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Abstract

Ever growing population and increased energy consumption across all industries has
resulted in higher atmospheric concentration of the greenhouse gases (GHG) and
therefore an increase in the planet’s average temperature, which has led to
increasingly demanding and more strict legislations on pollutant sources, and more
specifically, the automotive industry. As a consequence of all this, the demand for

research into alternative energy sources has greatly increased.

In this study combustion characteristics, engine performance, and exhaust emission of
diesel-ethanol and diesel-gasoline are investigated in an optical direct injection diesel
engine. In particular, effects of different substitution ratios and diesel injection
strategies are studied when the total fuel energy is kept constant. The three main
substitution ratios used in this study include 45% (45% of fuel energy from port-

injected ethanol/gasoline and 55% from direct injection diesel), 60%, and 75%.

The engine used for this investigation is a Ricardo Hydra single cylinder optical
engine running at 1200 rpm. In-cylinder pressure measurement is used for calculating
all engine parameters, heat release rate, and efficiency. In addition to the
thermodynamic analysis of the combustion parameters, high speed camera was used
alongside with a copper vapor laser or the high speed image intensifier in the high
speed video imaging for the optical analysis of the effect of the above-mentioned
parameters on autoignition and combustion processes, while Horiba particulate
analyser and AVL smoke meter were utilized in monitoring and recording emissions
for every tested condition. Depending on the testing conditions, such as injection
strategy and intake conditions, both dual-fuel operations were able to deliver high
efficiency and improved emissions compared to that of a pure diesel engine operation,
with the diesel-gasoline operation offering more consistency in improved thermal
efficiency, and the diesel-ethanol operation delivering lower emission output. The
optical analysis of the combustion represents the main difference in the flame
propagation, distribution and quality for each substitute fuel and its substitution

percentage, as well as the condition under examination.
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Chapter 1. Introduction

1.1 Background and Context

These days, internal combustion (IC) engines, and the industries that develop and
manufacture them and support their use, play a dominant role in the fields of power,
propulsion, and energy. In 1876, Nikolaus Otto first developed the spark-ignition (SI)
engine, and Rudolf Christian Karl Diesel invented the compression-ignition (CI)
engine in 1892 [1]. Ever since their invention, as our knowledge of engine processes
has grown, new technologies become available, demand for new forms of engine
increase, and environmental limitations on engine use changed, these engines have
continued to advance. The past three decades have seen an accelerated development
in engine research and development as the issues of air pollution, fuel cost, and

market competitiveness have become more and more significant [2].

In more recent years concern over exhaust gas CO2 emissions from motor vehicles
has been increasing. To battle this, the automotive industry has been endorsing diesel
cars as the cleaner choice compared to gasoline cars in Europe, because of their
superior efficiency due to their overall lean-burn mixture, lower pumping loss as well
as the greater compression ratio [3]. The efficiency of a typical SI engine can go up to
38%, compared to Diesel engines efficiency of up to 45% in a passenger car and up to
50% in large diesel engines [4]. Because of their superior fuel economy, diesel
engines are the dominant powerplant for commercial vehicles, off-road vehicles and
marine applications. Although diesel engines can produce less emissions of the
regulated pollutants, such as carbon monoxide, hydrocarbons and nitrogen oxides,
than a SI gasoline engine, they produce much more soot/Particulate Matter (PM).
However, gasoline vehicles fitted with high efficiency 3-way catalyst to the
stoichiometric SI engine, produce less NOx emissions than diesel vehicles. With the
increased number of vehicles and the heightened concern with air quality, the ever

more stringent vehicle emission standard has been introduced as shown in Table 1.1



imposed by the European Commission since 1992 for compression ignition (Diesel)

passenger cars.

Table 1.1 EU Emission Standards for Diesel Passenger Cars [5]

CcoO HC+NOx NOXx PM PN
Stage Date g/km #/km
Euro | 1992.07 2.72 0.97 _ 0.14 _
Euro 11, IDI | 1996.01 1.0 0.7 _ 0.08 _
Euro I, DI | 1996.01 1.0 0.9 _ 0.10 _
Euro 1lI 2000.01 0.64 0.56 0.50 0.05 _
Euro IV 2005.01 0.50 0.30 0.25 0.025 _
Euro Va 2009.09 0.50 0.23 0.18 0.005 _
Euro Vb 2011.09 0.50 0.23 0.18 0.005 6.0x10"
Euro VI 2014.09 0.50 0.17 0.08 0.005 6.0x10"

While Figure 1.1 below illustrates the percentage of change in these regulations since

their first iteration.

Exhaust gas emissions diesel passenger cars

= Eurol 1992

@ Euro2 1996

m Eurod 2000

m Eurod 2005

o Eurob 2009

o Eurob 2014

co NOx + HC Particle

Association of Intemational Motor Vehicle Manufacturers (VDIK) Source: VDIK

Figure 1.1 The Change in Euro Emission regulations [6]



In addition to operating direct injection diesel fuel, the CI engine can be adopted to
operate with more volatile fuel premixed with air through port-fuel injection to reduce
the pollutant emission, known as the dual fuel operation. When a low carbon fuel is
used as the port-injection premixed fuel in the dual fuel operation, they can produce
both lower pollutant emissions and CO2 emission, e.g. diesel-CNG/LNG dual fuel
engine [7]. In order to minimise the total life-cycle CO2 emissions, it would be
desirable to use renewable fuels, such as ethanol which is mostly produced from sugar
canes, or corn, in significant quantities in some regions of the world, especially in

Brazil and United States as illustrated in Figure 1.2 below [8].

Global Ethanol Production
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Figure 1.2 Global Ethanol Production [8]

However, in order to minimise the emissions and fuel consumptions from the dual-
fuel engines, better understanding of the in-cylinder mixture formation, autoignition
and combustion of the dual-fuel operation is required. The single cylinder optical
engine is well suited for such studies it allows the application of both qualitative and
quantitative, non-intrusive, optical diagnostic methods to gain a detailed insight of the

mixing, combustion and other in-cylinder processes.
1.2 Scope and Objectives

The main aim of this research project is to study the combustion, engine performance
and emission characteristics of the diesel-gasoline and diesel-ethanol dual fuel engine

operations by means of collecting and comparing thermodynamics, and emission data,



as well as in-cylinder optical analysis of the fuel injection, mixture, and combustion,

using high speed video processing. The objectives of this study include

1. Investigation of combustion and heat release characteristics and engine
performance of the diesel-ethanol and diel-gasoline dual fuel operation by
means of in-cylinder pressure measurements.

2. Characterisation of the engine exhaust emissions when operating in dual fuel
operations under different premixed/direct injection fuel ratio (substitution)
and fuel injection strategies.

3. Determination of the optimum fuelling and injection strategies for the diesel-
ethanol and diesel-gasoline dual fuel operations for the single cylinder optical
engine.

4. Investigation of the in-cylinder fuel injection, mixture, and combustion in
Dual fuel operations using optical techniques.

5. Comparison of the engine’s performance, exhaust emission, and
thermodynamic properties, between standard diesel fuel operation and the two

dual fuel operations.

This study allowed for the collection of not only the thermodynamic properties and
emission output of two variety of dual fuel operation, namely diesel-ethanol and
diesel-gasoline, in a compression ignition diesel engine, it also resulted in a collection
of high-speed images from the combustion process from injection, start of
combustion, combustion duration, and combustion flame intensity, for both of the two

dual fuel operations under investigation.
1.3 Overview of Thesis

Following the brief introduction in Chapter 1, a review of the most recent work and
literature on the relevant research is provided in Chapter 2. The basics of CIDI diesel
engine, its combustion process, and emissions are presented, and furthermore, an
explanation of variety of advanced combustion techniques and concepts reviewed.
After that, discussion is given to the benefits and the need for dual fuel technology
and alternative fuels in today’s world, the range and availability of different fuels to
replace fossil fuels. This is followed by describing the techniques available in

performing optical analysis on the fuel injection, mixture and combustion.



In Chapter 3, the experimental facilities and measurement equipment employed in this
research are described and discussed. The single cylinder optical research engine and
its components, the intake and exhaust system, the fuel injection system, the data
acquisition system, and the emission sampling equipment, are defined in detail. The
data analysis procedure is clarified prior to the description of fuel injector calibration
process and its results, as well as the method used for the calculation of the

equivalence ratio of engine operation at different conditions.

Chapter 4 details the setup and the procedure for collecting the required data for
thermodynamic and emission analysis of the engine in diesel-ethanol dual fuel
operation under several testing conditions, substitution ratios, and injection strategies,

as well as discussing the results, and some complications faced and their resolution.

Chapter 5 presents the setup and the procedure for collecting the required data for
thermodynamic and emission analysis of the engine in diesel-gasoline dual fuel
operation under several testing conditions, substitution ratios, and injection strategies
will be discussed in detail, as well as discussing the results, and some complications

faced and their resolution.

Chapter 6 focuses on the comparison of the thermodynamic and emission data and the
results from the previous two chapters, diesel-ethanol and diesel-gasoline dual fuel

operations, and their results with diesel only engine operations.

Chapter 7 presents all the data collected from the high-speed videos of optical
experiments performed on various engine settings and selected different fuels
mixtures used, as well as the procedure for collecting this data, and the comparison

and discussion of their results.

Finally, Chapter 8 concludes all the experimental results and findings, as well as

discussing the possible and recommended work to be performed in this subject matter.



Chapter 2. Literature Review

In this chapter, some of the available literature related to the subject of this study will
be reviewed in order to allow for better understanding of the latest techniques
available and the procedures required for the testing, as well as the results and the

outcomes of each test.

2.1 History of Diesel CI Engine

The engineer Rudolf Diesel filed a patent with the Imperial Patent Office in Berlin for
a “‘new rational heat engine” on February 27" of 1892, and a year later, on February
23" of 1893, the patent DRP 67207 was granted to him, for the “Working Method
and Design for Combustion Engines” dated 28™ of February, 1892.

Direct-injection diesel engines of today, are more tough, powerful, robust, and
dependable than gasoline engines, and they are also more efficient in fuel
consumption. Diesel engines are workhorse engines. That’s why they can be found
powering heavy duty trucks, buses, tractors, and trains, as well as large ships,
bulldozers, cranes, and other construction machinery. Diesel engines of today, and in
the future, will show even further improvements. They will be more fuel efficient,

much cleaner in terms of emissions, as well as more flexible in the fuels they can use
[4] [9].

Current diesel engines, inject fuel directly into the engine’s cylinder using very small
computers to deliver exactly the right amount of fuel that is needed. All functions in a
modern diesel engine are controlled by an electronic control module that
communicates with a complex collection of sensors placed at calculated locations
throughout the engine to monitor and control all things such as engine speed, coolant
and oil temperatures, as well as the piston position. Close electronic control means
that fuel burns more carefully, delivering more power, better fuel economy, and less

emissions than initial diesel engines could accomplish.

Modern direct injection diesel engines produce low amounts of carbon dioxide (CO»),
carbon monoxide(CO), and unburned hydrocarbons (UHC), as well as reactive
7



nitrogen compounds (NOx) and particulate matter (PM) have been reduced by more
than 90% in the past three decades. However, NOx and PM emissions remain at
relatively high levels. NOx contributes to acid rain and smog, while serious health

effects have been related with exposures to high levels of PM [4] [9].
2.2 Emissions

All internal combustion engines operate by converting chemical energy in the fuel to
mechanical power. Fuel is a mixture of hydrocarbons, which during an ideal
combustion process would produce water vapor (H>O) and carbon dioxide (CO»)
only. Exhaust gases are primarily made up of CO, H2O and the portion of engine
charge air left unused. Diesel fuel and gasoline fuel may both be specified with the
empirical formula CxHy, where an ideal stoichiometric combustion process would

yield:
CxHy+(x+%)'02 :>x-C02+§-H20 Equation 2.1

The following, shows the typical range of volumetric concentrations of these gases in

the exhaust:

e CO2:2%to 12%
e HO: 2%to 12%
e 02:3%to17%

e N2:79%%

The concentration of these exhaust gases depend on the engine load, where increasing
the engine load, the concentration of CO; and H>O increases and the concentration of
O decreases. None of these principal diesel emissions, with the exception of CO, for

its greenhouse gas properties, have harmful environmental or health effects [10] [11].

Diesel emissions also include pollutants that can have harmful environmental and/or
health effects, most of which are caused by a variety of non-ideal combustion
processes, such as incomplete combustion of the diesel fuel, reactions between
components of the mixture, under high pressure and temperature, combustion of the
engines oil based lubricants and oil additives, as well as combustion of components of
the diesel fuel that are non-hydrocarbon, such as fuel additives and sulphur
compounds. Most common pollutants of diesel combustion include, nitrogen oxides

(NOx), unburned hydrocarbons (HC), particulate matter (PM), and carbon monoxide
8



(CO) [10] [11]. Pollutant concentrations in diesel engine exhaust gas with a varied air-

fuel ratio is illustrated in Figure 2.1 [12].
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Figure 2.1 Pollutant concentrations in diesel engine exhaust gas with a varied

air-fuel ratio [12] [13]

Total concentration of pollutants in diesel exhaust gases typically amounts to some

tenths of one percent, which is schematically illustrated in Figure 2.2 [10] [11].
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Figure 2.2 Relative concentration of pollutant emissions in diesel exhaust gas
before after-treatment [10] [11]

Great demands are made by the market, fuel economy, and regulatory requirements,

on diesel engine technology, as well as advanced gasoline concepts and hybrid

electric vehicles that are applying pressure in competitive technology, and therefore,

diesel engine developers are replying by the use of variety of techniques such as,

advanced fuel injection technologies, exhaust gas recirculation (EGR) control,

advanced and two-stage turbocharging, variable valve actuation, closed-loop



combustion control, and advanced model-based control. Modern diesel engines are
also equipped with emission after-treatment devices like NOx reduction catalysts and

particulate filters, produce much lower levels of pollutants [10] [11].

Advanced diesel engines [14] are now approaching a specific power output of 70 kW
per litre of fuel (70 kW of mechanical power for every litre of diesel fuel combusted)
along with 24 bar of brake mean effective pressure (BMEP), where some of these
diesel engine developments are allowing these engines to approach Euro VI (Table

2.1) compliant engine exhaust emission levels [15] [16].

Table 2.1 Euro VI emission limits for different on-road HD engines and
vehicles. Source: Regulation No 49 [17]

Pollutant Unit WHSC (CI) WHTC (CI) WHSC (PI)
Nitrogen oxides (NOXx) g/kwh 0.40 0.46 0.46
Carbon monoxide (CO) g/kwh 1.50 4.00 4.00

Total unburnt
hydrocarbons (HC) g/kWh 0.13 0.16 n/a
Non-methane
hydrocarbons (NMHC) g/kwh n/a n/a 0.16
Methane (CHa) g/kWh n/a n/a 0.50
Particulate matter (PM) g/kwh 0.010 0.010 0.010
mass
Particulate number (PN) | #/kWh 8.0x10% 6.0x10% 6.0x10%
Ammonia (NHs) ppm 10 10 10

2.2.1 Nitrogen Oxides (NOx)

Only the combinations NO and NO2 (nitrogen monoxide and nitrogen dioxide) from
the different nitrogen oxides, including NO, NO2, N20, N203, N205, are produced
in considerable quantities and the description NOx (nitrogen oxides) is commonly

used as short for the total NO and NO2.

The formation of thermal NO, is the main mechanism for the production of NOx.

Zeldovich described it for the first time in 1946 [12] [18].
Particularly, the following elementary reactions take place:

0, 2.0 Equation 2.2

N,+0 < NO+N Equation 2.3

0,+N < NO+0 Equation 2.4

10



OH+N& NO + H Equation 2.5

The Zeldovich chain reaction is describe by equations 2.3 and 2.4, with the presence
of elementary oxygen (O), N2 produces NO and N, where the molecular nitrogen
(N2) formed, becomes NO and O by reacting with Oz in the following stage, which
completes the cycle and the reaction chain starts once more. Equation 2.5 defines the

formation of NO in fuel rich zones, such as the areas located behind the flame front.

The basic condition for the start of the Zeldovich reactions, is the presence of atomic
oxygen formed from molecular oxygen at temperatures beyond 1927°C, see equation
2.2, which follow equations 2.3 and 2.4. Therefore, one requirement for the formation
of NO is highest temperatures, more accurately, local highest temperatures, not
average combustion chamber temperatures. The presence of excess oxygen is the

second requirement for the formation of NO, that is local excess air [12] [18].

In gasoline engines, ideal conditions for the formation of NOx are present when
A=1.1. In diesel engine exhaust gas, maximum concentration of NOx moves to a
rather higher air fuel ratio. Figure 2.1 [12] [13] illustrated the concentrations of the
different pollutants, as a function of the air fuel ratio A. As A drops, the NOx
concentration curve rises continuously, which can be associate with the exhaust gases
increasing temperature. Although the amount of oxygen is reducing, the increasing
process temperature enables the increase of the NOx concentration to values as high
as A=2. Free oxygen is no longer sufficiently available below A=2 as the exhaust gas
temperature continues to increase. A local maximum is produced as the gradient of the

NOx concentration decreases as a function of the air fuel ratio.

The Zeldovich reactions are equilibrium reactions and their equilibrium limits are
created as a function of temperature. Though, engine combustion processes are so
instant that the equilibrium concentrations are usually not achieved and the actual
NOx concentrations are lower than what would be achieved at thermal equilibrium.
Conversely, according to equations 2.3 and 2.4, the temperature drop in combustion
chamber during the expansion stage causes reverse reactions to “‘freeze”. NO does
not change considerably below approximately 1727°C anymore. Consequently, in the
actual exhaust gas, the NOx concentrations are greater than the equilibrium

concentrations. Subsequently, equilibrium reactions alone cannot predict NOx

11



emissions, but only by the aid of the reaction kinetics and by including the time order

of the combustion that actually occurs.

In diesel engines, the process order can significantly affect NOx emissions. Therefore,
the combustion temperature could be limited by cooling the charge air and
recirculated exhaust gas, and also by retarding injection and combustion after TDC.
Exhaust gas recirculation (EGR) lowers the oxygen supply and, therefore, reduces the
formation of NOx directly. Simultaneously, the rate of combustion is reduced by the
lower oxygen concentration, which in turn limits the local highest temperatures. The
local highest temperatures are further reduced during exhaust gas recirculation by the
higher specific heat capacity of the triatomic gases (CO2 and H>O) in the recirculated

exhaust gas.

1% to 10% of the total NOx emissions in gasoline engines is made up of NO, and
5% to 15% in diesel engines. Higher concentrations are also evident in the lower part
load range at similarly low exhaust gas temperatures [12] [13]. NO; forms in an

engine from NO by reacting with HO> and OH radicals. The most likely equation is:
NO + HOZ (=" N02 + OH Equation 2.6

The chemical equilibrium for NO; is practically complete at ambient temperature. NO
reacts in the atmosphere with ozone, when there is incident light, to become NO,.
Depending on the ambient conditions, equilibrium is achieved after a few hours to
days. For diesel engine combustion, other mechanisms of NO formation, such as rapid
NO from the reaction of N> with fuel radicals, NO from fuel based nitrogen, or the

formation of NO from N>O have a tendency to be of secondary importance.
2.2.2 Particulate Matter (PM)

A motored vehicle’s particulate matter emissions, are the total mass of solids and
attached volatile or soluble elements, as stated by the legislative test conditions. The
test conditions are defined precisely: an exhaust gas sample is diluted with filtered
ambient air and cooled to a maximum of 528°C [12] [19]. The total mass of the
particulate matter is concluded by weighing under distinct conditions, after it is
divided onto a defined and conditioned sample holder. Figure 2.3 illustrates the
average composition of particulate matter [12] [20]. The particulates primarily consist

of soot. The second largest fraction of particulate matters, comprises of organic
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compounds comprising of unburned hydrocarbons, which may arise from the fuel

itself or the lubricating oil [12].

Soot 75%

\
/ ||| Lubricating oil 13%
N

[M Fuel 5%
Water 4%

B Sulfate 3%

Figure 2.3 Typical particulate composition with an standard oxidation catalyst

[12] [20]
The sulphur content of the fuel and the engine oil, essentially determines The
particulates’ sulphate fraction. The sulphur oxidizes into SO> during combustion, and
into SO3 at exhaust gas temperatures above 450°C. The downstream exhaust gas after
treatment in an oxidation catalytic converter can also enabled the latter oxidation
procedure [12] [21]. The development of sulphate ions to create sulfuric acid (H2SOs4),
is triggered by interaction with water, which condenses on the particulates in the
cooled exhaust gas. Lubricating oil or fuel additives produce metal oxides, which are
only present in particulate emissions in traces. When an additive is combined into the
fuel for particulate filter regeneration, these oxides can take on a substantial

percentage of the particulate mass.

Figure 2.3 illustrates the composition of particulate matter, which corresponds to the
average value of measurements in a variety of cars and can differ greatly depending
on the vehicle type and operation. Therefore, a commercial vehicle engine running at
high load has a greater portion of elementary carbon. The portion of hydrocarbons in
cars running at part load can considerably exceed the value stated in Figure 2.3.
Relative to mass, soot comprises the largest portion of particulate matter. Soot is
mainly created in zones lacking air. In older pre chamber engines models, fuel coking
partly creates large soot particulates, in areas such as the wall films [12], which are
then visible in the exhaust gas. In modern direct injection diesel engines, the
particulates are typically considerably smaller and therefore no longer visible in the

exhaust gas. The production processes is also noticeably different.

13



2.2.3 Hydrocarbons (HC)

In diesel engines, when poorly prepared fuel reaches areas where the temperature is
no longer sufficient for combustion, may produce unburned hydrocarbons (HC).
These type of conditions happen in the lower part load range, when there is
considerable excess air. Atomizing the fuel is the main purpose of an injection system
in order to prepare the fuel adequately so that even at low temperatures it can

evaporate completely.

Other sources of HC emissions can be locally highly rich mixture regions, such as
when fuel sprays make contact with the combustion chamber wall. HC emissions
increase during cold start as complete evaporation cannot be guaranteed. Similar to
the combustion of leaner mixtures in gasoline engines, misfires are usually not
observed in diesel engines, since a range with approximately stoichiometric mixing is
always established when using direct injection, and therefore, with ideal conditions

for auto-ignition.

Another source of HC emissions is the fuel contained in the nozzle holes as well as
the injection nozzle’s sac hole after the end of injection. This fuel evaporates during
the expansion phase at temperatures far below the limit necessary for oxidation and is
forced into the exhaust system unburned. Although in recent years, by minimizing the
volume of the sac hole, this source of HC emissions has been significantly reduced
[12] [22]. An oxidation catalytic converter can further reduce both hydrocarbons and

carbon monoxide [12] [21].
2.2.4 Exhaust Gas Recirculation

Diesel engines have characteristically high thermal efficiencies, as a result of their
high compression ratio and operating with low fuel consumption. The auto-ignition is
achieved from the high temperatures produced by the high compression ratio, and less
thermal energy from the engine is discharged in the exhaust due to the resulting high
expansion ratio. In order to enable complete combustion, the extra oxygen in the
cylinders is essential, as well as compensating for the non-homogeneity in the fuel
distribution. Nevertheless, as locally stoichiometric air fuel ratios overcome in such
heterogeneous combustion procedures, high flame temperatures are more dominate

[23]. Subsequently, due to the high flame temperature in the presence of abundant
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oxygen and nitrogen, diesel engine combustion outputs high levels of NOx emissions

[24] [25] [26].

Keeping the combustion chamber temperatures down, is the most effective way of
lowering levels of NOx emission. While practical, it also reduces the thermal
efficiency of the engine, which makes it a very unsuccessful method in reducing NOx
levels. Diluting the air fuel mixture with a non-reacting parasite gas is possibly the
simplest practical way of decreasing maximum flame temperature. During
combustion, this gas absorbs energy, without adding any energy input. Any non-
reacting gas would work as a diluent, and the outcome of this process is a lower flame

temperature [27].

Exhaust gas recirculation, or EGR for short, is the procedure of introducing exhaust
gas into the fresh air from the intake, in order to dilute the air and fuel charge, and
thus lowering the combustion temperature. LTC engines typically use a large amount,
more than 20%, of EGR, in order to keep combustion temperatures low as well as

increasing combustion duration.

EGR has been widely recognised as a powerful tool for reducing NOx emissions. It
significantly lowers in-cylinder temperature and reduces oxygen concentration which
suppresses the NOx formation. Therefore, wide-ranging studies [28] [29] [30] have
been focusing on reducing NOx emission by means of utilizing EGR. In a
turbocharged medium speed diesel engine, Six and Herzele [31] used cooled and high
pressure loop EGR to reduce NOx emissions. It was found that NOx emissions were
substantially reduced by the use of EGR. However, there were penalties in terms of
CO emissions and fuel consumption. In order to overcome excessive CO and HC
emissions when operating under a high level of EGR, Lee and Choi [32] applied a
main-post injection strategy to improve combustion efficiency as well as soot
emissions. Consequently, a noticeable improvement of CO, THC and soot emission
could be obtained, without penalty in NOx emissions. In Li’s [33] work, the
combination of a pilot injection strategy and cooled EGR was utilized to improve
NOx emissions in a single cylinder diesel engine. The results showed that pilot

injection could suppress NOx emissions as well as maximum pressure rise rate [34].
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The influence of exhaust gas recirculation on brake specific fuel consumption, noise,
HC, and PM emission levels, as a function of the NOx emissions, is illustrated in

Figure 2.4 below [12].
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Figure 2.4 influence of the exhaust gas recirculation rate on noise, specific
fuel consumption and HC and PM emissions as a function of the NOX
emissions for different injection pressures at 2,000 rom and 50% load [12]
(9/kg : grams of emission per kilo grams of fuel mixture combusted)

2.2.5 Exhaust Gas Aftertreatment

Exhaust gas after treatment is another widely utilized technology in engines for the
main purpose of reducing the emission output from the engine, in order to meet strict
emission regulations. Diesel oxidation catalyst (DOC), diesel particulate filter (DPF),
and selective catalytic reduction (SCR) system are the main aftertreatment technologies
fitted to modern diesel engines [35]. The diagram of Figure 2.5 below, illustrates the exhaust
aftertreatment system, highlighting the exhaust gas flow and main chemical reactions that

occur in each stage [36].
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Diesel oxidation catalyst (DOC)

2NO + 0, 2 2NO,
2CO0+0,2>2CO0O,

anzm +(n+m/2) O, > n CO, + m H,0
Diesel particulate filter (DPF)

C+2NO0, > CO, +2NO,

C+0,->CO,
Exhaust 2NO + 0= 2NO,
gas flow z = .
4 v Selective catalytic reduction (SCR)
"u \-0\ /p' ( 4NH; +4NO + 0, > 4N, +6H,0
o . s 2 NH; + NO +NO, > 2N, + 3 H,0

Ammonia slip catalyst (ASC)

4NH, + 50, 4NO + 6 H,0
4NH,+4NO+0,> 4N, +6H,0

Figure 2.5 Exhaust gas flow and chemical reactions in the aftertreatment
system of a modern diesel engine. Adapted from [37] [36]

The exhaust coming from the engine first passes through the DOC. It is mainly used
for oxidizing nitrogen oxide to nitrogen dioxide, substances that together create NOx.
However, the DOC also has another important function, which is related to
regeneration of the DPF. Regeneration of the filter needs to be done in order to empty
the filter from soot. The DPF comes after the DOC in the exhaust aftertreatment
system. The DPF removes most of the particles, more than 99%, from the exhaust
gases as soot accumulates in a ceramic honeycomb monolith. The device requires
periodical “active” and/or “passive” regeneration to burn off the trapped soot and
prevent it from blocking [38]. The DOC oxidises hydrocarbons, carbon monoxide,
and organic fractions of PM produced by incomplete combustion and fuel injected
into the exhaust gas during “active” DPF regeneration. Depending on the engine-out
NOx to PM ratio, the “passive” filter cleaning process is achieved through the heat
and NO2 produced by the engine and chemical reactions in the DOC [39] [35]. The
exhaust gases pass through the filter, which collects particles from the gases. The
particles eventually turn into a soot cake. The increasing amount of soot will create a
high pressure in the DPF, which means the soot needs to be removed. After collecting
the particles from the gases in the DPF and incinerating the soot in the filter, there is
still nitrogen oxide and nitrogen dioxide left in the gases. In order to reduce the NOx
levels even further, Urea, also known as AdBlue in the European market and as Diesel
Exhaust Fluid in the North American market, is injected in the exhaust stream. Urea is
originally an organic salt that is dissolved in water. Urea contains two amino groups

and when disintegrating in heat, they turn into ammonia, carbon dioxide and water.
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After urea has been injected in the exhaust aftertreatment system, the exhaust stream
enters the SCR where most of the NOx, usually more than 98%, is removed. Together
with active substances in the SCR, the ammonia coming from the urea injection turns
NOx to nitrogen gas and water. The ASC is the final component in the exhaust
aftertreatment system. In order for as much NOx as possible to be removed in
the SCR, the amount of urea being injected in the system is often slightly overdosed.
However, the leftover ammonia must not be released into the environment.
Therefore, ammonia that was not used in the SCR process is removed in the ASC. The

ASC oxidizes the ammonia into water and nitrogen gas [40] [36].

Recent research have been focused on reduced pressure drop across exhaust
aftertreatment system, increased NOx conversion efficiency, and lower NH3 and N20O
slip [41] [42]. Studies have also been exploring the SCR catalyst properties, such as
volume, effective temperature range, thermal stability, exhaust NO2 to NOx ratio
sensitivity, N20 emissions, and sulphur tolerance [43] [35]. These characteristics vary
significantly with the catalytic coating applied to the SCR honeycomb substrate.
Moreover, the use of cooled EGR along with an SCR catalyst have been investigated
to minimise aqueous urea solution consumption in the SCR system and reduce the
NOx conversion efficiency requirements [44] [45] [46]. Further investigation is
required to improve the effectiveness of the SCR system under relatively low
temperature conditions [47] [48], such as engine start-stops and low load operation

[36].
2.3 Modern Direct Injection CI Combustion

In the direct injection compression ignition engines, only air is introduced to the
cylinder from the intake. Then fuel is injected directly into the engine cylinder before
the combustion starts. Load can be controlled by means of varying the amount of fuel
injected at each cycle, while the air flow at a given engine speed is basically
unaffected. There are many variety of CI engine designs in use in a varied range of
applications such as automobile, truck, locomotive, marine, power generation. There
are naturally aspirated engines, where atmospheric air is inducted, and there are
turbocharged engines, where the inlet air is compressed by an exhaust driven turbine
compressor combination, as well as supercharged engines, in which the air is

compressed by a mechanically driven pump or blower are common. Turbocharging
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and supercharging increase engine output by increasing the air mass flow per unit
displaced volume, thus allowing an increase in fuel flow. These methods are used,
usually in larger engines, to reduce engine weight and size, also known as

downsizing, for a given power output [2].

