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Abstract

This research work is driven by the requirement for more efficient and cleaner
internal combustion engines that meet fuel saving demands, stringent emissions
regulations, and compatibility with hybrid powertrain technology. Despite the
improvements made ircurrent engines as useful industrial power units, the
environmental and health effects of their emissions as well as relatively low fuel

efficiency are still a cause for further research and development.

In this work, a 3D Computational Fluid DynamidSHD) engine model is validated
against experimental data obtained from a single cylinder Ricardo Hydra diesel
engine. The validated engine model is used to simulate tbglimder combustion
processes and emissions characteristics of the engine using-w&/lsoftware. The
engine model is used to investigate the effects of piston bowl georaettyjouble
injection strategyon diesel combustion and emissions at low and high engine loads
operating with double fuel injection strategy. During the investigatioe synergies
between piston bowl geometry, injection timing and injection ratio were analysed.
This analysis yielded interesting findings on the influence of these parameters on
engine performance and emissions at low and high loads. The results ghatved
exhaust emissions are more sensitive to piston bowl geometry while injection timing
and split injection ratio can significantly influence both performance and emissions.
In addition, the reentrance curvature of the piston bowl geometry showed to
influence airfuel mixing by modifying the surface area of the mixing froluser to

the surface of bowl side and base walls this investigation, larger radius piston

bowls denoted by ORB1 and ORB2 resulted in a larger mixing front area.

The investigdon was extended further towards the malijective optimisation of
piston bowl geometry and double injection strategy which was performed using a
two-stage optimisation approach. The first stage involved apaoeto constraining
optimisation of pistonbowl geometry that considered the results from the initial
investigation at low and high loads. The goal was to obtain a piston bowl geometry
that was suitable for the second stage of the optimisation process fatused on

the double injection strategyl'he results from the first stage showed that ORB2 was

most suitable at low and high loads due to enhanced combustion phasing stability.



The second stage involved the optimisation of double fuel injection strategy at low
and high engine loadsA unique opimisation methodologycalled the Hybrid
RegressiofbasedTechnique (HRT)was proposed and implementixat this stageo
achieve optimal solutions at significantly reduced computational time andTdust
initial aspect of the HRT involved the implementatiof a unique hybrid dataset of
designs generated using a coupled Ey#imiseralgorithmapproachwhich proved
efficient in enabling an early indication of the pareto regirthe multi-objective
domain TheHRT alsoinvolved an ensembl@pproach for regression modelling over
the hybrid datasein a bespoke mannefhe bespoke predictive learner/model was a
hybrid of multiple models obtained from tleensideation ofa library of regression
methods via a comparative ana$/si This hybrid model was coupled with the
MOGA-II to obtainoptimal solutions for the double injection strategies with respect

to each performance and emissions parameter considered.

Validation of theresultsshowed thathe HRT provided acceptableptimal solutions

for double injection strategyAt low load, optimal double injection strategies were
characterised by relatively early first injection events occurring at abcbi D&

which contained 80% to 85% of the total injected sl aboua 10CA dwdl angle.

At high load, optimal double injection strategies were also characterised by relatively
early first injection events occurring at aboutldIDC which contained 90% to 95%

of the total injected fuehnd a dwell angle between 8CA and 12QWore ako, the
Hybrid Regressiofibased Technique was able to achieve these improvements with a
significantly reduced computationaine of over 80% compared the conventional
optimisation approaches similar studies.

The objectives of thisesearch workvere to develop a numerical model capable of
predicting diesel combustion and emission under different operating conditions, study
the effects that arise from tigeractions between piston bowl geometry and injection
strategy and to identify an optimisation methodology that tackles the complexity
involved in engine CFD muHbbjective optimisationThe investigations carried out

in this work thereby contribute tthe knowledgein this field by offeringa new
perspectivefor engine modelling andoptimisation involving advancedinjection
strategy and piston bowl geometry which may be useful in providing insigihéo

researchers in the quest fdurther engine deelopment and optimisation.
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1 Introduction

1.1 Background

The compression ignition engine also commonly referred to as the éiegigleis an
attractive power unit used in the transportatiod power generation sectors due to its
advantageswhich include higher durability and reliability, improved torque
characteristics at low loads, lower fuel consumption and lower Carbon Monoxide
(CO) emissions compared to conventional spark ignition (i@splme) engines.
Nevertheless, diesel engines have been reported to emit higher levels of Particulate
Matter (PM),unburnedHydrocarbons {HC) and Nitrogen Oxides (NOx) emissions

in comparisorto gasoline enging4].

Diesel combustiorcharacteristics and emissions formation are highly influenced by
air-fuel mixing as well as the physical and chemical processes that result in the
combustion within the combustion chamber. Of all the emissions produced by CI
engines, Soot, a predominaninsatuent of PM formed in rich mixing regions, and
NOx, formed in regions of high temperature and oxygen concentration, have been
subjected to greater scrutiny due to their adverse environmental and health effects.
These concerns led to the introduction emissions legislation such as the
Environmental Protection Agency (EPA), the California Air Resource Board
(CARB) Low-Emission Vehicle (LEV) regulation standards LEV I, Il and Ill, the
Clean Air Act regulation standards Tier 1, 2 and 3 in the UnitectStaft America
since the 19606s and ibtheeEurGpean tnioh since219923, 4,

2].

Furthermore, e growing effects of emissions have driven the increased attention
towards alternative fAcl eanoforghedangytheappl i ¢
production and sale of new gasoline ahelsetpoweredvehicles by2030in the UK

[3]. This drive has been reinforced by a gradual depletion of fossil fuel reserves as

both global energy demand and Carbon Dioxide fQ@oduction arereported to

increase by 28% and 15%, respectively, between 2015 and[2PD48]. While on

one hand, this shift has been perceived as the immediate phase out of conventional
engines, on the other hand, it has accelerated research and developmentotoléa

more efficient Internal Combustion (IC) engines especially for hybrid powertrain



applications given the current global limitations of electric vehicles especially in

regions such as India and Africa.

In this regard, research into the advanceméntinous engine technologies continue

to gain attention. Some of these technologies include aftertreatment systems, Exhaust
Gas Recirculation (EGR), Low Temperature Combustion (LTC) modes and
alternative fuels as well as multiple fuel inject&tnategiesand piston bowl geometry

[6]7 [9]. However,multiple injection strategies aras well as piston bowl and injector
spray geometrical optimisation continue to be gieganmore attention due to their
direct interaction and influence on -firel mixing andcombustion as well as the

consequential effects @angineperformance and emissions.

The challenges of homogenous mixture preparation and combustion phasing control
result in high engine emissions and combustion noise regardless of perfofrtince
These challenges have been linked to an inadequate control over the spatial and
temporal distribution of the injected fuel with respect to residence pressure and

temperature in the combustion chamber.

Multiple injection strategies address these challenges by allowirgefireed smaller
guantities to be injected and in current developmemgouwine times per cycle at
stipulated injection times. This provides a greater control over thieiedimixing
formations that produce homogeneity as well as desired combustion phasing that
results in both improved performance and reduced emissionkipEunjection
strategies are classed as controllable engine parameters which can be adjusted during
engine run time along with other parameters such as EGR rate and free valve miller

cycles.

The double injection stratedgy considered as the simplestiin of multiple injection
strategy because it involves two injection evensr which a high degree of control
can be imposedndthe fuel injectioncharacteristicsuch adiming and duration can
be correlated to the consequential-cylinder air-fuel mixing and emission
formatiors. The optimisation of double injection strategy therefore providsight
in the interaction of the injection control implemented and the resulthoglimder
air-fuel mixing behaviouin a simple manner that informs on timeplementation of

more injection events per engine cyfdé].



Piston bowl geometrnpptimisation involves the improvement of the combustion
chamber shapand inmany investigations, the shape of the piston béavimprove
in-cylinder flow direction and turbulence which enhancesfa#l mixing. As fixed
engine parameters (i.e., parameters whiclnotibbe changed easily duration engine
operation) various investigations have been performed on this avenue witloghe g
of achievingbowl-in-piston geometries that are suitable for a wide range of engine
operating conditiong[12]. Current studies on the optimisation of piston bowl
geometriesoften lead to a single geometry configuration which is sensitive to the
selectedoptimal fuel injectionstrategy However,variable optimal engine operation
could be better realised frothe identification of geometry which is suitatded
optimal over a wide range of optimahjection strategiesThe interactions between
the injection strategy and pistonvlageometry and the effects of such interactions on
performance and emissions is an avenue that is vital to this notioacardely

investigated.

Developments imouble injection strategy and piston bowl geomeay be assessed
through engine experimen and/or Computational Fluid Dynamics (CFD) engine
model simulations. Experimental investigations are commonly conducted to
determine performance and emissions characteristics; however, they are rather costly
to set up, run and maintain. In addition, tingplementation of new designs and
strategies require engine modifications which often increase the cost and complexity

of engine experimentahvestigations.

CFD engine model investigatioran be used to predict engine performance and
emissions from the exploration of new designs in a manner that both saves time and
cost. Currently, CFD engine model simulations can be performed using various
software including the ANSYS Fluent packages, IG@giBe and Forte KIVA,
OpenFOAM Converge, GT Power, AVL Suite Boost and Fire packages, etc.
Furthermore, CFD enginmodels can be coupled with optimisation methods for the
optimisation of various engine model parameters to achieve predictions on improved
performance and emissiofis3], [14]. In this research work, AVL Fire is the CFD
engine modelling software package used for 3D engine modelling and simufegion.
discussed in a later section of this watks widely used due tids sub modelsvhich

are heavily supported by detailed experimental investigations carried out by its



developer AVL GmbH List as well as developmental work carried out by researchers.
The CFD engine model is this research work features various CFD sub models that
have been useextensively in the research with reported accurate predictions of in

cylinder turbulence, aifuel mixing, combustionand emission behaviours.

Computational optimisation is used to further explore the newly generated designs
and solutions foenginepamameterswith the goal of seeking the areas and directions
for further improvementlt utilises the relationship and correlation between engine
parameterswhich serve as predictorand the output performance and emission
parameters which serves assponseo drive the search for optimal engine design
solutions which result in improvements/arious investigations on use of
computational optimisation for improving engine performance and/or emissions have
been performed over the vyears[14],[15],[16],[17]. Despite the benefits of
computational optimisation in realising improvements in engine performande
emissions, the process currently suffers the drawback of extensive computational cost
and time as well asa lack of abundantapproaches towardshé¢ combined
consideration of fixed and controllable parameters such as piston bowl geometry and

double injection strategy respectively

Despite the benefits of multiple injection strategies reported in various investigations,
obtaining optimal injectionteategies for a broad range of engine loads is still an
issue. Although various studies have been performed on the optimisation of multiple
injection strategiesas well as the optimisation of piston bowl geomeingjghts on

the interaction between muite injection strategiesuch as the double injection
strategyand piston bowl geometry especially under different engine loads are yet to
be fully explored and require further investigation.

This research worKocuses on this area as the benefits @hsimsights are vital to
improving engine performance and emissions. For this veof&E-D engine model is
createdo include sub models that predictaglinder phenomena such as turbulence,
fuel spray and breakup, combustion as well as emission formatienCFD engine
model is also validatedgainst an actual diesel engtoeprovide certainty that it can
accurate depict the 4oylinder phenomena which result in combustion and emission
formation The engine CFD model is used to investigate the interacti@tween
piston bowl geometry and double injection stratégyater inform on the approach

4



used forthe optimisation of both engine parameters. The optimisafitith engine
parametersis computational and is performed based on CFD engine model
simulations in AVL Fire coupled with modeFRONTIER and MATLABMore
importantly, a bespoke computational optimisation technique referred to as the Hybrid
Regressiofbased Technique (HRT) is designed and implememsety these tool®

seek improvements on thd=D engine model formulated in a manner which incurs
minimal computational costs and time while maintaining accurate predictions

compared to the techniques used in current studies.

1.2 Aim and Objectives

The aim of this research is to provide further insightdiesel engine wtylinder
mixture formation, combustion characteristics and emissions formation through
thorough assessment and optimisation of double injection strategy and piston bowl

geometry using a unique optimisation technique
The objectives of tils research are to:

Validate a 3D CFD engine model based on experimental data.
Investigate the interaction between piston bowl geometry and double injection
strategies at low and high loads and thus, the effects eaylimder
performance and emissions.

1 Select optimal piston bowl geometry based on the interactions at low and high
load conditions.

1 Optimise double injection strategies at low and high loads using the
preselected optimal piston bowl geometry.

1.3 Contribution to Knowledge

1 Insights on the synergies between multiple injections and piston bowl
geometry at different engine dds that drives the methodology for their
optimisation.

