modern V6 diesel engine fuelling
with Tallow Methyl Ester (TME)
N.R.Abdullah, H.M.Xu, M.L.Wyszynski, A.Tsolakis, G.Tian, T.Garderner.

Paper preparation for the Journal of Fuels (Ready for submission)
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