The engine cycle consists of four phases or strokes, compression stroke, combustion
stroke, and the exhaust stroke. During induction, air is drawn into the combustion
chamber, then, during compression, air is compressed to a high pressure and
temperature, then fuel is injected, often close to top dead centre (TDC) with high
injection pressure, directly into the cylinder. Then it is the combustion stroke, which
consists of two different stages, premixed combustion and mixing controlled
combustion. The exhaust stroke purges the gases out of the combustion chamber by
the piston moving back up. The combustion process results in heat generation, the rate
in which it generates heat, is used as an instrument to characterise different phases of
combustion. The combustion process also comprises of numerous phases such as
ignition delay (ID), premixed combustion, mixing controlled combustion and late

combustion.

Figure 2.6 illustrates these phases in the operation of a conventional compression

ignition diesel engine.
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Figure 2.6 Typical DI Engine Heat Release Rate Diagram Identifying Different
Diesel Combustion Phases [2]

Where ignition delay represents the crank angle between the start of injection (SOI)
and the start of combustion (SOC), and premixed combustion phase, which is the
mixing of the evaporated injected fuel with the surrounding air during the preignition

stage of combustion, usually during the ignition delay. The fuel and air mixture is
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close to stoichiometric ratio and thus auto-ignite because of the temperature of the
charge, is higher than the flash point of the fuel. The combustion related to this stage
is rapid and intense because of the availability and stoichiometric, or slightly rich
mixture, while occurring at a high temperature. The subsequent heat release rate spike
is accompanied by rapid rise of in-cylinder pressure, which is accountable for the
typical diesel engine noise. The NOx production occurs mainly at this stage, due to
the high temperature; and this stage is followed by mixing controlled combustion,
which is normally referred to as diffusion combustion as well. The remaining fuel,
and sometimes (in split injection setting) freshly injected fuel burns with a diffusion
flame, resulting in a rich combustion because of the limited availability of oxygen.
This combustion is limited by the mixing rate, and therefore, it is a slower
combustion, and thus, it takes place at lower temperatures. This stage is accountable
for the most of the soot produced, because of the fuel rich combustion; and late
combustion occurs post the majority of the diffusion combustion has completed and
the remaining fuel is partly oxidised. During this stage of combustion, the in-cylinder

temperature is fairly low, which leads to the reducing and the end of combustion.

In order to meet the current emission regulations for diesel engines, it has become
necessary to develop a thorough understanding of the in-cylinder processes of diesel
compression ignition. To achieve this, many studies have been taking place, using
innovative laser imaging diagnostic techniques. These studies have provided a
significantly enhanced understanding of the diesel combustion, which is illustrated in

the schematic of Figure 2.7 [49] [50].
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Figure 2.7 Conceptual Schematic of Conventional diesel Combustion [49] [50]

20



2.4 Alternative diesel engine combustion technologies

In a conventional diesel engine, there is a trade-off between NOx and soot emissions,
where reducing one leads to the increase of the other. Though emissions from exhaust
gas have been greatly reduced by the introduction of after-treatment equipment and
high fuel injection pressure, advanced combustion concepts are still vital to improve
engine emissions, in order to meet the ever increasing strict emissions legislation.
Thus, due to these regulations, many manufacturers are required to adapt alternative
combustion techniques. In the past three decades, extended effort in research has been
made in CI diesel engines, with the main goal of reducing NOx and soot levels at the
same time. homogenous charge compression ignition (HCCI), reactivity controlled
compression ignition (RCCI), premixed charge compression ignition (PCCI), low
temperature combustion (LTC), and transonic combustion (TSCi), are different types

of advance CI diesel combustion techniques discussed here.

Local
Equivalence Ratio ¢

Local Temperature K

Figure 2.8 In-cylinder fuel-air equivalence ratio versus temperature range for
Conventional Diesel Combustion as well as alternative Diesel Combustion
strategies such as LTC, HCCI and PCCI. Adapted from [561]

As Illustrated in Figure 2.8, there are other combustion concepts that are being
investigated in order to allow more efficient and cleaner combustion. Homogeneous
charge compression ignition (HCCI) is a low temperature combustion that in the past
years has given understandings that have resulted the development of many other
combustion methods, such as Reactivity controlled compression ignition (RCCI) as

well as partially premixed combustion (PPC).

A shared feature of the new combustion techniques is that they all allow for new ways

for new and existing alternative fuels to be utilized. Basically, by modifying
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compression ratio and intake temperature, any fuel can be run on HCCI, and RCCI
utilizes two different fuels with varying ratios, meanwhile, by altering fuel injection
and other some parameters, any liquid fuel can be used efficiently when running on
PPC, which has also proved exceptional efficiency as well as very low exhaust
emissions for flammable liquid hydrocarbon mixture, which has an octane rating of
around 70, or basically, a fuel that has ignition properties somewhere between diesel
and gasoline. Figure 2.9 illustrated how the new engine combustion techniques RCCI
and PPC relate to conventional SI engine operation and direct injection compression
ignition (DICI) engine operation, with regards to how appropriate the engine
operation concepts are to reactive fuels like diesel and none-reactive fuels like

gasoline [52] [53].

Research concepts

Low = Prevents Auto-Ignition Fuel Reactivity High = Promotes Auto-Ignition

Figure 2.9 Engine combustion research concepts compared to conventional
spark ignition (Sl) and Direct Injection Compression Ignition (DICI). Blue
indicates a reactive fuel like diesel while orange indicates a none -reactive fuel
like gasoline [562] [53].

2.4.1 Homogeneous Charge Compression Ignition (HCCI)

A typical example of this approach is a technique commonly known as homogeneous
charge compression ignition (HCCI) [54]. In HCCI, the fuel and air are premixed and
compressed to ignite. Though, the mixture is made very dilute either by being lean
with fuel-air equivalence ratios, typically less than 0.45, or through the use of high
levels of EGR for equivalence ratios up to stoichiometric [54] [55] [56] [57]. While
these mixtures are typically very dilute to support flame type combustion, as they are
compressed to autoignition temperatures by the piston, they respond and burn
volumetrically. Due to the high dilution, combustion temperatures are low, and
therefore resulting in low NOx emission levels, also, the charge is adequately well
mixed to avert soot formation, thus, thermal efficiencies are characteristically similar

to those of a diesel engine [54] [56] [57] [58] [59]. Due to these advantages,
22



considerable research and development efforts on HCCI are happening using a
variation of fuels, including gasoline, diesel fuel, ethanol, natural gas, and others [50]

[54] [55] [56] [57] [58] [59] [60] [61] [62].

The HCCI or controlled autoignition (CAI) combustion has frequently been known as
a new combustion process among the several research papers published over the last
decade and a half. Nevertheless, it has been around possibly as long as the spark
ignition (SI) combustion in gasoline engine and compression ignition (CI) combustion

in diesel engines [63].

Based on the previous work in two-stroke engines [64], Najt and Foster extended the
work to four stroke engines in 1983, and attempted to achieve added understanding of
the fundamental physics of HCCI combustion [65]. They were the first to apply HCCI
combustion idea in a four stroke gasoline engine. In their work they considered that
HCCI is controlled by chemical kinetics, with insignificant effect of turbulence and
mixing. They performed experimentations using primary reference fuels (PRF) and
intake air heating, and with the use of heat release analysis and engine cycle
simulation, they demonstrated that HCCI combustion process was dominated by low
temperature, less than 9509K, hydrocarbon oxidation kinetics. They also determined
that HCCI combustion is a chemical kinetic combustion process controlled by the

temperature, pressure, and the composition of the in-cylinder charge.

Thring further extended the work done by Najt and Foster in four-stroke engines, in
1989, by investigating the performance of an HCCI engine operating by a full-
blended gasoline [66]. The operating procedure of a single cylinder engine was
mapped out as a function of air fuel equivalence ratio, EGR rate, and the compression

ratio.

Studies on four stroke engines have demonstrated that it is possible to achieve high
efficiencies and low NOx levels of emission by means of a high compression ratio
and a lean mixtures [67]. In four stroke engines, numerous experiments have been
carry out, where the HCCI combustion on its own is examined. This has mainly been
done on single cylinder engines, which generally do not provide brake values.
Nevertheless, Stockinger demonstrated brake efficiency of 35% on a 4-cylinder 1.6
litter engine at 5 bar Brake Mean Effective Pressure (BMEP) [68]. Later studies have
revealed brake thermal efficiencies of over 40% at 6 bar BMEP [69] [70].
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While HCCI combustion was established well over two decades ago [66], only the
current developments like, intake air charge, varying the compression ratios and
exhaust gas recirculation (EGR) have made it controlled combustion and reduced
knocking. HCCI operation has been effectively applied to spark ignition (SI) as well
as compression ignition (CI) engines, and demonstrated to be fuel adaptable, as
mentioned, using with gaseous fuels such as propane or natural gas and liquid fuels
like traditional gasoline or diesel fuels. The HCCI process operates on the basis of
having a lean, premixed, homogeneous charge that responds and burns volumetrically

in the cylinder as it is compressed by the piston [71] [72].

In HCCI engines, a lean homogeneous flammable mixture, basically fuel and air
mixture with equivalence ratio of <1, is created before the start of ignition and is auto
ignited as a result of increasing pressure and temperature in the compression stroke
[73]. The HCCI operation is similar to SI engine operation, since both use the
homogeneous charge for combustion and it is also similar to CI engine since they
both rely on the auto ignition of the mixture. Therefore, HCCI combustion can be

viewed as the mixture of SI and CI combustion processes [74].

Table 2.2 Comparison of Traditional and HCCI Combustion Modes [75]

Fuel SI CIDI HCCI
A =1.0 =1.2-2.2 >1.0
Mixture preparation PFI, GDI DI DI, PFI & DI+PFI
Ignition Spark ignition Auto-Ignition Auto-Ignition
Diffusion but
Combustion form Premixed Diffusion dominated by

chemical kinetics

Combustion rate _ . Multipoint or
L Flame propagation Mixing rate
limitation spontaneous
Flame front Yes Yes Without
Combustion
High Partially high Relatively low
temperature
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Table 2.2 gives a brief comparison of typical features of SI, CIDI and HCCI
combustion modes. The advantages of HCCI combustion can be summarized as

follows:

1. HCCI combustion uses a higher compression ratio, lacks a threshold value and has
a shorter combustion period and faster combustion rate. Therefore, it almost achieves
constant volume combustion and a higher thermal efficiency because of lower

combustion temperature and lower radiation loss.

2. There is no flame front or flame spread or local regions of excessively high
temperature and rich mixture, thus reducing soot and NOx generation to a very low

level.
3. Different variety of fuel types can be used in this mode of combustion [75] [76].

The air fuel mixture can be prepared either internally, by direct injection, or
externally, by port fuel injection. The latter prevents the well-known drawbacks of
mixing by controlled combustion that lead to soot formation in DI diesel engines.
Additionally, as the combustion occurs without flame propagation, it leads to lower

gas temperatures, and therefore reducing NOx emission levels [77].

Since HCCI combustion offers the potential for reducing NOx and soot emissions
simultaneously while maintaining high efficiencies, it is a very desirable choice for
compression ignition diesel engines. But it suffers from problems such as very
advanced ignition, requirements for higher temperatures, and an excessive heat
release rate at high load operations. In order to overcome these problems, several
investigations and developments have been carried out on HCCI combustion in three
main categories, premixed HCCI [78] [62], early direct injection HCCI and late direct
injection HCCI. Suzuki and Odaka [79] [80] used a gasoline type injector to introduce
diesel fuel into the intake manifold. Knocking was suffered at high load operation and
HC emissions were excessive, due to overmixed diesel fuel. In subsequent work,
efforts were made to resolve the problem of overly advanced combustion phasing. It
was achieved by using isooctane as the premixed fuel at some conditions [81] [82].
By injecting the fuel early during the compression stroke, the mixing process can be
promoted due to higher in-cylinder temperature and pressure. Iwabuchi [83] studied
early injection HCCI by investigating several key parameters in both experimental

and CFD works. It was found that NOx emissions were suppressed to low levels,
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while soot and HC were very high. Higher fuel consumption was reported compared
to conventional diesel combustion. In order to improve combustion, an impinging-
spray-nozzle injector was introduced to generate wider dispersion angles and reduce
penetration [84]. Consequently, fuel consumption was improved by 10%, soot and HC
emissions were considerably reduced. The similar research in terms of early injection
HCCI can be found in New ACE Institute [85] [86] [87], Hino Motors [88], and IFP
[89]. Nissan Motor [90] [91] [92] has carried out numerous studies on late injection
HCCI. They reported 4 to 5 times less NOx emissions and improved PM emissions

and fuel consumption compared to conventional operation [34].
2.4.2 Premixed Charge Compression Ignition (PCCI)

HCCI engines promise efficiency similar to diesel engines without the high NOx and
particulate matter emissions that is involved with diesel engine combustion.
Nevertheless, significant difficulties have kept HCCI engines from being widely
available in commercial vehicles. The main challenges include control of combustion
timing and low specific power output [93], with the combustion control matter being

particularly difficult for transportation applications.

Premixed charge compression ignition (PCCI) could be solution to the combustion
control and specific power obstacles involved with HCCI engines. PCCI is a
simplified version of HCCI combustion in which the fuel and air mixture may be
partially stratified at the time of ignition. There are different examples of PCCI
engines such as, direct injected engines with early injection [94], and controlled
autoignition (CAI) engines, which use high residual fraction and variable valve timing
to control the combustion [95]. In PCCI engines may use equivalence ratio
stratification for extending the duration of burn, thus, permitting for the engine to run
with a higher specific power. Direct injection of fuel into the combustion chamber
may also assisted engine control, particularly in the case of injection of highly
reactive fuel, like diesel fuel. In contrast, high emissions of NOx and PM may be
produced due to fuel stratification. Meeting the control and high power output
requirements of modern engines is the main challenge for PCCI engines, while
meeting the current and future emissions standards, by keeping the NOx and PM

emission levels low enough [96].

26



Since PCCI combustion for diesel engines are capable of providing both high
efficiency and extremely low particulate emission levels, it is more attractive to auto
makers recently. In contrast to conventional diesel combustion, to avoid soot
emissions, PCCI combustion approach, uses early in-cylinder, or direct, fuel injection.
Nevertheless, as previously mentioned, because of the low volatility of diesel fuel,
and its high ignitability, numerous technical obstacles, like mixture preparation and
control of combustion phasing, has to be resolved prior to the availability of PCCI

diesel engine commercially [2].

In the PCCI combustion approach, fuel can be introduced into the combustion
chamber through either, early direct injection, port fuel injection, or even late direct
injection. Early direct injection and port fuel injection frequently have incomplete fuel
vaporization, as well as fuel spray impact on the cylinder walls, which causes high
levels of hydrocarbon and carbon monoxide emissions along with fuel/oil dilution
[50]. Use of narrow spray cone angle injectors, as a tactic to decrease fuel-wall impact
has been investigated in the past. Late direct injection avoids fuel-wall impact and
provides adequate control over combustion phasing. Lechner et al. [97] assessed the
possibility of using the injector nozzle with narrow spray cone angle for diesel PCCI
combustion by advanced injection timing, and by changing the spray cone angle. It is
observed that carbon monoxide (CO) emissions rise drastically and combustion
efficiency drops considerably as the fuel starts to miss the piston bowl. Mie-scattering
technique was employed to examine the in-cylinder combustion and spray
development processes by Fang et al. in a diesel PCCI engine using a 70-degree spray

angle injector [98] [99].

Figure 2.10 illustrates the structure and the shape of the chamber for the PCCI engine
compared to those of direct injection diesel engine and direct injection compression

ignition gasoline engine.

Gas oil is compressed to above 200 bar In DI diesel engines, and then, in the second
half of the compression stroke, it is injected into the high pressure, high temperature
combustion chamber by a diesel injection nozzle, and lastly, it is burned by
compression ignition. The combustion process for direct injection compression
ignition gasoline engine, is the similar except that gasoline is utilized instead. As seen

in Figure 2.10 the chamber wall shape is pointing inward.
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In the PCCI engine however, gasoline is compressed to about 3 bar and injected by an
electromagnetic gasoline injector into the air intake port at atmospheric condition. The
gasoline is subject to compression in the cylinder, and is combusted by compression
ignition. The combustion chamber the shape of an open shallow dish. There are no
inlet throttling and ignition equipment such as spark plug in the PCCI engine, but
instead, in order to achieve compression ignition, it has a compression ratio

practically same as that of the diesel engines [100].

Figure 2.10 Combustion systems of direct injection diesel engine and direct
injection compression ignition gasoline engine (Left) and PCCI (Right) [100]

2.4.3 Reactivity Controlled Compression Ignition (RCCI)

Reactivity controlled compression ignition (RCCI) uses two types of fuel with
varying auto ignition properties or reactivity that are injected separately, generating
charge stratification. Such as a lower reactivity fuel, like gasoline, can be injected
early into the intake manifold using a port fuel injector, whereas a more reactive fuel,
like diesel, can be injected directly into the combustion chamber. This combustion
method offers a high fuel economy with low emission levels compared to
conventional diesel combustion. Nevertheless, as a down fall, this method calls for the
added expense of an additional fuel injection system, in addition to low reception
from consumers. Related studies in this subject matter can be found in various

publications [101] [102] [103] [34].

As an evolution of HCCI and PCCI, RCCI aims to provide more control over
combustion phasing, by means of multiple fuels of differing reactivity in a

compression ignition engine. In detail, multiple injections of various fuels at planned
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intervals, provides control over the reactivity of the charge in the combustion
chamber, in order to provide optimum combustion duration and intensity. A
comparatively low reactivity fuel is injected, early in the engine cycle, and creates a
homogeneous mixture with the air. Later in the cycle, a higher reactivity fuel is
injected into the combustion chamber. This method produces pockets of varying air
fuel ratios and reactivity, thus, causing the combustion to take place at different times
and at different rates. Therefore, multiple injection systems are needed in order to run
an RCCI engine. Variations of this method have been validated with different
combinations of diesel, gasoline, natural gas, as well as numerous biofuels and

boutique fuels [104].
2.4.4 Low Temperature Combustion (LTC)

Classic HCCI is not willingly applied with diesel fuel, due to the fuel’s low volatility
and the ease with which it auto ignites (high cetane number) [54] [58] [62] [71] [105]
[83]. Consequently, many diesel engine researchers and manufacturers are pursuing
substitute methods to achieve combustion similar to HCCI, generally referred to as
diesel low temperature combustion (LTC). With diesel LTC, numerous methods are
employed in order to obtain sufficient premixing, so that combustion temperature and
equivalence ratio combinations that cause soot and NOx formation are prevented.
This can easily be understood by the means of the equivalent ratio-temperature

diagram in Figure 2.11 [106] [107] [108].
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Nevertheless, it is not essential for combustion to take place entirely in the HCCI
region in order to avoid soot and NOx formation. LTC diesel operation takes
advantage of this by permitting the combustion to take place anywhere in the grey
shaded area, as it is attempting to insure that most of the fuel is mixed to equivalent
ratio of less than or equal to stoichiometric (equivalent ratio < 1), which is the HCCI
region, before the reactions are quenched by the expansion, so that good combustion
efficiency is sustained. Therefore, diesel LTC basically uses the same principles as
HCCI in order to obtain low emissions, although its combustion is not entirely

premixed [50].

Basically, the goal of an LTC engine is to achieve high levels of fuel efficiency
without producing harmful emissions, such as NOx and particulate matter (PM), or
soot. Figure 2.11 illustrates the relationship between flame temperature and pollutant
formation, where NOx formation is reduced as flame temperature is reduced, as well
as PM, which are reduced with lean combustion. So it could be concluded that LTC
engines burn cool enough and lean enough, meaning low equivalence ratio, to stay out
of the high soot and NOx formation regions, yet they still have the ability to take
advantage of the high thermal efficiency of typical CI engines, which means they

have high compression ratios and ideally operate without a throttle [104].

Mainly because of breakthrough work done in the 1980s and 1990s at Sandia’s
Combustion Research Facility (CRF) in California, researchers already understand
how pollutants are created throughout the conventional diesel combustion. Details of
how conventional diesel combustion works, with research that took advantage of
special optical engines and optical diagnostic techniques with lasers and scientific
high speed cameras to examine the combustion processes, were combined into a
highly referenced theoretical model that was developed by Sandia’s John December
of 1997 [49]. The laser based optical diagnostics demonstrated that one pollutant, soot
or PM, was formed in areas where fuel concentrations were very high. Another
serious pollutant, namely NOx, resulted from high-temperature flame inside the
combustion chamber. NOx emissions are not just toxic, but once released into the
atmosphere, and exposed to sunlight, they react with other pollutants to create ground

level ozone, also known as smog [49].

LTC tackles the NOx emissions by means of EGR. With this dilution influence, the

combustion temperatures are reduced so NOx formation is considerably decreased.
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According to Musculus, another part of the LTC approach, is to spray in the fuel
earlier in the engine cycle in order to allow the fuel more time to mix with air prior to
it burns. Thus, LTC avoids much of the fuel rich arecas which lead to PM as well as the

high temperature areas which lead to NOx formation [104] [109].

Although LTC engines have the potential of increased efficiency and low emissions
for IC engines, controlling the combustions in the combustion chamber can be a tough
challenge to overcome. With the advance of processor and field-programmable gate
array (FPGA) technology, LTC and other engine operation techniques are being

controlled and researched in major universities and laboratories worldwide [104].
2.4.5 Transonic Combustion (TSCi™)

In 2010, a new combustion concept named transonic combustion (TSCi™) was
proposed by Chris De Boer [110] [111]. This combustion procedure is based on the
direct injection of fuel into the combustion chamber as a supercritical fluid.
Supercritical fluid or SCF is any substance at a temperature and pressure above its
critical point where distinct liquid and gas phases do not exist [112]. Fuel at this state
achieves rapid mixing with the contents of the cylinder, and after a small delay period,
spontaneous ignition takes place at multiple locations. The combination of multiple
ignition sites and rapid combustion, causes high cycle efficiency and high rates of
heat release. Essentially, the pressurized fuel, at approximately 250 bar, requires to be
heated up to nearly 370°C using a TSCi™ injector. When tested in a 1.6 L CI engine,
by De Boer, it was reported to produce high thermal efficiency of 42% with the use of
EGR and supercritical fuel at 2000 rpm engine speed and 2 bar Brake mean effective
pressure (BMEP), which achieved low brake-specific NOx (BSNOx) at 0.5 g/kWh,
and low soot emissions at 0.17 filter smoke number (FSN), at the same time, as well

as low HC and CO emissions [34] [110] [111].

Heat loss to the surrounding surfaces is reduced under part load conditions, due to the
stratified nature of the charge, thus resulting in further improvements to efficiency.
The ignition and combustion events take place after TDC, which is due to the short
combustion delay angles that allow for late injection timing. This late injection timing
creates an advantage by allowing work resulting from heat release produces positive

work on the piston. Other advantages include the removal of droplet burning and
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increased combustion stability, which is a result of having multiple ignition sources

[113].
2.5 Dual Fuel Diesel Engine Technology

The main concept of a dual-fueled reciprocating engine is not new. In the 1890s,
Rudolf Diesel experimented with this idea during his development of the diesel
engine. He introduced a pipeline of natural gas into the air intake and observed the
improvements in the engine performance. Since then, dual-fuel engines have been
available in many markets, including stationary applications in the gas compression
industry. These types of engines were in use as early as the 1930s. Today, the topic of
reducing dependency on oil is a recurring issue. Emissions regulation and the effort
for cleaner technologies are the main concern of many governments, as well as the
rising price of fossil fuels. Diesel engines can be designed to operate interchangeably
between dual-fuel or pure diesel fuel operations. Modern dual-fuel systems

incorporate electronic controls that enhance system performance even further [114].

In a dual-fuel engine the primary fuel is mixed relatively homogeneously with the air
in the intake, similar to a SI engine. However, unlike the SI engine, the air fuel
mixture is ignited by injecting a small amount of diesel fuel, known as the pilot fuel,
as the piston approaches the top of the compression stroke or TDC. This diesel pilot
fuel, quickly induces autoignition reactions and ignites due to the heat of
compression, just as it would in a regular CI diesel engine. The combustion of the
diesel pilot then ignites the air fuel mixture in the rest of the combustion chamber

[115].
2.5.1 Diesel-Gas Dual Fuel

Natural gas is the most popular fuel used in the dual fuel engine primarily because of
its lower cost in industrial applications, such as mine trucks, diesel power generation
systems, marine vessels, and railroad locomotives. In addition, the low carbon content
of natural gas leads to lower CO2 emissions and much less soot emissions than other
fossil fuels [116]. In addition to natural gas, bio fuels, such as bio-methane, bio
ethanol, can also be used as the premixed fuel in a dual fuel engine. The disadvantage
is the requirement of having two separate fueling systems for the dual-fuel engine

operation.
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The combustion processes in CI engines running on pure diesel fuel can be divided
into four stages as shown in Figure 2.12. They are, A— B: period of ignition delay; B—
C: premixed (rapid pressure rise) combustion; C—D: controlled (normal) combustion;
and D-E: late combustion. Point ‘A’ is the start of fuel injection and ‘B’ for start of

combustion.

However, the combustion processes in gas-fumigated dual-fuel engines using pilot
injection have been identified to take place in five stages as shown in Figure 2.13.
They are the pilot ignition delay (AB), pilot premixed combustion (BC), primary fuel
ignition delay (CD), rapid combustion of primary fuel (DE) and the diffusion
combustion stage (EF).

Ignition delay (AB) of injected pilot fuel exists longer than the pure diesel fuel
operation. This is due to the reduction in oxygen concentration resulting from gaseous
fuel substitution for air. The pressure rise (BC) is moderately low as compared to pure

diesel fuel operation due to the ignition of small quantity of pilot fuel.
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Figure 2.12 Details of combustion processes in diesel engine [117]
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Figure 2.14 Heat release diagram of diesel fuel operation (engine speed 3000
rom, engine torque 9.65 N-m) [117]

There is a finite time lag between the development of the first and second pressure

rises due to a longer ignition delay of gas-air mixture, a result of the high self-ignition

temperature. However, this ignition delay is short as compared with the initial delay

period due to the pilot fuel injection. The pressure decreases slowly (CD) until the

actual combustion of the fumigated gas starts. The phase of combustion (DE) is very

unstable because it started with flame propagation that has been initiated by the
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spontaneous ignition of pilot fuel. The pressure rise here does not cause any operating
problem since it occurs in an increasing cylinder volume. Diffusion combustion stage
(EF) starts at the end of rapid pressure rise and continues well into the expansion
stroke. This is due to the slower burning rate of gaseous fuel and the presence of
diluents from the pilot fuel. Some gas—air mixture may escape combustion under this
phase due to low oxygen concentration, valve overlap, flame quenching on the walls
or the effects of crevices. The success of this phase primarily depends on the length of

ignition delay.

The heat release diagram of diesel fuel operation (Figure 2.14) shows an apparent
negative heat release prior to the main start of combustion. This is due to the cooling
effect of the injected liquid fuel. This effect is not apparent with the dual-fuel
combustion processes as pre-oxidation of the gaseous fuel starts before pilot fuel
injection (Figure 2.15). The pilot fuel is then flattened the heat release rate within this
region. Figure 2.15 shows the initial heat release due to pilot injection. This figure
also indicates that dual-fuel combustion is continued well into the expansion stroke

[118] [117].
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Figure 2.15 Dual fuel pilot injection heat release diagram (engine speed 3600
rpm, engine torque 5.15 N-m) [117]

There have been many published works on duel-fuel technology and in particular the

use of natural gas in dual fuel diesel engines with diesel used as pilot fuel, including
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study of combustion, emissions, performance, thermal loading, temperature

distribution and also reduction of diesel knock.

In [119], the effect of dual fuel operation on the exhaust emission and performance
characteristics of an existing diesel test engine using natural gas as primary fuel and
diesel fuel as a pilot ignition source is examined, and two sets of measurements are
collected, one using diesel fuel alone as originally intended for the engine operation,
and the other using dual-fuel configuration at different engine operating conditions.
Analysis of the cylinder pressure data and the measured emissions data were used to
evaluate the effects of dual fuel operation on combustion duration, heat release rate,
brake specific fuel consumption and peak cylinder pressure, and the effects of dual-

fuel combustion on pollutant formation from.

Analysis of the experimental data revealed that dual fuel operation lowers peak
cylinder pressure compared to the normal diesel operation, which is positive, as it
opposes no risk to engine structure. Under dual fuel operation at low loads, the
combustion duration is longer compared to normal diesel operation, and at high loads,

it 1s shorter.

The total brake specific fuel consumption becomes inferior under dual fuel operation
compared to the normal diesel operation at similar engine operating conditions. At
high loads, the values of total brake specific fuel consumption under dual fuel

operation converge to values under that of normal diesel operation.

Use of natural gas under dual fuel operation has a positive effect on lowering NOx
emissions compared to normal diesel operation. Meanwhile, there is a considerable
decrease in soot emissions under dual fuel operation regardless of engine operating
conditions, which is an important finding. On the other hand, CO and HC emissions
levels are considerably higher in duel-fuel configuration compared to normal diesel

operation.

Therefore, it seems that dual fuel combustion using natural gas is a viable technique
for controlling NO and soot emissions of existing DI diesel engines and requires only
minor modification of the engine original construction. This is important if we
consider the difficulties of controlling both pollutants, NO and soot, on DI Diesel
engines. The consequence of Brake specific fuel consumption (BSFC) observed is

partly compensated by the low price of natural gas. It is also possible to reduced HC
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and CO, especially at low engine loads, by some modifications to engine tuning, such

as injection timing of the pilot diesel fuel [119].

In Effect of pilot fuel quantity on the performance of a dual fuel engine, Abd Alla,
Soliman, Badr and Abd Rabbo (1999) investigate the effect of pilot fuel quantity on
the performance of an indirect injection diesel engine fueled with gaseous fuel. With
diesel used as the pilot fuel and methane or propane used as the main fuel, inducted
into the intake manifold to mix with the intake air, it is shown that, “the low
efficiency and excess emissions at light loads can be improved significantly by
increasing the amount of pilot fuel, while increasing the amount of pilot fuel at high

loads led to early knocking.” [120].

The conclusions show that increasing the amount of pilot fuel, improve the thermal
efficiency, because of the corresponding high pressure and temperature while the
combustion duration is increased. Also the increase in NOx emissions with increasing
amount of pilot fuel was contributed to the increases of the maximum temperature of
the charge. Meanwhile, due to general improvement in the combustion process, there

were reductions in carbon monoxide and unburned hydrocarbon emissions.