1 The proposal of a unique approadb optimisation thatsimultaneously
considers multiple injection strate@nd piston bowl geometry alifferent

engineloads.



1 The multiobjective optimisation of ddble injection strategy that involves the
use of a novel hybrid regressibased optimisation technique, based on a
hybrid design of experiments data toaining and validation, that consists of

sampling and optimised designs generated through CFD esiginéations.

1.4 Thesis Outline

The research work presented in this thesis is organised into seven chapters as follows:

Chapter 1 provides the direction of the research work and statesntsobjectives,

and contributiorto knowledge

Chapter 2 provides a review on conventional diesel engine combustion, emissions
and regulationsadvancements in various methods of emission redyaiagine CFD

modelling,diesel engine optimisation and tbemputational algorithmsgsed

Chapter 3 presents the details of the experimental sega to producthe baseline

experimental datto validate the8D engineCFD model.

Chapter 4 presents thesetup of the engine 3D CFD simulation modeid its

validationin AVL Fire.

Chapter 5 presentsthe investigation on the interaction between double injection

strategy and piston bowl geometry at low and high engine loads.

Chapter 6 presents the mutobjective optimisation of the piston bowl geometry and

double injection strategy at low and high engine loads.

Chapter 7 presents the research conclusions and future recommendations.



2 Literature Review

2.1 Conventional Combustion in Direct Injection Diesel Engine
2.1.1 The Four-Stroke Diesel Engine Cycle

The conventional foustroke Direct Injection (DI) diesel enginendergoes four

strokes per cycle characterised by the linear vertical motion of the piston depicted in
Figure 2-1. In a cycle, air enters the chamber in the induction stroke and is then
compressed by the pistondés upward moti on
can occur during the compression and power stroke. In the power stroke, the piston is
forced downwadls due to combustion of the femk mixture while inertia causes its

upward motion expelling the exhaust gases out of the chamber in the exhaust stroke
[18].

Fuel Air Inlet Exhanst

Injector Outlet

Intake
Valve
Closed

Exhaust
Valve
Closed

Combustion

Piston Chamber

Crankshaft

Induction Compression Power Exhaust
Stroke Stroke Stroke Stroke

Figure2-1: Fourstroke DI diesel engine ch[18]
2.1.2 Heat Release Rate

Figure 2-2 shows a typical Heat Release Rate (HRR) profile produced by diesel
combustion, highlighting three atependent combustion phases. The Start of
Injection (Sol) signifies the time at which fuejection into the combustion chamber
commences. This is followed by an Ignition Delay (ID) which is a period
characterised by fuel atomisation, evaporation and mixing with air and residual gas

content within the combustion chamber.
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Auto-ignition is causedy the increase in the pressure and temperature -Gdiedir
mixture due to compression. It signifies the Start of Combustion (SoC) and is
identified by the first rise in the generated heat release. The three combustion phases

are influenced by the duratiof the ignition delay.

| T T | | I T T T
.3 Ignition Premixed combustion phase
E — delay -
§ period
'.6 Lz -
g b f ot Mixing-controlled combustion phase
SOI
| |
<20 a b 10 TC 10 20 30

Crank angle, deg

Figure2-2: Typical HRR profile produced by diesel combustjb8].

The premixed combustion phase is characterised by tHeehimixing during the
ignition delay period and can be nearly stoichiometric (i.e., local equivalencesratio,

1). It is comprised of mainly lean mixing formations (i.e., local equivalence &atio,
< 1). In addition, it is commonly characterised by a rapid rise in theylinder
pressure and temperature caused by sudden and high HRR. This combustion phase
usually results in high Indicated Mean Effective Pressure (IMEP), combustion noise
and NOx enissions. This is due to the presence of higher oxygen content and in

cylinder temperature during this period.

The diffusion/mixing controlled combustion phase is characterised by the rate of air
fuel mixing. The mixing formations in this phase are ugualth (i.e., local
equivalence ratiog) > 1) since newly introduced parcels of fuel droplets evaporate
much faster due to higher-gylinder temperature resulting in shorter residence time

to mix with the air to form a stoichiometric/lean mixture. Thiging and remixing
process results in a slower rate of heat release generally observed in this phase
compared to the premixed phase. This combustion phase usually results in high PM,

soot,and CO emissions due to insufficient oxygen.



The late combustion phase involves partial oxidation of the remaining fuel left after
the end of the mixingontrolled combustion phase. The combustion temperature in
this phase is relatively low compared to the first two phases and results in the
terminaton of the combustion procegk3]. The characteristics of each phase and thus
the emissions formatiois linked to the nature of the local and global mixture
formation within the combustion chamber. Thus, careful control of fuel injection
guantity andtiming can aid in optimising different combustion phases through an
improved local akfuel equivalence rati@; wherein ae-= 1,a< 1 ande-> 1 represent

stoichiometricyich, and lean combustion, respectiv§ly].

2.2 Diesel Engine Emissions
2.2.1 Nitrogen Oxide (NOx) Emission

Nitrogen oxi de emi sNOkamission& | asroe r fretfogemir ye do ft ¢
basedemissions consisting of about-80% Nitric Monoxide (NO) and about 410

30% Nitrogen Dioxide NO2) with negligible amounts of nitrous oxid€-O [19].

NOx emissiongsre highly regulatedlobally due tather negative environmental and

health effectsNOx is a major exhaust emission produced by diesel engines, formed

due to the reaction of atmospheric nitrogen with oxygen in the presence of
temperatees in excess of 1500KL9]. NOx emissions are higher in diesel engines

compared to gasoline engines due to their higher combustion temperatures

2.2.1.1 NOx Formations
2.2.1.1.1 Thermal NOx formation

Thermal NOx formation is regarded as the prathantprocess in NOx formation
during combustion. It is caused by the reaction of dissociated atmospheric molecular
nitrogen with oxygen in the presencehih temperatue NOx formation occurs in
the flame front as well as the burnt gases; however, its fanmat the burnt gas

region is more pronounced due to higher local temperatures.

The thermal NOx formation ratecreags wth increasing temperaturéts reaction
mechanism is accurately expressed by the extended Zeldovich mechanism seen in
equation.1, 2.2and2.319].
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Equation2.1 and2.2 were developed by Zeldovich while Lavoie efH)] identified
equation2.3 through spectroscopy. Equati@ri represents the rate restrictive step of
the reaction mechanism. It is significantly fast and characterised ibgtamt energy
required for the decomposition of the stable trptexd molecular atmospheric
nitrogen and thus highly temperature dependent. Equatiirepresents the reaction
of a nitrogen atom with oxygen to form NO. Equati represents the formation of
NOx from the oxidation of nitrogen atom by hydroxyl radicals (OH) to form NO and

hydrogen atonat nea&-stoichiometric conditions.

Reactionsks, ke, and ks in the mechanism ar&ully reversible Furthermore, the
kinetics of the mechanism ®ich that, the NOx formatiotimescaleis comparable
and sensitive to theombustionduration, residence time, oxygen contamid the

increase of ircylinder temperaturfl9].

More also, from equatioria 1, 2.2and2.3, it can be seen that the thermal nitric oxide

formation is mainly determined by only five chemical spe¢@sH, OH, N and Q)

(i.e. the effects of oxygen, hydrogen and nitrogen radicals) but not by the fuel being
used.Nevertheless, an investigation by Hellier and Ladomm{26% on biodiesel
NOx emission suggested that thermal NOx formation can also be influenced by the

fuel properties and characteristics.

2.2.1.1.2 Prompt NOx Formation

PromptNOx formation also known as thl&enimore NOxs dominant under fuaich
conditions short residnce time and in temperature regions of about 1000K and
lower. It occurs during the premixed combustion phase by fhat t ac k 0
intermediate hydrocarbon fragments specificallif and CH excess in fuel rich
conditionson the nitrogeN.. This reactioryields fixed species of nitrogen such as
Nitrogen Monohydride NH,Hydrogen Cyanide HCN,Dihydrogen Cyanide HCN
andCyano radical *CN, all of which can oxidise into N{@s reaction mechanism is
seen in equatio(2.4)[19].
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2.2.1.1.3 Fuel NOx Formation

Fuel NOx formation iscaused bythe oxidation of fuel species containing nitrogen.
During combustion, nitrogen within the fuel is released as a free radical, which forms
N2 or NO. However, due to the very small amounts of nitrogen presémels such

as diesel andbiodiesel, NOx formation from the fuel is negligible. Nevertheless, it
should be noted that fuel NOx can increase significantly when nitrogen containing

fuel adlitives such as dispersants are used in high concentfa8ipn

2.2.1.2 Environmental and Health Effects of NOx Emission

Figure 2-3 shows the effects of acid rain on vegetation and aquatic wildlife.
Regarding its environmental impact, NOx emissions are reported to contribute to acid
rain formation by reacting with atmospheric water molecutisstructionof the
stratospheric ozone lay thus increasing ultraviolet radiation exposure and the
formation of groundlevel or tropospheri®zoneby reacting with volatile organic
compounds. AgidvrarC indstty affects aquatic bodies such as lakes and

streams and thus endangering aqudtc li

Regarding its wildlife impact, some fish eggs have been reported to die at pH levels of

5 while adult fish die at even lower pH levels. Although frogs may tolerate pH of 4,
their prey, mayflies die in such pH environments. Regarding vegetation, acid r
causes the removal of vital soil minerals and nutrients required by the plants to grow.

It offsets the pH balance through the leaching of aluminium in the soil into the water
bodies. It also strips foliage nutrients which results in brown leaves thaern
sunlight absorption. These issues lead to weakness and death of the plants. There are
reports of the loss of species diversity, change in ecological balance, reduced plant

growth rate, etc due to ground level oZ@i¢, [22].
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Figure2-3: Effects of acid rain due to NOx emissions on vegetation and aquatic wildlife

Figure2-4 shows the effects of NOx emissions on human health. The health effects of
acid rain are mostly related to the respiratory and cardiovascular systems. They
include lung damage, increased braaghdifficulties and increased onset of asthma,

COPD as well as heart conditions. More also, there have been reports of DNA

mutation, prematurdeath,and damage to the skin from prolonged expodaas.

O Headache and Anxiety

O~ Irritation of the Eyes, Nose
and Throat

Cardiovascular Diseases

Tnfl

tion, infection and irritation of
the respiratory system contributing to
asthma, lung damage and COPD

/4

Impact of Spleen, liver and blood

Figure2-4: Health effects of NOx emissiofia3]

2.2.2 Particulate Matter (PM) Emission

Particulate matter (PM) is one of the significant emissions produced by diesel engines
wherein approximately 0.2% to 0.5% of the fuel mass injecteccdanbustion is
emitted as small particulates of about ‘Orl in diameter. It comprises of
carbonaceous particles also known as soot, sulphate particles and soluble organic
compounds as illustrated ifrigure 2-5. Soot which is an accumulation of

12



carbonaceous patrticles is produced in high temperature and fuel rich regions of the
combustion flame due to the nucleation of heavy molecules, incomplete combustion,
and insufficient oxygen. When formed in the premixed combustion phase, it is
depleted due to oxidation in oxygen rich regions from the atomic oxygen attack onto
carbonaceous patrticles in high temperature conditions. Hence, the amount of soot
oxidation techitally determines the particle emission characteristics and performance

of the engine.

solid cone cores

o ©

Solid carbon cores (0.01mm -
0.08 mm). absorbed vapour
phase species and agglomerates
(0.05mm - 1mm)

Vapour phase
hydrocarbons
Absorbed Hydrocarbons

Soluble organic
fraction/ particle
phase

hydrocarbons

© Liquid condensed hydrocarbon
partilces

/ e 90° ° Hydrated Sulfate Species
Absorbed
hydrocarbons

Hydrated sulfate species

Figure2-5: Dieselexhaustparticles[24]

Soot formation is characterised by a gas to solid conversion reaction wherein particle
formation involves physical and chemical processes such as the formation and growth
of large aromatic hydrocarbons, conversion of the aromatic hydrocarbons to particles,
primary particle coagulation and the accumulation of gaseous components to form
soot in the solid phase exhibiting a remform physical and chemical topology as

depicted in the soot model proposed by 254 shown inFigure2-6 [26].