It was also observed that increasing the amount of pilot fuel at high loads, lead to
early knocking, concluding that increasing the amount of pilot fuel is not effective in

dual fuel operation at high loads [120].
2.5.2 Diesel-Gasoline RCCI Combustion

There has been many researches done on dual-fuel engine and variety of fuel mixtures
to be utilized. In the past few years, one of the concepts that has been examined by
several researchers, is the diesel-gasoline RCCI combustion. Shuaiying Ma et al.
[121] investigated the effects of diesel injection strategy on gasoline/diesel dual-fuel
combustion, emissions, fuel economy and the operation range with high efficiency
and low emissions on a modified single-cylinder diesel engine with port fuel injection
of gasoline and direct injection of diesel fuel with rapid in-cylinder fuel blending,
employing single and double injection strategies at 1500 rev/min and 50 mg/cycle
total equivalent diesel fuelling rate. From their results they reported that this
combustion mode had the capability of achieving high efficiency with near zero NOx
and soot emissions by using an early injection timing of single strategy with high

gasoline substitution ratio.
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In a similar investigation on a heavy duty diesel engine, Jesiis Benajes et al. [122]
perform an experimental and numerical study to understand mixing and auto-ignition
processes in RCCI combustion conditions, using gasoline and diesel as low and high
reactivity fuels, respectively, by the means of three parametrical studies with diesel
direct injection and gasoline port fuel injection, as well as a detailed analysis in terms
of air/fuel mixing process by means of a 1-D spray model. They report their finding
shows that as the Diesel/Gasoline fuel ratio is reduced, the ignition delay increases
and thus extending the mixing time and the first combustion stage gets lowered while
the second one is enhanced, also that the advance of the diesel injection timing
extends these effects over the combustion process. Finally it is stated that compared to
conventional neat diesel combustion, a slight reduction in terms of NOx and a very

important reduction in terms of soot were achieved with the RCCI combustion.

Furthermore in a numerical investigation by J. Li et al. [123] on the effect of
reactivity gradient in an RCCI engine fuelled with gasoline and diesel, the role of fuel
reactivity gradient was examined numerically by comparing a dual-fuel mode
combustion with other hypothetical cases under one specific load condition, where a
chemical reaction mechanism was initially developed aiming at a modelling study on
dual fuel and blend fuel combustion in internal combustion engines fuelled by
gasoline/diesel and gasoline/biodiesel. Ignition delays were validated for 100% diesel,
100% gasoline and 100% biodiesel under 102 conditions in total. They further
conducted three dimensional validations under 3 conditions, including pure diesel
combustion, and gasoline/diesel combustion, with both single and split injection
strategies in the engine. In order to investigate the fuel reactivity gradient, they
compared the gasoline/diesel combustion with a single injection, with other three
hypothetical cases, one of which was dual fuel mode without fuel reactivity gradient,
and the other two were the blend fuel mode but with different injection timings. They
report their result illustrates that the fuel reactivity gradient could retard the ignition
timing, reduce heat release rate, and ease peak pressure rise rate, as well as resulting
in low levels of NOx and soot emissions from the diesel-gasoline dual-fuel

combustion.

These studies, along with few other show the potential of diesel-gasoline dual-fuel
engine combustion in delivering both enhanced performance as well as much
improved emission.
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2.5.3 Dual Fuel PPC

Study has shown [124] that in a 2.44L heavy duty one cylinder compression ignition
test engine , with a similar diesel-gasoline fuel delivery system, improving the fuel
mixture could result in having increased operational domain for the premixed dual
fuel combustion. This resulted in substantial reduction in NOx and soot emissions,
with net indicated efficiency of 50%, at 1lbar IMEP. Further study by means of
computer simulation revealed that areas with high concentration of diesel tend to

ignite first.

AS illustrated in Figure 2.16, study has also shown [125] that different fuel
proportions in dual fuel Partially premixed combustion (PPC) effects efficiency and
emission and output, where with port injected gasoline to direct split injected diesel
ratio of 89 to 11, 53% net indicated efficiency and considerable reduction in soot and

NOx is attainable.
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Figure 2.16 Measured Engine Emissions as a Function of Gasoline
Percentage [125].

In a study [126] by means of computer simulation of diesel-gasoline dual fuel
combustion in a one cylinder compression ignition diesel engine, where the gasoline

substitution ratio was increased from 0% to 85%, combustion pressure as well as
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temperature were reduced with the increase of gasoline substitution ratio. This was
also true for the levels of soot and NOx emission output as a result. In addition, the
NOx emissions could be further repressed by using EGR. uHC emissions were
reduced as the premixed ratio increased, and were also related to the EGR rate. The
simulation confirmed the experimental results, which can be used to predict the trend

of emissions under the dual fuel PPC operation.

A more recent study carried out by Ma and Zheng [127] reported high efficiency and
low emissions on a single cylinder diesel engine in a dual fuel PPC operation. They
investigated the effects of diesel injection strategies on combustion, emissions and the
operation range by using gasoline and diesel dual fuel. At 1500 rpm high load
condition, the single injection strategy offered ultra-low NOx and soot emissions.
However, as NOx emissions were sensitive to EGR rate, this injection strategy was
appropriate when sufficient EGR was available. In terms of double injection strategy,
early 2nd injection timing strategy provided lowest ISFC of 173 g/kWh, NOx
emission of 0.2 g/lkWh and soot emission of 0.003 g/kWh, but with a penalty in terms
of maximum pressure rise rate. The results also showed that the combustion phasing
could be retarded by using a higher gasoline fuel percentage so that a lower
combustion temperature was achieved, resulting in reduced NOx, soot emissions and
maximum pressure rise rate. In contrast, late 2nd injection timing strategy
demonstrated the ability to reduce maximum pressure rise rate due to prolonged
combustion duration. Therefore, this injection strategy could be used for extending
the high load operation regime. However, high levels of soot emissions could be
problematic due to high load operation. This issue might be solved by increasing the
diesel injection pressure. The high HC and CO emissions in this dual fuel PPC
operation could be suppressed to within EURO VI limits if an appropriately specified

oxidation catalyst was utilized [34].
2.6  Ethanol For Dual-Fuel Engines

Harmful ecological effects of fossil fuels and fears regarding their supplies, have
prompted the search for renewable transportation biofuels. In order to be a feasible
substitute, a biofuel should have environmental benefits, deliver a net energy gain, be
producible in large quantities while being economically competitive, and without

reducing food supplies. Ethanol produces 25% more energy than the energy utilized
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in its production when produced from corn grain, where for the ethanol produced
from sugar cane, this energy balance is seven times greater [128]. The production and
combustion of ethanol reduces greenhouse gas emissions by 12%. None of the
biofuels can replace much fuel without affecting food supplies. Reserving all the
production of United States corn and soybean crops to biofuels production, would still
fulfil only 12% of gasoline demand and only 6% of diesel demand. Up until current
rises in fuel prices, high production costs made biofuels unprofitable without financial

assistance [129].

Ethanol has advantages as a fuel as well as disadvantages over fossil fuels such as
gasoline and diesel. In spark ignition (SI) engines, ethanol can run at a much higher
exhaust gas recirculation (EGR) rates as well as higher compression ratios. This
alcohol has a high octane rating, at 109 RON (Research Octane Number), 90 MON
(Motor Octane Number), (which equates to 99.5 AKI (anti-knock index)) [130]. AKI
stands for Anti-Knock Index, which averages the RON and MON ratings
(RON+MON)/2, and is used on United states gas station pumps. Conventional
European gasoline is typically 95 RON, 85 MON, equal to 90 AKI. Ethanol creates
very little particulates as a compression ignition (CI) engine fuel, but the low cetane
number requires that an ignition improver like glycol must be mixed into the fuel with
approximately 5%. When used in spark ignition engines as the fuel, ethanol has the
potential to decrease NOx, CO, HC as well as particulate emissions. A test with E85
fuelled Chevrolet Luminas [131], showed that NMHC (Non-Methane Hydro Carbons)
decreased by 20% to 22%, NOx by 25% to 32% and CO by 12% to 24% compared to
reformulated gasoline [132]. Toxic and harmful emissions of benzene and 1,3-
Butadiene were also reduced whereas aldehyde emissions increased, particularly

acetaldehyde.

Exhaust gas emissions of CO; also decrease due to the lower ratio of carbon to

hydrogen in these alcohols, as well as the improved engine efficiency.

Ethanol contains soluble and insoluble contaminants [133]. Halide ions, which are
soluble contaminants, for instance chloride ions, have a great effect on the corrosivity

of alcohol fuels. Halide ions help increase corrosion in two ways:

1. They chemically attack passivating oxide films on several metals causing pitting

corrosion, and;
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2. They increase the conductivity of the fuel, where increased electrical conductivity

promotes electrical, galvanic and ordinary corrosion in the fuel system.

Soluble contaminants like aluminium hydroxide, which by itself is a product of
corrosion by halide ions, obstructs the fuel system over time. To avoid corrosion, the
fuel system has to be manufactured from appropriate materials, proper insulation of
electrical wires is necessary, while the fuel level sensor requires to be of pulse and
hold type, or similar as well. Furthermore, a low concentration of contaminants is
expected from high quality alcohol, as well as having an appropriate corrosion

inhibitor as an additive.

Ethanol is incompatible with some polymers as well. The alcohol can react with the
polymers, resulting in swelling, and over time the oxygen breaks down the carbon-
carbon bonds in the polymer affecting the tensile strength by causing a decline in the
strength. However, for the past few decades, most engines have been designed and
manufactured to have the ability to withstand up to 10% of ethanol (also known as
E10) without any problem. This involve both fuel system compatibility and lambda
compensation of fuel delivery in fuel injection system of engines that include a closed
loop lambda control system. Ethanol could damage some of the compositions of
plastic or rubber fuel delivery components in some engines which are designed for

conventional gasoline, as well as the disability to appropriately lambda compensate

the fuel [134].

One litre of ethanol can produce 21.1 MJ of energy, while a litter of gasoline can
produce around 32.6 MJ of energy from burning (or combusting). In other words, 1.6
litres/gallons of ethanol is required, for the same amount of energy content as one
litres or one gallon of gasoline. However, the raw energy per volume values create
misleading fuel consumption numbers, due to the fact that engines fuelled with
alcohol can be made significantly more energy efficient. A greater fraction of the
energy available in a litre of alcohol fuel can be transformed into positive work.
Depending on the specific engines that are being compared, this difference in
efficiency can somewhat, or entirely, compensate for the difference in energy density

[134].

Ethanol is already being widely used as a fuel additive, and the use of ethanol fuel, in

pure form or as part of a mixture with gasoline, is growing. Ethanol’s primary
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advantage is that it is less corrosive in comparison to methanol, and additionally, the
fuel is also non-toxic, even though the fuel will generate some toxic exhaust gas
emissions. Since 2007, the Indy Racing League has been using ethanol as the
exclusive fuel of the events, after using methanol for 40 years [135]. Since September
2007 gasoline stations in New South Wales, Australia are mandated to supply all their

gasoline products with 2% of ethanol content [136].

Below is the combustion process for both of these alcohol fuels:
Methanol combustion is: 2CH30H + 30, — 2CO; + 4H,0 + Q
Ethanol combustion is: CoHsOH + 302 — 2CO; + 3H,0 + Q

Where Q is the quantity of heat transferred to or from the object [134].

Another beneficial aspect of ethanol that makes it desirable as a fuel additive or
replacement, is that ethanol is a renewable energy resource. The declining fossil fuel
resources and the ever increasing reliance of the United States of America (USA) in
particular, on crude oil which is imported, have led to a great appeal in increasing the
use of bioenergy and thus biofuels. The current commitment by the America
government to increase bioenergy by three times in ten years, has increased the
motivation for the pursuit for feasible biofuels. The European Union (EU) had also
implemented a proposition for a mandate on the advancement in the use of biofuels,
with procedures guaranteeing that biofuels make up at least 2% of the market for
gasoline and diesel sold as transport and vehicle fuel back in 2005, which required
increasing in stages to a minimum of 5.75% by the end of 2010 [137] and up to a
minimum of 10% by 2020 [138].

The carbon dioxide (COz) captured when the feedstock crops are grown to make
ethanol, offsets the carbon dioxide released by a vehicle when ethanol is burned as its
fuel. This varies from gasoline and diesel, which are refined from petroleum extracted
from the earth. Emissions are not offset when these petroleum products are burned as
fuel. On a life cycle analysis basis, with corn based ethanol made from dry mills,
compared with gasoline and diesel production and use, greenhouse gases emissions
are reduced on average by 40% and up to as much as 108% if cellulosic feedstocks

are used for ethanol production [9].

43



Ethanol is attracting most attention amongst all the biofuels. It is already produced in
large scale in both Brazil and the United States, and it can be easily blended with
gasoline to operate in spark ignition (SI) engines. In Brazil, bioethanol is used as neat
ethanol in 100% alcohol-fuelled passenger cars (hydrous ethanol) or is blended
(anhydrous ethanol) with all the gasoline in proportions of usually about 24% to
operate in gasoline engines, or it is still used (as hydrous ethanol) in any proportion in
flexible-fuel vehicles (FFV) [139]. In Brazil, sugarcane ethanol, which is already well
known as an efficient and renewable biofuel, has promoted rural development,
diversification of energy sources, lower dependence on oil imports, reduction in local
pollutants from vehicle exhausts and net reductions in greenhouse gas (GHG)
emissions. These objectives were attained with the development of the Brazilian
Alcohol Program, Proalcool, which was created in 1975 to increase the production of
alcohol as a fuel in the face of rising oil prices on the market internationally. The
positive results of the ethanol production program were possible due to the
technological achievements, infrastructure investments and management in both
sugarcane and ethanol production. Due to these developments, Brazil is nowadays the
global benchmark in sugarcane based ethanol production. Hydrated ethanol is sold to
consumers for less than 70% (by volume) of the gasoline price, corresponding to an
ethanol break-even price in energy terms in relation to gasoline. Thus, alcohol is
economically competitive with gasoline without any subsidies. These are the two
main fuels used in cars in Brazil, since diesel vehicles manufactured in the country are

heavy-duty commercial vehicles [140] [141].

Methanol and ethanol can both be derived from biomass, fossil fuels, or possibly most
simply, using carbon dioxide and water. Generally in most cases, ethanol has been
produced by the fermentation of sugars, and methanol has generally been produced
from synthesis gas, also known as Syngas, but there are more contemporary methods
of obtaining these fuels. Enzymes can be used as an alternative to fermentation.
Ethanol can be made from methanol, since methanol is the simpler molecule.
Methanol can be produced from virtually any biomass industrially, including animal
waste, or even from carbon dioxide and water or steam, by converting the biomass to
syngas initially in a gasifier. It can be produced in a laboratory using enzymes or

electrolysis as well [142].
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Approaching the 2020 directives laid down in the Renewable Energy Directive
(RED), EU bioethanol and biodiesel consumption is forecasted to grow in 2017 and
2018. A new legislative proposal (RED II) was published by the European
Commission (EC) in November 30 of 2016, for the period of 2021-2030. The RED II
gradually limits the use of food based biofuels. The blending rates for advanced
biofuels are increased in a series of distinct stages between 2020 and 2030. This aims
to boost the market for these non-food based biofuels. The RED II directive also
comprises of additional consistent sustainability standards for products from biofuels
to biomass. The planned sustainability requirements are a possible trade barrier for the

import of wood pellets [143].

Figure 2.17 below shows the fuel ethanol production in EU by country, where low
feedstock prices in 2014, and limitations placed on bioethanol imports benefitted the
segment, thus as a result, EU bioethanol production increased to about 5.3 billion
litres. In 2016, EU bioethanol production rate declined because of financial problems
within the segment, but it is forecasted to recover to approximately 5.4 billion litres

[143].
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Figure 2.18 below shows the fuel ethanol consumption in EU by country;
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Although EU bioethanol production has idled since 2015, consumption of bioethanol
has been on the decline since 2011. This tendency can primarily be clarified by lower
gasoline use and the adjustment of national blending directives. Another influence is
the blending of biofuels, which count twofold towards the directive. In the markets
which are regulated by the directives and consumption of biofuels is fixed, the
decrease in price of fossil fuels, did not have a noteworthy effect on biofuel
consumption. Price increases have been moderated by the decreasing value of the
Euro against the united states dollar. The low gasoline prices have considerably
influenced the sales of the higher ethanol blends. Bioethanol consumption is projected
at approximately 5.3 billion litres in 2016, and is expected to regularly increase to

over 5.4 billion litres in 2018 [143].

The use of ethanol blended with diesel as a fuel was a topic of research in the 1980s
and it was shown that ethanol blended with diesel were theoretically suitable for
diesel engines of the time. However, the rather high cost of ethanol production at that
time meant that the fuel could be considered for use, only in situations of fuel
shortage risk. Recently, the production of ethanol has become much more favourable

economy wise, and therefore, it is able to compete with typical diesel fuel.
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Subsequently, the appeal of ethanol diesel fuel blends has remerged, with distinct

importance on reduction in the emissions output [137].

Ethanol fuel has been projected as a future biofuel, and often as an substitute to the
hydrogen economy. Biofuel has an extended past as a racing fuel. Blended mixtures
as well as in pure form were used as early grand prix racing fuel. After the war, it was
mainly used in north America. However, this fuel could not be counted as a biofuel
since it has mainly been grounded on production from syngas for use as racing fuel,
which has been originated from natural gas and therefore from fossil fuel resources.
Nevertheless, when the syngas is originated from biomass, this fuel can be considered
as a biofuel. Theoretically, using nuclear power or any renewable energy source,
ethanol can also be made from carbon dioxide and hydrogen, although this is
improbable to be economically feasible on an industrial level, considering the ethanol
economy. The primary advantage of methanol biofuel, compared to bioethanol, is its
much superior well to wheel efficiency. In moderate climates where fertilizers are
required for growing sugar or starch crops to produce ethanol, this is predominantly
relevant, while lignocellulose, or woody biomass can be used to produced methanol

from [134].

As discussed before, ethanol is a renewable, domestically produced alcohol fuel that
can be produced from plant materials, such as corn, sugar cane, or even grasses.
Using ethanol has a great potential to reduce dependency on oil and oil based fuels, as
well as reducing greenhouse gas (GHG) emissions. Ethanol fuel use in the united
states has increased considerably from about 1.7 billion gallons back in 2001 to

around 14.4 billion gallons back in 2016 [144].

Most of the gasoline sold in the united states gasoline stations, contains up to 10% of
ethanol. Although this amount varies region by region. All car makers support blends
of up to E10 in their gasoline engine vehicles. As of 2011, EPA (Environmental
Protection Agency) started permitting the use of E15 in year 2001 model vehicles, as

well as more recent gasoline vehicles [145].

As previously mentioned, ethanol contains about a third less energy than that of
gasoline. Therefore, vehicles will typically go 3% to 4% fewer kilometres per litre on

E10 and 4% to 5% fewer on E15 compared to pure gasoline [146].
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ES8S5, also called flex fuel, is an ethanol and gasoline blended fuel, which depending
on geography and season, contains 51% to 83% of ethanol. while winter blends have
less ethanol in comparison to summer blends which tend to have higher percentage of

ethanol [147].

Because of the fact that ethanol has a lower energy content, Vehicles operating on E85
Flex Fuel, get approximately 15%, based on the difference in the energy content of a
51% ethanol blend and that of gasoline, which is usually 10% ethanol, to 27%, based
on the difference in official EPA fuel economy tests of current model FFVs (Flex Fuel
Vehicle) running on ethanol free or pure gasoline, and running on E85, less kilometres
per litre than when running on regular gasoline, subject to the ethanol content.

Standard gasoline usually contains approximately 10% of ethanol.

Compared to gasoline, or E10, the cost of E85 can differ based on location, as well as
changes in energy markets. Typically, E85 is cheaper per litre compared to gasoline,

but somewhat more expensive per kilometre.

Drivers should not notice any loss of performance when using E85. In actual fact,
some FFVs perform better, and have improved horsepower and torque when operating

on E85 compared to operation with standard gasoline [148] [149] [150] [151] [152].

Flex Fuel vehicles have advanced fuel system and engine components and elements
that are designed and manufactured for long life even when using E85 or M85, and
the ECU (engine control unit) can adjust to any fuel combination amongst gasoline
and E85 or M85. Usual upgrades consist of alterations to fuel tanks, fuel pumps, fuel
tank electrical wiring, fuel lines, fuel filters, fuel level sensors, filler tubes, fuel rails,
fuel injectors, fuel pressure regulators, inlet valves, valve seats, and seals. Total flex
vehicles intended for the Brazilian market have the ability to run on E100 (100%
Ethanol) [134].

Many techniques have been assessed to allow for the simultaneous use of diesel and
ethanol in CI engines. Some of these techniques include alcohol fumigation, dual
injection, alcohol-diesel fuel emulsions, and alcohol-diesel fuel blends. Amongst
these methods, only alcohol-diesel emulsions and blends are compatible with most
commercial diesel engines. Since emulsions are difficult to achieve and tend to be

unstable, blends, either as micro-emulsions or using co-solvents, are the most
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common approach as they are stable and can be used in engines with relatively no

modifications.

Blends of ethanol with diesel fuel are often referred to as E-Diesel or eDiesel. In E-
diesel blends, standard diesel fuel is typically blended, by volume, with up to 15% of
ethanol using an additive package that helps maintain blend stability and other
properties, most importantly cetane number and lubricity. The additive package may
comprise from 0.2% to 5.0% of the blend. The use of E-diesel can bring some
reductions in diesel PM emissions, while opposing reports exist on its effect on NOx,
CO, and HC emissions. Possibly the biggest advantage of E-diesel, if renewable
ethanol is used as the blending stock, is its partly renewable character. Bearing in
mind its potentially noteworthy operational and safety issues, such as very low flash
point, E-diesel will likely remain a niche market fuel of limited applicability. [153]
[154]

2.7 Optical Diagnostics, Engines and Analysis

Developments in Internal Combustion (IC) engine performance, particularly in terms
of improved fuel economy and reduction in engine emissions output, have been
mainly as a result of important mutual research and development attempts by
automotive industry, research institutes and universities, as well as suppliers.
Especially over the last few decades, the development and application of experimental
as well as computational research and development tools and instruments, has
provided the ability for a more comprehensive understanding of basic and essential
physical phenomena occurring in IC engines. Single cylinder, optical access engines,
with regards to experimental engine research, have been broadly used as they allow
for the application of qualitative and quantitative study at the same time, as well as
non-intrusive, optical diagnostic techniques, in order to gain a detailed insight of all
the processes taking place within the combustion chamber from fuel injection,
mixing, combustion and the formation of emissions. Even though earlier work
executed on optical engines offered valuable experimental data, thus providing an
enhanced understanding of fundamental in-cylinder physical occurrences and for the
authentication of CFD (computational fluid dynamics) representations, from the
engine developer’s standpoint, the significance of optical engine data was often

considered to be relatively imperfect since optical engines were not considered to be
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completely representative of typical all metal engines. Specifically since particular
compromises are frequently made, for example the use of a more simplified piston
bowl structure (Figure 2.19) in order to expand the engine’s optical access.
Additionally, single component fuels are frequently utilized instead of standard
commercial fuels, because of the limitations of laser diagnostic techniques. Also,
custom made non-standard piston rings, made from specific specialist materials, are
used in optical engines because of the requirement to run these engines dry and
without regular lubrication meaning that the upper cylinder liner on an optical engine
is not, and cannot be lubricated, which consequently, often results in the assertion that
the engine blow-by is considerably more in an optical engine compared to that of a

typical engines [155].

Optical
piston
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Extended
piston
(steel)
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Crankshaft
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Figure 2.19 A. 3D schematic showing main components of the optical engine
including the extended piston assembly and optical piston. — B. Optical-
access Diesel piston bow! showing location of quartz windows. — C.
Comparison of optical-access and all-metal engine combustion chamber
geometries [155].

A
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In the more recent years, in-cylinder combustion processes studies are relying on a

combined approach more than before, where experiments are performed on an optical
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engine as well as an identical, typical, all-metal engine [156] [157] [158]. (Figure
2.20)

There are undoubtedly numerous benefits to this method testing. Primarily, on all-
metal engines, experimental data can be attained at a much higher rate, compared to
an optical engine, in order to create an extensive set of data in which a variety of
engine characteristics can be examined. As for example, these variations may
comprise of engine characteristics such as, injection timing/strategies, amount of
charge dilution, intake temperature, intake pressure, coolant temperature, and

equivalence ratio.
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Figure 2.20 Comparison of: A. Pressure traces obtained on optical and all-
metal engine, SOl 340°CA, simulated EGR, 1500 rpm, 2 bar IMEP, Pi,; 1000
bar, standard Diesel fuel. — B. Measured engine-out HC emissions obtained
on optical and all-metal engines for a SOI timing sweep, EGR 45% (simulated
EGR on optical engine), standard Diesel fuel. — C. Piston wall temperature
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measurements acquired in squish zone for the optical-access
(quartz/titanium) and all-metal (aluminium) pistons, 1200 rom, SOI 350°CA,
45% EGR without skip-firing. Ensemble-averaged LIP data over 100 engine
cycles at each Crank Angle position. — D. Heat release rates obtained on
optical engine with all-metal and optical pistons showing effect of adjusting
engine coolant temperature [155].

Hence, researches on all-metal engines allow for a thorough set of testing data to be
collected reasonably quick. A following examination of these data may provide
appealing trends, that can be examined with more in depth detail on the optical
engine. The application of suitable laser based diagnostic techniques on the optical
engine particularly, can present results that could potentially result in enhanced

understanding of the physical occurrences taking place in the combustion chamber

[155].

In Optical Engines as Representative Tools in the Development of New Combustion
Engine Concepts. by J. Kashdan and B. Thirouard, a thorough comparison of the
thermodynamics and emissions analysis of a single cylinder, optical research engine
and a typical all metal engine with the same specifications has taken place under
Diesel LTC (low temperature combustion) operating conditions. The main differences
between the two engines were noted and the influences of these differences on fuel
mixing and combustion, and emissions formation have been discussed, where the
results have illustrated the significant effect of properties of different materials on the
combustion chamber wall heat transfer characteristics for the optical as well as the all
metal engines. The low thermal conductivity materials typically used on optical
engines specifically, cause higher wall and bulk gas temperatures, which have a major
effect on combustion phasing and engines emission output. Non-intrusive piston
surface temperature measurements in the aforementioned study, were accomplished
using the Laser Induced Phosphorescence technique. Results of the study were
acquired at a 1200 rpm and 2 bar IMEP operating condition, which revealed surface
temperatures near to TDC in excess of 300°C for the optical access piston, compared

with around 190°C for that of the all metal piston [155].

The application of optical engines and laser based diagnostic techniques as a means of
achieving a detailed understanding and an improved perception of in-cylinder fuel

mixing and combustion, as well as emissions trends is justly recognised.
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Nevertheless, the capability to guarantee an entirely representative combustion and
emissions characteristics of optical engines, improves the significance of optical
engine data, thus stressing the prominence of using these engines as research
instruments for the further improvement of ground-breaking and low emission

combustion models.
2.7.1 In-cylinder studies of diesel dual fuel combustion

Where in-cylinder studies and optical diagnostics can provide many insights to any
engines operating characteristics by allowing closer examination of in-cylinder
activities such as the fuel injection, mixing, and combustion, this is true for all forms
of fuels and fuel mixtures, and diesel dual-fuel is of no exception. Many researchers
have utilized this technique (Optical Analysis) to examine and study variety of
engines, engine modes, and fuels, in terms of performance and fuel consumption, as
well as emission production. In Optical Investigation of Dual-fuel CNG/Diesel
Combustion Strategies to Reduce CO:; Emissions, Nicolas Dronniou et al. [159]
explored the fundamental combustion phenomena occurring when methane is ignited
with a pilot injection of diesel fuel, on a single-cylinder optical research engine,
typical of modern, light-duty diesel engines, along with a high-speed digital camera
which recorded time-resolved combustion luminosity as well as an intensified CCD
camera for single-cycle OH*chemiluminescence Imaging. A wide range of
equivalence ratios of the premixed charge were experimented on, showing from the
optical engine results that at low equivalence ratios, combustion of the premixed
charge of methane gas was dominated by spray entrainment and mixture stratification
of diesel fuel, while time-resolved natural luminosity images shown that at higher
equivalence ratios, specifically close to stoichiometry, there are significant
modifications in combustion behaviour indicating some evidence of flame
propagation. Corresponding rates of heat release support the optical measurements in
terms of revealing a significant impact on combustion following an increase of
equivalence ratio. They also performed planar laser-induced fluorescence tracer
experiments in order to investigate the influence of in-cylinder fuel distribution on

dual-fuel ignition.

Changzhao Jiang, Xiao Ma and Hongming Xu [160] studied the combustion of DMF

and ethanol under dual-injection strategy, where high speed imaging and thermal
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investigation were carried out to study DMF and gasoline dual-injection on a single
cylinder, direct injection spark ignition optical engine, by combining direct injection
and port fuel injection simultaneously, resulting in two different fuels to be blended in
the cylinder with any ratio. For all of their tests, gasoline was injected through PFI
and different amounts of DMF or ethanol were injected through DI. For each of the
predetermined IMEP, 3bar and Sbar, bio-fuel DI fraction was increased from 0% to
100%. The flame morphology was analysed, and normalized flame area data was then
used to study the effect of the dual-injection strategy and fuels, showing that DMF-
gasoline dual-injection combustion has higher flame propagation speed and shorter
combustion duration than baseline 100% gasoline PFI. The flame luminance of DMF-
gasoline is much higher than ethanol-gasoline and pure gasoline, and that flame
propagation speed of ethanol increases with the increase of IMEP, while the engine
load conditions have less influence on DMF-gasoline dual-injection flame

propagation speed.

Furthermore, in An Optical Investigation of Fuel Composition Effects in a Reactivity
Controlled HSDI Engine by Matthew Blessinger, Joshua Stein and Jaal Ghandhi
[161], reactivity controlled compression ignition combustion was investigated for
three fuel combinations of isooctane-diesel, PRF90-diesel, and E85-diesel, at 1200
rpm, 160 kPa absolute intake pressure, and fixed total fuel energy using optimal
operating condition for each fuel combination, chosen based on combustion
performance from SOI timing and premixed energy fraction sweeps, where the heat
release duration was found to scale with the difference in reactivity between the
premixed and directly injected fuel, and a small difference gives rise to short heat
release duration, similar to that of HCCI combustion. On the other hand, with increase
in the difference, the heat release period increases. The high-speed optical data
collected by them confirmed that the combustion happened in a staged manner from
the high-reactivity zones, which were located at the edge of the chamber, to low-
reactivity zones in the field of view of the camera. Additionally, the range of ignition
timing across the imaged area was found to scale with respect to the difference in the
reactivity of the two fuels. The ignition took place in a relatively narrow window
within the heat release profile in instances where there was a small difference in
reactivity. The progression of the ignition front from high- to low-reactivity regions

was found to occur over an extended part of the heat release duration in situations
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with large enough reactivity difference. Similar integrated luminosity levels in the 310
nm range were observed for the tested fuels, in spite of the difference in combustion
characteristics and injection timings. The luminosity levels were comparable to HCCI
combustion levels and in excess of two orders of magnitude lower than standard

diesel combustion.

These studies and ones similar to them represent the value of in-cylinder study and
optical analysis in better understanding and improving various engine operation

modes and combustion development.
2.7.2 High Speed Imaging

Within the past decade, new camera and laser technologies have provided the ability
for the improvement of high-speed imaging diagnostics for measurements at frame
rates corresponding with the time scales of turbulent mixing of the fuel, fuel injection,
combustion, and emission formation in internal combustion engines. The capability to
study the development of in-cylinder flow, fuel and air mixing, injection, ignition, and
combustion within each engine cycles, and for many successive cycles, offers new
understanding into the physics and chemistry of internal combustion engine and their
performance. Data used for model and device development are acquired with
exceptional access to the detection of arbitrary outcomes such as cycle to cycle

difference and ignition unpredictability [162].

The application of high speed imaging in IC engines, permits the visualization of
sequential and spatial resolution of fuel spray, as well as its combustion. The
experimental setup simply requires a source of light, i.e. laser beam, and a device for
image capture, i.e. high-speed camera. Essentially, for high speed visualization, the
source of light is selected with respect to its brightness, spectral distribution and its
repetition rate, as a result of the necessity of a significant amount of light over a short
period of time. Likewise, because of their high repetition rate, high-speed cine film
cameras are normally used. Herfatmanesh and Lu [163] visualized the fuel injection
formation and combustion process, by using a copper vapour laser and a NAC
Memrecam FX6000 high speed camera, in a research optical diesel engine. This

technique was also widely employed in many studies [164] [165] [166] [167] [34].
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2.8 Summary

In this chapter, the background on current and future state of emissions legislation
was discussed in detail. An in depth look at the current state of dual fuel engines,
including the researches completed in this field, as well as a look at a range of
alternative fuels available, from natural gas to non-fossil fuel based sources such as
biofuels, namely ethanol. The more recent engine diagnostic techniques, namely
optical analysis for the visualisation of the entire combustion procedure from
injection , to combustion and emissions, and the advantages and disadvantages of
employing such techniques were also discussed and elaborated on, as well as ways to
overcome the disadvantages brought forward by these techniques. The fundamentals
of IC diesel engines combustion with attention to the variety of their operation
principles, as well as their possible emissions were explained, detailing their
respective mechanism of formation and diminution. Effect of variety of techniques
employed in the industry and in research level for improving engine performance as
well as exhaust gas emissions, such as using EGR, or different fuel injection systems

and strategies, with respect to the researches done in these areas were also discussed.

By and large, diesel-ethanol and diesel-gasoline dual fuel combustion can aid in
reducing the carbon footprint of the transport sector, as well as minimising
dependency to petroleum based fuels, and while there has been many investigations
and publications on variety of alternative fuels and energy sources, including ethanol,
and their pros and cons to provide efficiency and effectiveness to reduce emissions, as
well as some visual in-cylinder studies to better understand fuel behaviour during
combustion, further research and development is required to apply the more recent
optical analysis techniques for in-cylinder visualization, to alternative fuels and fuel
mixtures, and more specifically, to dual fuel engines, in the effort to aid GHG

reduction and to satisfy emission legislations.
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Chapter 3.

Experimental Facilities, Methodology and Data
Analysis

3.1 Introduction

In this chapter, the experimental setup, the test facilities, data acquisition system, and
the data analysis techniques used in this study is explained in detail. A brief
description of the test bed, the Ricardo single cylinder optical research engine, and
also the fuel injection system, air intake and exhaust system are given. The equipment
and the process for high speed imaging are presented. The calibration for both diesel
direct injector and the port fuel injector and the air flow measurements are discussed.
Furthermore, the data analysis for the heat release and combustion process and

emission testing is discussed.

3.2 Ricardo Single Cylinder Research Engine with Optical

Access

3.2.1 General Description

All the experimental testing in this study was carried out on a single cylinder Ricardo
Hydra Optical engine, with an extended cylinder block, a standard production 4-
cylinder engine cylinder head and a common rail fuel injection system, designed to be
representative of a typical modern high-speed direct injection (HSDI) diesel engine.
The engine specifications are presented in Table 3.1. The engine is mounted on a
Cussons Technology’s single cylinder engine test bed consisting of a seismic mass
engine mounting, 30 kW DC dynamometer and engine coolant and oil circuits, as

shown in Figure 3.1 and Figure 3.2 below.

57



Table 3.1 Ricardo Hydra Engine Specifications

Ricardo Hydra Single Cylinder Optical Engine

Bore 86 mm
Stroke 86 mm
Swept Volume 499 cm?3
Compression Ratio 16:1
Piston Bowl Diameter/Depth 43.4/11.6 mm, re-entrant bowl with flat bottom
Swirl Ratio 14
Engine Speed for Testing 1200 rpm

The upper and lower portions of the extended cylinder block are connected to the
cylinder head and the engine crankcase respectively. The cylinder block houses three
cut-outs on its wall, where the glass windows can be mounted in order to gain optical

access on the side.

Figure 3.1 Front View of the Figure 3.2 Side View of the
Ricardo Hydra Engine Ricardo Hydra Engine

Inherently, optical engines have limited operation time. This is due to the considerable
mechanical and thermal stresses on the optical components, such as the glass access
points, during the combustion cycle. Hence, both the engine oil and the coolant
require preheating, to around 90°C and 80°C, respectively, in order to prevent any

damage to the optical components. The lubricating system comprises of a wet sump,
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mounted on the test bed, gravity-fed pressure pump powered by an electric motor and
two immersion heaters in the oil sump. Oil is pumped from the sump and pass
through an oil filter before being fed in to the main oil reservoir surrounding the
crankcase. This provides lubrication to the crankshaft, the big end bearing in the
crankcase, as well as the camshaft in the cylinder head. The lower piston and the
piston rings are lubricated by splattered oil, meanwhile the upper part of the piston
and the cylinder block are lubricated by two carbon graphite rings made of Le
Carbone Lorraine grade 5890 carbon and lubricant paste that is rubbed on the top
compression piston ring. The coolant system comprises of a test bed mounted electric

water pump and an immersion heater controlled by a thermostat.

The engine is motored using a 30 kW DC dynamometer, and it acts as a brake when
the engine is firing. The engine speed is controlled by the dynamometer, allowing a
fixed engine speed, which is then automatically maintained by driving or braking the

engine as required.
3.2.2 Cylinder Head

The Ricardo Hydra engine in this study was made to permit the use of a standard
production four cylinder engine cylinder head. To allow for mounting of such cylinder
head on the single cylinder engine block, a platform visible in Figure 3.1 was
designed and built. This cylinder head is from a production Ford 2.0 litre ZSD 420
Duratorq turbocharged engine. The aluminium cylinder head comprises of, a double
overhead camshaft system, four valves, a central injector, and a glow plug. The
valvetrain of the unused cylinders is disabled by removal of the rocker arms. Each of
the corresponding oil feed holes on the rocker shafts are obstructed as well in order to
prevent the spurting of unwanted oil that could cause a drop in oil pressure. As
mentioned above, the engine is preheated prior to the motoring, therefore problems
related to the cold start are eradicated, and therefore, the glow plug is replaced by a
Kistler 6125 piezoelectric pressure transducer for this study to enable in-cylinder

pressure measurement.
3.2.3 Optical Configuration

3.2.3.1 Extended Piston and Cylinder Block
The Bowditch piston design allows for optical access into the combustion chamber,

through a fused silica glass window mounted in the crown of the piston. An extended
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piston and cylinder block are required in order to accommodate for this optical
configuration, which comprises of a lower and an upper part, with a 45° angled mirror,
made from glass with aluminized front surface, between the two sections. Therefore,
the combustion chamber and cylinder walls are fully visible through such optical
arrangement, shown in Figure 3.3. The lower part of the piston comprises of a
standard type piston, modified in a way so that the upper piston can be bolted on.
Conventional oil scraper rings are employed to control the excess oil in the lower
cylinder wall while the elongated piston has a large cut out slot allowing for the

mounting of the 45° mirror around which the piston moves up and down.

Since the lubricating oil could cause rapid contamination of the optical surfaces, the
elongated cylinder block and the extended piston cannot be lubricated by oil. Therefore,
the upper piston is lubricated by the two carbon graphite rings. In addition to the two
carbon graphite rings, two conventional steel compression rings are fitted for sealing,
which are lubricated by the carbon particles deposited on the cylinder walls by the carbon
graphite rings. To provide additional lubrication between the piston and the cylinder
block, high performance dry moly paste, made by Rocol, is applied to the upper cylinder

block periodically as well as during each rebuild.
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Figure 3.3 Sectionél Schematic View of the Optical Layout

3.2.3.2 Optical windows
As presented below in Figure 3.4, there are three rectangular cut outs on three side of
the upper part of the cylinder wall, that can be fitted with fused silica glass to provide
optical access from the side of the combustion chamber. As seen in the figure, two of

the three cut outs are positioned along the same axis, while the third is in located
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along a perpendicular axis. The former two will provide access for laser sheet

imaging, while the latter one, is provided for imaging and/or detection.

Fuel Injector

Piston

Figure 3.4 Schematic View of Side Windows

For this study, the optical access provided through the piston crown i

Side Windows

s the only one

utilised. It is a fused silica glass window of a diameter of 43.4mm placed in the

piston crown. Figure 3.5 below visualises the arrangement of sealings,

crown optical access in the top part of the piston.
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Figure 3.5 Schematic View of the Piston Assembly

The spacer ring in the Figure 3.5 above, made from steel, is placed between the upper

part and the lower part of the elongated piston in order to ensure a leak proof seal

between the window and the gasket. Tight fitting of the spacer ring on the gasket and

the window is not recommended, as this could damage the fragile window, especially

by the high stress levels created during the engine operation on the window. In order
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to eradicate this matter, three raised edges were machined on the surface of the spacer
ring, at the point of contact with the carbon graphite gasket, in order to create points
of high pressure, thus aiding the seal. An O-ring was also fitted between the inner wall
of the piston and the window, as seen in Figure 3.6 below, in order to improve seal

and avert additional leakage from the space between the two said parts.

High Pressure
Points

Figure 3.6 Schematic View of the Modified Piston Assembly

Additionally, during the compression stroke, the increased in-cylinder pressure pushes
the window down against a Klingersil gasket manufactured from carbon and rubber,
that improved the sealing between the glass and the metal even further. Thus,
reducing the leakage at the glass and metal ring contact point, even further. Though, it
should be noted that the piston is replaced with a metal blank during emission and
thermodynamic testing, in order to enable more combustion cycles to be performed,

by not having to risk damaging or breaking the glass window.
3.2.4 Crank Shaft Position System

A shaft encoder, connected to the crankshaft, aids establishing the angular position of
the piston, which generates two separate signals. One of which with 1800 pulse per
revolution (ppr), and the other with 1 ppr. The two signals are then sent to the
electronic control unit (ECU), where they are used to control the data acquisition
system as well as the fuel injection system. The 1ppr signal is used to illuminate a

light emitting diode (LED). This LED, located on the left side of the opening where
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the 45° mirror is positioned, as seen in Figure 3.7 below, help identify the position of
the thermodynamic top dead centre (TDC) in the high speed images by illuminating.
This signal is generated on every revolution, and therefore creating two pulses at
every engine cycle, one for every TDC. Thus, to be able to identify which TDC is for
the compression stroke, and which is for the exhaust stroke, a hall-effect sensor,
mounted on a metal disk, connected to the high pressure pump is used, which is
driven at half the engine speed. The presence or absence of the signal from the hall-
effect sensor allows the fuel injection system to determine which part of the cycle
each TDC signal refers to. The signal from the hall effect sensor helps the fuel
injection system to identify which TDC signal is being referred to.

LED

Figure 3.7 LED Position

3.2.5 Fuel Injection system

For this study, in order to enable dual fuel operation, two separate fuel injection

systems were used; one to deliver diesel, and second one to deliver ethanol/gasoline.

A Delphi HP common rail fuel system was used on the Ricardo single cylinder optical
engine. The common rail injection system provides the high injection pressure
independent of the engine speed. The pump used in the fuel supply system for this

study includes a Powerstar 4 pneumatic high pressure pump, which converts
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pressurized inlet air to a hydraulic output pressure of up to 1200 bar. As seen in Figure

3.8 below, this system also includes a fuel filter, a pressure sensor, and a fuel tank.

Compressed
Air

Common Rail

Fuel Filter

Pneumatic

Fuel Iniector

Pressure
Sensor

Figure 3.8 Schematic Diagram of Common Rail Diesel Injection System

The common rail used here, comes with four outlets, where one of them is connected
to the fuel injector through a single thick wall steel pipe, the other three are blocked
off. At one end of the common rail, a Delphi rail pressure sensor is connected,
sending the signal to the ECU in order to allow for control over injection pressure.
The injector used is a Delphi multi-hole Valve Covered Orifice (VCO) injector,
detailed in Table 3.2 below.

Table 3.2 Diesel Fuel Injector Specification

Delphi Standard Injector

Number of Holes 6
Hole Size 0.154 mm
Cone Angle 154 degree
Flow Rate 0.697 L/min
Maximum Injection Pressure 1600 bar
Type VCO

64




The injector controller used for operating the diesel fuel injection for this study is a
EC-GEN 500 ECU manufactured by EmTroniX, while EC-Lab, a computer based
software, provides the control interface. The ECU receives the input signals from the
shaft encoder, hall-effect sensor and fuel rail pressure. While the number of injections,
injection timing, and injection quantity is set in EC-Lab. The injection driver, which
is part of the EmTroniX system, converts the pulses to the appropriate current and

voltage signals that is required for driving the injector. This is illustrated in Figure

3.9.
;\ PC runnin

Hall Effect

Sensor

Shaft Encoder

240VAC

Injector

Common Rail Pressure Sensor
Figure 3.9 Schematic Diagram of Fuel Injection Control System

The port fuel injection and fuel delivery system seen in Figure 3.10 below, is
comprised of a Bosch Injection Valve EV 14 injector, a gasoline fuel pump, a gasoline

fuel filter, a fuel pressure regulator with pressure gauge, and a fuel tank.

A Bosch Injection Valve EV 14 injector provides the fuel delivery of ethanol/gasoline
in form of port fuel injection. The factory build intake manifold, made for the Ford
production cylinder head was replaced with a custom made intake manifold designed
by this researcher and constructed by the lead lab technician, in order to allow for the
accommodation of the port fuel injector at the top of the intake valves. The

specifications of this injector can be found in Table 3.3 below.
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Table 3.3 Port Fuel Injector Specification

Bosch EV 14 Injection Valve

Maximum System Pressure 8 bar
Fuel Input Top-Feed Injector
Spray Type C (Conical Spray) or E (2-Spray)
Fuel Compatibility E85/M100
Power Supply 6t016.5V
Coil Resistance 12Q
Spray Angle a 15 to 85°
Spray Angle y 0to 15°

The injector is then driven by a driver made in house by the electrical technician,
which allows for setting injection duration, while it receives the TDC signal from the
shaft encoder at every cycle, meaning that the fuel from the port fuel injector (be it
ethanol or gasoline) is delivered in two instances with half of the total required
amount being injected while the intake valve is closed, and the rest in the following
cycle just before the intake valve opens, hence providing the total required fuel for the

next compression cycle.
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Figure 3.10 Schematic Diagram of Port Fuel Injection System

Injector
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The relevant properties of the diesel and ethanol fuel used in this study is listed in

Table 3.4, and additional information on both fuels can be found in Appendixes 3, 4

and 5, respectively.

Table 3.4 Fuel Properties

Property

Red diesel (gas oil)

Anhydrous ethanol

Supplier

Advance Fuels

Haymankimia

Product/standard specification

BS 2869 Class A2

Absolute ethanol
(F203227)

Density at 293 K (p)

0.827 kg/dm?

0.790 kg/dm?3[167]

Cetane number > 45 n/a
Research octane number (RON) n/a [8] ~107 [8]
Alcohol content n/a 99.9% (> 99.5%)
Fatty acid methyl ester content <7.0% n/a

Water content

< 0.20 g/kg [29]

1.7 g/kg [167] (< 8.2 g/kg)

Sulphur content < 0.01 g/kg n/a
Heat of vaporisation 270 kJ/kg [8] 840 kJ/kg [8]
Carbon mass content (%C fuel) 86.6% 52.1% [8]
Hydrogen mass content (%H fuel) 13.2% 13.1% [8]
Oxygen mass content (%0 fuel) 0.2% 34.8% [8]
Normalised molecular composition CH1.82500.0014 CH300s5
Lower heating value (LHV) 42.9 MJ/kg 26.9 MJ/Kkg [8]
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3.2.6 Intake System

The Ricardo single cylinder optical engine of this study is setup in a way that it could
operate either as a naturally aspirated engine or as a supercharged engine. A change
over valve allows for changing between the two operations. The setup also allows for
the simulation of exhaust gas recycling (EGR) by the use of two pressurised gas tanks
providing Nitrogen (N2) and Carbon Dioxide (CO.) into the intake system, in order to
observe the effects of EGR on combustion and emission. The intake system is

illustrated in Figure 3.11 below.
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Flgure 3 11 Ricardo Hydra Englne Intake System

3.2.6.1 Forced Induction
The intake system used for this study also allows for the introduction of boosting to
the intake pressure as required, by the virtue of having a forced induction system
fitted to it. This boosting system, seen in Figure 3.12 below, consists of a positive
displacement roots type blower, an Eaton M45 supercharger, with three lobes and
helical rotors driven with an AC motor rotating at 2600 revolutions per minute (rpm).
The supercharger on this system is capable of providing a maximum boost pressure of
0.5 bar, which can be manually adjusted by using a bypass valve fitted to the
supercharger, where completely closing the bypass, valve will result in the maximum

boost pressure. When required, a boost of 25% to 40% bar is used for this study.

68



Supercharger
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Figure 3.12 Supercharging System

A Kistler 4045A5 piezoresistive pressure transducer along with a Kistler 4618A2
piezoresistive amplifier, as seen in Figure 3.11, is fitted to the intake manifold. The signal
from the charge amplifier is sent to an oscilloscope where the intake pressure can be

monitored.

3.2.6.2 Intake Heating
A 3kW air heater is fitted to the intake system, as illustrated in Figure 3.13, before the
intake manifold, in order to allow for the replication of the conditions required for the
operation of a typical HSDI diesel engine. A thermocouple attached to the intake
manifold and connected to a heater temperature control box, allows for a closed loop
control of the heaters temperature, where the box maintains the heater temperature to
a set value by powering it on and off. The intake air temperatures used for this study

vary between 100°C, 150°C, 180°C, and 200°C, depending on the testing conditions.
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Figure 3.13 Intake Heating System

Additionally, a bypass valve along with a thermocouple was also fitted to the intake
system, just after the intake air heater and before the intake manifold, which allows
for warming up of the intake air heater by starting the supercharger without having to
run the engine at all. The addition of this bypass valve aids the longevity of engine
operation period between rebuilds, by reducing the time the engine needs to run

before the intake air heater has reached the desired temperature for any test condition.

3.2.6.3 EGR System
As illustrated in Figure 3.14, EGR is simulated by using nitrogen (N2) and CO» gases
provided from two pressurised gas tanks for the purpose of this study. This was
mainly due to the fact that the fragile nature of the optical parts of the engine, such as
the fused silica widow, do not allow for long runs of the engine in order for steady
operation of the exhaust gases from the combustion to be recirculated back into the
intake system. The N> and CO, gas flow is measured by a flow meter. The EGR rates
used during the experiments was 0%, 25%, and 40% in order to determine whether
external EGR has the potential to improve the performance of the dual-fuel

combustion process and understanding the effects of the EGR.
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Figure 3.14 Schematic diagram of the EGR System
Level of CO; concentration required for each EGR rating was calculated using the

equation below:

(CO2£6R=CO24¢m)
(Cozexh_cozamn)

EGR (%) = (Adapted from [168])

Where the fresh intake air contains negligible amounts of CO, while the exhaust CO;
level was determined using the EGR gas flow rate measured using the flowmeter

discussed later in section 3.6.

The level of N> concentration required for each EGR rate was determined by the use
of the air and N flow rate chart for different engine speeds and temperatures in

Appendix 2 [169], and the use of the flowmeter discussed in section 3.6.
3.3 In-Cylinder Pressure Data Acquisition System

An important parameter used for combustion analysis of a diesel engine is the heat
release rate which is calculated from the in-cylinder pressure. The measurement of the
in-cylinder pressure while the engine is motoring, also aids in the detection of any
leaks from the seals, particularly when using the optical window. Any drop in the
cylinder peak pressure is usually an evidence of some leakage from the combustion
chamber. The principle of the in-cylinder pressure measurement and heat release

analysis and its implementation are explained in the sections to follow.
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3.3.1 In-Cylinder Pressure Measurement

As mentioned in Section 3.2.2, a Kistler 6125A piezoelectric pressure transducer,
mounted on top of the cylinder head, in place of the glow plug, coupled with a Kistler
5011 charge amplifier, allows for the measurement of the in-cylinder pressure. The
un-cooled transducer has a range of 0-250 bar and a sensitivity of -15 pC/bar. The
charge from the transducer is converted and amplified to an output voltage, by passing

through the charge amplifier. This signal is then sent to the data acquisition system.

The pressure transducer and the charge amplifier were calibrated using a deadweight
tester. To avoid any risk of overloading the charge amplifier, it was calibrated over a

range of 0-200 bar and set to produce the maximum output voltage of 10V at 200 bar.
3.3.2 Data Acquisition System

A computer with a LabVIEW programme, created for this system by John Williams,
formerly at Brunel University, connected to an interface board with a National
Instruments (NI) data acquisition card, is used for collecting and recording the data.
The NI BNC-2110 board connected to the NI OCI-MIO-16E data acquisition board
collects the signals from the shaft encoder and the in-cylinder pressure transducer
amplifier. The 1800 ppr signal from the shaft encoder is used within the software as
the clock, giving a 0.2°CA resolution. The 1 ppr signal is used as a reference,
indicating the start of recording cycle. The in-cylinder pressure is recorded by the
software as a function of crank angle (CA), in real time. The software also has the
ability to calculate and record the IMEP, the heat release rate, the mass fraction
burned, and the p-V diagram in real time. But for this study, the data acquisition
software was used for recording of the in-cylinder pressure only, and the IMEP, and
the heat release rate were calculated afterwards using Microsoft Excel. A screenshot

of the LabVIEW program is presented in Appendix 1.
3.3.3 Experimental Procedure

The engine was heated by the electrical heaters tailored for the cooling water and the
lubricating oil circulation systems preceding to the engine operation for about an hour
to imitate the operational conditions of a typical HSDI diesel engine as stated
previously in Section 3.2.1. The low pressure pump was turned on before motoring

the engine, to ensure that the high pressure pump was being lubricated, although
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neither serve any functional purpose, they still require lubrication , as they are still
running while the engine is operating and aid the lubrication of the spinning wheel
that the hall effect sensor is receiving its reference from. The engine was then
motored to 1200 rpm and the intake heater was switched on. The heater could only
operate when the engine is running and air is flowing through it, in order to avoid
overheating. When the intake air temperature reaches the desired temperature for any
test condition, testing can begin. In order to start the combustion, the injection start
button in the EC-Lab software was pressed. To finish the testing, the inverse of this
process was done. The “Run” button in the LabVIEW data acquisition program was
pressed in order to start recording the in-cylinder motoring pressure, which was set to
record and save, 20 successive cycles. To record the combustion pressure, the engine
was fired for a few cycles to improve the combustion consistency, and regulating the
engine speed back down to 1200 rpm, before triggering the data acquisition system. In
practicality, the in-cylinder pressure is averaged over several hundred engine cycles,
but, this is not possible for optical engines because of excessive window fouling even
when operating at low loads. Consequently, the in-cylinder motoring and combustion
pressures were recorded for 20 successive cycles, identified to be the optimal number
of cycles for optical testing. The glass piston, the cylinder head, and the 45° mirror
were cleaned prior to optical testing of each condition to improve the clarity and the
quality of the collected in-cylinder footage. The in-cylinder motoring pressure and the

combustion pressure were recorded for the optical testing of each condition.

At the start of every day, and regularly during measurements, the motoring pressure
was recorded and examined to ensure that all of the seals and gaskets were still intact,
and that there were no pressure loss due to any leakage from the combustion chamber.
Once the in-cylinder motoring pressure began to decline, anywhere below 31 bar, an

engine rebuild and gasket replacement was carried out by the technicians.

It must be noted that some of the data, including high speed images, related to pure
diesel combustion is based on the findings of the research done on this setup by a

previous research student, Dr. Pin Lu, as sited in [34].
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3.4 Optical Measurement

The in-cylinder combustion visualisation was performed by high speed imaging of the
fuel spray and combustion chemiluminescence using a high speed video camera and
high repetition pulsed laser. This technique provides the chronological development

of the diesel fuel spray and the combustion process.

3.4.1 High Speed Camera

High speed video imaging was used to record video images from the diesel fuel spray
during the injection phase and the following combustion. The high speed video
camera used for this study was a NAC Memrecam FX 6000, equipped with a high
speed colour CMOS sensor. The frame rate set for the high speed camera, where it
was used along with a copper vapour laser, was 10,000 frames per second (fps),
which means, at the engine speed of 1200 rpm, one frame equates to 0.72 degree
crank angle, and where it was coupled with the high speed image intensifier, it was
set to 6,000 fps, which means one frame equates to 1.2 degree crank angle. The image
resolution is dependent on the frame rate, at 10,000 fps, the image resolution was
512x248 pixels, and at 6,000 fps, the image resolution is 512x384 pixels. A Nikon
60mm £.2.8D lens was used for operations including the laser, and a Nikon 150 mm

f.4.5 telescopic lens for operations with the image intensifier.

Collected high speed recordings are processed using the dedicated software from
NAC, where the post image processing was done and a MatLab based programme
made in house was utilised to remove any noise as well as the background from
images, and calculate the relevant properties such as intensity and area of the

combustion.

3.4.2 Copper Vapour Laser

To visualise the direct diesel fuel spray during the diesel only operations, a copper
vapour CU15 Oxford Lasers, was used. The specifications of this copper vapor laser

are listed in the Table 3.5 below.
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Table 3.5 Copper Vapour Laser Specifications

Copper Vapour Laser

Type CU15 Oxford Laser
Wavelength (nm) 511
Average Power (W) 8.5
Pulse width (ns) 10-40
Pulse Repetition Rate (kHz) 10

In order to redirect the laser beam onto the 45° angled mirror, which redirected the
beam into the combustion chamber to illuminate the chamber, an optical fibre was

used. The Figure 3.15 below illustrates this arrangement.
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Figure 3.15 High Speed Camera and Copper Vapor Laser Arrangement [170]
3.4.3 High Speed Image Intensifier

When performing optical data collection from diesel-ethanol or diesel-gasoline
operations, due to the intensity of the combustion flame, using the copper vapor laser
for illuminating the combustion chamber, rendered the combustion invisible in the
high speed footage. Therefore, for these operations, a DRS Technologies 1LS-3-11
High speed video camera intensifier, with 75 lp/mm resolution over 25mm, linear
amplification, allowing for gain increase of 60% to 80% depending on the testing
condition, was used in line with the high speed camera without the copper vapour

laser.

The use of the image intensifier can dramatically improve the ratio of signal to noise

for the camera and therefore allows image detection in shorter exposure times at
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increased frame rates. It should be noted that the number of primary photons captured
is not actually increased by this method, but instead each detected photon is converted
into an electron, multiplied and then converted back into a much larger number of
photons. Figure 3.16 below illustrates this operation. Figure 3.17 shows the camera

and image intensifier arrangement for this study.
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Figure 3.16 Schematic of a single-stage image intensifier [171]

Figure 3.17 High Speed Camera and Intensifier Arrangement

3.5 Exhaust Emission Measurement

The engine exhaust gas emissions of CO, CO2, 02, uHC and NOx were measured
using a Horiba MEXA-7170DEGR Exhaust Gas Analyser. The concentrations of

emitted soot was measured by an AVL 415 Smoke Meter.

3.5.1 Horiba MEXA-7170 DEGR Motor Exhaust Gas Analyser

Horiba MEXA-7170 DEGR was used in the measurement of the above-mentioned
exhaust emissions. The unit comprises of four analysing modules, all controlled by a

PC as the main control unit. Each of the modules operate with a different
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measurement principle, which all is explained with details in the following
subsections. A touch screen interface, which displays instantaneous or averaged over

time measurements of the emissions values in numerical and graphical form.

3.5.1.1 Horiba ATA-72X: CO and CO2 Measurement
For the measurement of CO and CO2 concentrations, a Horiba AIA-72X analyser
module operating based on Non-Dispersive Infrared (NDIR) method was employed. It
measures these concentrations based on the fact that infrared radiation is absorb by
different molecules at different wavelengths, meaning that each molecules
concentration is relative to the level of absorption. Figure 3.18 illustrates an schematic

diagram of an NDIR analyser.

The analyser comprises of a chamber divided into two sealed sections of sample cell
and comparison cell. The latter of the two is filled with nitrogen gas while the sample
gas is pumped through the former of the two cells. An infrared light source is
projected into both cells, and the comparison cell, which containing nitrogen, does not
absorb radiation in the infrared region, therefore the beam remains unchanged. But,
the gas in the sample cell absorbs radiations of specific wavelengths depending on the
gases present and their concentrations. The infrared lights are then passed through the
detector cells, which contains two sealed cells filled with the sample gas separated by
a membrane. The difference in the radiation between the cells causes change in the
sample gas temperature resulting in a differential expansion. The movement of the

membrane is detected as an electrical signal relative to the concentration of the gas.
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Figure 3.18 Schematic Diagram of NDIR Analyser [172]
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A light trimmer is utilised to enable the detection of changes in the gases
concentration in the sample cell, by permitting intermittent transmission of infrared
light. An optical filter is placed upstream of the detector cell to block the transmission
of wavelengths absorbed by unwanted gases, to guarantee that the transmitted signal

to the detector cell is only created by the gas types of interest.

3.5.1.2 Horiba MPA -720: O2 Measurement
to measure the oxygen concentration, the Horiba machine utilises an MPA-720
magneto-pneumatic analyser, which operates based on the principle of paramagnetic,
which states, certain materials are magnetic when an external magnetic field is
present. Oxygen and oxides of nitrogen namely NO and NO2, from all common
exhaust gas components, are the only gas types that are affected in the presence of an
external magnetic field, while the oxides of nitrogen have negligible effect in
comparison. Figure 3.19 below, illustrates the schematic diagram of a magneto-

pneumatic oxygen analyser.