Reports on these reactive conversion processes show that large aromatic rings from
the aliphatic species are formed as the fuel molecule is split into predominantly
acetylene radicals usually in two dimension (2D) that grow as hydrogen is removed in
the reaction. After that, the molecules become three dimensional (3D) primary
particles through coagulation experiencing surface growth as illustratédure 2-6

[27]7 [30]. Although these reports are based on the investigation of premixed
combustion, they also support the suggestion that a similar process occurs in diffusion
combustion, with the difference that diffusion flame is predominantly driven by

inhomogeneos turbulent mixing[31]. In addition, parameters such as combustion

13



temperature and pressure, residence time and loc@lehiratio (i.e., the carben

oxygen and carbehydrogen ratios) are significant to soot formation.
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Figure2-6: D e ¢ 6-sontmlieckcendbustion conceptual model of soot formation along
with thermal NOxformation[26]

2.2.2.1 Environmental and Health Effects of PM Emission

Figure2-7 shows some health effects of PM. PM can be grouped by size into two fine
and coarse particles. The fine particles,.Blave a diameter lessan 2.5 m and the

larger coarse particles, RMhave diameters ranging between 2.5 and 0 PMb s

can penetrate deep into the lungs causing serious respiratory problems because they
are finer and easily respirable when compared taoPWVhe health effets of PM

include irritation of the nose, throat and eyes, headache, reduced lung function,
respiratory inflammation, irritation and the onset of lung diseases such as asthma,
lung cancer and obstructive pulmonary disease. In addition, PM affects the
environment through the contribution to smog which hinders visibility and aggravates
respiratory disfunction. PM contributes to acid rain by combining with sulphuric acid

and groundevel ozone respective[32], [33].
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2.2.3 Unburned Hydrocarbon (UHC) Emission

Unburned hydrocarbon (UHC) emissions produced in diesel engines are mainly
associated to very lean mixtures. Here, lean mixtures lead to reducedatbéity

due to over mixing and/or rich fuel mixtures due to insufficient oxygen. It is
generated due to unburned fuel trapped within the piston crevieegjnder flame
guenching caused by flame extinguishing near cold boundaries and wall wetting

undercold start conditionf35].

2.2.3.1 Environmental and Health Effects of Unburned Hydrocarbon

Unburned Hydrocarbons are hazardous in the presence of sunlight due to the
formation of photochemical smog. They also result in ground level ozone both of

which result in health effects such as irritation of the eyes, severe respiratory issues
and death uter long exposure as well as environmental effects such as reduced

productivity in vegetation.
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2.3 Methods of Improving Emissions and Performance
2.3.1 Piston Bowl Geometry

Piston bowl geometry is an important factor when considering improvements to
engine perdrmance and emissions, due to its influence offuailr mixing in the
combustion chamber. In addition, it influences combustion characteristics and
emissions formation within the combustion chamber and thus, it is considered a
primary emission reduction rtied. It has continued to gain attention especially due

to its advantages over aftertreatment technologies besides its positive impact on
emissions. Here, improvements to piston bowl geometry often come without the
additional weight, cost of materials arsforage considered in the application
aftertreatment technologies. Therefore, it is an attractive method of emissions
reduction in automotive engines. Piston bowl geometry influences combustion
characteristics and emissions formation by promotingylmder turbulence required

for improved aiffuel mixing through tumble motion. Despite this, piston bowl
geometry is classed as an engine hardware which implies that its control towards
improved performance and emissions is limited. Many investigations haae be

performed in the course of its advancement.

Jaichandra and AnnamaldiB6] investigated the effects of piston bowl geometry on
combustion and emissions characteristics. Their investigation showed that engine
performance and emissions were correlabeithe geometry of the piston bowl used in

the combustion chamber. The results of their investigation also showed that an
improved piston bowl geometry led to improvements heyitinder airfuel mixing

which in turn, had a direct impact on heat releateaad emissions formation.

The investigations of Soni and Gujg¥], [38] focused on the effects of optimising
piston bowl geometry on afuel mixing as well as engine performance and emissions
through CFD simulations that were supported by enguperéaments. Their results
showed that the injection of fuel into regions of high air turbulence caused by an
improved piston bowl geometry resulted in higher fuel efficiency, as well as lower
CO, uHC and soot emissions. The findings from their investigatiere also
supported by Gaffor and Guf29].
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The earlier research work by Montajir et {0] showed that piston bowl geometries
with a round surface at the side and base walls provided a larger surface area for fuel
spray droplet parcels clostr the bowl wall to interact with air thus reducing uHC
emission that arose form wall wetting. Furthermore, these geometries assisted close
wall vortices which exerted shear stress on the wall impinged particles that caused

them to move towards the middiéthe piston bowl which was rich in air.

Li et al., [12] investigated the effects of shallow depth, omega and hemispherical re
entrant piston bowl geometries on diesel engine performance and emissions using
biodiesel fuel under medium engine load dtinds. In their investigation, the omega
re-entrant bowl was observed to be more effective at forming strong tumble
turbulence which resulted in lower CO emissions compared to the shallow depth and

hemispherical rentrant piston bowl geometries.

Soni and Gupta[41] investigated the effects of hemispherical piston bowl on the in
cylinder performance characteristics of a diesel engine fuelled with -giretkanol

blends through 3D CFD simulation. Their results showed that although-émdramt

bowl adieved better ircylinder mixture formation and as a result, improved
combustion efficiency, it also produced the highest NOx emissions. Here, higher NOx
emissions were attributed to the increase in combustion temperatures due to improved

mixture formatiorthus promoting greater premixed combustion.

Venkateswaran et al[42] investigated the effect of #entrant bowl on the engine
performance of a turbocharged diesel engine operating at full load condition. The
authors reported that turbulent kinetic &yyegenerated as a result of the tumble
created by the bowl wall produced improved combustion and engine performance for
indicated fuel consumption and soot emissions. Kahn e{4d], investigated the
influence of toroidal reentrant, toroidal and heaspherical piston bowls on the
combustion and emissions characteristics of a direct injection diesel engine. The
toroidal reentrant piston bowl was reported to generate a more improved mixture
formation and as a result, improved fuel combustion with tiglest ircylinder

mean pressure, temperature, heat release and the lowest fuel consumption, compared
to the other piston bowls. Although, the toroidakrdgrant piston bowl produced the

lowest soot emissions, NOx emission was higher.
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Considering the adnces made in more recent investigations, Guo et[4],
performed a CFD optimisation study on piston bowl geometry for a keaatyydiesel
engine with the focus on reducing NOx emission while avoiding engine power and
thermal efficiency penalties. Tinestudy explored 100 piston bowl designs which
were narrowed down to 32 bowl designs including 3 spray angles. The final piston
bowl design selected resulted in a 17% and 41% reduction in NOx and soot emissions
respectively with no penalties to engine govand fuel consumption. In addition,
their results showed that reducing the oxygen rich regions surrounded by high
temperature mixing formations caused NOx emissions to reduce. Furthermore, the
results also showed that bowl assisted combustion towardscehwe of the

combustion chamber caused engine power to increase and soot emissions to decrease.

Pastor et al.[45] investigated the effects of a novel steppeawgve piston bowl
geometry on the combustion characteristics and soot emission fornratohght

duty diesel engine against theamstrant and stepped lip piston bowl geometries. The
results of the investigation showed that the novel piston bowl geometry had soot
emissions that were similar to the stepped lip bowl geometry while therassi@ns

for the reentrant bowl was observed to be higher than both. Their investigated
confirmed the viability of yet another piston bowl! configuration that aided improved

emissions.

Temizer and Cihaf¥6] studied the effects of a Standard Combustion Chamber (SCC)
and Modified Combustion Chamber (MCC) piston geometries on combustion and
emissions characteristics of a DI diesel engine. The results of their study showed that
the MCC geometry caused a homogenanixing formation which resulted in an
improved combustion as well as lower CO and NOx emissions compared to the SCC.
Furthermore, the addition of hydrogen resulted in a 32% and 6% reduction in NOXx
and CO emissions for the MCC piston geometry compareket SCC which had an

11% and 3% reduction, respectivelfFigure 2-8 presents some piston bowl

geometries commonly used in diesel engines.
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Figure2-8: Piston crowrgeometries currently used for improveecylinder mixture
formation [38], [41], [47], [48]

2.3.2 Fuel Injection

The effects of fuel injection on CI engine performance and emissions havéheeen
subject of several investigations. Combustion characteristics and phasing are highly
influenced by the spatial and temporal distribution of the injected fuel with respect to
the combustion chamber residence temperature and pressure. The singjedii@hin

is a simple strategy which involves the delivery of the fuel load in a single event in a
working cycle. The control over combustion phasing when using this strategy is
generally poor. This is because apart from other parameters such as injexstgurgyr
combustion phasing is greatly influenced by the Start of Injection (Sol) timing and
injection rate which occur only once per working cycle and before other critical

aspects of combustion such as ignition delay period.

Inadequate control over combustion phasing is a major challenge which results in
high engine emissions and combustion noise despite any accompanied improvements
in performancd10]. Advancements in modekigh-Pressure Common Rail (HPCR)

fuel injection gstems and Electronic Control Units (ECU) have provided the
possibility of a greater control over combustion phasing by using multiple injection
strategies. Multiple injection strategies provide greater control over the spatial and
temporal distribution offuel wherein the total fuel load is injected in a series of

controlled events rather than a single event. Therefore, a better governance over the
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state of anfuel mixture formation, ignition delay, combustion phasing and the

resultant performance and essions characteristics can be achieved.

Successfuimplementation offuel injection strategiegspecially multiple injections
involves an understanding of the effects of injection timings, |tipressurethe
influence ofin-line back pressureas well & the fuel type usedVost of these
parameters are controllable which provides an avenue for optimisation even during
engine runtime. However, using a multiple injection strategy introduces complexity
and requires optimisation under different engine opegatonditions. This is because
besides the interaction between these injection parameters, there is aiserdotion

with in-cylinder enginéhardware such as numberfaél injectornozzles, spray angle

and piston bowl geometmwyhich cannot be adjusteduring engine runtime

Amongst the aforementioned injection parameters, the effects of spray angle, injection

timing and multiple injection strategy are presented in the following sections.

2.3.2.1 Fuel Injector Spray Angle

Khan et al.,[43] investigated th effects of fuel injection spray angle on fuel
efficiency. Their investigation showed that fuel efficiency increased compared to
baseline results due to improved-fiel mixing. They observed that-cylinder air

fuel mixing improved when the spray angias adjusted to target regions of highly
turbulent resident air. They also observed improvements to IMEP and soot results
when both injector spray angle and piston bowl geometry were adjusted. In addition,
they found that spray angle also contributed gragwall impingement under high

fuel injection pressure which caused high uHC emission and ISFC.

Soni and Guptd47] numerically investigated the effects of spray angle and piston
bowl geometry on a diesel engine fuelled with diesel and des#lanolblends at
medium and full loads. Their investigation showed that the combined enhancement of
spray angle and piston bowl geometry caused a reduction in ISFC, as well as CO and
soot emissions and an increase in NOx emissions. They attributed this obseivati
larger portions of the fuel droplets and vapor being trapped in highly turbulent air
which resulted in high heat release and combustion temperatures. Interestingly, the

findings of Soni and Gupt@7] also supported an earlier investigation caroat by
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Lim and Min [49] wherein lower soot emissions and reduced wall wetting were

observed when the piston bowl and spray angle were adjusted.

Gainey et al.[50] studied the effects of three spray angles (i58°, 118°, and 60°

and two piston bel geometries (i.e. rentrant and shallow piston bowls) on the
performance and emissions of a diesel engine. Their findings on the sole effects of
spray angle revealed that tH&0° spray angleprovided the best control over
combustion and elongated tlkkembustion duration over 1.8 times, th&8° spray
angleprovided a negligible control over combustion andg@éspray angle provided

no control over combustion. Their findings also revealed thal®0é spray angle

and shallow bowl combination maimaid a high control over combustion duration,
while the 118° and 60° spray angle and shallow bowl combinations had no control

over combustion.

This behaviour was attributed toet low surfacgo-volume ratio of the shallow bowl
compared to the rentrant bowl which resulted in lesstural thermal stratification
Therefore, it was suggested thatergrant bowl with a wide spray angle could

improve effective combustion control.

2.3.2.2 Fuel Injection Timing

Fuel delivery into the combustion chamber either as a single or multiple event is
governed by fuel injection timing usually measured in microsecaonslsdr Crank
Angle Degrees (CAD). Fuel injection commences at the Start of loje¢8ol) and
continues over a time interval known as the injection duration at the end of which fuel
injection is terminated. The dwell angle is an additional injection timing parameter
which is considered in the case of multiple injections per workinggcitchas been
defined differently by a few researchers. It is defined in Ahn Tuan Hdijgas the
period between the end of the previous injection and the start of the next injection
while in Herfatmanesh et al[52] it was defined as the time ped between the start

of the previous injection and the start of the next injectiBuael injection timing and
duration significantly affect aifuel mixture formation, ignition delay, combustion
phasing and emissions characteristics with respect-tylimder temperature and

pressure.
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Considering controllability, fuel injection timing can be either retarded or advanced
with respect to its initial time and cylinder TDC. The advancement of fuel injection
timing sees the fuel injected earlier and farther away from the TDC in comparison to
the initial injection timing. It has been closely linked to longer ignition delay,
improved aiffuel mixing and spray wall impingement. Lower pressure and
temperature are the-gylinder conditions at the time of early injections. Such in
cylinder conditims promote longer ignition delay due to lower fuel evaporation rate.
Although longer ignition delay facilitates improved-&iel mixing, it can lead to
spray wall impingement due to lower fuel evaporation rate. Consequently, advanced
timings can cause hig heat release rates, greater premixed combustion, high

combustion temperatures, high NOx and uHC emissions but lower soot emissions.

The retardation of fuel injection timing sees the fuel injected later and closer to the
TDC in comparison to the initi@hjection timing. It has been closely linked to shorter
ignition delay and improved fuel evaporation due to highesylmder temperature
closer to TDC. Nevertheless, the available oxidation time for carbon and CO is also
short causing a rise in soot essions. Moreover, shorter ignition delay often leads to
lower NOx emissions due to less pronounced premixed combustion phase. Therefore,
careful optimisation of injection timing can be used to achieve a desired balance in the

NOx-Soot trade off, as well anhanced ISFC and reduced combustion noise.

2.3.2.3 Fuel Injection Strategyi Multiple Injection

Multiple injection strategy offers the flexibility to control combustion and emissions
characteristicsParameters/terminologies such as dwell angle, injection paltid and

pre injection, main injection as well as post injection are used to define and
implement multiple injection strategies. Despite the inconsistency observed in the use
of these terminologies, the main injection refers to the event in which thefbihne

total fuel quantity is injected. The pilot and pre injection refer to the events that occur
before the main injection in which about 5% to 10% of the total quantity is injected.
The late and post injections refer to the events that occur aftendim injection in
which about 10% to 20% of the total quantity is injected. An illustration of these

injection events is presentedkigure2-9 [53].
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Despite the improvements in performance and emissions achieved through the use of
multiple injection strategy, optimisation of the fuel injection system and fuel injection

strategy requires further research and development.

Herfatmanesh et al[52] investigated the effects of fuel line pressure wave and dwell
angle in split injection strategies on diesel engine performance and emissions. Their
investigation revealed that fuel line pressure fluctuations affected the actual injected
fuel quantity of the scond injection in the case of two consecutive injections. This in
turn, influenced a#fuel mixture formation, combustion phasing, performance, and
emissions. They suggested that these fluctuations could reduce the control over
combustion phasing which wanitiated by the multiple injection. Moreover, their
findings also revealed that dwell angle also influenced combustion phasing and could
be used besides injection duration, to dampen the effects of fuel line pressure

fluctuations.

Herfatmanesh et al[54] investigated the effects of split injection ratios in an optical
single cylinder diesel engine. Their findings showed that even when the total fuel
guantity was split in either even or uneven twin ratios such as 50:50, 70:30 and 30:70
for both highand low loads, subsequent injection pulses and their injection timings
were still significantly influenced by the dwell angle due to the presence of fuel line
pressure fluctuations. They observed that very short dwell angles suchiGs 5
resulted in a sigle injection with a considerably larger fuel quantity injected due to a

crossover of injection timing between the two injection events.
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D6 St ef a[sbpinvestigated the effects of multiple injection strategies with
EGR rates on the performanared emissions of a low C.R. Euro 5 diesel engine. In
their investigation a pileMain (pM) injection strategy was analysed and compared to

a rateshaped mains injection strategy implemented in the form of double pilot and
boot injections. They found th#te rateshaped main injection offered a negligible
influence on reducing NOx and soot emissions. Moreover, the pilot and boot
injections both resulted in reduced combustion noise. Apart from this, they observed
from a DoE optimisation of the pM injectigtrategy that splitting the injection aided

in entrapping air inside the fuel clouds thereby forming locally leaner mixture
formation and allowing increased EGR rates which caused lower Soot and NOx

emissions.

Asadi et al.[56] numerically investigatd the effects of ethanaliesel and biodiesel
diesel blended fuels using multiple injection strategies on a diesel engine. Both
ethanol and biodiesel were blended with diesel at 10% and 20% each while the
multiple injection strategy involved a 20% and 3@#ot injection quantity of the

total fuel load in each fuel blend case for two injection timings. Their findings on the
effects of multiple injection timings showed that while both the pilot injection
guantity and injection timings significantly influertteombustion phasing, the effects

of the former were found to be more crucial. Their findings also suggested that the
fuel type used in operating the engine influenced the injection timing and strategies

adopted.

Aziz et al.,[57] investigated the influence of multiple injection strategies on the gross
indicated efficiency, as well as CO and uHC emissions of a diesel engine fuelled with
methanol under Partially Premixed Compression Ignition (PPCI) mode. Their
investigation revealedhat the gross indicated efficiency could be increased while

simultaneously reducing uHC and CO emissions with multiple injection strategies

compared to single injection strategy.

Panda and Rameghb8] investigated the effects of methanol to dieselrgnehare

and injection timing on the combustion stability, efficiency and emissions of a single
cylinder CI engine using single pilot and double pilot multiple injection strategies.
Their results showed that in the case of single pilot multiple injecliategy, an
increase in the methanol to diesel energy share of about 43% caused NOx and smoke
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emissions to reduce. This was attributed to high latent heat of vaporisation of
methanol. The increase in methanol to diesel energy share also led to improved
premixed combustion and thermal efficiency. Their results showed that in the case of
double pilot multiple injection strategy, combustion stability was improved with the
methanol to diesel energy share increase up to 50% while NOx and smoke emissions
reducedoy 49% and 91%, respectively. A reduction in NOx emission by an additional
14.5% was obtained when methanol to diesel energy share increased to 53%. Their
results suggested that double pilot multiple injection strategy has the potential to
provide improve performance, emissions and combustion stability compared to

single pilot multiple injection strategy.

The study on the combined effects of EGR and split injection to further reduce NOXx
by Montgomery and Reit59] showed that NOx emission could bethar reduced
through the reduction of peak combustion temperatures but with an increase in soot
emissions due to inadequate amount of oxygen compared to the application of split
injection alone. Park et a[60] studied the effects of multiple fuel imggons to find

that pilot fuel injection reduced ignition delay by reducing premixed combustion and
peak heat release rate, while post fuel injection contributed to the oxidation of soot

emission by 40%.

Shayler et al.[61] investigated the effect of three split fuel injection strategies (i.e.
70:30, 55:45, and 50:50 ratios) with EGR rates of 10% to 25% on a-de&vgiesel
engine. Their results showed that NOx and soot emissions were reduced
simultaneously across all #& multiple injection strategies. The reduced soot
emission was attributed to improved-aiel mixing which caused higher-gylinder
temperatures during the diffusion combustion. The reduced NOx emission was
attributed to lower oxygen content due the osEGR.

Mobasheri et al.[11] studied the effect of dwell angle in split injection strategies.
Their study revealed that the dwell angle of 20 CAD was optimal regarding the
operating conditions used and lead to the simultaneous reduction of sooOand N

emissions.

Yang and Zend62] investigated the effect of natural gas injection timing and pilot

injection quantity in a split injection strategy on the combustion and emissions
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characteristics of a dudllel engine. Their investigation showed thatthbdhe
injection timing of natural gas as well as split injection strategy had major influences
on the combustion and emission characteristics. They revealed that improvements
could be made to the premixed combustion phase of natural gas when its injection
timing is retarded. Furthermore, their results showed that the tested split injection
strategy diminished diesel pilot combustion, however, this could be improved with

advanced diesel pilot injection timing.

The benefits of multiple injection strategias presented in various investigations
have shown its significant influence over combusti@haracteristics and
consequently, performance and emissions. Many of these investigations have focused
on the effects of multiple injectiostrategyas a standalorghenomenomnd few have
focused orthe combineceffectsof multiple injection strategy anits interaction with

piston bowl geometry.

Regarding this frontier, Kershawani and Gupé8] numerically investigated the
effects from split injection and piston bowl geometry on engine performance and
emissions. Their investigation involved six piston bowl geometries and three injection
ratios which yielded 18 configurations of varying piloteicied fuel quantity up to
15% of the total injected quantity. Furthermore, the investigation was performed at a
constant singleengineload, compression ratio and speed. They also performed an
optimisation study based on their findings to obtain a suitaisten bowl geometry

and injection ratio for theestedengine.

Despite the insight their investigation provided on the interaction between split
injection strategy and piston bowl geometry, it was observed to be lacking the
consideration of injectionming which according to many investigations imposes a
significant influence over combustiamaracteristicend emissions formation. Apart
from that, their investigation and optimisation were limited to finding an optimal

injection ratio and piston bowl genetry solution for a single engine load.
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2.3.3 Multiple Fuel Injection Strategies in Alternative Combustion Modes

Multiple fuel injection strategies such as the double injection has beenreilked

alone or with alternative fuets achievesome LowTempeature Combustion (LTC)

(i.e., alternative) mode# the search for improved CIl engine performance and
reduced emissiongrigure 2-10 shows the EquivalencRatioTemperature (EQ)
regions of alternative advanced combustion modes compared to Conventional Diesel
Combustion (CDC). The Efj regions of these combustion modes influence their
respective performance and emissions. These modes are discussedolfowhegf

sections.
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Figure2-10: The EQT chartof conventional and advanced diesel combustiodeg64]
2.3.3.1 Premixed Charge Compression Ignition (PCCI)

The PCCI mode is an evolution from the HCCI mode, broadly aimed at overcoming
HCCIlI 6s drawbacks while reducing NOx and
PCCI mode involves the combustion of premixedfaél mixture at temperatures
between about 1650K ar400K, thus, producing lower NOx and soot emissions
compared to the CDC modeéuel injection strategy with respect tedglinder charge
temperature and pressure plays a critical role in the initiation of the PCCI mode. Early
fuel injection often resultsni high uHC and CO emissions due to wall wetting
whereas late fuel injection can result in high soot emissions due to insufficient time

available for aikfuel mixing[65].
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Multiple injection strategies provide a good control for the application of PCCI mode.
The state of the haylinder airfuel mixture is governed by the injection of fuel in
multiple intervals. Therefore, ignition delay, start of combustion and combustion
characteristics can be better controlled. In addition, EGR can be used to prolong the
ignition delay to enhance diuel mixing at lower temperatures for simultaneous
reduction of NOx and soot emissions. Nevertheless, some reports have shown that the
use ofhigh EGR levels results in high CO and uHC emiss|66§ [67].

Shim et al., [8] performed a comparative investigation orsihgle fuelHCCI, PCCI

and dual fuelPCCI combustion modes with a focus on combustion characteristics,
thermal and combustioefficiency, as well as emissions. Their investigation was
performedon a heavyduty single cylinder enginanderstable operating conditions.
Their resultson the single fuel and dual fuel PCCl modes showed that both modes
simultaneously reduceNOx andPM emissions to levels below Euro 6 regulations
without theuse of aftertreatment system#n their investigation, single fuel PCCI
modeexhibited poor control over combustion phasthg to incomplete combustion
which resulted in much higher CO and uHCigsions, about 38 times that of the
CDC mode. Its low efficiency was also attributed to incomplete combustion,
therefore, the addition of high EGR rates over 40% and multiple injection strategies
was suggested to improve thermal efficiency.

Their reporton the dual fuePCCImode showed that it offered an easier and better
control over combustion phasing and duration which resulted in a 43.5% higher
Indicated Thermal Efficiency (ITE) compared to the CDC mode as well as a 14.3%
reduction in CQ emission. Nvertheless, it showed uHC emissions which although
was lower than that of the single fuel PCCI and HCCI modes, it was about 7.8 times
higher than that of the CDC mode.

Bhiogade and Suryawang}i8] recently performed a numerical investigation on the
effects of PCCI and EGR on engine performance and emissions. In their investigation,
an externally prepared vaporised diesel was used to create a port premixing formation
which was introduced into the combustion chamber along with EGR to prolong
ignition dehy. The results of their investigation showed that this PCCI setup resulted

in an increase in CO and uHC emissions as well as a 43.57% reduction in NOx
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emissions. In addition, this PCCI setup resulted in a 1.9% lower Brake Thermal
Efficiency (BTE) comparetb the CDC mode.