The sample gas flows through the magnetic cell, and an electromagnetic field is
created around the poles by the flowing AC current. The varying magnetic field
attracts the oxygen molecules, which then causes a pressure increase around the poles
relative to the oxygen concentration. A condenser microphone within the analyser,

generates an electrical signal output when change in pressure is detected.
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Figure 3.19 Schematic Diagram of a Magneto-Pneumatic Oxigen Analyser
[172]

3.5.1.3 Horiba FIA-720: unburned Hydrocarbon Measurement
To measure the uHC concentration The Horiba FIA-720 Flame lonisation Detector
(FID) module of the Horiba machine was employed. The operation of this module is
based on the fact that ions are produced when a hydrocarbon containing gas is burned.
The rate of ion production has a direct relation with the hydrocarbon concentration. A
schematic diagram of a FID detector is showed in Figure 3.20 below. Since, minimal
ionisation occurs during Hydrogens combustion, it is used as the fuel gas, and is
burned in the detector using oxygen with high purity. To promote thermal dissociation
of hydrocarbons in the mixture, the sample gas is mixed with the hydrogen; during
this process, ions are produced. To separate the ions and electrons between the burner
jet and the collector around the flame, a high DC voltage is applied between the
burner jet and the collector. This creates an electrical current relative to the level of
ionisation which is directly relative to the number of carbon atoms present. Therefore,
this method can only measure the total hydrocarbons, with no specific information on

specific hydrocarbons.
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Figure 3.20 Schematic Diagram of a FID Analyser [173]

3.5.1.4 Horiba CLA-720: NOx Measurement
For the measurement of NO and NO2 concentrations, the Horiba CLA-720A
chemiluminescence analyser module was utilizes. The operational principle of this
module is based on the reaction between NO and ozone (O3), which results in
oxidation of NO to NO2. Some of the NO2 produced through this process are in an

excited state with raised energy level (NO2*), shown below:
NO + 03 — NO2* + 02
NO2* - NO2+hv

The excited molecules deteriorate to the ground state by the emission of a photon.
This process is referred to as chemiluminescence. The intensity of the light emitted is

proportionate to the NO molecules concentration in the sample gas.

The sample gas mixes and reacts with the ozone after entering the reaction chamber,
and the light emitted through the chemiluminescence process is passed through a
bandpass filter in front of a light detector, which upon the detection of light, outputs a
voltage signal. Figure 3.21 illustrates the schematic diagram of a chemiluminescence

detector.
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Figure 3.21 Schematic Diagram of a Chemiluminescence Detector [174]

Some of the excited molecules lose their energy through collision with other
molecules, while the majority emit light by returning to the ground state, such as the
molecules of CO2 and H2O present in the exhaust gas. The sample gas is diluted with

nitrogen before entering the detector to reduce such interference.
3.5.2 AVL 415 Smoke Meter

For the measurement of soot concentration in the exhaust gas, an AVL 415 smoke
meter was employed. The smoke meter is equipped with a diaphragm type pump that
sucks the exhaust gas into the sampling line, which is then passed through a paper
filter followed by a flow meter. The smoke meter measures the soot concentration by
the use of a reflectometer, which measures and compares the reflection from the clean

and the smoky filter papers as shown below in Figure 3.22.

81



Dead
volume

5

Filter
area

o\
Effective length

Reflectometer Reflectometer

Light
source

Light

SOUrco Detector

Detector

Clean filter Re Blackened filter R

Figure 3.22 Schematic Diagram of AVL 415 Smoke Meter Measuring Principle
[192]

The result of this procedure, is the level of blackening on the paper, with a clean white
filter paper having the value of zero and a complete black paper having the value of
10, corresponding to soot concentrations of 0, for white, and 32000 mg/m3, for black.
The governing equation is given by:

_ 100-Rg

P
B 10

Equation 3.1
Rp = g—i X 100% Equation 3.2

Where: Pp = Paper Blackening
Rg = Reflectometer Value of the Sample
Rr = Reflectometer Value of the Unblackend Filter Paper
Ry = Relative Brightness of the Sample

The soot concentration is measured in Filter Smoke Number (FSN) throughout this
study, where FSN is defined as FSN = Pg when L.y = 405 mm, based on ISO 10054

standards, and Lefr is given by:
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Ve .
Lesr = Aff Equation 3.3

Veff = VS - VD - VL Equation 34
Where: L.rs = Ef fective Length of Gas Column Drawn Through Filter
Vers = Ef fective Volume of Gas Drawn Through Filter

Vs = Sample Volume
Vp = Dead Volume
V, = Leak Volume

(Dead Volume is the volume of clean air between the filter paper and the end of the
sampling line sucked through prior to the sample gas, and Leak Volume is the volume

of clean air and sample gas lost due to minor leaks.)

This process is done automatically by the smoke meter and the FSN number is
displayed on the digital display. For this study, the sample volume was determined
automatically, with the smoke meter performing an preliminary test to calculate the
sample volume nececary. The smoke meter was programmed to carryout three

successive sample measurements, and display the average.
3.6 Intake Air Flow Measurement

The air flow rate was measured by attaching a Teledyne Hastings Instruments
Flowmeter, shown in Figure 3.23, to the exhaust outlet. The engine was then motored
with the intake air heater running, in order to simulate operation conditions as closely

as possible.

VP TELEDYNE

HASTINGS

Figure 3.23 Teledyne Hastings Laminar Flow Element Flowmeter
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The Hastings flow controller system comprises of a sensor, electronic circuitry, a
valve, and a shunt. The sensor measures the flow rate from 0 to 10 SCCM (Standard
Cubic Centimetres per Minute) of the gas to be measured in meters. The shunt divides
the flow in a way that the flow through the sensor is an exact percentage of the flow
through the shunt. The flow through the sensor and the shunt is always laminar. The
sensor output is amplified by the circuit board, and it uses this output to control the
position of the valve, which is an automatic metering solenoid valve; The voltage in
its coil controls its height off the seat. All of these components working parallel to one

another, results in a stable and fast flow controller [175].

3.7 Data Analysis

The in-cylinder pressure data was used to determine the heat release rate, mean effective
pressure and ignition delay. Additionally, emissions data were analysed quantitatively
while the high speed video images served as a qualitative measure in analysing the

combustion characteristics.
3.7.1 Cylinder Volume Calculation

The in-cylinder volume is calculated by the engine geometry at any crank angle using

the equations below:

nB? .
V=V:= e (l+a-ys) Equation 3.5

S =acos @ + /(12 — a?sin?0) Equation 3.6
Where: V = Cylinder Volume

Ve = Clearance Volume

B = Cylinder Bore

[ = Connecting Rod Length

a = Crack Radius

s = Distance Between Crankshaft and Piston Pin Axes

Compression ratio is defined by the following equation:

_Vg+Ve

Equation 3.7
Ve

Tc

Where: 1. = Compression Ratio
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V4 = Displacement Volume
And the ration of connecting rod length to crank radius is:

R = Equation 3.8

l
a

Where: R = Ratio of Connecting Rod Length to Crank Radius

Equation 3.5 can be rearranged to:

V =Ve{1+30c — D[R +1cos 6 — J(R? — sin?6) |} Equation 3.9

3.7.2 Engine Combustion and Heat Release Analysis

The engine efficiencies and combustion characteristics, for various operating

conditions, can be calculated from the in-cylinder pressure data, using Microsoft

Excel.

3.7.2.1 Indicated Mean Effective Pressure

A theoretical measure of the effectiveness of the engine in producing work, is

Indicated Mean Effective Pressure (IMEP), which is a function of the displacement

volume of the engine with respect to the maximum pressure produced in the cycle.

The gross IMEP is equivalent to the areas between the compression stroke and the

expansion stroke, on the pressure versus volume diagram, known as the p-V diagram,

and the net IMEP is the subtraction of the negative work from the gross IMEP. The p-

V diagram of a four-stroke diesel engine is illustrated below in Figure 3.24.
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v

Volume —

Figure 3.24 Four-Stroke Engine p-V Diagram [176]
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A four-stroke engine comprises of four-strokes, induction stroke, compression stroke,
expansion stroke and exhaust stroke. The p-V diagram of this type of engine includes
two loops, the work loop outlined by the lines of the compression stroke and the
expansion stroke and the pumping loop bounded by the lines of the induction stroke
and the exhaust stroke, therefore, positive work is done during the combustion
process, which takes place in the work loop, while negative work is done during the
pumping loop, which is the work done on the engine. The Gross IMEP is represents
by the area enclosed by the work loop, but the net IMEP takes the work done during
the induction stroke and exhaust stroke into account, thus it is determined by the

subtraction of the area of the pumping loop from the work loop.

IMEP is calculated by the numerical integration of the p-V diagram as shown below:

1 x .
IMEP = V—dfy pdV Equation 3.10

Where: p = in — cylinder pressure

The in-cylinder pressure sampling rate acts as the step interval in the equation 3.10
above, which is 0.2° CA here. The integration limits, x and y, are from zero to 720°
CA, which includes a complete engine cycle, representing the Net IMEP as calculated

for purpose of this study.

3.7.2.2 Indicated Specific Fuel consumption
Indicated Specific Fuel Consumption (ISFC) is calculated based on the fuel flow rate

and the engine work output, which is shown below:

mgXrpm
IMEPXV 4

ISFC = Equation 3.11

Where: 1y = Mass Flow Rate of Fuel

3.7.2.3 Fuel Mass Fraction Burned Analysis
It is necessary to estimate the Mass Fraction Burn (MFB) profile from the cylinder
pressure and volume data, as the MFB curve is used to identify the start of
combustion (CA of 10% MFB), the combustion phasing (CA of 50% MFB) and the
combustion duration (CA 10%-90% MFB). According to analysis developed by
Rassweiler and Withrow [177], the rise in in-cylinder pressure, during any crank
angle interval, A6, is considered to be caused by the rise in pressure due to the change

in volume, Ap,, , and the increase in pressure due to combustion, Ap:
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Ap = Apy, + Apc Equation 3.12

Mass Fraction Burnt

: Crank Angle

Os B010% Ba0%

Figure 3.25 Definitions of F lame-development Angle, A8,;, and Rapid-burning
Angle,A6,, on A Mass Fraction Burned Curve [178].

As the crank angle (6;) increments to its next value (6;,1), the volume changes from
V;to V;,1, and the pressure changes from p; to p; 1 . The change in pressure, is due to
the movement of the piston, which is related to the volume change by the polytropic

relationship (Figure 3.25).

8y =pi| (52 )n ~1] Equation 3.13

Vi1
By combination of the equation 3.12 and the equation 3.13:
174 n .
Apc = Dis1 — Di ( l/Vz+1> Equation 3.14
Where: V; = The Cylinder Volume Given by Equation 3.9

As the combustion process does not occur at the constant volume, the mass of fuel
burned is not directly proportional to the increase in pressure due to combustion.
Thus, the clearance volume at top dead centre, V., is accounted for as the volume

effect:

Apc™ = Apc (Vi/ Vc) Equation 3.15
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Assuming that the mass fraction burned (), is proportional to the referenced increase
in pressure due to combustion, at the end of the interval (A8) the mass fraction burned
is given by:

mp; _ YiApc”
= =% -
Mp total 21 Apc

X= Equation 3.16

3.7.2.4 Heat Release Rate
Engine heat release rate, a measure of the amount of heat added or removed from the
cylinder contents to achieve the same in-cylinder pressure, is calculated using the in-
cylinder pressure and volume. This method is unable to measure the accurate amount
of heat release rate, since the in-cylinder charge leakage in optical engines due to the
use of optical components, therefore it is termed “apparent heat release rate”. to
calculate the heat release rate, one-zone thermodynamic model is used by seeing the

cylinder as an open system, thus:

auv

aq
dt

~ _p‘ji_‘t’+zimihi = Equation 3.17

Where: Z—f = Rate of Heat Transfer into System Across Boundry

p% = Rate of Work Transfer by System

m; = Mass Flow Rate into System at Location i
h; = Enthalpy of Flux i
U = Internal Energy of Cylinder Contents

When both intake and exhaust valves are closed, the mass flows across the system
boundary. This includes the mass of the fuel injected into the combustion chamber as
well as the mass of air lost due to the flow in the crevices. Nevertheless, when using
the engine in optical setup, in-cylinder leakage caused by the sealing of optical
window needs to be considered, but this is almost impossible to calculate. Because of
the complicated calculations required, and since the heat release rate is utilised as an
estimated quantity, the effects of the in-cylinder leakage are neglected. So the,

Equation 3.17 can be simplified to:

@_ Y = ;
or P + mgh; = ” Equation 3.18
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U is considered the sensible internal energy of the in-cylinder charge,Us , while hy is

considered the sensible enthalpy of the fuel injected. Therefore, dQ/ 4t turn into the

net heat release rate, and dQ”/ dT is the difference between the heat release rate due to

fuel combustion and the system heat transfer. Since hgr = 0 , Equation 3.18 can be

written as:
oy | av ar :
It +p p” + mc, p” Equation 3.19

By assuming the in-cylinder charge to be considered as an ideal gas, Equation 3.19

can be rewritten as:
—+p—+ mc, & Equation 3.20

Where: ¢, = Specific Heat at Constant Volume
T = Absolute Temperature

Based on the law of ideal gases, pV = mRT:

dp v _ o dT -
|4 L TP = mR p” Equation 3.21

Where: R = Ideal Gas Constant

Additionally, the gas temperature, T, can be eradicated by merging the two Equations,
3.20 and 3.21, as illustrated below:

a0 _ &),V Cvy, 9P ;
-~ = (1 + R)p Py |4 - Equation 3.22

. c . . . : .
Withy = C—p considered as the of specific heat ratio, Equation 3.22 can be rewritten as:
v

dQ, _ vy _av 1 ,dp

— Equation 3.23
dt y—-1" dt y—-1 dt

This equation, as a simplified form of Equation 3.17, is utilised for the heat release
rate calculation for this study. y is not a constant for different stages of engine cycle,
however, for diesel heat release analysis, it is common to take a single suitable value,

and for the purpose of this study y = 1.3.

3.7.2.5 Cumulative Heat Release
The cumulative heat release can be calculated from the heat release rate using the

following expression:
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CHR, = HR,,_1 + (HR, X A9) Equation 3.24
Where: HR = Heat Release Rate
A@ = Change in Crack Angle,0.2°CA in this case

3.7.2.6 Ignition Delay
If SOI is the timing of the first injection and SOC is the point where the heat release
rate initially begins to increase, ignition delay or ID, is defined as the delay between
the start of ignition SOI and SOC. During the initial stages of combustion, the rate of
heat transfer is more dominant than the first positive heat release prior to the onset of
more substantial heat release, still the start of combustion is considered as the point

where the first combustion happens.

3.7.2.7 Combustion Efficiency
The combustion efficiency is calculated from the cumulative heat release and the

heating value of the fuel:

Ne = —2— Equation 3.25

d
Where: % = Heat Release Rate

Qyuy = Lower Heating Value of Fuel
3.7.3 Engine Efficiencies Calculation

In order to evaluate the source of losses during engine work cycles, analysis of

engines efficiencies is used. This is as shown in Figure 3.26 below.

These efficiencies can be calculated as shown below:

FuelMEP = w Equation 3.26
da

QuMEP = n.FuelMEP Equation 3.27
__ Wy 1 rexpansion .

IMEP,, 455 = Ve T fcompression Equation 3.28

IMEPye = 2% = —§pdV Equation 3.29

d d

BMEP = 7= Equation 3.30

d
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IMEP, .
— = Equation 3.31

Ne = QnMEP
ne=1-— 2iX LBV (T +Ta) Equation 3.32
mf.LHVf
_IMEPy45 IMEP,,; BMEP

M9 = FuelMEP ° ™ = FuelMEP ' ™ ~ FuelMEP

IMEP, BMEP .
Nge = Ry = Equation 3.33
IMEPgyos5 IMEPye;

Where: m; = Mass of Fuel in One Cycle
m, = Mass of Intake Air in One Cycle
Wy = Gross Work in One Cycle
W,, = Net Work in One Cycle
T = Break Torque
x; = The Mass Friction of CO and HC Respectively (H2 is ignored)
LHV; = Low Heating Values for CO (10.1 Z—;) and HC (441’\(4—;

Definitions of Efficiencies

Friction Loss

BMEP

Pumping Loss

IMEP net

} 7
Heat Loss and Exhaust Loss 6 5
} o] Sl
3
1

Incomplete & IMEP gross

Fuel MEP )
1 Combustion Efficiency 1. 5 Brake Efficiency 1,
2 Thermal Efficiency 1, 6 Gas Exchange Efficiency j
3 Gross Indicated Efficiency 1, 7 Mechanical Efficiency 1,

4 Net Indicated Efficiency 1,

Figure 3.26 Definitions of Efficiencies [179]

3.8 Fuel Injection Calibration

For this study, two different injectors are used simultaneously for majority of test
conditions, a Delphi multi-hole Valve Covered Orifice (VCO) injector, detailed in

Table 3.2, as a diesel direct injector, and a Bosch EV 14 Injection Valve, detailed in
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Table 3.3, as a port fuel injector for delivering ethanol/gasoline. Therefore, both of

these injectors required calibration.

3.8.1 Diesel Direct Injector Calibration

Here the setup and the procedure for the calibration of the Delphi VCO diesel injector

is explained and the results from this calibration is presented.

3.8.1.1 Setup
For the calibration of the diesel direct injector, the injector was removed from the
engine, and the tip was placed into a container while it was still connected to the rail.
A fluid measuring burette replaced the diesel fuel tank in the diesel fuel delivery
system, and the fuel return hose was placed on top of the burette in order for the
returned fuel to return back into the burette, for more accurate measurement of fuel

flow.

Once the burette was filled with diesel fuel, while the engine was running at 1200rpm
and the rail pressure of 500 bar, the time required for injection of a set amount of fuel
(25cc) at a set injection duration was recorded using a stopwatch. This was repeated
for various injection durations, while testing single diesel injections, with 3 injections
per engine cycle in order to speed up the procedure, as well as split diesel injections
with 50/50 fuel distribution between first and second injections, for the total diesel
amount required for all three different substitution ratios used in this study (45%,

60%, and 75%), with various dwell angles between the first and second injection.

3.8.1.2 Results
Figure 3.27 below illustrates the result of the calibration for the single diesel injection
procedure in form of injection amount in mm?® per cycle versus injection signal
duration in microseconds. A linear equation for the injection rate can be defined as

shown in equation 3.34 below:

y = 0.0481x — 13.3787 & R? = 0.9959 Equation 3.34

92



25

y=0.0481x-13.3787
20 R2=0.9959

=
(%)

Inj. amount mm3/cycle
- .

200 250 300 350 400 450 500 550 600 650 700
Inj. signal duration usec

Figure 3.27 Injection Rate Profile for Delphi VOC Injector

Figure 3.28 below, illustrates the injection rate of the Delphi diesel injector for split
injection operations with 50/50 fuel distribution between the two injections for dwell
angles between 30° CA to 80° CA at 5° CA intervals, while all the first injections

occur at the same cam angle .

It is apparent from the graph of Figure 3.28, that the injection duration and thus the
amount of fuel injected at the second injection, is greatly affected by the first
injection, and this is more apparent for conditions where the dwell (or the crank angle
lag between two injections) angle between the first and second injection is smaller,
and as this dwell angle increases, the effect becomes less apparent. Therefore in order
to achieve an equal fuel amount from both injections, either the dwell angle needs to
be beyond a certain amount to reduce the effect of the first injection on the second
injection, or the injection duration, and thus the injection amount for the second

injection needs to be adjusted, in order to match that of the first injection.
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Figure 3.28 Injection Rate Profile for Delphi VOC Injector with Split Injections

It should be noted that this interference between the first and second injection is due
to the high pressure waves in the fuel lines and the injector nozzle, residual of the first
injection.

This effect, mentioned above, is illustrated in Figure 3.29 below in form of
comparison between single injection operation, and the second injection of split
injection operations, as injection amount versus injection duration graphs, for all
substitution ratios used in this study, which are 45%, 60%, and 75%, for different
smaller dwell angles, namely 25° CA, 30° CA, and 35° CA.
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3.8.2 Port Fuel Injector Calibration

In this section the setup and the procedure for the calibration of the Bosch injection
valve used as a port fuel injector is explained and the results from this calibration is

presented.

3.8.2.1 Setup
The injector was calibrated using a power source at 12.0 + 0.2 Volts, with ambient
pressure of 1.02 bar, and ambient temperature of 27°C. for the purpose of this study,
this injector will be used for the injection of two different fuel types, gasoline and
ethanol; and the injection pressures used for the calibration were 3 bar and 4 bar. To
activate the injector, the crank angle and reference signal were taken from the

encoder, while the engine was motoring at 900 rpm.

The fuel was injected into a sealed dish and was weighted by a Sartorius Research
R200D Electronic Semi-Microbalance scale, with a standard deviation smaller than +

0.1 mg and a maximum linearity of + 0.2 mg.

3.8.2.2 Results

The The equation that determined the mass of ethanol injected at 3 bar was:
MEthanol at 3 barl9/S] = 0.0431 X Inj - Duration[ms] + 0.0868 Equation 3.35

Figure 3.30 below, shows the result of the calibration of the a Bosch EV 14 Injection

Valve for both ethanol and gasoline at 3 bar and 4 bar of injection pressure.
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Figure 3.30 Injection Rate Profile for Bosch EV 14 Injection Valve
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3.9 Lambda Calculation Based on Exhaust Gas
Composition

The composition of the exhaust gas is generally determined by the ratio of the fuel
and the air delivered to the engine, as well as the composition of the fuel being used,
and how complete the combustion of the air fuel mixture is. Knowing these
information, and the relation between them, will allow for the calculation of the

correct ratio between the fuel and the air delivered to the engine.

There are several studies on the way the air to fuel ratio is calculated based on the
composition of the exhaust gas. One of the earliest studies in this matter is by
D’Alleva [180] in this study, the air to fuel ratio is calculated using charts of the
exhaust gas concentration based on the fuels H to C ratio. Elting [181] made it
possible to use these charts without the need to measure Oz and also included cases of
incomplete combustion. A formula was created by Spindt [182], which allows for the
calculation of the air to fuel ratio without the need to assume the occurrence of a
complete combustion. An improvement to the Spindt’s equation was done by
Brettschneider [183], which took the water in ambient air and the water absorbed by
the measured NOx into account, and added the oxygenated fuel to the equation.
Calculation of an equilibrium constant, K, was proposed by W. Simons [184], using
the measurement of oxygen, where this K could have different values, usually less
than 3.5. The equilibrium constant, K, changes by the act of the catalyst, which was
discovered by Fukui, Tamura, Omori, Satioh in Mitsubishi [185], and also that the

water in ambient air affects the water-gas equilibrium.

The Brettschneider method is the most common one used for the analysis of the
exhaust gases and determining the air to fuel ratio, and thus, it is the one used for the

purpose of this study.
General formula for the fuel composition is:
CnHm OT

Because some of the fuels used for this study are petroleum based fuels, oxygen is
absent from their composition. Therefore, exhaust production of CO2, H20, CO, Hz,
02, NOx, N2, uHC and soot particles (to be absent when it is adequately trivial) are

considered, and the overall combustion reaction can be written as:
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C,H, 0, + %(02 + 3.773N,) = np(fCaHb + XcoCO + X¢,C0, + %9, 0, +
%y, Ny + EyoNO + Zyo,NO, + Xy, oH,0 + %y Hy) Equation 3.36
Where: C,H,,0, = The Fuel
(0, + 3.773N,) = The Oxidizer
® = The Measured Equivalence Ratio
X; = The Mole Fraction of “I"th Component
np = The Total Number of Moles of Exhaust Products
The number of O, Moles required for the complete combustion of one mole of the

C,H,, 0, fuel is:

ng, =n+ % - % Equation 3.37

The association between moles of exhaust products, (HC), (CO), (CO2) mole
fractions, hydrocarbons assuming the same composition as fuel, is:

n
np = (n(HC)+(CO)+(CO,))

Equation 3.38

“H»* mole fraction is:

(CO)(H,0)

K(CO,) Equation 3.39

(Hz) =

“H>0” mole fraction is determined using Equation 3.39 and the H balance and it is:

m(%(HC))
(H,0) = ——==7% Equation 3.40
2(1+z(cop)

(02) mole fraction is driven from ), mol fraction = 1, using N and O balance, with

NO considered negligible, and it is:

(1-(HO)—(1-2)((CO)+(H20))~ (Hp) ~(1+9) (COz) 472
(0y) = £
1+¢)

Equation 3.41

The ratio between the total amount of oxygen in exhaust, to the amount of oxygen

required for a stoichiometric combustion is:

_ np((C0)+2(C02)+2(0,)+(H0)) -1
- 27’102

A

Equation 3.42
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3.10 Summary

In this chapter, the details of all experimental facilities employed for this study are
presented. The specifications of the diesel single cylinder optical engine and all its
components, such as the intake and exhaust systems, the fuel delivery system and the
injectors, the data acquisition system for the in-cylinder pressure data are described.
Also, the details of the equipment used for collecting exhaust emissions data, as well
as the optical equipment and their setup are given. The experimental procedure as
well as the techniques used for data analysis, and injector calibrations are presented

and explained.
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Chapter 4.

Thermodynamic and Emission Analysis of Diesel-

Ethanol Dual Fuel Operation

4.1 Introduction

Thermodynamic analysis of an engine by means of the in-cylinder pressure and
temperature as a function of crank angle, will allow for better understanding of an
engine’s characteristics, such as the transfer of heat and work to and from engine,
resulting in the work produced by the engine, the Indicated mean effective pressure
(IMEP), effect of injection timing on ignition, as well as the power output, and the

engine efficiencies.

In this chapter, the thermodynamics of the engine under diesel-ethanol dual fuel
operation is examined, and the effects of various intake air temperatures, injection
strategies and injection timings, exhaust gas recirculation or EGR, and boosting of the
intake air, on the combustion quality and the engine outputs, as well as their effect on
the systems emission output, is detailed, along with the procedure applied for

collecting the required information and data for this purpose.
4.2 Experiments

All tests were carried out on the Ricardo single cylinder optical diesel research engine
detailed in Table 3.1. The Delphi solenoid injector was used for diesel fuel direct
injection and a Bosch injector valve at 3.0bar for ethanol injection in the intake port,
as given in Table 3.2 and Table 3.3. The intake air was heated by a Secomak electric
air heater, and EGR was simulated by the supply of N> and CO, gas from high
pressure gas tanks. All tests detailed in this chapter use commercially available diesel

and anhydrous ethanol 100% as the premixed fuel.

In order not to risk damaging the fused silica glass window in the piston crown, all of

the thermodynamics and emission testing were performed with the metal blank
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piston crown, in order to allow for more extended testing procedures and combustion

periods.

IMEP and other combustion characteristics are calculated from 20 cycles of in-
cylinder pressure using an in-house made code in visual basic for applications (VBA).
In this research, apparent heat release rate is calculated with a constant heat specific
ratio of 1.3 for analysis, not gross heat release; this is due to the difficulty of
accurately estimating the heat loss.

Finally, gaseous emission is measured by a Horiba MEXA-7170, detailed in section

3.5.1, and smoke level by an AVL 415 smoke meter, detailed in section 3.5.2.

4.3 Test Conditions

For the diesel ethanol dual fuel operation testing, the engine speed and total fuel
energy were kept constant. With fuel energy of 5.2kJ/sec, the total equivalent ratio is
about 0.4 at 150°C of intake temperature and 1 bar of intake pressure. The diesel fuel
injection pressure was fixed at 500bar and the engine was operated at ambient intake
pressure but varying ethanol fractions and intake temperatures. These
parameters are listed in Table 4.1 and

Table 4.2 respectively. In addition, the experiments were repeated without and with
25% of EGR. The effect of injection strategy was evaluated by single and split
injections at a fixed dwell angle of 35 CA.

Table 4.1 Fixed Testing Parameters

Fixed Testing Parameters
Parameter Value
Engine Speed (rpm) 1200
Diesel Rail Pressure (bar) 500
Total Fuel Energy (kJ/sec) Constant 5.2
Target IMEP (bar) 3.0
Intake Pressure (bar) =1.0
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Table 4.2 Variable Testing Parameters

Variable Testing Parameters
Parameter Value
Intake Temperature (°C) 100, 150
Substitution Ratio (%) 0 (Diesel only), 45, 60, 75
EGR Rate (%) 0,25
Diesel Injection Strategy Single, Split (50/50, 35°CA Dwell)

4.4 Results and Discussion

The measured in-cylinder pressure was used to determine the IMEP values and the
heat release process. The start of combustion (CA10) was calculated from the 10%
mass fraction of fuel burnt and combustion phasing (CA50) were calculated from the
50% mass fraction of fuel burnt. The number of crank angles between 10% and 90%
of mass fraction of fuel burnt, defined combustion duration, and the crank angle
between the start of second injection (SOI) and onset of combustion (CA10)

determined the ignition delay.

While the exhaust gas and soot emissions were measured for all the strategies, the
NOx and uHC emissions were measured in Parts per Million (ppm), and soot

emission was measured in Filtered Smoke Number (FSN)

4.4.1 Effect of Intake Air Temperature and EGR with 60%
Substitution Ratio

Figure 4.1, from top-left to bottom-right, illustrates Combustion Efficiency, Soot, CO,
THC, and NOx levels, Indicated Thermal Efficiency, Pmax, CA10-90 (Combustion
Duration), CA50 (combustion centre), Ignition Delay (from Injection Signal to CAS),
PHRR (Peak Heat Release Rate), PPRR (Peak Pressure Rise Rate), start of injection
signal timing of diesel fuel.

As indicated in the bottom left graph of the indicated efficiency vs SOI (start of

injection) of diesel, data at 150°C of intake temperature without EGR could not be
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collected between 10° CA to 20° CA BTDC SOI due to the presence of violent
combustion. In addition, when SOI of diesel was retarded beyond 5 CA BTDC or
advanced before 28 CA BTDC misfire occurred at 100°C of intake temperature and at
150°C of intake temperature with 25% of EGR. Therefore, direct comparison could
only be made between the results of 150°C of intake temperature with 25% EGR and
100°C of intake temperature without EGR.