2.3.3.2 Reactivity Charge Compression Ignition (RCCI)

The RCCI mode offers better control over ignition delay, start of combustion and
combustion phasing while maintaining reduced NOx and soot emissions. It involves
multiple fuel injection striegies generally using multiple fuels of different
reactivities. These fuels are injected into the combustion chamber at specific intervals
to control the ircylinder reactivity of akfuel mixture, thus combustion phasing. In
this configuration, lower reaivity fuel is injected into the cylinder early in the
compression stroke to mix with the-gglinder charge to form a homogenous mixture
after which the fuel with higher reactivity is injected later in the compression stroke or

early in the power stroki® initiate and control the combustif8b].

This method of fuel injection results in the formation of not just differentuair

ratios but also different reactivities. The change of reactivity controls the start of
combustion at different times andtes as combustion proceeds from regions with
higher reactivities towards regions of lower reactivities. Moreover, the higher the
difference in fuel reactivity the better theaglinder performance even at higher loads

due to better control over combustiphasing and heat release rate. This results in
some advantages such as longer premixed combustion phase, lower pressure rise rate,
lower emissions even at higher loads and higher thermal efficiency. Nevertheless,
different fuel blends are required to amohe an adequate RCCI mode especially at

different operating conditions and engine lofgH.

Poorghasemi et al[69] carried out a numerical investigation on the effects of fuel
injection spray angle and pressure, premixed ratio and injection pulséhe
performance and emissions of a light duty RCCI engine fuelled with diesel and
natural gas. The report showed that these parameters had a significant effect on RCCI
combustion characteristics. A 5% increase in indicated thermal efficiency was
obsered when the timing of the first fuel injection was retarded by 4 CAD and its
pressure was reduced from 400bar to 350bar. However, indicated thermal efficiency
was reduced by 4% when spray angle was reduced from 144 to 100 degrees and

injection timing was dvanced by 6 CAD. In addition, uHC and CO emissions were
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reduced besides NOx emission by increasing natural gas fraction, increasing the fuel

fraction in the first injection and advancing the start of injection.

Ansari et al.,[70] carried out an experiemtal investigation on the effect of fuel
reactivity using kgh Reactive Diesel (HRDand Ultra Low Sulphur Diesel (ULSD)
having cetane numberof 85 and 49respectively, with methane fuel as the fuel of
low reactivity in RCCI and conventiondiesel combustion modes. A9L inline 4
cylinder turbocharged CIl engintat wasmodified for dualfuel operation at an
engine speedand IMEP of 1500 rpm and 8bar respectively, was used for the
investigation. The cetane number was reported to be the sigmsticant factorto
influence WHC and COemissions It was also reported that extended combustion
duration, reduced #ylinder peak pressure and thus noise as well as reduced
Maximum Rate of Pressure Rise (MPRR) were attributed to the larger diffarence

the reactivity between the two fuels used.

Singh et al.,[71] performed a comparative study of the engine performance and
emissions characteristics of the PCCI and RCCI modes against the CDC mode using a
single cylinder engine at four engine loadsl aan engine speed of 1500 rpm. The
RCCI mode was operated usingli@setmethanol pairfor high andlow reactivity,
respectively while the CDC and PCCI modes were operated using diesel. Their
results revealed that the RCCI offered a better and moreestabitrol over
combustion phasing compared to the CDC and PCCI modes. This resulted in the
RCCI having similar thermal efficiency to the CDC mode at baseline load and even
higher efficiency at higher loads compared to the CDC and PCCI modes. In addition,
the RCCI exhibited lower exhaust gas temperature, lower combustion noise and
engine knock compared to the CDC and PCCI modes. Regarding emissions, the RCCI
produced lower NOx but significantly higher uHC emission compared to the CDC
and PCCI modes.

Ghaffaradeh et al.[72] investigated the effects of direct injection biodieS&lG

and dieselCNG dual fuel combustion modes in a modified single cylinder RCCI

engine. Their findings showed that the SOI timing of the liquid fuel was crucial for
the performanceand emissions. Thermal efficiency and NOx emissions increased
while uHC and CO emissions reduced when the Sol timing of the liquid fuel was
advanced.
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Hasankola et al.[73] numerically investigated the effects of Inlet Valve Closing
(IVC) temperature293K to 353K, and EGR rate, a 0% to 25%, on the performance
and emissions of dual fuel natural gadiesel RCCI engine. In this investigation,
natural gas was port injected as the low reactivity fuel and diesel was directly injected
into the combustionfmamber as the high reactivity fuel. The results showed that the
maximum heat release rate;aylinder pressure, NOx and soot emissions reduced as
the EGR rate increased. In contrast, maximum heat release raeyinder pressure,

NOx and soot emissionacreased as the IVC temperature increased. Their results
suggest that IVC temperature and EGR rate can significantly alter the combustion

phasing of an RCCI engine.

Mabadi et al.,[74] investigated the enhancement of hydrogen energy share in an
RCCI emine. In their investigation, diesel and syngas enriched natural gas were the
fuels used to achieve high and low reactivity while EGR was introduced to stabilise
and achieve LTC. The syngas consisted of an 80:20 ratio of hydrogen and CO. The
results of tleir investigation revealed that a 40.43% increase in hydrogen energy share
was obtained with an engine power trade off of about 1%. Further improvements to
engine power over 4% resulted in a hydrogen energy share of about 27.05%. These
two hydrogen energyshares also led to the reduction of hydrocarbon fuel
consumption by 46.6% and 33.86% respectively. Finally, the gross indicated
efficiency was reported to be over 50%.

Bae and Kim75] reported that the DME fuel spray injection structure was key to its
improved fuel atomisation, evaporation and thus, improved combustion. The authors
assessed DME spray structure under three ambient pressure conditions; below
saturated vapor pressure caiwh (atmospheric condition) wherein it exhibited the
flash boiling phenomenon, ambient pressure condition wherein it exhibited a similar
shape to diesel spray but with a wider spread and the critical pressure condition

wherein the ambient pressure wagdrel the critical pressure.

Kim [76] reported that while DME can be easily changed to liquid phase at about
298K which is advantageous for storage; it evaporates as temperatures approach that
of steady engine operating temperatures around 353K to J#8&.causes problem

in piezo fuel injectors as hydraulic couplers tend to malfunction when filled with

DME in gaseous form. Nevertheless, Xu et [@l7] reported improvements in DME
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injection in back pressure insensitivity and piezo injection when uaingpvel
common rail type fuel injection system. Sasaki et [@8] suggested the need for
nozzle hole optimisation when using DME due to cavitation inside the nozzle, thus

restricting nozzle flow rate as a result of its low vapour pressure and boiling

2.4  Algorithms and Methodsused in solving Optimisation Problems

The optimisation of engine performance and emissions has become widely recognised
as part of engine design and modification processes. Here, optimisation methods and
algorithms areapplied to a set of engine parameters which lead to an improvement in
engine performance and emissions. Optimisation can be performed either by

parametric studyusing optimisation algorithms or a combination.

Regarding the optimisation algorithms, thewriv by applying a set of systematic
rules with the aim of converging either at the solution of a problem function or at an
approximated solution of the problem function. The process involves an objective
function which represents the set of parametersetoofitimised, a set of design
variables that are simultaneously analysed by the optimisation algorithm, and a set of
constraints imposed on the objective function. Design variables can be continuous,
discrete, or binary wherein the problem function can rev@mbination of these
variables while the objectives can be conflicting. Algorithms used in solving
optimisation problem functions are generally grouped into -exaiutionary
algorithms and evolutionary algorithms.

2.4.1 Optimisation by Parametric Study

Optimisation by parametric study is widely used in arriving at optimal solutions and
may be considered as the initial stage of optimisation. It is a manual approach to
optimisation that is based on human knowledge of the input parameters (i.e., design or
input variables), the search space and their effects on the selected output parameters.
Here, human knowledge and experience guides the adjustment of the design variables
within their search space towards a set of optimal values that yield either a single or
multiple optimal solutions with respect to a set objective or objectives through

successive simulations.

Nao Hu [92], applied optimisation by parametric study in obtaining an optimal

dynamic response for a HPCR injector to improve injection characterfstica

32



marine diesel engine. Here, three variables namely control piston diameter, inlet
passage diameter and outlet passage diameter were studied while the injector opening
delay, closing delay and fuel injection mass were the output parameters observed.
Furthermore, optimisation by parametric study was also applied by Nao[88hin
obtaining optimal reductions in NOx and soot emissions and specific fuel oil
consumption for a marine diesel engine. Here, the design variables were injection
timing, swirl ratio, spray angle, nozzle protrusion length, bowl diameter, centre crown

height and toroidal radius.

Both reports showed that this method has the advantage of being guided by human
knowledge and experience of the problem being optimised whereirequdrg
simulations are based on the analysis of previous results. Thus, optimal solutions can
be obtained quickly. However, the reports also showed that this method is only
effective when considering a small set of design variables, search space and number
of objectives (i.,e.O 3) . Using this method, the optd.i
the following:

f a higher number of design variables and search spac€(i.e3 )

f a higher number of objectives considered,(@e. 3) and

1 a higher number of conflimg objectives.

2.4.2 Optimisation by Non-Evolutionary Methods

Optimisation by norevolutionary and evolutionary methods involve the use of
computational algorithms that offer a systematic approach to obtaining an optimal
solution instead of applying human gomance. For these methods, the human
element of the optimisation process is completely replaced by an algorithm.
Therefore, these methods do not have the drawbacks/limitations of the parametric
study. Furthermore, it means that they can be applied tobdepn with a larger set of
design variables, search space and ruoltiflicting objectives. These methods can be
categorised into design of experiments (o@timisation by sampling algorithms) and

gradientbased algorithms.

2421 Design of Experiments (DoEO®OS)

DoE is an organised way ofonstructing the connection betweemput and output

parameters in order to analyse the factors that contribute to minimisation,
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maximisation, and tradeffs in a problemThus, it can effectively be used in studying
theimpaco f i ndi vi dual variables on the overa
obtaining the highest quantity of information on them while reducing the number of
simulations. Generally, a set of design points for which the simulations should be
assessedisdutt ned wherein the design variabl es

specific value assigned to a factor is re

The factors have lower and upper bounds which describes a hypercube while its
numerical stability can becreasd by scaling them to a range between +1 ahd

Then statistical tools such as regression analysis and Analysis of Variance (ANOVA)
are applied to identify the sensitivity
used either toscreen desigrvariablesto ascertain thedependeng of a response
parameteron a design variable or to find a good starting point for a design
optimisation algorithm. Some DoE sampling algorithimslude the Full Factorial

Design, Orthogonal Arrays, Sobol Sequeftzg and Latin Hypercubf5].

2.4.2.1.1 Latin Hypercube (LH)

In this DoE sampling method, the design space for each factor is dividedleels
equally wherein a single design point is placed on each level of every factor. Hence,
¢ Apermutations ot levels are possible for the individual factors. Apart frivat,

the design matrix for the LH consists of a single column determined by an arbitrarily
chosen permutation @&f levels for each factor. Moreover, correlations between the
columns may exist as the matrix is generated arbitrarily. For a raweirdegn

matrix¢ combinations are possible and have an equivalent chance ofeswmurr

The LHhas a good space filling property as more combinations for each factor can be
studied,thus, severalevels and consequentieveralcombinations may be studied

for each factowherein thenumber ofdesign pointausedmay be chosen at willn
addition, an independency is kept amongst the variables wherein the input variables
are randomly selected within the distribution from each interval only once, thus
avoidingunwanted correlation in the design points which is a drawback of the Sobol
sequence. Nevertheleshietprobability of missing some design regiontsends to
increase as the number of design points decrgbse thee dimensional unit of the

hypercube shys down the algorith{6].
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2.4.2.2 Gradient Based Algorithms

Gradient based (neevolutionary) algorithms use derivatives to locate the optimum
solution of the problem function. Three main steps; the search direction, step size and
convergence need to be merhed before the design variables are updated. The
various types of this algorithm differ mainly by the way in which they solve for the
search direction. They are fast and widely used for single and-amkinsional
problems. Nevertheless, they are onbyod with gradient, continuous and smooth
problem functions and are susceptible to finding the local minimum rather than the
global minimum of the problem function. Details of some of these methods such as
the Newtonds method, S ti-Neavipre mdthodCaads Nee n t me
Linear Programming by Quadratic Lagrangian (NLPQL) are presented in the
literature[97], [98].