Results in Figure 4.1 show that the variation of the thermal efficiency with SOI of
diesel is quite similar but the peak efficiency of each is obtained at different SOIs
because of the difference in ignition delay, combustion duration and heat loss. Higher
intake temperature increases NOx at the same SOI and EGR decreases NOx. The
lowest NOx was obtained with 25% EGR. Soot emission is very low in all conditions.
Soot levels peaked at around 25° CA BTDC injection when the CA50 was most
advanced. Higher combustion efficiency was achieved at higher intake temperature
with EGR when both uHC and CO were lower due to more complete combustion.
The lower NOx obtained with higher intake temperature and EGR indicates that the
dilution and heat capacity effects of EGR was more dominant over the increase in the
intake temperature. The greater effect of EGR is further evidenced by the longer
ignition delay, slower combustion (CA10-CA90), retarded CA50, lower Pmax, and
lower PRRR.
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Figure 4.2 shows the in-cylinder pressure and HRRR at 100°C intake temperature and
60% of ethanol substitution ratio without EGR when the SOI of diesel was changed.
The start of heat release and combustion timing are advanced with the SOI of diesel
as expected, except at 28°CA B TDC of SOI. Among these SOI conditions, 10° CA
BTDC of SOI has the highest PHRR and shortest combustion duration when most
combustion occurs around TDC. The beginning of HRRR at 28 ° CA BTDC of SOl is
slower than others, due to more diluted mixture and lower charge temperature. This
combustion, appears to be an RCCI-like combustion. On the other hand, it is also
observed that at 5° CA BTDC of SOI, the heat release of late combustion, is more like
diesel combustion. Optical measurements will be presented and analysed on the in-

cylinder conditions at such operating conditions.
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Figure 4.2 In-Cylinder Pressure and HRRR at Different Single SOl with 100°C
Intake Temperature, and 60% Ethanol Substitution Ratio

Figure 4.3 and Figure 4.4 show in-cylinder pressure and HRRR at different intake
conditions at 25° CA and 5° CA BTDC SOI, respectively. Both of these graphs show
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that, at higher intake temperature, PHRR is higher, combustion duration is shorter and
ignition delay is shorter. EGR has greater effect on slowing down the heat release
process than the cooler intake temperature. It is also noted that compression pressure
is decreased as the intake air temperature is increased from 100 °C to 150 °C without
EGR and it becomes the lowest with EGR, because of the decreased polytropic
constant of slightly richer mixture at higher intake temperature and then the presence

of EGR.
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Figure 4.5 shows in-cylinder pressure and HRR results at the optimised SOI of diesel
for thermal efficiency. They are 34° CA BTDC of SOI at 150°C of intake temperature
without EGR, 28° CA BTDC of SOI at 150°C of intake temperature with 25% of
EGR and 27° CA BTDC of SOI at 100°C of intake temperature without EGR. Figure
4.6 presents the engine performances, emission and combustion characteristics at the
optimized SOI conditions, while displaying the effect of the injection timing for the
same exact condition with a later injection as well. The results illustrate that increased
intake temperature leads to a higher thermal efficiency because of higher combustion
efficiency, due to lower THC. EGR increases the thermal efficiency because of lower
heat loss from lower combustion temperature. Combustion efficiency or THC is not
decreased by EGR due to higher overall equivalent ratio, caused by less fresh air.
NOx is lower at 150°C of intake temperature without EGR because the fuel mixture is
more homogeneous with longer ignition delay, by hotter intake condition without

EGR gas.
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Increasing intake temperature decreases soot when not using EGR. Combustion

duration (CA10-90) is longer with higher intake temperature, or with EGR condition.

The starts of combustion are pretty similar to each other in Figure 4.5. The slope of
HRR in the condition with 150°C intake temperature and no EGR, changes around

TDC when ethanol combustion is accelerated by diesel combustion.

As reported by Vinicius [186], the use of internal EGR at low loads, for ethanol and
diesel dual fuel engine, is effective for reducing emission and increasing thermal
efficiency. This matches the results from this study where increasing in-cylinder
temperature and using EGR which have the similar effect as using internal EGR, are
shown to simultaneously reduce emission and increase thermal efficiency at the low

load operations.
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4.4.2 Comparison of Single and Split Diesel Injection with 60%
Substitution Ratio and Intake Air Temperature of 150°C

Figure 4.7 illustrates the effect of single and split injections with a fixed dwell angle
of 35° CA. For split injection operations, second injection timing is applied to the
graphs. From top-left to bottom-right are the Combustion Efficiency, Soot, CO, THC,
and NOx levels, Indicated Thermal Efficiency, Pmax, CA10-90 (Combustion
Duration), CA50 (combustion centre), Ignition Delay (from Injection Signal to CAS),
PHRR (Peak Heat Release Rate), PPRR (Peak Pressure Rise Rate) .

All of combustion characteristics are quite similar between the single and split
injection strategies. The combustion with the split injection strategy is controlled by
the second injection. In particular, split injections enable the dual fuel operation to be
achieved without the knocking combustion between 10° CA to 20° CA BTDC of
second SOI. Misfire limit with split injection is slightly narrower than the single
injection.

Figure 4.8 show the in-cylinder pressure and HRRR with 30° CA BTDC of SOI for
single injection of diesel and 30° CA to 65° CA BTDC of SOI for split injection of
diesel. This shows that split injection has later, lower PHRR and slower combustion
because of leaner premixed fuel mixture given by earlier 1st injection and less amount
of second injection. Figure 4.9 shows the opposite trend to those in Figure 4.8 about
the start of the combustion when 5° CA BTDC of SOI for single injection and 5° CA
to 40° CA BTDC of SOI for split injection are used. This is because the 1st injection
reduces the ignition delay and assist the start of combustion of the second injection.
The combustion can start during or just soon after the second injection has started. In

this case, split injection cause more diffusion-like combustion.
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4.4.3 Effect of Substitution Ratio with Single Diesel Injection,
Intake Air Temperature of 150°C, and no EGR

The effect of ethanol substitution ratio on combustion and emissions are presented in
Figure 4.10. From top-left to bottom-right, it illustrates Combustion Efficiency, Soot,
CO, THC, and NOx levels, Indicated Thermal Efficiency, Pmax, CA10-90(Combustion
Duration), CAS50, Ignition Delay (from Injection Signal to CAS), PHRR (Peak Heat
Release Rate), PPRR (Peak Pressure Rise Rate), as a function of the Injection timing

of diesel fuel.

As shown in the bottom-left graph, Diesel baseline operation is limited to very
retarded injection timings of 5 CA BTDC by the upper limit of PRRR of 10bar/CA.
Even with such delayed injection timing, diesel only operation has a higher thermal
efficiency than dual fuel operations with ethanol substitution ratio of 45% and 60%
because of their higher combustion efficiency. However, the thermal efficiency of
diesel baseline is lower than that of 75% substitution ratio of ethanol in dual fuel
operation, which can be achieved over a wider range of injection timings. In
comparison, 45% and 60% substitution ratio of ethanol are limited by knock around
15° CA BTDC of SOI. The lower the ethanol substitution ratio, the earlier the SOI of
diesel fuel for peak thermal efficiency, due to longer ignition delay made by richer
diesel fuel mixture. When SOI is near TDC, NOx emissions are similar in all
conditions. The lowest NOx is obtained with earlier SOI of diesel with lower ethanol

substitution ratio, because of longer ignition delay.

Diesel baseline operation produces the lowest THC and CO and hence the highest
combustion efficiency. Dual fuel operation produces higher THC and CO due to
ethanol fuel trapped in crevices and over lean zones. Baseline diesel operation
produces the highest soot. The smoke level decreases with increasing ethanol

substitution ratio.

Combustion efficiency of dual fuel condition increases up to a certain point as SOI is

advanced, beyond which, it decreases at later SOL.

Diesel condition has higher PRRR and PHRR than dual fuel condition due to higher

reactivity of diesel fuel.
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Figure 4.11 shows the in-cylinder pressure and HRRR with different substitution
ratios of ethanol at the same SOI of 5° CA BTDC. Heat release process begins at
similar times at each condition except 45% ethanol substitution ratio. Combustion
duration of all conditions are similar, however, that of 75% substitution ratio of

ethanol is a bit longer as evidenced by its higher pressure during the expansion stroke.

Figure 4.12 illustrates in-cylinder pressure and HRR with the optimized SOI for
emission and efficiency at different ethanol substitution ratios. Figure 4.13 shows
engine performance and emission with the same conditions as Figure 4.12, while
displaying the effect of the injection timing for the same exact condition with a later

injection as well.

When the ethanol substitution ratio is lower, optimized SOI is advanced more, so that
richer diesel mixture needs longer ignition delay to have proper combustion timing,
and combustion is milder and PHRR is lower. In terms of emission, lower ethanol
substitution ratio decreases NOx with more homogeneous diesel mixture, and same
can be said for THC. The thermal efficiency at lower substitution ratio is worse due to
too advanced combustion timing. Only 45% substitution ratio has high level of soot
due to overall diesel rich mixture or not enough combustion temperature to oxidise

soot.
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4.5 Summary

The results obtained from the experiments performed for this chapter demonstrates
the effects of different parameters, such as intake air temperature, EGR, different
injection strategies including single and split diesel injection, as well as various fuel
substitution ratios, on performance, efficiency, and emission output for Diesel-Ethanol
dual-fuel engine operations. In terms of the direct diesel fuel injection, injection
timing and injection strategies, as well as different Ethanol substitution ratios and
intake conditions, all effect the reactivity of the mixture, and show improvements to
both efficiency and emissions compared to that of pure diesel operations. However,
the addition of ethanol has a greater effect in exhaust gas emission and particulate

reduction. The conclusion from these findings is presented in more detail below.

A. Single injection dual fuel operation at 3.0bar IMEP at 1200rpm:

e In conventional dual fuel combustion that uses a single late diesel injection,
EGR is effective in reducing NOx produced, because of the lower oxygen
concentration and higher heat capacity, and increased thermal efficiency due
to less heat loss and less THC. Lower intake temperature has a good effect on
NOx and thermal efficiency. That suggests that external cooled EGR can have
a benefit for emission and thermal efficiency.

e In premixed dual fuel combustion that includes an early diesel injection and a
later diesel injection, combined use of EGR and higher intake temperature is
effective to reduce THC, and increase thermal efficiency as well as lower NOx
emissions. Thus external hot EGR or using internal EGR can have a benefit

for emission and efficiency at low load dual fuel operations.

B. Effect of SOI of diesel during the dual fuel operations at 3.0bar IMEP at
1200rpm:
e The split injections enable wider dual fuel engine operation and more

optimised performance in efficiency and emissions.

Second injection timing of split injection and injection timing of single injection
have similar effects on combustion characteristic, such as ignition delay, CA50,

PHRR etc.. That means that combustion is primarily controlled by latter (second)
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injection timing, but they are slightly different due to the effect of heat release or

distribution of diesel fuel mixture of the 1% injection.

e when second injection timing and single injection timing are the same ,NOX,
THC and CO trend of both injection strategies are similar but NOx of split
injection is slightly lower.

e Thermal efficiency of split injection is higher when second injection timing
and single injection timing are the same. Late second injection timing
improves thermal efficiency compared to late single injection, but produces
more soot. This is because late split injection, makes more diffusion-like
combustion with shorter ignition delay of second injection since combustion
of 1% injection starts before or during the second injection, and this
combustion makes milder heat release rate with lower heat loss and more soot

emission.

C. Comparison of dual fuel single injection operation and baseline diesel
combustion at 3.0bar IMEP at 1200rpm:

e Combustion of single diesel injection is more intense than that of dual fuel,
with higher PHRR and shorter combustion duration, due to higher chemical
reactivity of diesel fuel.

e THC and CO of dual fuel combustion is higher and hence, lower combustion
efficiency, because of over lean premixed fuel and air mixtures and their
presence in the crevices.

e Dual fuel combustion has a big advantage in reducing soot emission because

of leaner fuel mixture.
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Chapter 5.

Thermodynamic and Emission Analysis of Diesel-

Gasoline Dual Fuel Operation

5.1 Introduction

In this chapter, the thermodynamics of the engine under diesel-gasoline dual fuel
operation is examined, and the effects of intake air temperatures, injection strategies
and injection timings, exhaust gas recirculation or EGR, and boosting of the intake
air, on the combustion quality and the engine outputs, as well as their effect on the
systems emission output, is detailed, along with the procedure applied for collecting

the required information and data for this purpose.

5.2 Experiments

All tests were carried out on the Ricardo single cylinder optical diesel research
engine, detailed in Table 3.1. Once again, the Delphi solenoid injector was used for
diesel fuel direct injection, and the Bosch injector valve was used this time for
gasoline injection at 3.0bar in the intake port, with the details of both injectors given
in Table 3.2 and Table 3.3. As before, the intake air was heated by a Secomak electric
air heater, and EGR was simulated by the supply of N> and CO> gas from high
pressure gas tanks. All tests detailed in this chapter use commercially available diesel

for direct injection and commercially available gasoline as the premixed fuel.

Once more, in order not to risk damaging the fused silica glass window in the piston
crown and for extended engine operations, all of the thermodynamics testing as well
as all emission testing were performed using the metal blank replacement. IMEP and
other combustion characteristics were calculated from 20 cycles of in-cylinder
pressure using an in-house made code in visual basic for applications (VBA). As

mentioned in previous chapter, in this research apparent heat release rate is calculated
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with a constant heat specific ratio of 1.3 for analysis, not gross heat release, due to the
difficulty of accurately estimating the heat loss. Gaseous emissions were measured by
a Horiba MEXA-7170 and smoke level by an AVL 415 smoke meter, detailed in

section 3.5.1 and section 3.5.2 respectively.

5.3 Test Conditions

For the diesel gasoline dual fuel operation testing, the engine speed and total fuel
energy were kept constant again. The constant and variable engine operating
parameters are listed in Table 5.1 and Table 5.2 respectively. Diesel was injected at
500bar by the common rail fuel injector and gasoline in the intake port at 3.0bar.
Engine was operated at 1200rpm and supplied with a constant input energy of
5.2kJ/sec, meaning total equivalent ratio is about 0.4 at 150°C of intake temperature
and 1 bar of intake pressure. In addition, the experiments were repeated without and
with 25% and 40% of EGR. Both single and split injections of diesel were used with a
constant dwell angle of 35 CA during the split injections

Table 5.1 Fixed Testing Parameters

Fixed Testing Parameters
Parameter Value
Engine Speed (rpm) 1200
Diesel Rail Pressure (bar) 500
Total Fuel Energy (kJ/sec) Constant 5.2
Target IMEP (bar) 3.0
Intake Pressure (bar) =1.0

Table 5.2 Variable Testing Parameters

Variable Testing Parameters
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Parameter Value
Intake Temperature (°C) 100, 150
Substitution Ratio (%) 0 (Diesel only), 45, 60, 75
EGR Rate (%) 0, 25, 40
Diesel Injection Strategy Single, Split (50/50, 35°CA Dwell)

5.4 Results and Discussion

The measured in-cylinder pressure was used to determine the IMEP values and the
heat release process. The start of combustion (CA10) was calculated from the 10%
mass fraction of fuel burnt and combustion phasing (CA50) were calculated from the
50% mass fraction of fuel burnt. The number of crank angles between 10% and 90%
of mass fraction of fuel burnt, defined combustion duration, and the crank angle
between the start of second injection (SOI) and onset of combustion (CA10)

determined the ignition delay.

While the exhaust gas and soot emissions were measured for all the strategies, the
NOx and uHC emissions were measured in Parts per Million (ppm), and soot

emission was measured in Filtered Smoke Number (FSN).

5.4.1 Effect of Intake Air Temperature and EGR (Exhaust Gas
Recycling) with 60% Substitution Ratio

Figure 5.1 below shows, from left-top to right-bottom ,Combustion Efficiency, Soot,
CO, THC, NOx, Indicated Thermal Efficiency, Pmax, CA10-90(Combustion
Duration), CA50(combustion centre), Ignition Delay (from Injection Signal to CAS),
PHRR (Peak Heat Release Rate), PPRR (Peak Pressure Rise Rate), injection signal

start timing of diesel fuel.

In the bottom left graph, indicated efficiency to SOI (start of injection) is illustrated.

The data at 150°C of intake temperature without EGR cannot be collected between

10° CA to 45° CA BTDC SOI due to the presence of violent combustion causing high

knocking. Also any injection before 65° CA BTDC at these intake conditions leads to

misfire. The same misfire occurs for any injection timing after 5° CA BTDC and

before 62° CA BTDC when the intake temperature is at 100°C without any EGR.
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When increasing the EGR to 25% with the 150°C intake temperature, some knocking
occurs between the SOI timings of 35° CA BTDC and 15° CA BTDC, with any SOI
timing after 5° CA BTDC or before 56° CA BTDC leading to misfire. By increasing
the EGR to 40% for the same intake temperature of 150°C, there is less chance of
knocking but misfire happens at a SOI timings before 50° CA BTDC, excluding, as
well as any SOI timing beyond 5° CA BTDC. Higher intake temperature increases
NOx at the same SOI and EGR decreases NOx. Comparing the lowest NOx of each
intake condition, NOx at higher intake temperature is lower and without EGR, NOx is
lower, because more premixed and leaner mixture of diesel fuel, due to earlier SOI

and long ignition delay, decreases NOx levels.

Soot emissions are generally lower at earlier SOI with higher intake temperatures and
higher levels of EGR. That said, there is an increase in soot levels at SOI timings
earlier than 50° CA BTDC, specially for lower intake temperatures and EGR levels. It
can be observed that there is a peak in soot levels at SOI timing of 20° CA BTDC
without any EGR when the intake temperature is 100°C. This could be caused by the
diesel fuel not being injected into the combustion bowl properly at this diesel
injection timing.

Combustion efficiency, at higher intake temperature, is higher, and that is due to
higher in-cylinder temperature. EGR does not decreases combustion efficiency so
much, even though oxygen concentration is decreased, because increasing EGR ratio
decreases fresh air flow and increases total equivalent ratio. Ignition delay is longer at
lower intake temperature and with EGR because of lower in-cylinder temperature
made from lower heat specific ratio and lower oxygen ratio. Both decreasing intake
temperature and using EGR, led to later CA50, longer CA10-90, lower Pmax, and
lower PRRR, because of slower chemical reaction in lower temperature or lower

oxygen ratio.

Figure 5.2 shows the in-cylinder pressure and HRRR when SOI is sweeping at 100°C
intake temperature and 60% of gasoline substitution ratio without EGR. SOI from 5°
CA to 30° CA BTDC, advances combustion. As SOI of diesel is advanced,
combustion timing is advanced except at 40°, 50° and 60° CA BTDC of SOI, with the
SOI of 0° CA BTDC having its combustion much later starting at around 15° CA
ATDC. Amongst these SOI conditions, 10° CA BTDC of SOI of diesel, has the

highest PHRR and shortest combustion duration, which is because combustion occurs
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around TDC, and moderate homogeneity of diesel mixture created, causes the rapid
combustion. The beginning of HRRR at 50° CA BTDC of SOI is slower than others
and even more so in the case of 60° CA BTDC, due to more diluted mixture and lower
charge temperature. This combustion, appears to be an RCCI-like combustion.
Optical analysis is required in order to have more detailed analysis. On the other
hand, it is also observed that at 5° CA BTDC of SOI, heat release of late combustion,
1s more like diesel combustion, and as expected the heat release for the SOI of 0° CA
BTDC is as low as the heat release rate for SOI of 50° CA BTDC and starts faster but

very late in comparison.

Figure 5.3 shows in-cylinder pressure and HRRR with the same SOI at different
intake conditions. SOI for all of these intake conditions is at a late injection timing of
5° CA BTDC. This graph shows that, at higher intake temperature, PHRR is lower,
combustion duration is shorter and ignition delay is shorter. Increasing EGR to 25% at
the same SOI and intake temperature increases the ignition delay as well as the heat
release rate with similar combustion duration. At intake temperature of 100°C without
any EGR, the start and duration of the combustion, as well as the heat release rate and
peak pressure, are almost the same as that of the intake temperature of 150°C with
25% of EGR with the 100°C intake temperature without EGR being slightly higher.
But as the EGR increases to 40% with 150°C intake temperature, it also shows the
similar effect to cooler intake as to heat release characteristics, with 40% EGR at
150°C intake temperature having the least heat release rate at a much later time in
comparison. At the conditions with EGR and the one with 100°C intake temperature,
heat release occurs slightly just before main heat release. This may be LTH (low
temperature heat release) of diesel fuel due to the longer ignition delay. Similar
observations were made when comparing different intake conditions at the same early

SOI timing.

Figure 5.5 demonstrates engine performances, emission and combustion
characteristics with the optimized SOI as to thermal efficiency and NOx at different
intake conditions, while displaying the effect of the injection timing for the same
exact condition with a later injection as well. Figure 5.4 shows in-cylinder pressure
and HRR for the same conditions as Figure 5.5. The intake conditions are: 50° CA
BTDC of SOI at 150°C of intake temperature without EGR, 45° CA BTDC of SOI at
100°C of intake temperature without EGR, 40° CA BTDC of SOI at 150°C of intake
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temperature with 25% EGR, and 35° CA BTDC of SOI at 150°C of intake
temperature with 40% EGR.

The results illustrate that increased intake temperature leads to a higher thermal
efficiency because of higher combustion efficiency, due to lower THC. EGR increases
the thermal efficiency because of lower heat loss from lower combustion temperature.
This is more apparent in later injection timings. Combustion efficiency or THC is not
decreased by EGR due to higher overall equivalent ratio, caused by less fresh air. It
can be observed that NOx is generally low at early SOI timings, but it can be seen
from the later diesel SOI timings that NOx is lower at 150°C of intake temperature
without EGR because the fuel mixture is more homogeneous with longer ignition

delay, by hotter intake condition without the EGR gas.

Increasing intake temperature decreases soot when not using EGR, and combustion

duration (CA10-90) is longer with higher intake temperature, or with EGR conditions.

The starts of combustion are pretty similar to each other in Figure 5.4, with diesel SOI
of 35° CA BTDC with 150°C of intake temperature and 40% EGR having the highest
heat release rate, at just before TDC, probably due to less time being available for
heat loss between start of injection and the start of combustion at this condition. The
slope of HRR in the condition with SOI of 45° CA BTDC and 100°C intake

temperature
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Figure 5.1 Comparison of engine performance, emission and combustion
characteristics at different intake conditions when gasoline substitution ratio is
60% and diesel injection is single injection
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Figure 5.4 in-cylinder pressure and HRRR with the optimized SOI at different
intake conditions, gasoline substitution ratio is 60%

and no EGR, changes around TDC. It is assumed that gasoline combustion is

accelerated by diesel combustion at this point.

The results of this section of the study shows that, increasing in-cylinder temperature
and using EGR, which has the similar effect as using internal EGR, are effective to

simultaneously reduce emissions and increase thermal efficiency.
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5.4.2 Comparison of Single and Split Diesel Injection with 60%
Substitution Ratio and Intake Air Temperature of 150°C

Figure 5.6 from top-left to bottom-right, illustrates Combustion Efficiency, Soot, CO,
THC, and NOx levels, Indicated Thermal Efficiency, Pmax, CA10-90 (Combustion
Duration), CA50 (combustion centre), Ignition Delay (from Injection Signal to CAS),
PHRR (Peak Heat Release Rate), PPRR (Peak Pressure Rise Rate), start of diesel fuel
injection signal timing, for split injection operations, second injection timing is

applied to the graph.

All of combustion characteristics are quite similar between the single and split
injection strategies. The combustion with the split injection strategy is controlled by
second injection. Where there is no EGR, split injection prevents knocking from 10°
CA to 45° CA BTDC of second SOI, due to more stratified mixture given by split
injection. Misfire limit with split injection is slightly narrower than the single
injection, due to the smaller amount of second injection, creates leaner diesel

mixture.

Figure 5.7 and Figure 5.8 show the in-cylinder pressure and HRRR with the same SOI
that are part of the same condition as Figure 5.6, including some of the same SOI with
EGR. Figure 5.7 illustrates the 5° CA BTDC of SOI for single injection of diesel and
5° CA and 40° CA BTDC of SOI for split injection of diesel. This figure shows that
the split injection strategy has an early, but lower heat release rate with a slow
combustion where there is no EGR used compared to single injection at same intake
conditions, and when using EGR, comparing single injection strategy with the split
injection strategy at the same intake conditions, shows the heat release rate of the split
injection to be still earlier than the single injection heat release rate, as well as being
slightly higher rate. This is because the retarded 1st injection can assists the
combustion start by reducing the ignition delay of the second injection, which results

in combustion starting during or just soon after second injection timing.

Figure 5.8 illustrates the in-cylinder pressure and HRRR with the same SOI that are
part of the same condition as Figure 5.6 but this time for the SOI of single diesel
injection at 50° CA BTDC and 5° CA BTDC, along with split diesel injection at 5° CA
and 40° CA BTDC. It is observed that at similar intake conditions, 150°C of intake

temperature and no EGR, late single injection of diesel has the highest heat release
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rate and shorter ignition delay, with start of combustion at 5° CA ATDC. With a single
early diesel SOI timing having the longer ignition delay with combustion starting at

around
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characteristics between single and split diesel injection, as well as EGR effect,
when substitution ratio is 60%, intake temperature is 150°C.

132

Pmax [bar]

CASD [CAATDC)

PHRR [J/CA]



80

Substitution Ratio 60% Intake Temperature 150 degC
— Single SOI 5CA BTDC w/o EGR
— — —Single SOI 5 CA BTDC EGR40% 70
— - — -Split SOI 40-5QA BTDC wio EGR
-------- -Split SOI 40-5GA BTDC EGR40% — 60
—t \\ o
7 ~ _
50 &
/ F \\s 8
/ '-' ‘\ (]
7 — — 40 5
i NN 7
140 e ~ *‘:;_\\ 30 &
120 e 20
Z 100 =" 10
Q
=
5 80 fA 0
§ I\
o
@ 60
w
© —_
D 40 I \ =
© X =
= /N AN~ g
© / \ s 1/ AN 2
[«F]} 20 i - s s [75)
- f AN /j\ \'\)( N 5
- o . -~ o
i et S ~ =
O / - T —— ﬁvﬁ e - _\ e é’_)‘
o
202 "
-40 -30 -20 -10 0 10 20 30 40
CA(deg)
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Figure 5.9 in-cylinder pressure and HRRR at different split SOl when intake
temperature is 150°C and gasoline substitution ratio is 60% with 40% EGR

10° CA BTDC, with the split diesel injection having the later, lower PHRR and slower
combustion because of leaner and more premixed fuel mixture given by the earlier
first injection and less amount of second injection. Figure 5.9 shows the in-cylinder
pressure and HRRR at different split SOI when intake temperature is 150°C and
gasoline substitution ratio is 60% with 40% EGR, where with 35° CA dwell between
the first and second diesel injection, operation with initial diesel injection at 65° CA
BTDC has the shortest ignition delay evident by the early heat release, and also has
the highest in cylinder pressure, and the late injection operation with initial diesel
injection at 40° CA BTDC has a longer combustion duration with a much lower in-
cylinder pressure rise. Therefore, result show that split injection causes more
diffusion-like combustion, which might be helpful to enhance thermal efficiency but
worsen soot.
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5.4.3 Effect of Substitution Ratio with Single Diesel Injection,
Intake Air Temperature of 150°C, and no EGR

The effect of gasoline substitution ratio on combustion and emissions are presented in
Figure 5.10. From top-left to bottom-right, it illustrates Combustion Efficiency, Soot,
CO, THC, and NOx levels, Indicated Thermal Efficiency, Pmax, CA10-90
(Combustion Duration), CA50 (combustion centre), Ignition Delay (from Injection
Signal to CAS), PHRR (Peak Heat Release Rate), PPRR (Peak Pressure Rise Rate),

start of diesel fuel injection signal timing.

The bottom-left graph shows the net indicated efficiency variation with SOI of diesel.
Looking back at Figure 4.10, diesel baseline operation has higher thermal efficiency
than dual fuel operations with gasoline substitution ratio of 60% and 75% because of

their higher combustion efficiency.

60% and 75% substitution ratio of gasoline are limited by knock, with 60%
substitution ratio having knock between 45° CA BTDC and 10° CA BTDC, and the
75% substitution ratio having knock between 35° CA BTDC and 10° CA BTDC of
diesel SOL.

All of dual fuel condition have misfire at early SOI, with 60% substitution ratio
having misfire as early as 70° CA BTDC of diesel SOI, and the 75% substitution ratio
having misfire as early as 55° CA BTDC of diesel SOI. All condition had also caused
misfire for diesel SOI after TDC.

When SOI for diesel is near TDC, NOx emissions are similar in all conditions,
including diesel only condition (Figure 4.10). The lowest NOx is obtained with
earlier SOI of diesel with lower gasoline substitution ratio, because of the longer

ignition delay for these conditions.
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Diesel baseline operation produces the lowest THC and CO and hence the highest
combustion efficiency. Dual fuel operation produces higher THC and CO due to
gasoline fuel trapped in crevices and over lean zones. Baseline diesel operation
produces the highest soot. The smoke level decreases with increasing gasoline
substitution ratio. Combustion efficiency of all dual fuel conditions increases up to a
certain point as SOI is advanced, beyond which, it decreases at later SOI, with 60%
substitution ratio having much higher combustion efficiency than the 75%
substitution ratio at the same SOI of diesel injection, for both early and late diesel

inject timings.

Diesel condition also has higher PRRR and PHRR than dual fuel condition due to

higher reactivity of diesel fuel.
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Figure 5.10 comparison of engine performance, emission and combustion
characteristics at different gasoline substitutions without EGR, when single
diesel injection timing is sweeping and intake temperature is constant 150°C
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Figure 5.11 shows the in-cylinder pressure and HRRR with different substitution
ratios of gasoline, at the same diesel SOI timing of 5° CA BTDC with 150° intake
temperature and no EGR. Heat release process begins at similar times at each
condition and to that of diesel only condition illustrated in Figure 4.11, with
combustion duration being slightly longer with 75% substitution ratio, as evidenced
by its higher pressure during the expansion stroke, while the heat release rate being
higher at 60% substitution ratio compared to that of 75% substitution ratio, and the
diesel only condition having the highest heat release rate (Figure 4.11). In-cylinder
pressure of 60% gasoline substitution ratio has a higher peak pressure, but after that,

both substitution ratios have the same pressure.

Figure 5.12 illustrates in-cylinder pressure and HRR with the optimized SOI for
emission and efficiency at different gasoline substitution ratios, with 150° intake
temperature and no EGR. Figure 5.13 shows engine performance and emission with
the same conditions as Figure 5.12, while displaying the effect of the injection timing

for the same exact condition with a later injection as well.

It must be noted that the 45% gasoline substitution ratio is ignored for the discussion

in this section due to its very low thermal efficiency, and high levels of NOx and soot.