2.4.3 Optimisation by Evolutionary Methods

Gradient free (evolutionary) algorithms do not use derivatives but rather natural
heuristic search methods and as such can be used for problem functions that are
discrete, discontinuous)oisy, or nondifferentiable. Although they are useful for
problems that are difficult forgradientbased algorithms, they are slower in
comparison. Most gradiéffree algorithms are global minimum finders and although
they can find many good solutions and local minima, many of them are stochastic and
thus, may not guarantee the global optimum solution. Some gradient free algorithms
include the NeldeMead (NM) [99], Particle Swarm Algorithm (PSA) and Genetic
Algorithm (GA) family.

2.4.3.1.1 Genetic Algorithm (GA)

GAs are algorithms that simulate a t uavaubomaryprocesso f Asurvival C
fittesto based on [1IDQfirstyropodesl the doreceptof GA ahtlo | | a n
together with Goldber@l01] became the frontrunners who suggested its application

in engineering optimisation problems. GA is a search methaduses the fitness
attributes of earlier designs to produce

evolution towards yielding better solutions as its primary goal.
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The search procedure f@A is initialised with several randomly generated designs.

The number of designs evaluated in each generation is called the population size and
each design is called a gene. The genes generated are encoded in mathematical
expressions such as real numbers or binary strings and are evaluated to provide a set
of soluions called a set of individuals. Moreover, the objective function is called the
fitness function. Furthermore, the set of individuiglsmproved by producing their

o f f s pandapptyiagsthe principle of survival of the fittesherein their fithess is

tested to yield anew set of individuals §olutiong with corresponding new genes
characterised by a higher chance of survival and reproduaiitnrespect to the

fitness function

Newly generated genesidergo gert& modifications using mutatiorselection, and
crossover to determine their level of fithess based on the objective function as well as
to produce the next set ofdividuals andyenes. A crossover modification among the
evaluated designs gives high possibility of the designs with bettessitmerit to
survive to the next generation atidves the population towards the local minimum or
maximum using crossover point& mutation modification involves introducing
random changes to parts of a gene,(ite.design variables or chromosomesd)iat
provides increased diversity and randomness of the genes and thus their solutions by

avoiding trapping at the local minima and maxirb@2], [103]

Hence, theparameters that influence crossover and mutaaom vital to the
performance of GAs inetms of avoiding local trapping and achieving optimality,

thus arriving at an improved set of results at terminafiigfj[15].

The various GAs within the GA family of algorithms such as the (micyfGA, Non
dominated Sorting Genetic Algorithm (NSGAAdaptive Range MulObjective
Genetic Algorithm (ARMOGA), etc are formed based on different methods of gene
coding, crossoverand mutation function creation. Apart from th&As are widely
applied to multiobjective optimisation problems as Mullbjective Genetic

Al gor i t h ms[96] [M®EG5H[406], [107].

2.4.4 Pareto Optimality and Objective Merit Function

Multi-objective optimisation problems consist of safjectives which have different

magnitudes of conflicting interests. Hence, they yield a set of optimal solutions rather
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than a single solution. T-dbjective optincisatorn of
problems is called the Pareto optimum. Pareto optimality indicates a state achieved
wherein a set of solutions obtained cannot be outperformed by other solutions within
the multtobjective function space. Usingigure 2-11 as an illustration of pareto
optimality, the set of solutions [a, b, c, d, e, f] make up the pareto optimal set of
solutions because they are not outperformed by the other solutidns,[gk, |, m, n,

o] with respect to minimising objective 1 and 2. Apart from that, dominance is a

terminology generally associated with Pareto optimality.

In Figure2-11, solutions a f are dominant while solutions-gp are dominated. Here,

a solution is said to be dominated when at least one of its objectives is worse
compared to other solutions within theulti-objective space. Thus, Pareto optimal
solutions can be considered as dominant solutions. In addition, dominant solutions are

grouped to form the Pareto front.

A Optimal solutions
(dominant)

Objective IT

Pareto front

v

Objective I
Figure2-11: lllustration of Paret@ptimum for two objectives

A merit function can be used to implement the magnitudes of the respective sub
objectives within a multdbjective function. Equatio2.5 shows the weighted sum
method which is generally used in assigned merit to eackolgebtive thereby

transforming the mukobjective function into a single objective function.

0 @ QQ®ORD QY (2.5)

Where* andU are the weighting factor of each sabjective function and sub

objective, respectively.
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2.4.5 Regression Analysis and Modelling

Regression analysis involves the use of statistical modelling to estimate the
relationship between a set of indepertd@mput) variables and dependent (response)
variables by means of a mathematical model or function that best fits the relationship.
Regression analysis and modelling can be performed in various forms which include
simple and multiple linear regressiongistic regression, polynomial regression, ridge
regression, support vector regression Et68]. In addition, various regression
algorithms can be used to implement any of the regression forms on a dataset. Since
engine optimisation studies usually invelthe generation of relatively large datasets,

the relationship between the engine design parameter space and response space can be

modelled through regression analysis.

Furthermore, regression modelling of such engine datasets can also be used for the
prediction of engine response solutions based on a given set of design inputs
parameters using the estimate mathematical model.

Currently, the development of regression algorithms and improvements in
computational power has paved the way for increasealicapon of regression
analysis with regards to engine optimisation studies in the form of regrdmsed

optimisation.

Regressiofbased optimisation involves the use of the regression mathematical model
which estimates the relationship between the cdetlesign input parameters and
response parameters to provide an individual or a set of optimal solutions with
respect to the optimisation objective function. Here, the provided optimal solutions
especially for the response parameters are predictedwnpsr(i.e., estimations of the

true optimal solutions).

The workflow of a regressiebased engine optimisation begins with the regression
analysis and modelling of the engine data using a regression algorithm with the aim of
obtaining a mathematical mod#tat best describes the relationship between the
design input and response spaces. The mathematical model coupled with an
optimisation algorithm that searches for optimal solutions is then used to perform the
optimisation process for a set optimisationjeghve function. Regressidmased
optimisations are fast since the optimisation process utilises statistical functions (i.e.,

Response Surface Methodology (RS[M09]). Therefore, they are useful in tackling
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complex multiobjective optimisation problemthat involve costly computational
simulationssuch as 3D CFDwherein the accuracy of the predictions from the

optimisation procesdepend®n the accuracy of the regression mathematical model.

Since regression modelling as well as RSM only generates a predicted response, a
prediction error or residual (i.e., the difference between the predicted response and the
true response) always exists. Thus, validating the predicted response by performing
the actual simulation with the real solver is good prag¢fi@@]. Besides the residual,

the performance of a regression model can be assessed using metrics which include
coefficient of determination @R[111], correlation coefficient (R), Mean SqudEgor

(MSE), Mean Absolute Error (MAE), Mean Absolute Percentage Error (MAPE) and
Maximum Absolute Error (MaxAE]17], etc.

Furthermore, the robustness and accuracy of the regression mathematical model can
also be influenced by the regression algorithm used in the modelling pracess.
regard tothis, various regressisnwhich include interpolating methods such as
Shepard methd) K-Nearest methoflLl12], Radial Basis Function meth¢#l13] and

the Kriging method114] as well as approximating methods such as Polynomial SVD
method[115], Stepwise Regression methfdd 6], Gaussian Processes metljbi7]

and Neural Netwdks [118]i [121] have been used for regression modelling of linear
and nonlinear relationships. More also, methods such as the Support Vector
Regression (SVR) through the use the Support Vector Machine (SVM) method have
been noted to excel at highly coraplnonlinear relationships apart from the Kriging,

Gaussianand Neural Network methods.

2.5 Review onlC Engine Optimisation

There have been various studies on the use of optimisation algorithms in improving
diesel engine performance and emissi@@nestudies reported improvements when
using the DoE3D CFD approachvhich involves the application of a DoE sampling
algorithm to provide exploration points within the design space and the simulation of
these points using the 3D CFD solvéaghavifar et al.[122] reported reduced NOx
emission for a 1.8L diesel engine when the Sobol sequence DoE sampling method
was applied to obtain the optimal injection strategy and combustion chamber
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geometry Here, the optimal case was fouaiter 22 3D CFD engine simuteons and

comprise of a lower injection angle and a smaller bowl volume.

The effectiveness of thisapproachis limited due to the circumstance that DoE
algorithms are not setup to find optimal solutions (iexploitation) butare rather

setup to sample the design space (i.e., exploration). Therefore, the identification of
optimal solutionss not deliberate as i the Optimser3D CFD approachvhich is

more commonly applied and has been reported to also provide improvements to
engine performance and emissioMith the Optimiser3aD CFD approach, the

optimiser algorithm drives to obtain optimal solutions basedeanning which is

done by assessing the CFD simulation results of selected suggested designs.
Therefore, the dggn spaces exploited for optimal solutions in @eliberatemanner.

This approach can alsewvolveusingDo E6s t o s a mpnol te usitglthe s p a c «

optimiser.

Taghavifar[123] studied the use of multbjective NeldeiMead algorithm with the

Latin Hypercube sampling method to obtain optimal piston and injector parameters
for improved combustion noise, indicated torque and swirl ratio foi8h diesel
engine. In this case the optimal case was found at 27 runs with simultaneous reduction
in emissions and improvements in performance. Chen [dt2dl} investigated the use

of multi-objective NLPQL algorithm with orthogonal sampling method i th
optimisation of a combustion chamber and injection parameters for an 8.9L Cummins
diesel engine. Here, simultaneous reduction in NOx and soot as well as reasonable

performance characteristics were obtained.

Navid et al.[13] applied multiobjective NelderMead algorithm with Sobol sequence
and Latin Hypercube DoE sampling methods to obtain optimal bowl and injector
parameters for improved indicated torque, combustion noise and swirl ratio ib a 1.8
diesel enginelt was found that although similar tds with deviation ofess tharl%

were observed when using both sampling methods, they both achieved their
respective results in 7 runs and 27 ruaspectively.

Navid et al.,[14] studied and compared the difference betweétulti Objective
evolutiomry Genetic Algorithm (MOGA) and mubbjective norevolutionary
NLPQL optimisation methods for a 1.8liesel engine. Thigwvestigation aimedo

obtain the optimal design values for tf@lowing variables, inner distance of the
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bowl wall, bowl radius, injection spray angle and injector half spray cone aritjle
ISFC, IMEP, NOx emission and spray droplet diamsetgias the objectives. It was
observed from the study that a closer inner wall distance of the bowl resulted in
higher engne efficiency, deeper bowl with a more circular shape resulted in lower
NOx emissions due to a higher swirl motion. It was also observed that the NLPQL
and MOGA achieved the best design at 41 runs and 84 mespectively with the
deviation ofless thar2% in their NOx emission results in favour of MOGA.

Hu et al.,[15] also studied theomparisorbetween the NLPQL and MOGA for the
optimisation ofa 4-cylinder marine diesel engine in terms of NOx, soot and SFOC.
Here,the authorgeportedthat the NLPQ produced a best design case that resulted

in NOx emissions higher than that of the baseline run thus, failing to achieve
optimisation at 17 runs attributed to improper weights whereas the MOGA obtained a
best design case reducing NOx and soot emissmms&derably at 14 runs. It was also
observed that better results were obtained when both algorithms were combined.
Bozza et al.[16] applied the MOGAII in optimising the performance ofleght-duty

diesel engine equipped with a HPCR fuel injectionaysand observed that it was
able to yield optimal results for NOx, IMEP and combustion noise based on five

design variables of fuel injection strategy.

Li et al.,[126] performed é8D CFD multi-objective optimisation that was focused
improving methaol-diesel blend injection characteristics for enhangedormance

and emissions of a diesel engine fuelled with direct pilot diesel and main methanol
injections. In their investigationmethanol injection pressuend nozzle diameteas

well astwo dieel/methanol spray intervalanglds i n t he XZ pl ane an
plane were the four design parameters. The characteristics of combustion,
performance and emissions were the objectives analysed. Their findings showed that
engine performance and emissowere significantly affected by methanol nozzle
diameter and injection pressure. At a constant injection duration of methanol, the
combination of larger nozzle diameter and lower injection pressure resulted in lower
peak pressure, HRR and NOx emissionkilev uHC, CO and soot emissions
increased. In addition, ddandb methanol spray o2° and15°, respectively, led to

improvements in the fuel economy and emissions.
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Liu et al., [128] performed a multbbjective optimisation of diesel fuel injection
parameters of a duéllel engine fuelled with diesel and natural gas using GA. The
results of the investigation showed that almost all the fRareto andPareto
solutions exhibited soot levebelow the Euro 6 limitHowever, only a few nen
Pareto andPareto solutions exhibited NOx levels below the Euro 5 limit. The Pareto

front designs were dominated by open piston bowl geometries.

Various investigationspreviously discussed as well as oth¢i29]i[136] have
demonstrate the benefits ahulti-objective optimisationin engine development
especially fronthe applicationof GAs in the OptimiseBD CFD approachHowever,
in many of thesereports the required computational cost watsserved to limit their
applicationespecially when utilisinga GA as the optimisedue to theirrelatively
slowerconvergenceompared to the neavolutionary and gradient based algorithms

From some of these studies, thaimisation proceswas found tautilise alarge set
of CFD simuldaed designgo adequatelysample thedesign space fothe GA-CFD

optimisationwhich in turn increaskthe computational cost required.

An additional factor of challenge was thgpes of engine design parameters
considered for optimisatiomnd the approach to their staaldne or combined
optimisation.The combined optimisation of controllable dinded engine parameters
(hardwareYaisesthe issue of finding an adequate optimmatechnique or approach.
Addressing these parameters further increased the complexity of the optimisation
process and consequently the computational requirenkwever, only a few
investigations have been carried out on this frontier despite the aekigmment of

its importance.

Shi et al.,[249] presented the twstep approach and the consistent approach in an
attempt to tackle this issue. Some conclusions from their investigation provided
insight on the hierarchy of the considered parameters bhasveffective approaches
towards optimisation. Nevertheless, their investigations were limited to single fuel
injection strategy and piston bowl geometry even with the use of the advanced
CONDOR server computational system which suggested that the e@tmd of an

optimisation approach was also impacted by the computational cost involved
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The investigation by Ge et aJ250] which formed the basis of the optimisation study
by Shi et al[249] suggested piston bowl geometgtimisation should bearried out
under high or full engine load conditions due to the higher sensitivity of engine
performance and emissions to piston bowl geometrical attrilbungsr thesengine

load conditions. However, as with Shi et gR49], their study was also lined to
single injection strategy and piston bowl geometry and did not considéiple

injection strategies and the additional complexities involved.

The application of surrogate/regression modeds the optimisersurrogate approach
have been shown tgreatly reduce theequiredcomputationalcost which in turn,
promotesthe inclusion of more prime design parameters in optimisation studies.
However, the computational cost reduced here is that of the cost required for design
exploitationand not from training the modelSrom various studies involving the use

of optimisersurrogate approach and regression modelling, relatively large detsgn se
of 200 to 400 designkave beerreportedlyrequiredfor training and validatiorio
achievean accuratenodelwhich are expensive from either engine experiments CFD
simulations [246]i [248].

In the study by Lotfan et al[17], the combination of the NSGA and Artificial
Neural Network (ANN) was used in optimising CO and NOx emissions for a direct
injection dualfuel engine. A MultiLayer Perception (MLP) network was trained on
400 experirental data to predict the values of output parameters, NOx and CO
emissions based on the input parameters, engine speed, intake tempdiedate,
mass flow rateCNG mass flow rate andoweroutput. The NSGAI was applied to

this network to find théareto optimal solutions of the problem. The results showed
that the ANN successfully modelled the emissararacteristicaith 0.9953 and
0.9969 as the correlation factors for CO and Ni@gpectivelywhile the MAPE was

less tharD.2.

Roy et al.[111], investigatedhe potential of ANN in predicting the performance and
emissions of a single cylinder four stroke diesel engine under varying EGR rates. In
this study, an ANN model was trained using 70% of 441 experimental test data while
15% of the data waused for the model validation and 15% was used to test the
model network performance. The study showed that the developed ANN model could
predict thecharacteristicof the output parameters BTE, BSFC, PM, CO and NOx

43



emissions accurately with correlati@moefficient (R) values ranging from 0.987 to
0.999 and MAPEs ranging from %41to4.57%.

Costa et al.[125] explored a methodology for the mudibjective optimisation of a
diesel engine piston bowl employing a GA and ANN combination and finally, 3D
CFD simulation. The study aimed to leverage thedaktulative nature of artificial
neural networks in obtaing Pareto optimal solutions for a mulbbjective
optimisation problem and then confirming the best solutions using 3D engine CFD
simulations. The study showed that the inclusion of ANN to conventionaBIGA
CFD simulation optimisation significantly redutghe computational time while

generatingPareto solutions for NOxsoot and IMEP.

Jabbr et al.,[127] performed a numerical CFD mulibjective optimisation of
hydrogendiesel fuel mixture ratios for Cl engine performance and emissions. In the
optimisdion, EGR, diesel injection timing andariousratios of hydrogen were the
design parameters investigated. Their findings showed that a 37.5% increase in
hydrogen ratio caused a 22% increase and 32,5% decrease in N&obanhissions

at the baselineregectively. However, NOx andoot emissions experienced a
simultaneous reduction at an optimal operating condition of 4% EGR, 30°bTDC
diesel Sol timing and about 13% hydrogen ratio. The results were obtained from the

application of ANN, GA and regressionaysis.

Tara et al.[251] employed a dataset of 335 3D CFD simulated designs in training a
regression model and combined it with the NSIBAo predict the relationship
between seven injection design parameters and the response parameters of indicated
efficiency, NOx, CO, and HC emissions. The results showed that the IRSGA-II
successfully reduced NOx, CO, and HC B2.3%, 44.9%, and 47.1%, with a
consequence of 37.5% in maximum pressure rise rate while indicated efficiency

improved by 11.5%.

In the regressiofGA multi-objective optimisation study bosta et al.[252], 81
DoE designs used for training the RBF model were generated through 3D CFD
simulation. It was noted in their investigation that each design recap@dximately
24 hours for comletion and estimated about 2100 hours to generate the designs

during optimisation if the GA designs were generated with 3D CFD simulations.
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The studies which featured regression/surrogate models revealed tbagpadbdity of

a regression model in mappinhe relationship between the input (i.e., design) and a
set of output responses (i.e., muhjective)is correlated tdfactors such athe size

and diversity of thgeneratedlesign dataseGenerally, the source design dataset size
should be such that reasonably reflects the dimensionality (i.e., number of design
parameters) and grid resolution (i.e., step size) of the design Jpecstudies also
revealed thathe diversity and dimensionality of the design space can also influence
the performance of thieainedregression model.

Whilst there is some evidence of successipplications of E algorithms over
design spaces witkelatively low and high dimensionaés for training and testing
regression mmdels, somegportshavealso highlightedhe limitation of this approach
especially when using relatively smaller design datasets (i.e., lower than 200 designs)

in the search for reduced computational cost.

In the investigation byshi [253] which employed aelatively mediundesign dataset

size of 120 designs for nine design parametén® trainedregression modelas
reported to makeredictions that were sufficient in replacing CFD simulations for the
performance objectives but insufficient for the emissions objectilis. observation

was attributed talimensionalityto design datasetize ratio of thedesign space. In
addition, it appeared that the diversity provided by the DoE could be detrimental to
theregression modelling as it could lead to low visibility of the relationship between
the design parameters and objective responses. Furthermore, the complex relationship
between the design parameters and some response parameters such as soot emission
was olserved to contribute to a poor visibility ambnsequently poopredictive
capability of some regression models.

The initial findings by Shi [253] also led them to towards furher optimisation
investigations using MOGAI generated designs tnaining four regression methods

for comparison. Interestingly, this revealed improvements in the predictive capability
of the tested regression methods due to generational dynamic learning. Their
investigation also showed that the regression methodsiechitifferent behaviours

due to diversity and dimensionality of the dataset.
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Therefore, it is obvious that even with the negligible computational cost and time
required by regression/surrogate modelled designs over 3D CFD simulated designs,
the regressioased optimisation still incurs a significant computational cost due to
the number of CFD simulated designs reqlitieeachieve reasonable diversity within

the design space and fadequatéraining and validationit is clear that Bhough the
accuracy baregression model is important, reducing the computationaboaistime
associated witlobtaining the training and validation design dataset is\atiabfor the
feasibility and scalability ofits engine optimisation processapplication Hence,
striking a balance between an accurate and reliable regression model as well as a

trainingdesign dataset size which incurs lower computational cost is important.

Towards thisend, more recent endeavowaeme of whichfeature the application of
Super leaners @., the use of multiple surrogate/regression models) within unique
strategies to reduce computational cbsive been exploredMoiz et al., [144]
developed a machine learniggnetic approach called the MEA involving aSuper
Learner modelvhich yielded improvements in engine ISEFQhey reported that the
ML-GA model enable the rediien of computational cost by about 75%hen
compared to aGA-CFD optimisationapproachwhich used the malschainGA.
Although the ML-GA wastrained using 2084 CFD simulated designs which required
a runtime of about 336 hours, it was later found to only require about 300 d€3igns
the other hand, the GBFD approachrequired784 3D CFD simulad designgo
converge wherein each design simiolatrequired a runtime of about 12hours when

using 128 processors from a supercomputer

Owoyele et al.[145] developed al\utoML -GA approach that utilised an automated
hyperparameter tuning functionality improve the quality of the ML model which
corsequently reduced the number of CFD simulated functions required and thus,
reduced computational sb significantly. More recently, Owoyele et al[146]
developed the ActivO algorithm for accelerating simulatioiven engine design. In
their report, anmprovement of about 1.9% in ISFC was gainsthg the ActiveO
approach which utilised a weak and stronger leaner trained in an active loop to
perform effective exploration and exploitation of the design space for optimum
solutions. The improvemerdbtaned required88 CFD simulated designs wherein

each CPB design required 8.3hours of runtimeducing computational cost and time
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by about 5.5 times when compared to the EFBA by Moiz et al.,[144] earlier

discussed.

Although trese studies|145], [146] showed that computational cost could still be
further reduced, it is worth noting that the optimisation proaeas limited by
providing a single optimal solution to reducing ISB@d did not show any evidence
towards the prasgion of more than oneptimal solutionwhich is a more attractive
avenue for engine development because it presents more options towards improving

engine design for realistic operations.

2.6 Concluding Remarks

A review on the combustion and emissions ctiarstics of Cl engines was
performed. Besides seeking improvements in performance, reducing Cl engine
emissions to even stiegulation levels is significant now more than ever due to their

adverse health and environmental effects.

Combustion phasing anthe resultant performance and emissions hinge on the
characteristics of aifuel mixture and its interaction with the residentcilinder
charge temperaturgressureand density. Therefore, identification of ways by which
combustion characteristics aptdasing can be controlled is rather important.

The pursuit for achieving greater combustion control, has led to investigations on
some advanced methods and technologies currently used to improve performance and
reduce emissions with minimalenalties. The advantages of aftertreatment systems
such as SCR, DOC, DPF and NOx absorbers support their current mandatory
application. However, their contribution to the increased weight and operational cost
of Cl engines is a notable drawback. Furtheemdhey only control downstream
emissions after formation and do not provide any way of reducing emissions at source

(i.e., within the combustion chamber).

The improvement and optimisation of -¢glinder and combustion chamber
parameters is still trendinghe application of EGR is very beneficial to increasing
thermal efficiency and reducing NOx emissions. Nevertheless, this is often at the
expense of a loss in engine power and an increase in CO, uHC and soot emissions.

The investigations carried out dmet effects of piston bowl geometry clearly show its
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significance to improving the state of -firel mixing by assisting heylinder

turbulence to improve combustion and reduce NOx and soot emissions.

The investigations performed on the effects of fuetahpn timing, injection spray

angle and injection strategy show that they greatly influence combustion phasing
through spatial and temporal distribution of the injected fuel within the combustion
chamber. Advancements in fuel injection is currently drgvatiention because of the
significant improvements gained without the drawbacks experienced with
aftertreatment systems. With the constant technological enhancements made to the
HPCRs and ECUs, multiple fuel injection strategies offer tremendous advamiage
terms of combustion and emissions control which can be further complemented

through the application of EGR, miller cycle, LTC modes and alternative fuels.

Identifying adequate setups for various engine parameters is currently achieved by
using computional optimisation and statistical algorithms along with engine CFD
simulations. This provides a time and ceffective approach of finding optimal
solutions to engine parameters of inteEshpared to enginexperimentsThe use of
optimisationapproaches such as surrogalz CFD (regressiorbased approag¢lover

the more common GAD CFD approach provides reduced computational cost with
minimal drawbacks imobustnessHowever,these methods still incur quisggnificant
computational cost primdy from the CFD simulated designs they require for
sufficient modelling. This has led to neendeavoursinvolving super learner
surrogateGas,automated hyperparameter tuniagd the ActiveO approaches which

all show significant computational savings.