When the gasoline substitution ratio is lower, optimized SOI is advanced further, so
that richer diesel mixture needs longer ignition delay to have proper combustion
timing, and combustion is milder and PHRR s slightly lower due to less local diesel
rich mixture area by means of earlier injection timing. In terms of emissions, lower
gasoline substitution ratio, decreases NOx with more homogeneous diesel mixture,
and same can be said for THC. The thermal efficiency at lower substitution ratio is
worse, be it very minor, due to too advanced combustion timing. Again, when
neglecting the 45% Gasoline substitution ratio, increasing the substitution ratio from
60% to 75%, increases the soot emission, probably due to having a lower combustion
temperature in order to oxidise soot. 45% substitution ratio has high level of soot due

to overall diesel rich mixture.
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5.5 Summary

The results obtained from the experiments conducted for this chapter illustrates the
effect that different factors, such as intake air temperature, EGR, different injection
strategies including single and split diesel injection, as well as various fuel
substitution ratios, have on efficiency, performance, and emission output for Diesel-
Gasoline dual-fuel engine operations. The diesel gasoline dual-fuel combustion
engine operation under certain conditions and parameters tested, has the potential of
achieving high efficiency as well as lowered NOx and soot emissions. The summary

of these conclusion are presented in more detail below.

A. Single and split injection dual fuel:

e As before, in conventional dual fuel combustion that uses a single late diesel
injection, EGR is effective in reducing NOx produced, because of the lower
oxygen concentration and higher heat capacity, and increased thermal
efficiency due to less heat loss an less THC. Lower intake temperature has a
good effect on NOx and thermal efficiency. That suggests that external cooled
EGR can have a benefit for emission and thermal efficiency.

e In premixed dual fuel combustion that includes an early diesel injection and a
later diesel injection, EGR is effective to reduce THC, and increase thermal
efficiency caused by higher equivalent ratio. Increased intake temperature has
the advantage of improving THC, and NOx levels, and efficiency as well,
because of higher in-cylinder temperature and more homogeneous
combustion. That suggests that external hot EGR or using internal EGR can

have a benefit for emission and efficiency.

B. Effect of SOI of diesel during the dual fuel operations:

e Second injection timing of split injection and injection timing of single
injection have similar effects on combustion characteristic, such as ignition
delay, CA50, PHRR etc.. Which means, combustion is primarily controlled by
the second injection timing, but they are slightly different due to the effect of

heat release or distribution of diesel fuel mixture from the first diesel injection.

141



When second injection timing and single injection timing are the same ,NOXx,
THC and CO trend of both injection strategies are similar but NOx of split
injection is slightly lower.

Thermal efficiency of split injection is higher when second injection timing
and single injection timing are the same. Late second injection timing
improves thermal efficiency compered to late single injection, but has worsen
soot. This is because late split injection, makes more diffusion-like
combustion with shorter ignition delay of second injection since combustion
of first injection starts before or during the second injection, and this
combustion makes milder heat release rate with lower heat loss and more soot

emission.

. Comparison of dual fuel single injection operation and baseline diesel
combustion:

Combustion of single diesel injection is more intense than that of dual fuel,
with higher PHRR and shorter combustion duration, due to higher chemical
reactivity of diesel fuel.

THC and CO of dual fuel combustion is higher and hence, lower combustion
efficiency. This is because gasoline homogeneous mixture in piston crevice
and around cylinder liner, where are gas with low temperature hardly
combusts or is quenched by lower temperature zone.

Overall, dual fuel combustion has a big advantage in reducing soot emission

because of leaner diesel fuel mixture.

142



Chapter 6.

Comparison of Diesel-Ethanol and Diesel-Gasoline

Dual Fuel Operations

6.1 Introduction

In the last two chapters, the thermodynamic properties and the emissions data from
diesel-ethanol dual fuel operation and the diesel-gasoline dual fuel operation were

analysed and discussed.

Table 6.1 Comparison of gasoline and ethanol fuel properties [187]

Fuel Properties Gasoline Ethanol
Molecular weight [kg/kmol] 111 46
Density [kg/1] at 15°C 0.75 0.80-0.82
Oxygen content [wt-%] 34.8
Lower Calorific Value [MJ/kg] at 15°C 41.3 26.4
Lower Calorific Value [MJ/1] at 15°C 31 21.2
Octane number (RON) 97 109
Octane number (MON) 86 92
Cetane number 8 11
Stoichiometric air/fuel ratio [kg air/kg fuel] 14.7 9.0
Boiling temperature [°C] 30-190 78
Reid Vapour Pressure (RVP)* [kPa] at 15°C 75 16.5

*RVP is a common measure of the volatility of gasoline. It is defined as the absolute vapor pressure exerted by a liquid at

37.8 °C as determined by the test method ASTM-D-323 [188].
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Compared to gasoline fuel, ethanol has a higher octane number, wider flammability
limits, higher flame speeds and higher heats of vaporisation. But ethanol has a lower
energy density and vapour pressure than gasoline. Table 6.1 shows a comparison of
the fuel properties of both ethanol and gasoline. The effect of such difference in their
properties on the dual fuel combustion and emissions is analysed in the following
sections. All the results are carried over from the previous two chapters at 1200rpm

and with a constant fuel energy input.

6.2 Thermodynamic and Emission Comparison at Various
Intake Conditions with 60% Substitution Ratio and

Single Diesel Injection

Figure 6.1 from top-left to bottom-right, illustrates Combustion Efficiency, Soot, CO,
THC, and NOx levels, Indicated Thermal Efficiency, Pmax, CA10-90 (Combustion
Duration), CA50 (combustion centre), Ignition Delay (from Injection Signal to CAS),
PHRR (Peak Heat Release Rate), PPRR (Peak Pressure Rise Rate), start of injection

signal timing of diesel fuel.

In the bottom left graph, indicated efficiency to diesel SOI (start of injection) is
illustrated. It is noted that the diesel-ethanol combustion is more restricted by misfire
at early diesel fuel injection, because of the higher octane number of ethanol and
slightly lower charge temperature due to its higher enthalpy of evaporation. Where the
data are available for both fuel types, it is easy to see that diesel-ethanol operations
have slightly better thermal efficiency than diesel-gasoline operation at the same
diesel SOI. The best overall thermal efficiency is achieved with diesel-ethanol
operation at 5°CA BTDC of diesel SOI with 150°C of intake temperature. In
particular, diesel-ethanol dual fuel combustion is characterised with higher
combustion efficiency and lower uHC and soot emissions because of the oxygen

content in ethanol.
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Figure 6.1 Comparison of engine performance, emission and combustion
characteristics between diesel-ethanol and diesel-gasoline operations at
different intake conditions when substitution ratio is 60% with single diesel
injection.
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Figure 6.2 and Figure 6.3 compares the in-cylinder pressure and HRRR for both
diesel-ethanol and diesel-gasoline operations at 100°C and 150°C intake temperature
respectively. In both cases, the start of diesel-gasoline combustion is earlier than that
of the diesel-ethanol combustion. However, the effect of fuel properties on the heat
release process is different at the two intake temperatures. At the lower intake charge
temperature, the diesel-gasoline operation exhibits faster and higher heat release rate
than the diesel-ethanol when the ignition delay is relatively long. As the intake
temperature is increased, the start of combustion occurs near the TDC and the heat

release rate of diesel-ethanol becomes greater than that of diesel-gasoline.

In Figure 6.2, the diesel-gasoline operation with 5°CA BTDC injection timing, is very
close to the knocking region as shown in Figure 6.1, and this effect can be seen on the

pressure curve of this condition below (Figure 6.2).
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Figure 6.2 In-cylinder pressure and HRRR for both diesel-ethanol and diesel-
gasoline operations when diesel SOl is 5°CA BTDC at 100°C intake
temperature and 60% of substitution ratio without EGR.
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Figure 6.3 In-cylinder pressure and HRRR for both diesel-ethanol and diesel-
gasoline operations when diesel SOl is 5°CA BTDC at 150°C intake
temperature and 60% of substitution ratio without EGR.

Figure 6.4 illustrates the in-cylinder pressure and HRRR with early diesel SOI, at
34°CA BTDC for the diesel-ethanol operation and at 60°CA BTDC and 50°CA BTDC
for the diesel-gasoline operation, at 150°C intake temperature and 60% of substitution
ratio without EGR. The diesel-ethanol operation has the shortest ignition delay with
the heat release for this operation starting at the same angle as that of the diesel-
gasoline operation with diesel SOI of 60°CA BTDC. The diesel-ethanol operation has
the highest heat release with the diesel SOI of S0°CA BTDC for the diesel-gasoline
operation having the higher heat release and shorter ignition delay of the two diesel-
gasoline operations, as well as the highest in-cylinder peak pressure of all three
operations discussed here, while the combustion duration for all three is the same.
This shows that with optimized early diesel SOI, the diesel-ethanol operation has a

higher heat release with a lower in-cylinder peak pressure.
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Figure 6.4 In-cylinder pressure and HRRR with early diesel SOl at 150°C
intake temperature and 60% of substitution ratio without EGR.
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Figure 6.5 Engine performances and Emission with the optimized SOI at
150°C intake temperature and 60% of substitution ratio without EGR.

Figure 6.5 demonstrates the engine performances,

emission and combustion

characteristics with the optimized SOI for diesel-ethanol and diesel-gasoline dual fuel

operations at the same conditions as mentioned in Figure 6.4, while displaying the

effect of the injection timing for the same exact condition with a later injection as

well.
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With the highest heat release rate, the results illustrate that the diesel-ethanol
operation with optimized diesel SOI and intake conditions, for both early and late
diesel injection timings, has the highest net indicated thermal efficiency compared to
that of the diesel-gasoline operations. This is also true for the combustion efficiency
where the diesel-ethanol operation with early diesel injection timing has the highest
combustion efficiency followed by the diesel-gasoline operation with the diesel

injection timing of 50°CA BTDC.

However, the diesel-ethanol operation produces the highest amount of NOx amongst
the three operations under investigation here, but the lowest THC, and very low, close
to zero, soot emissions, the higher levels of THC and CO achieved in the diesel-
gasoline operations could be due to the fuel, gasoline homogeneous mixture, trapped
in piston crevice, cylinder liner, head and other such lower temperature zones hardly
combusts or is quenched by these lower temperature zone, and hence the lower

combustion efficiency for these operations.
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6.3 Thermodynamic and Emission Comparison with
Varying Injection Timing and Ignition Delay with
Constant Intake Conditions

Figure 6.6, from top-left to bottom-right, demonstrates Combustion Efficiency, Soot,
CO, THC, and NOx levels, Indicated Thermal Efficiency, Pmax, CA10-90
(Combustion Duration), CA50 (combustion centre), Ignition Delay (from Injection
Signal to CAS), PHRR (Peak Heat Release Rate), PPRR (Peak Pressure Rise Rate),
with respect to start of injection signal timing of diesel fuel for diesel-ethanol and
diesel-gasoline operations when substitution ratio is 60%, intake temperature is 150°C

and no EGR.

In the bottom left graph, indicated efficiency to SOI is illustrated. For the diesel-
ethanol operation at these intake conditions, 150°C of intake temperature and no
EGR, the data cannot be collected between 10° CA to 20° CA BTDC SOI due to the
presence of violent combustion and therefore high knocking, and on the other hand,
after 5° CA BTDC and before 28° CA BTDC of SOI, misfire occurs. The same can be
said for the diesel-gasoline operation, where the data cannot be collected between 10°
CA to 45° CA BTDC SOI due to the presence of violent combustion and therefore
high knocking. This allows for earlier diesel injection timings for the diesel-gasoline
operation, while the diesel-ethanol operation has less chance of knocking when

injecting closer to TDC.

Where the data is available for both operations for the same diesel injection timing,
the diesel-gasoline operation produces less NOx compared to diesel-ethanol operation
at the same diesel SOI, with the diesel-gasoline operation with early diesel injection
timing, earlier than 50° CA BTDC, showing almost zero NOx, and the diesel injection
timing of 25° CA BTDC for the diesel-ethanol operation resulting in the maximum

NOx production among the conditions and timings discussed in this section.

Soot is generally very low across all dual fuel operations, with diesel-ethanol
operation having the lowest overall levels of soot production, as well as having lower
THC and CO levels compared to the diesel-gasoline operation, and consequently,
higher combustion efficiency, with the highest at diesel injection timing of 30° CA
BTDC for the diesel-ethanol operation.
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Where the data for both fuel mixture operations is available for the same diesel
injection timing, it can be observed that the diesel-gasoline operation has a slightly
higher peak heat release rate as well as higher peak pressure rise rate when diesel SOI
is at and very close to TDC, with a slightly shorter ignition delay, which could all be
due to the higher reactivity of the gasoline fuel compared to that of the ethanol fuel.
This trend is reversed as the diesel injection timing advances and the ignition delay

increases, for both fuel mixture operations.

Combustion duration is overall very short for all fuel mixtures and conditions, but at
diesel SOI of TDC, diesel-ethanol operation has the longest combustion duration with
the diesel-gasoline operation having a shorter combustion duration. Advancing the
diesel injection beyond 50° CA BTDC for the diesel-gasoline operation, does not

affect the combustion duration.
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Figure 6.7 Comparison of engine performance, emission and combustion
characteristics between diesel-ethanol and diesel-gasoline operations when
substitution ratio is 60%, with different intake temperature, and no EGR, in
relation to Ignition delay.

Figure 6.7 from top-left to bottom-right, illustrates Combustion Efficiency, NOx
levels, CA10-90(Combustion Duration), and PHRR (Peak Heat Release Rate, as a
function of the Ignition delay of diesel fuel.
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The bottom-left graph shows the NOx emission level variation in respect to ignition
delay. The results show for all conditions, specifically diesel-gasoline operations, that
where the ignition delay is longer than 5 milliseconds, there is almost no NOx
emission, with a small increase between 5ms to 3ms ignition delay. This is due to the
fuel mixture becoming more homogeneous with longer ignition delay, especially with
the hotter intake condition. As the ignition delay becomes shorter, the NOx levels
increase, with the diesel-ethanol operation with 150°C intake temperature having the
maximum level of NOx emission among all of these operation conditions. where the
two dual fuel operations with similar intake conditions have the same ignition delay, it
is observed that the diesel-ethanol operation usually has a slightly higher level of NOx
emission. Comparing the lowest NOx of each intake condition, NOx at higher intake
temperature is lower and without EGR, NOx is lower, because more premixed and
leaner mixture of diesel fuel, due to earlier SOI and long ignition delay, decreases

NOx levels.

While higher intake temperature improves the combustion efficiency, as the ignition
delay increases, so does the combustion efficiency, until a certain point, beyond
which, the combustion efficiency begins to decrease. But with the same ignition delay
and intake conditions, the diesel-ethanol operations offer higher combustion

efficiency.

For diesel-gasoline operations, as the ignition delay increases, so does the combustion
duration (CA10-90), which is again due to the well mixed and homogeneous fuel
mixture. With diesel-ethanol operations however, the relation between ignition delay
and combustion duration is a less predictable trend. Although the combustion duration
does tend to increase with increasing ignition delay, for both intake conditions, there
is a maximum peak in combustion duration at around 1.5ms ignition delay, which
drops at 2ms ignition delay, only to increase again as the ignition delay increases
beyond 2ms. Both dual fuel operations experience their longest combustion duration
with the intake temperature of 100°C, with the longest ignition delay for the said
operation. For both dual fuel operations, the operation with lower intake temperature

has the longer combustion duration.

The heat release rate in relation to ignition delay, follows the same trend as the
combustion duration but in reverse, that is, as the ignition delay increases, the heat

release rate decreases, with diesel-ethanol operation with 150°C intake temperature
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having the highest heat release rate with 1.5ms of ignition delay. This could be due to
the higher volatility of the diesel-gasoline fuel mixture and the better mixing of the
fuel with air. For both dual fuel operations, the operation with higher intake

temperature has the greater heat release rate.
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6.4 Summary

In this chapter, the results from the two previous chapters were put together in order
to enable the comparison of dual-fuel diesel engine efficiency, performance, and
exhaust emissions, under two different dual-fuel operation modes, namely Diesel-
Ethanol and Diesel-Gasoline, and the effect of different operation parameters like
intake air temperature and EGR, as well as different fuel substitution ratio on each
fuel mixture operation. Depending on the testing conditions, such as injection strategy
and intake conditions, both dual-fuel operations were able to deliver high efficiency
and improved emissions compared to that of a pure diesel engine operation, with the
diesel-gasoline operation offering more consistency in improved thermal efficiency,
and the diesel-ethanol operation delivering lower emission output. The main

conclusions from these comparisons are summarized in detail below.

Efficiency:

e When comparing the two dual fuel operations, diesel-ethanol operation and
diesel-gasoline operation, with the same substitution ratio to diesel, 60% for
this study, the thermal efficiency of the engine operation is higher for
operations with lower intake temperature, 100°C being the lower intake
temperature for this study, which is possibly due to the lower heat loss for this
conditions. of the two dual fuel operations, the diesel-ethanol operation
produces the higher thermal efficiency output, with late diesel injection
timings close to TDC. Relatively the same results can be achieved from the
diesel-gasoline operation under the same conditions, with early diesel
injection timings, creating a more HCCI (Homogeneous Charge Compression
Ignition) like combustion, also known as RCCI (Reactivity Controlled
Compression Ignition) combustion for dual fuel operations.

e At lower intake temperatures, the diesel-gasoline operation allows for a wider
range of diesel injection timing, without incurring any misfire or knocking,
compared to the operation range of diesel-ethanol dual fuel operation, which
has a smaller diesel injection timing range, thus not allowing for the diesel

injection to be advanced much.
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At the same substitution ratio, increasing the intake temperature to higher
levels, 150°C being the higher intake temperature for this study, slightly
increases the diesel injection timing range before incurring any misfire,
allowing for more advanced diesel injection timing, which produces roughly
the same thermal efficiency as the lower intake temperature with late diesel
injection timing.

Increasing the intake temperature reduces the diesel injection timing range for
the diesel-gasoline operation by increasing the chance of incurring knock, all
without improving the thermal efficiency compared to the diesel-ethanol
operation with the same intake conditions, nor the diesel-gasoline operation
with lower intake temperature.

However, the same cannot be said about combustion efficiency, as increasing
the intake temperature leads to a higher combustion efficiency, with diesel-
ethanol operation at 150°C of intake temperature with single diesel injection
timing having the best combustion efficiency at diesel injection timing of 30°

CA BTDC.

Emissions:

When comparing the two dual fuel operations, diesel-ethanol operation and
diesel-gasoline operation, with the same substitution ratio to diesel, 60% for
this study, regardless of intake conditions, the operations with diesel injection
timings earlier than 35° CA BTDC produce very little, close to zero, levels of
NOx emissions. This is mainly due to the longer ignition delay with early
diesel SOI, creating a more premixed and leaner, more homogeneous mixture
of diesel fuel.

Knowing that higher intake temperature increases NOx at the same diesel SOI
timing, the highest level of NOx emissions is observed in the diesel-ethanol
operation with 150°C of intake temperature and diesel injection timing of 25°
CA BTDC. This is also true for the diesel-gasoline operation with diesel
injection timing of 5° CA BTDC, where the operation with 150°C of intake
temperature has a slightly higher level of NOx emission compared to that of

the operation with 100°C of intake temperature.
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Where the NOx emission level is available for all, or most, operation
conditions at the same diesel injection timing, lower intake temperature results
in lower NOx with the diesel-ethanol operation having the lowest level with
early diesel injection timing, and diesel-gasoline operation having the lowest
NOx emission level for late diesel injection timing, suggesting that early
diesel injection at lower intake temperature with diesel-ethanol operation,
allows for a leaner diesel fuel mixture, resulting in a more RCCI like
combustion with lower NOx emission levels.

When diesel SOI is near TDC, NOx emissions are similar in all conditions,
including diesel condition. This is due to the combustion of the diesel fuel
mixture being dominant source of NOx formation, as there is not enough time,
short ,ignition delay, to create a well-mixed fuel.

Soot emission is very low in all conditions of the diesel-ethanol dual fuel
operation. It is assumed that soot levels peak at around 25° CA BTDC diesel
injection timing with 100°C of intake temperature, is caused by the diesel fuel
not being injected into the combustion bowl properly.

Increasing intake temperature decreases soot when not using EGR. This is true
for most conditions, and specially at early diesel injection timings, and where
the soot levels is available for all conditions at the same diesel SOI, the diesel-
ethanol operation with higher intake temperature has the lowest level of soot

emission level.
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Chapter 7.

In-cylinder Optical Measurements and Analysis of

Dual Fuel Combustion

7.1 Introduction

Based on the thermodynamics testing and emission measurements, further studies
were carried out on in-cylinder mixture formation and combustion process by means

of optical measurements.

First the data collected from the optical testing of the diesel-ethanol dual fuel
operation and the diesel-gasoline dual fuel operation will be presented and analysed
respectively. A comparison will then be made between the two dual-fuel operations

as well as to the images collected from the diesel only operation.

7.2 Optical Measurement Setup

The engine has the optical access through the window in the piston crown via a 45°
mirror mounted below, whose optical layout for optical test is illustrated in Figure 7.1.
Table 7.1 gives the details of the camera, intensifier, lens and high repetition copper

vapour laser.
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Figure 7.1 Sectional Schematic View of the Optical Layout

Table 7.1 Optical Setting of Camera, Lens, Intensifier, Lens, Laser

High Sped Camera NAC Memrecam FX6000
6000 (w/ intensifier)
10000 (w/o intensifier)
512 x 384 (w/ intensifier)
512 x 248 (w/o intensifier)
Intesifier DRS ILS-3-11
UV-Nikkor 105mm /4.5 (w/ intensifier)

Frame Speed (fps)

Frame Size (pixel)

Lens
AF Micro-Nikkor 60mm f/2.8D (w/o intensifier)
CU15 Oxford
Wave length 511 nm
Laser

Pulses Width 10-40ns
Pulse Repetition Rate 10 kHz

Due to the different characteristics of the combustion for each of the three different
fuel mixture, pure diesel, diesel-ethanol dual fuel, and diesel-gasoline dual fuel, the
equipment utilized and their setup to collet in-cylinder injection and combustion high-

speed footage varies.

A high speed image intensifier is installed in front of the high speed video camera to
detect faint luminosity of dual fuel combustion without laser but not used for diesel
combustion to protect intensifier from strong luminosity of diesel diffusion

combustion, as shown in Figure 7.2. With the intensifier, the image was recorded as
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monochrome images and the same image intensifier level of 80% is used for all dual
fuel combustion for direct comparison. The high speed laser is used for diesel
combustion to obtain clearer combustion image and fuel spray image as shown in
Figure 7.3. In particular, the short laser pulse width of less than 40 ns enables the
sharp recording of the high speed fuel spray to be obtained without blur. The high
speed video images and in-cylinder pressure from the same cycle are recorded and

analysed.

To analyse combustion area and intensity of combustion luminosity, in-house code in
MATLAB is used. After combustion images are converted into grey scale images,
combustion area is defined by a threshold of intensity and mean intensity is calculated
as the average intensity of a whole combustion chamber. Intensity of luminosity is
dependent on chemical substance as well as its concentration and its temperature, so

higher intensity is related to richer mixture or higher temperature.

Camera to Intensifier

Connector

|

e
High Speed High Speed Image Wide Angle
Camera Intensifier Lens

Figure 7.2 High Speed Imaging using High Speed Intensifier
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Figure 7.3 High Speed Imaging using Copper Vapor Laser

7.3 Test Conditions

Due to the greater heat loss and leakage with the glass piston crown, both the intake
pressure and intake temperature are raised to higher values than those of the metal
piston operation. Other conditions are kept the same as thermal engine test. Table 7.2
below shows the test condition of optical engine experiments. Intake temperature is
adjusted to obtain the proper combustion timing. The focus of the in-cylinder study in
the optical diesel engine is to understand the difference in mixture formation, ignition
and combustion with different diesel injection strategies and ethanol/gasoline

substitution ratios.

Figure 7.4 below shows the position of intake and exhaust valve and diesel injection

spray angle in image. Dotted lines are injection spray angle.
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Table 7.2 Test condition of optical analysis

Engine Speed (rpm) 1200

Rail Pressure (bar) 500

Total Fuel Energy (kJ/sec) constant 5.2
Intake Pressure (bar) 1.1 bar
Intake Temperature (°C) 150-200

Substitution Ratio of Ethanol (%) | O(diesel only), 45, 60, 75
Diesel Injection Strategy Single, Split
EGR Rate (%) 0

Figure 7.4 Image of combustion chamber through the glass piston without
combustion

7.4 Results and Discussion

In this section the results from the captured images for every fuel mixture operation is

presented and discussed.
7.4.1 Diesel only and Diesel-Ethanol dual fuel combustion

Figure 7.5 shows in-cylinder pressure, HRR, combustion area and the image sequence
obtained simultaneously through high speed video imaging technique without image
intensifier during a single diesel injection operation, when SOI is 5 CA BTDC . With
in-house MATLAB code, the displayed image is obtained by subtracting the back

ground image from the original one.
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1" picture at -1.2 CA ATDC shows the start of fuel spray jet where fuel sprays are
uneven due to uneven pressure inside of injector holes, a characteristic of the VCO
type nozzle. The difference in the SOI and the optical image is caused by the delay in
actuating the solenoid and lifting of the needle in the injector. At the next image, fuel
spray jet developed more and penetration length becomes longer reaching almost the
side wall of combustion chamber. 3" image at 8.3 CA ATDC  shows the first
combustion site at the tip of one of fuel sprays, which matches the beginning of main
heat release rate. However, the heat release starts slightly around 5 CA ATDC and is
not visible in the combustion image because of the lower temperature. At 4™ frame,
combustion developed primarily with blue flame combustion due to premixed
combustion and a little bit luminous flame due to diffusion combustion. Combustion
is separated into 6 groups from the 6 fuel sprays. At 5 frame at 11.9 CA ATDC, the
area of luminous flame spreads around the chamber but the centre of chamber
remains dark with no combustion . At 6™ frame at 14.1 CA ATDC, combustion is still
observed even though HRR is finished when more visible light emission is produced

by the combustion of soot with much less additional heat released.
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Figure 7.5 Direct combustion Image of diesel combustion without intensifier at
5CA BTDC of SOl

Figure 7.6 shows in-cylinder pressure, HRR, combustion area, intensity of
combustion luminosity and the image sequence obtained simultaneously through high

speed video imaging technique with image intensifier at single dual fuel combustion
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when SOI is 5 CA BTDC, substitution ratio is 60%. The HRR graph shows that first
small HRR occurs at 5 CA ATDC but combustion is not observed until 6.6 CA ATDC
when the main HRR starts. As shown in 1 frame of images, combustion starts in the
centre and at upper side of the combustion chamber around exhaust valves. At 2
frame, although combustion luminosity increases, combustion does not spread whole
combustion chamber. At 3™ frame 10.3 CA ATDC, combustion is seen almost in
whole combustion chamber except the centre and gaps of each diesel fuel spray which
is black area in the image. The timing of peak combustion area and intensity
correspond with the peak HRR. From 3™ frame, a lot of strong luminosity spots are
observed as soot produced from local rich mixture of diesel fuel is burnt. Through all
frames at this condition, combustion is not seen to develop to whole combustion
chamber. In some area of diesel combustion, combustion luminosity is not seen either
in Figure 7.5 because this black area does not have fuel mixture. However, dual fuel
has homogeneous ethanol-air mixture even in unburned black area in the images.
During diesel only operation fuel-air mixture entrained by diesel fuel sprays exists
just along fuel sprays, where combustion occurs. On the other hand, with the dual fuel
operation, diesel fuel sprays entrain air and premixed ethanol and then make local rich
area along fuel spray but other zone has just lean premixed ethanol distributed, so
combustion progresses in the richer area and not spread enough to other lean area.
This causes higher THC and lower combustion efficiency of the duel fuel combustion.
Later combustion with little heat release is seen at the last frame and in the

combustion area and intensity graph as well.

Figure 7.7 shows in-cylinder pressure, HRR, combustion area, intensity of
combustion luminosity and the image sequence with image intensifier when SOI is
advanced to 28 CA BTDC during the diesel-ethanol dual fuel combustion with 60%

substitution rate.

Compared to Figure 7.6, the location of combustion beginning is at exhaust valve side
but closer to the wall of combustion chamber in 1% and 2" frames due to longer
penetration length from longer ignition delay of diesel fuel. Combustion spreads
towards the centre from the periphery in 2™ to 4" frame as HRR and combustion area
increase. Combustion luminosity is seen in the whole combustion chamber at 3.0 to
5.0 CA ATDC. Compared to the late single injection in Figure 7.6, little combustion
of unburned fuel is present around the centre of chamber. In the last frame, late
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combustion is observed around the periphery. Overall, intensity of combustion
luminosity is much lower with early injection than that with late injection because of

more premixed combustion.
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Figure 7.6 Direct combustion Image with intensifier when substitution ratio is
60%, diesel SOl is 5CA BTDC
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Figure 7.7 Direct combustion Image with intensifier when substitution ratio is
60%, diesel SOl is 28CA BTDC

Figure 7.8 shows in-cylinder pressure, HRR, combustion area, intensity of
combustion luminosity and the image sequence with image intensifier at split dual
fuel combustion with 60% ethanol when the first and second SOI are at 63 and 28 CA
BTDC. 2" injection timing is the same as Figure 7.7. Combustion seems to start at

the outer region in 1 frame at -7.4 CA ATDC, especially at the lower area and the left
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upper area. The first luminosity seen is earlier than HRR start. This is because 1%
fuel spray at very early timing is injected outside of the piston bowl, and then this fuel
mixture starts combustion after long ignition delay. Compared to Figure 7.7,
combustion occurs simultaneously in wide regions due to 1% very early injection.
Combustion spreads towards the centre from the periphery in 2™ to 5™ frame as HRR
and combustion area increase. The intensity peak of combustion luminosity is a little
bit earlier than peak HRR and peak combustion area, indicating local richer mixture
area burns before the combustion of premixed lean ethanol mixture. Throughout
whole combustion process, intensity of combustion luminosity is lower than single

early injection in Figure 7.7.

Figure 7.9 shows in-cylinder pressure, HRR, combustion area, intensity of
combustion luminosity and the image sequence with image intensifier at split dual
fuel combustion with 60% ethanol when the split SOI timings are retarded to 30 and
5 CA BTDC, substitution ratio is 60%. 2™ injection timing is the same as Figure 7.6.
At 1% frame -6.8 CA ATDC, combustion luminosity begins faintly at the upper side.
In the following frame, the faint luminance spread and strong luminosity occurs
around injector nozzle and fuel spray jet is visualized thanks to the strong luminosity.
At 3" frame, the area with strong luminosity expands. This strong luminosity is due to
diffusion combustion of diesel fuel mixture due to the shorter ignition delay time
caused by higher in-cylinder temperature of the combustion of Ist injection. At 4%
frame, the area of the strong luminosity peaked and then decreased through 4™ to 6
frame. In the graph, intensity peak is earlier than peak HRR, meaning this strong
luminosity is not engaged with heat release directly. Combustion area in the graph is
not calculated accurately due to too strong luminosity. Such a strong luminosity from
diffusion combustion indicates more soot formation, illuminating strongly during
combustion. This diffusion combustion can enhance the temperature around the centre
of combustion chamber and reduce the temperature around the wall with shorter spray

penetration length for combustion beginning before end of injection.
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Figure 7.8 Direct combustion Image with intensifier when substitution ratio is
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Figure 7.10 shows in-cylinder pressure, HRR, combustion area, intensity of
combustion luminosity and the image sequence with image intensifier at single dual
fuel combustion when SOI is 42 CA BTDC, substitution ratio is 45%. At 1% frame -
2.8 CA ATDC, combustion luminosity begins very faintly around right side and left
upper side. At 2™ frame, the faint luminance spread. From the 3™ frame onward, the
area of combustion can be seen to expand to cover the most of the combustion
chamber before ending. The lack of high luminous combustion is due to the

homogeneous mixture because of the early diesel injection.

Figure 7.11 shows in-cylinder pressure, HRR, combustion area, intensity of
combustion luminosity and the image sequence with image intensifier at single dual
fuel combustion when SOI is 15°CA BTDC, substitution ratio is 75%. At 1% frame,
combustion starts at the upper sides near exhaust valves, and then at the next frame,
strong luminosity occurs around the centre of upper side due to local richer fuel
mixture distributed by later injection and uneven fuel spray. Through frame 2" to 4"
which is 1.2 to 7.3°CA ATDC, combustion area spreads and mean intensity of
combustion luminosity increases in the graph. Even though combustion area, intensity
and HRR reach the peak, combustion luminosity is not observed in some area around
lower side. At 5™ frame, some bright spots are seen that seems to be luminous flame
of soot caused by injector dribbling. Compared to Figure 7.7 and Figure 7.10, peak
intensity of combustion luminosity is higher because of more stratified diesel fuel
mixture from later injection timing even though amount of diesel fuel is less. This fact
matches the emission results that NOx at 75% of substitution is higher than that of

lower substitution.
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7.4.2 Diesel-Gasoline Operation

Figure 7.12 shows in-cylinder pressure, HRR, combustion area, intensity of
combustion luminosity and the image sequence obtained simultaneously through high
speed video imaging technique with image intensifier at single dual fuel combustion
when SOI is 5° CA BTDC, substitution ratio is 60%. The HRR graph shows that
around 1° CA ATDC HRR occurs, which can be observed from the first frame, where
the main HRR start, combustion starts at upper right side of the combustion chamber,
possibly due to the higher gas temperature around exhaust valves. At second frame,
2.2° CA ATDC, combustion luminosity is increased, and the combustion almost
spread throughout the entire combustion chamber except the centre and gaps between
each of diesel fuel spray, which is black area in the image. The timing of peak
combustion area and intensity correspond with peak HRR. Here, a lot of strong
luminosity spots are observed. This seems to be flame luminosity of soot combustion
due to soot made from local rich mixture of diesel fuel or injector dribbling. At this
condition through all frames, combustion is not seen to develop to entire combustion
chamber. In some area of diesel combustion, combustion luminosity is not seen in
Figure 7.5 either, because this black area does not have fuel mixture. However, dual
fuel has homogeneous gasoline-air mixture even in unburned black area in the
images. At diesel condition fuel-air mixture entrained by diesel fuel sprays exists just
along fuel sprays, where combustion occurs. On the other hand, at dual fuel operation,
diesel fuel sprays entrain air and premixed gasoline and then make local rich area
along fuel spray but other zone has just lean premixed gasoline distributed, so
combustion progresses in the richer area and not spread enough to other lean area.
This cause unburned fuel, meaning high THC and low combustion efficiency at duel
fuel condition compare to diesel combustion. Later combustion like diesel combustion

is seen at the last frame and in the combustion area and intensity curve as well.

Figure 7.13 shows the images from the same condition when no image intensifier is
used for collecting the high-speed video, and therefore, only the luminosity from the
diesel combustion is recorded. When compared with Figure 7.12, it shows a much
smaller value of the total combustion area, with the same pressure and HRR curve. At
the first frame at 1.7° CA BTDC, the spray from the diesel injection can also be

observed.
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Figure 7.12 Direct combustion Image with intensifier when substitution ratio is
60%, diesel SOl is 5CA BTDC

Figure 7.14 illustrates in-cylinder pressure, HRR, combustion area, intensity of
combustion luminosity and the image sequence with image intensifier when the single

diesel SOl is 50° CA BTDC, with gasoline substitution ratio of 60%.
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Figure 7.13 Direct combustion Image without intensifier when substitution
ratio is 60%, diesel SOl is 5CA BTDC

Compared to Figure 7.12, the location of combustion beginning is at exhaust valve
side but closer to wall of combustion chamber in first and second frames due to longer
penetration length from longer ignition delay of diesel fuel. Combustion spreads
towards the centre from the periphery in second to fourth frame as HRR and
combustion area increase. Combustion luminosity is seen in the entire combustion

chamber at 3.9° to 1.5° CA BTDC. Compared to late single injection, less unburned
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fuel is present around the centre of chamber. In the last frame , late combustion is
observed around the periphery. Overall, intensity of combustion luminosity is much
lower with early injection than that with late injection because of lower combustion

temperature and more uniformed mixture during combustion.
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Figure 7.14 Direct combustion Image with intensifier when substitution ratio is
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Figure 7.15 Direct combustion Image with intensifier when substitution ratio is
60%, diesel injection is split injection and SOl is 40-5CA BTDC

Figure 7.15 shows in-cylinder pressure, HRR, combustion area, intensity of
combustion luminosity and the image sequence with image intensifier at split dual
fuel combustion when SOI is 40°-5° CA BTDC, substitution ratio is 60%. second
injection timing is the same as Figure 7.12. At the first frame -1.8° CA ATDC,
combustion luminosity begins at the upper side of the injection nozzle. In the

following frame, the luminance spreads, with stronger luminosity occurring around
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the injector nozzle close to the exhaust valves, and fuel spray jet is visualized thanks
to the strong luminosity. At the third frame, the area with strong luminosity expands.
This strong luminosity is due to diffusion combustion of diesel fuel mixture due to the
shorter ignition delay time caused by higher in-cylinder temperature of the
combustion of first injection. At 4th frame the combustion can be seen in the entire
combustion chamber, where the area of the strong luminosity peaked and then
decreased through fourth to sixth frame. In the graph, the intensity, pressure and
combustion area peak at around the same point, but the HRR peaks at two different
stages, one of which earlier that intensity, due to the initial diesel injection, and again
at TDC, just before the intensity peak, caused by the second diesel injection, with the
start of this second increase in HRR, matching the start of intensity and combustion
area increasing just before the first frames CA. Strong luminosity from diffusion
combustion indicates more soot formation, illuminating strongly during combustion.
In the diffusion combustion flame, NO may not be generated so much due to lack of
oxygen. This diffusion combustion can enhance the temperature around the centre of
combustion chamber and reduce the temperature around the wall with shorter spray
penetration length at combustion beginning before end of injection, which may reduce

heat loss.

Figure 7.16 shows the images from the same condition when no image intensifier is
used for collecting the high-speed video, thus, only the luminosity from the diesel
combustion is recorded. Compared to Figure 7.15, it shows a much smaller value for
the total combustion area, with the same pressure curve and similar, but not identical
HRR curve, which could be caused by a slight difference in testing conditions

between the two operations.

In the frames included in this figure, the path of the diesel injection is well illustrated
and it is easy to see how the combustion starts with the start of the second diesel
injection, and following the path of the injection spray as it develops, until the fourth
frame at 0.3° CA ATDC, where the entire combustion chamber is illuminated, but the
luminosity of the diesel spray still dominating the most of the image. The fifth frame
shows the combustion area, and the intensity beginning to fade away, and at a very

minimum by the last frame included in the figure at 15° CA ATDC.
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Figure 7.16 Direct combustion Image without intensifier when substitution
ratio is 60%, diesel injection is split injection and SOl is 40-56CA BTDC

Figure 7.17 illustrates in-cylinder pressure, HRR, combustion area , intensity of
combustion luminosity and the image sequence with image intensifier at single dual
fuel combustion when diesel SOI is 40° CA BTDC, gasoline substitution ratio is 75%.
At first frame, combustion starts at the upper sides where the exhaust valves are
located, and then at the next frame shows the advancement of the combustion still at

the top and close to the exhaust valves.
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Figure 7.17 Direct combustion Image with intensifier when substitution ratio is
75%, diesel SOl is 40CA BTDC

Through the second frame to the fourth frame, which is -3.5° CA ATDC to 2.6° CA
ATDC, combustion area spreads and mean intensity of combustion luminosity
increases and peaks in the graph. Although combustion area, intensity and HRR reach
the peak by this point, combustion luminosity is still very faint in some area around
lower right side of the combustion chamber. At the fifth and sixth frames, some bright

spots are seen that seems to be luminous flame of soot caused by injector dribbling.
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7.5 Summary

In this chapter, the results obtained from the optical analysis of the duel fuel
operations, namely diesel-ethanol and diesel-gasoline, are presented and analysed.

The main findings are summarised as follows.

e In the case of single diesel injection during the dual fuel operations with either
premixed ethanol or gasoline, combustion starts around the wall of
combustion chamber downstream of diesel fuel sprays, and then spread
towards the centre. Late injection timing results in stronger luminosity than
that of early injection timing because of the greater diffusion combustion of
diesel. Combustion luminosity is dominated by areas near the diesel spray
region when injection occurs near TDC whereas combustion is observed

throughout the combustion chamber with the earlier injection.

e With split diesel injections, early split injection produces weaker luminosity
than that of single early injection because split injection makes more
homogeneous and leaner mixture. Late split injection operation has much
stronger luminosity than that of single late injection because of the immediate
combustion of diesel from the second injection. This is because the higher in-
cylinder temperature at second injection timing reduces the ignition delay and

makes the combustion of second injection more diffusion-like combustion.

e As the premixed fuel substitution ratio is increased, later injection timing is
used to get similar combustion timing. Therefore the combustion of the higher
substitution ratio operation is characterised with stronger luminosity of the

diffusion combustion of the less mixed diesel fuel.

e For both diesel and dual fuel combustion processes with a single diesel
injection, the areas near the centre or the region between adjacent fuel sprays

remain dark indicating lack of combustion.

e Under similar conditions, such as injection strategy (early or late diesel
injection), intake conditions and substitution ratio, the diesel-gasoline
operation combustion appears to have higher intensity and as a result higher
luminosity compared to the diesel-ethanol operation combustion. This was

somewhat realised by the fact that the high speed camera utilized for the
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entirety of this study, was able to record the combustion process for most
cases of diesel-gasoline operation, even without the use of the high speed
image intensifier, nor the copper vapor laser as means of combustion chamber

illumination.

The combustion from the diesel-gasoline operation also had larger flame area
when compared to that of the diesel-ethanol operation, under similar testing

conditions, which is believed to be due to the gasoline fuels higher volatility.
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Chapter 8.

Conclusions

8.1 Summary

In this study, the in-cylinder fuel injection, fuel mixing and combustion of dual fuel
operations using a VCO solenoid injector for delivering diesel direct injection, along
with a port fuel injector for delivery of ethanol/gasoline, in an optical single cylinder
diesel engine, with diesel-ethanol and diesel-gasoline fuel combinations were
examined. The thermodynamic properties and emission production for each operation
were studied, with the means of utilizing in-cylinder pressure measurements, exhaust
gas emission analyser, as well as in-cylinder high-speed imaging of all the stages of
the in-cylinder processes, from injection spray, ignition delay, to combustion intensity

and duration.

For the purpose of this study, a variety of intake conditions, as well as diesel injection
timings were examined and recorded for each fuel mixture operation, and then the
results were compared and the most optimal conditions from each of the two dual fuel
operations were selected in order to be compared to one another and the diesel

baseline operation, for efficiency and emission output.
8.2 Evaluation

Each chapter of this study included a certain engine operation under various
conditions and strategies, by utilizing few different techniques for engine performance
evaluation i.e. in-cylinder pressure data collection, exhaust gas smoke measurement
and emission analysis, as well as high-speed optical evaluation of the combustion
process. Here are the summary of what has been concluded from each of these

investigations, and a view of the study as a whole.
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8.2.1 Dual Fuel Operation

The following conclusions were drawn from the examination of thermodynamic
analysis and emission sampling of dual fuel operations at different intake conditions

and injection strategies:

e In conventional dual fuel combustion that uses a single late diesel injection,
EGR is effective in reducing NOx produced, because of the lower oxygen
concentration and higher heat capacity, and increased thermal efficiency due
to less heat loss an less THC. Lower intake temperature has a good effect on
NOx and thermal efficiency. That suggests that external cooled EGR can have

a benefit for emission and thermal efficiency.

e In premixed dual fuel combustion that includes an early diesel injection and a
later diesel injection, EGR is effective to reduce THC, and increase thermal
efficiency caused by higher equivalent ratio. Increased intake temperature has
the advantage of improving THC, and NOx levels, and efficiency as well,
because of higher in-cylinder temperature and more homogeneous
combustion. That suggests that external hot EGR or using internal EGR can

have a benefit for emission and efficiency.

e Second injection timing of split injection and injection timing of single
injection have similar effects on combustion characteristic, such as ignition
delay, CA50, PHRR etc. That means that combustion is primarily controlled
by latter (second) injection timing, but they are slightly different due to the

effect of heat release or distribution of diesel fuel mixture of the 1st injection.

e When second injection timing and single injection timing are the same ,NOXx,
THC and CO trend of both injection strategies are similar but NOx of split

injection is slightly lower.

e Thermal efficiency of split injection is higher when second injection timing
and single injection timing are the same. Late second injection timing
improves thermal efficiency compered to late single injection, but has worsen
soot. This is because late split injection, makes more diffusion-like
combustion with shorter ignition delay of second injection since combustion

of Ist injection starts before or during the second injection, and this
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combustion makes milder heat release rate with lower heat loss and more soot

emission.

Combustion of single diesel injection is more intense than that of dual fuel,
with higher PHRR and shorter combustion duration, due to higher chemical

reactivity of diesel fuel.

THC and CO of dual fuel combustion is higher and hence, lower combustion
efficiency. This is because ethanol/gasoline homogeneous mixture in piston
crevice and around cylinder liner, where are gas with low temperature hardly

combusts or is quenched by lower temperature zone.

8.2.2 Comparing the Thermodynamic Properties and Emission

Testing of Different Fuel Mixtures

The thermodynamics properties of each dual fuel operation was calculated using the

pressure data collected from in-cylinder study of each fuelling concept at different

conditions and injection strategies, along with the emission output for all tested cases

by analysing the exhaust gases and measuring the soot from exhaust smoke, and the

best results from each condition for both fuel mixtures was compared to one another,

and then to that of diesel baseline, and below is the conclusion from this comparison:

When comparing the two dual fuel operations, diesel-ethanol operation and
diesel-gasoline operation, with the same substitution ratio to diesel, 60% for
this study, the thermal efficiency of the engine operation is higher for
operations with lower intake temperature, 100°C being the lower intake
temperature for this study, which is possibly due to the lower heat loss for this
conditions. of the two dual fuel operations, the diesel-ethanol operation
produces the higher thermal efficiency output, with late diesel injection
timings close to TDC. Relatively the same results can be achieved from the
diesel-gasoline operation under the same conditions, with early diesel
injection timings, creating a more HCCI (Homogeneous Charge Compression
Ignition) like combustion, also known as RCCI (Reactivity Controlled

Compression Ignition) combustion for dual fuel operations.

At lower intake temperatures, the diesel-gasoline operation allows for a wider

range of diesel injection timing, without incurring any misfire or knocking,
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compared to the operation range of diesel-ethanol dual fuel operation, which
has a smaller diesel injection timing range, thus not allowing for the diesel

injection to be advanced much.

At the same substitution ratio, increasing the intake temperature to higher
levels, 150°C being the higher intake temperature for this study, slightly
increases the diesel injection timing range before incurring any misfire,
allowing for more advanced diesel injection timing, which produces roughly
the same thermal efficiency as the lower intake temperature with late diesel

injection timing.

Increasing the intake temperature reduces the diesel injection timing range for
the diesel-gasoline operation by increasing the chance of incurring knock, all
without improving the thermal efficiency compared to the diesel-ethanol
operation with the same intake conditions, nor the diesel-gasoline operation

with lower intake temperature.

However, the same cannot be said about combustion efficiency, as increasing
the intake temperature leads to a higher combustion efficiency, with diesel-
ethanol operation at 150°C of intake temperature with diesel injection timing
having the best combustion efficiency at diesel injection timing of 30° CA

BTDC.

Regardless of intake conditions, the operations with diesel injection timings
earlier than 35° CA BTDC produce very little, close to zero, levels of NOx
emissions. This is mainly due to the longer ignition delay with early diesel
SOI, creating a more premixed and leaner, more homogeneous mixture of

diesel fuel.

Knowing that higher intake temperature increases NOx at the same diesel SOI
timing, the highest level of NOx emissions is observed in the diesel-ethanol
operation with 150°C of intake temperature and diesel injection timing of 25°
CA BTDC. This is also true for the diesel-gasoline operation with diesel
injection timing of 5° CA BTDC, where the operation with 150°C of intake
temperature has a slightly higher level of NOx emission compared to that of

the operation with 100°C of intake temperature.
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e Where the NOx emission level is available for all, or most, operation
conditions at the same diesel injection timing, lower intake temperature results
in lower NOx with the diesel-ethanol operation having the lowest level with
early diesel injection timing, and diesel-gasoline operation having the lowest
NOx emission level for late diesel injection timing, suggesting that early
diesel injection at lower intake temperature with diesel-ethanol operation,
allows for a leaner diesel fuel mixture, resulting in a more RCCI like

combustion with lower NOx emission levels.

e When diesel SOI is near TDC, NOx emissions are similar in all conditions,
including diesel condition. This is due to the combustion of the diesel fuel
mixture being dominant source of NOx formation, as there is not enough time,

short ,ignition delay, to create a well-mixed fuel.

e Soot emission is very low in all conditions of the diesel-ethanol dual fuel
operation. It is assumed that soot levels peak at around 25° CA BTDC diesel
injection timing with 100°C of intake temperature, is caused by the diesel fuel

not being injected into the combustion bowl properly.

e Increasing intake temperature decreases soot when not using EGR. This is true
for most conditions, and specially at early diesel injection timings, and where
the soot levels is available for all conditions at the same diesel SOI, the diesel-
ethanol operation with higher intake temperature has the lowest level of soot

emission level.

8.2.3 High-Speed Optical Analysis

This section summarizes the results and outcomes from the optical analysis of the
combustion from each of the two duel fuel operations, namely diesel-ethanol and
diesel-gasoline, using the high speed images collected from the combustion during

engine operation:

e In general, the dual fuel combustion starts around the wall of combustion

chamber downstream of diesel fuel sprays, and then spread towards the centre

e Late injection timing results in stronger luminosity than that of early injection

timing. That means that later injection makes local richer mixture and higher
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temperature zone before and during combustion, that can make more NOx and

soot emission.

Later combustion seems to have un-combusted area without luminosity near
the centre of combustion chamber or the regions between fuel sprays, whereas
combustion is observed throughout the combustion chamber with the earlier
injection.

This means that some areas without enough diesel fuel mixture distributed do
not have enough temperature for chemical process of combustion of premixed

ethanol mixture causing high THC.

Early split injection has weaker luminosity than that of single early injection
because split injection makes more homogeneous and leaner mixture. Faint
luminosity with split injection means lower temperature of combustion that
results in lower NOx but higher THC due to incomplete combustion of the

premixed ethanol mixture.

Late split injection has much stronger luminosity than that of single late
injection due to the heat release of first injection. The higher in-cylinder
temperature at second injection timing reduces the ignition delay and makes
the combustion of second injection more diffusion-like combustion. That may
be helpful to reduce heat loss because higher temperature zone is concentrated
more around the centre of combustion chamber but can increase soot

emission.

As the ethanol substitution ratio is increased, later injection timing is used to
get similar combustion timing. Therefore the combustion of the higher
substitution ratio operation is characterised with stronger luminosity of the

diffusion combustion of the less mixed diesel fuel.

In single diesel combustion, blue flame, that is premixed combustion, and
yellow flame, that is diffusion combustion, are seen simultaneously due to
ununiformed mixture whereas single dual fuel combustion does not seem to
have diffusion-like combustion due to the presence of more premixed leaner

ethanol/gasoline mixture.
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e for both diesel and dual fuel combustion processes with a single diesel
injection, the areas near the centre or the region between adjacent fuel sprays
remain dark indicating lack of combustion. In the case of the dual fuel
operation, the presence of such regions would contribute to the higher THCs

from the premixed ethanol/gasoline mixture.

At the end, it can be said that according to the results of this study, dual fuel
combustion has a big advantage in reducing soot emission because of leaner diesel
fuel mixture, especially with diesel-ethanol operations under certain conditions, while
THC and CO of dual fuel combustion is higher and hence, lower combustion
efficiency when compared to that of diesel baseline operation. Therefore, other than
environmental and economic advantages of using fuels that are not fossil fuels and are
from renewable sources such as ethanol, these fuels also offer reduced pollution
output, in some cases very significant reduction, as well as efficiency that under
certain operation conditions could be matching that of an engine burning only diesel

as the main fuel source.

However, there are other factors that manufacturers need to look into when deciding
which fuel is best suited for their systems, such as local economy and environmental
issues, local legislations and limitations, as well as availability and accessibility.
There is no point in having an engine that runs on ethanol if the ethanol production is
dependent on using and burning of fossil fuels, just as much as there are no
environment benefits to using an electric vehicle (EV) where fossil fuels are used to

produce the electricity that runs the vehicle.

8.3 Future Work

The sensitivity of the optical engine when in optical mode i.e. when using the glass
piston head, does not allow for continuous operation of the engine, which in terms
separates the resulting outcome of thermodynamics testing, and to some extend
emission testing, from the real world scenarios and operation conditions. this however

is not an obstacle that could not be resolved entirely at research level, other than by
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the means of applying suitable techniques for collecting the data, which is what was

done for the purpose of this study.

Here are some recommendations as to what could possibly be done in the future work

on this subject that has a potential to compliment and/or complete this study:

+ Completing diesel-gasoline dual fuel operation testing using diesel split
injection for further comparison with other injection strategies as well as with

diesel-ethanol split injection operations.

» Further testing of diesel-gasoline operation by introducing different levels of

EGR to the system during operation.

* Replacing pure ethanol (E100) with variety of wet ethanol, with different
percentages of water in the fuel, in diesel-ethanol dual fuel operation testing,

and comparing findings with the former.

* To better understand the benefits of dual fuel operation, further testing of
diesel baseline under similar conditions as the dual fuel operation testing,

including optical analysis, would be beneficial.

* Further and more in depth analysis and comparison of the optical testing
results, using all three different fuel operations, given the diesel baseline

optical testing is more comprehensive.

* Modifying the engine to operate using diesel and natural gas as a dual fuel
alternative, and conducting all the similar and relative testing in order to
enable comparison with other dual fuel operations, specifically diesel-ethanol
operation, by means of thermodynamics, emissions, and optical testing and

analysis while utilising similar conditions and techniques for all fuel mixtures.

* To measure the other chemical substance or radical such as CO, CH2O, by
employing optical filter, in order to better understand the behaviour of dual

fuel combustion for all fuel mixtures.

» To evaluate the effect of other basic parameters such as compression ratio, rail

pressure, and engine speed on the results of each fuel mixture.

* Measuring and comparing the combustion illumination level for different fuel

mixtures and testing conditions.
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Appendix 1: Software Screenshots
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Figure A1.0.1 Screenshot of EC-Lab Software
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Figure A1.0.2 Screenshot of Data Acquisition Software

Screenshots from the control and data acquisition programs used for this study to

control fuel injection and to collect data, respectively, as discussed in Section 3.3.2.
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Appendix 2: Hydra Airflow Rate Graph
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The graph of Figure A2.0.1 illustrates the flow rate of the Ricardo Hydra Optical

Research Diesel Engine used in this study, as discussed in Section 3.6.
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Appendix 3: Diesel fuel specification

PHILLIPS 66 LIMITED / JET :- UK MARKETING SPFECIFICATION

SULPHUR FREE [MAXKIMUM 10 PPM) GAS QIL TO BS 2853-2010-PART 1: CLASS A2

1} Laiest Test Methods or fechnical eguivalent used

2} Uniless othersise agvised the Tollowing seasonal
dates apply ex refinery or Impodt terminal-
Summear © 16 March - 15 October Inc
Winter : 15 Oclober - 15 March Inc
Wirmber - 01 Mowemiber - 15 March inc Tor dedivery

from tesminaks

3} 50 % evaporstad is an HMRC reguiremant.

4} Proguct will b= marked with HMRE&C statulory markes

PROPERTY & UNITS LIMIT TEST METHOD
Mote (1]
Free mom visiie wabes
Appearance and sediment wisual
Coicar Red Visual
Crdour Merchantable
Denslty @ 15C (kg/m3} Typical Rangs B20.0 - 375.0 BS EM IS0 3575 7 12185
Cold Filtsr Plugging Point BS EM 115
Winter C (Mota 2) Max 12
Sumnmer C {Mote 2) Max -
Cloud Point ASTM D2500 / IP212
Winter C {Mota 2) Max -2
Swmnmer C {Mote 2) Max +3
Flash Point [PMCC) G Min =5 ES EM IS0 2713
Cetana Mumber ! DM Min 45.0 [Mote 5) BS EM IS0 5155/ BS 2000-428
o Cetane Index Min 45.0 [Mote 5) ES EM IS0 4264
KInematic viscostty
mm2ss & 40C Min - max 2.00 - 5.00 ES EM IS0 3104
Sulphur content {mghg)
At poind of marafactune Max 10 {Mote 3) BS EM IS0 20845 | 20584
At poind of distribartion to end wser Max 20 {Mote 3)
Crppear Comosion (3 Hr & 50C) Class 1 ES EM IS0 2160
Carbon Reskdue {micr) -
Residus Wit on 10% Botioms Max 0.30 BS EM IS0 10370
Ash content %% {mim) Max 0.0 ES EM IS0 £245
Particulate confent {mgikg) Max 24 P 415
Water comtent {mg/kg) Max 200 BS EM IS0 12937
Distillztion C ES EM IS0 3405
o ol Rec @ 350C Min S
5 ol Rec @ 250C Max £S5
50% Wi Recoversd (Mote 3] Range 240 - 340
Strong Acid Mumbar (mgHOHg) Zero ES IS0 G618
Lubsicity {wear scar dia, micron) Max 280 BS 2000 - 450
Oxidation stability
0.0% - 7.0% FAME g/m3 [Noie §) Max 25 ES 2000-358
2.0% - 7.0% FAME h Min e ES EM 15751
FAME content (Fwiv) [MoteT) Max 7.0 BS EN 14078
Motes.

S) May contain an ignition Improver In which cass
{1} the carbon reskdus t2st s not valld and
[} the cetane numioer minimum will 3ppdy.

&) This test applies to all fusks, addtonal Rancimat only
applies to those fusis containing > 2.00% FAME

T) FAME must me=t BS EN 14214

8) 1/20 ppm sulphwr limits applicable from 1 January 2011

THIE SPECIFICATION |5 ACCURATE AT THE DATE OF ISSUE. AND SUPERSEDES ALL PREVIOUS ISSUES.

P lasue & ; July 3012 ]

Figure A3.0.1 Diesel fuel specification
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Appendix 4: Diesel fuel analysis

ITS Testing Services (UK) Ltd

Sunbury Technology Centre
filidgd=d Sunbury Technology Centre Unit ‘&’ Shears Way

Brooklands Close

Sunbury-on-Thames

Middlesex TW16 TEE

Tel: 01932 73 2100

Fax : 01932732113

To:  John 'Wiliams Report No. RTIFLS/5142
BF Global Fuels Technology Date: D&/M0/2014
Castrol Technology Centre
Whitchurch Hill Phoenix Mo. UK7E0-0017458
Pangboume Order No. 4500083403
Reading Quote No. Emnail
RGE TQR Date Sample(s) Received 080972014

Total Cost for Analysis £394.00

Diesel Analysis Report

Lab Sample No: FST-264556

Sample Description: Brunel University Diesel sample
ANALYSIS RESULTS UNITS
05291 (MT/ELE/M3) Carbon Content B86.3 36 witfwi
05291 (MT/ELE/M3) Hydrogen Content 132 % witfwt
05622 (MT/ELE/21) Oxygen Content* 016 36 withwi
IP12 Gross Calorific Value® 4558 MJkg

* Test not UKAS accredited
* Test camried out an another Intertek Laboratory

Analysis has been camied out on samples as received, independent of sampling procedure, using the latest versions
of all test methods. Samples will be disposed of after 1 month unless altermnative arrangements have been made in
agreement with the customer.

Reported By:_ Checked By:___ O-AAAMELD
Alison Shadrake James Amero
Fuels Analyst Section Head, Fuels and Lubricants
Contact Mo.- +44(0)1932 732 157
Registered in England
Page 1 of 1 Mo 1405264
Registered Ciffice
Al services or work performed by ITS Testing Semnvices (UK) Lid are pursuant to the terms Acadeny Place
and condiions st at hifpiwwe. intertek. comWorkArea Download Asset asp?id=14263. 1-8 Brook Sireet
This Test report shall not be reproduced except in full, without written approval of the Brentwood
laboratory. Essex CM14 EMNQ

Figure A4.0.1 Diesel fuel analysis
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Appendix 5: Ethanol fuel specification

./-) Haymankimia

Ethanol 100% BF/EP

This Product has been tested and conforms to the current BP 2017 / EP 9.0 monographs.

Definition Content: NLT 99.5% V/V @ 20 °C
Characteristics
Appearance Colourless, clear, volatile, flammable liquid, hygroscopic
Solubility Miscible with water & methylene chloride
It burns with a blue, smokeless flame
Boiling Point About 78 °C
Relative density: 0.790 - 0.793
Identification
Infrared Absorption
Acidity or Alkalinity The solution is pink (30 ppm, expressed as acetic acid)
240 nm NMT 0.40
Absorbance 250-260 nm NMT 0.30
{Scm Cell) 270-340 nm NMT 0.10
Spectrum shows steadily descending curve with no peaks or shoulders
Methanol NMT 200 ppm
Volatile impurities Acetaldehyde and acetal NMT 10 ppm, expressed as acetaldehyde
/v Benzene NMT 2 ppm
[ ! Total of other im purities NMT 300 ppm
Disregard limit NMT 9 ppm

Residue on evaporation MNMT 25 ppm m/V

Haymankimia Ethanol 100% BP/EP is tested beyond these criteria as follows:

Strength MLT 99.9% V/V @ 20 °C
Water Content NMT 0.1%
Reference No: 1/3
Haymankimnia is a division of Hayman Group Ltd. Issue Date: 01/07/17

Figure A5.0.1 Ethanol fuel specification
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