Basd on the various papers reviewed, researchers have been more focused on the
optimisation of either hardware or controllable engine parameters with crossovers in
the combined optimisation of piston bowl geometry and single fuel injection strategy
at singleand multiple fuel loads as well as multiple fuel injection strategy at single
loads. There are fewer works on the optimisation of more complex interactions such
as multiple injection strategy and piston bowl geometry at multiple fuel loads. This
can be dtibuted to the complexity involved in mapping such interactions especially

in finding suitable piston bowl geometry for various optimal multiple injection
strategies at multiple fuel loads. It would be interestingXplore new optimisation
approaches tt enable the consideration of both engine parameters fonisation.
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3 Experimental Procedure andCFD Modelling
Approach

This chapter presenta brief description of the experimental proceduvkich
generated the engine data used to validate the 3D édigile modelln addition, it
also presentdetails of the CFD software utilised in this researald, @ description of
the 3D CFD engine modelling approaatich involved the piston bowl geometry
configuration, mesh generation and sensitivity test, sitiarl configuratiorandthe
model validation

3.1 Experimental Procedure

The experimental setup and procedures upon which the CFD model in this research
work was built and validated were performedHigrfatmanesh et alf147], [148] A
Ricardo Hydra Single Cylinder diesel engine was used to perform the experiments
used in validating the engine CFD model. The details of its description, specifications

and fuel injection system are presented in Appendix A, subsection Al1.1 and A1.3.

According to the reports|147], [148] the procedure for the experimental analysis
met the health and safety standards set to prevent any accidents in the engine
laboratory. The engine room was inspected for any spillages and leakages before
every engine mi. The engine room was ventilated throughout the experimental
process. The engine was heated using the cooling and lubrication systems for one
hour before the engine operation commenced as detailed in Appendix A subsection
Al.2. The engine was motored t60D rpm and the heater fitted to the air intake was
switched on. The heater was used to heat the intake air to &0d to prevent
overheating it was only switched on when the engine was running as detailed in

Appendix A subsection Al.4.

Fuel injection tming and quantity as well as engine stgstwere controlled using the
EC-Lab software. Engine firing was carried out for a few cycles to achieve a
stabilised combustion before-aylinder pressure recording started. Experimental data
collection as detaitein Appendix A section A2 was performed using the LabVIEW

data acquisition software
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3.2 IC Engine CFD Software Package

Computational Fluid Dynamics (CFD) is a very usefoindestuctive method of
analysis that can be used for fluid dynamics related suainel investigations of
varioussystemsEngine CFDmodelling and simulatiors usefulas a predictive, cost
effective and time saving tooln studying engine performanceand emissions
characteristics of existing and new desigrg]. Various 1D and 3D ED solvers

have been used in predicting engine performance and emissions for various fuels, fuel
blends and operating conditiorte drive engine developmerds discussed,the
literature review Generally categorised as either commercial or open source,&om
these softwar@ackagesnclude Ricardo WaveKIVA, AVL Fire, Star ICE, ANSYS

IC Engine, ANSYS Fori& Converge OpenFOAM, Lotus Engine SimulationGGT-

Power, and AVL Boost wherein each has their advantages and disadvantages

according to their respective competence for different types of studies.

The comparative work on various engine CFD packagesziay et al.[65] showed

that he selection ofin engine CFD package for simulation studies is influenced by
the various factorsSome of these factonsclude the type of study, the engine detalil
available the computational resources available for an adequate simulation run time,
availability oftechnicalsupport as well as the extent of the software application in the
research fieldRegarding the simulation typengine CFD package is tt8® CFD
simulations are known for providing more-depth results compared to 1D CFD
simulations, however they achieve this at the expense of significantly longer

computational time and resourd@8]i [89].

3.2.1 AVL Fire CFD Solver Package

The CFD solver package uséor the research investigations is AVL Fire and more
specifically, the Engine Simulation Environment (ESE) Diesel module. AVL Fire is a
powerful thermep u i add dynamics CFD tool whose rapid development was
established through the support of a wide range of engine test data designed for
various aspects ofC engine simulation and analysi&s a result, it has been
extensively used in research and development of IC Engif®is. Diesel offers a
comprehensivémplementation that comprises jofe and post processing workflows

as well as a solver prograthat can effectivelygenerateoredictivesolutions for in

cylinderIC engine simulatios[90].
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This software was selectedrfthis studybased on the consideration factors stated
earlier. AVL Fire was found to work sufficiently withowgngine information such as
valve geometry andalve linear translation specifications which other packages such
as ANSYS | C EnapdStaelCEreqdire.For t e 0,

AVL also has arextensively published capability of handling 3D CFD simulations
and accurate predictions for tiigection and combustionf dieselfuel as well as
other alternative liquid and gaseous fuels. Regarding itpro@essg workflow, it is
known for its robust 2D and 3D mesh generation that is useful in dynamic meshing.
The Fire solver uses a twgbage pressure correction method that provides good

stability with first, second and third order accuracy schemes.

The FIRE sdver algorithm resolves theonservéive governing and transport
equationsfor chemical speciesiurbulence,and scalar quantities, such as mixture
fraction, flame surface density, etét. performs this process by using a fully
conservative finite volume method where all the dependent variables such as pressure,
density, turbulent kinetic energy, dissipation rate¢ etre evaluated at the
computational centre of the individual cells created during the meshing process. Its
Semtlmplicit Method for Pressurkinked Equations (SIMPLE) Euler or Pressure
Implicit with Splitting of Operators (PISO) schemes are used to tdiserthe rate of
change of theonvection termin addition, itis applicable to turbulent flows at all

flow speed$31][91].

Furthermore,tioffers a range of mathematical models for solving fuel injection spray,
breakup, evaporation, hetylinder urbulence, mixing phases, combustion, and
emissions formation. Most notably is itszktaf turbulence model which has been
reported to produce highly robust and accurate turbulence modelling and prediction.
Its postprocessing workflow is performed for 2&nd 3D result formats, as well as

data visualisation of the results.

The AVL Fire package was obtained through a university partnership program for
free which also included provisions for technical supgooin AVL technical
engineers who oversaw the eééapment and application of the software. In addition,
its extensive application in industry and resean@ateda communityof researchers

and engineers with experience of its application in the research field which was
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difficult to get for opensource pckages and some commercial packages such as
ANSYS, and Star ICE.

Considering its fit for optimisation purpos@VL Fire application with §' party
packages such as MATLAB and modeFRONTIER for further post processing, and
data analytics wafbund to be sfiicient for the scope of the remeh as seen in its
application when coupled to MATLAB and involved via a DOS Batch scripting
within the modeFRONTIER platform in Chapter 6 and 7

3.3 3D CFD Modelling Approach

Figure 3-11 shows the CFD modelling approach used in this investigation
implemented within AVL Fire The process commenced with the adaption of the
actualengine specificationpresented in Table-9 into the ESE Diesel module. The
general engingarameters required by the software module included the cylinder
layout, number of cylinderscylinder bore and strokeas well as thedesired
compression ratio. laddition, thepiston displacement as function of crank radius,

connecting rod length, and piston pin offset were also included

E-ngine. | Piston Bowl Geometry
Specifications modelling

Piston Bowl Meshing

h 4

Mesh Sensitivity Test

h 4

CFD Model Validation Simulations

Experimental Results:
In-Cylinder Pressure,

HHR, NOx

CFD Model
Results OK?

CFD Studies:
Bowl & Optimisation
Study

Figure3-1: Flowchart showing the processes involved in the @Gieddelling goproach
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3.3.1 Piston BowlGeometry Configuration

The configuration of the piston bowl geometry involved the declaration of the
parameters for the bowim-piston, and injectoaccording to the engine specifications

The modification of the bowih-piston started with a geometry template in the 2D
sketcher which was imported from tBSE Diesel library. The TDC clearance, bowl
radius and bowl depth were defined with respechéopiston bowl parameters stated

in Table8-1 of appendix section 8.RAlthough the modifications resulted in the slight
increase of the actual compression ratio to 16.015:1, this deviation was resolved to
meet the desired compression ratio of 16:1 thrahghautomatic adjustment of the
clearance volume as a function of the desired compression ratio. This adjustment was
negligible due to the negligible difference between the actual and desired compression

ratios.

Furthermore, the parameters which definleel injector were specified based on the
injector parameters stated in Tal@€ of appendix section 8.1n addition to these
parameters, an injector nozzle position in theoardinate of 1.4mm, and a nozzle

hole half outer cone angle of d\Wwere also ioluded.

The author of the engine experiment referred to the actual-ibepi$ton as the
shallow rectangular piston bowl. However, in this research, itref@sred to ashe

Flat Reentrant Bowl (FRB)Figure 3-2 shows the 2D cyclic boundary view of the
FRB model to be used in engine CFD simulation with the characteristics of the

Ricardo Hydra single cylinder engine

Figure3-2: Cyclic Boundary view of th&RB showing itsnjector spraycone
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3.3.2 Mesh Generation and Sensitivity Test

The meshing process commenced after the piston bowl geometry was configured.
This process involved two syyocesses which were the 2D and 3D meshing
processes, respectively. The 2D meshing involved two boundary layers such that each
boundary layer had &itkness of 0.2mm. In addition, an average cell size of 1.3mm
was used to form a coarse mesh having approximately 41144 cells at TDC. The 3D
meshing involved 25 subdivisions in angular direction with a distribution factor of 1.

A mesh inspection waautomaically performed by the software during tineesh
generatiorto find overlappingcellsdue totheirtendency to cause divergence

A mesh sensitivity analysis was performed to ensure the numerical results are
independent of the mesh size. During the ans|ytke effect of reducing the average
cell size of model mesh on its simulation results and time was observed. Seven
different cell sizes were examined, and their predictedylimder pressures results
were analysed as shownkigure 3-3. In addition to ircylinder pressure profile, the

simulation run time and deviations at the peak pressure were also considered.

——0.4mm cell size
0.8mm cell size
0.9mm cell size

1mm cell size

2
(=]

1.1mm cell size

Mean Pressure (bar)
(S
th

1.2mm cell size

1.3mm cell size

570 620 670 720 770 820 870
Crank Angle ()

Figure3-3: In-cylinder pressure showing mesh sensitivity

Pressure stability was observed as the cell size was reduced from 1.3mm to 0.4mm. A
peak pressure of about 45.8bar was observed for cell sizes 1.0mm, 0.9mm and 0.8mm
before reduing to about 44.7bar for the cell size 0.4mm. Apart from that, simulation

time was observed to increase as the cell size reduced. Finally, the 0.8mm cell size

was selected for the CFD model as it provided an acceptalaidimaer pressure
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profile with asimulation time of approximately 8 hours compared to the 0.4mm cell

size which had a simulation time of almost 12 hours.

Figure 3-4 shows the model with the fine mesh having the 0.8mm cell size and
consequently, 57000 and 176575 hexahedral cells at TA@M&C respectively. A

60J sector of the geometry was used for CFD model and its simulations due to the
bowl symmetryand central location of the injector in order to save time in mesh
generation and simulatiofhis analysis was carried out using a corapwiorkstation

with an Intel Core i7 processor and 32 Gigabytes of RAM.

Figure3-4: 2D (Top), 3D mesh cell distribution at TDC (Bottom) and at BDC (Side)

3.4 Simulation Configuration.

AVL Fire simulates engine HigRressure (HP) cycle from the Intake Valve Closing
(IVC) time to the Exhaust Valve Opening (EVO) time, thus these parameters were
specified. The ircylinder boundary temperature boundary conditions for chamber
head and piston were gspiged based on similar literature. In addition, the initial
conditions at IVC which included, air pressure and temperature, a turbulent kinetic
energy, dissipation rate and length scale of 4€m 1732nt/s> and 0.003m

respectively were used in addition to a swirl/tumble ratio of 2100/min.

More also, the SIMPLE/PISO discretization scheme was applied for the AVL Fire
solver which calculated the boundary values on extrapolation, the derivatives based

on the Last Square Fitsaawell as the governing equations and -Mdxlels described
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in Appendix B sectiors B1 and B2, respectivelyin addition, the hybrid wall
treatment and standard wall function for wall heat transfer were also applied. The
default values for # simulation underrelaxation factor for momentum, pressure,
turbulent kinetic energy and dissipation rate, energy, mass source, viscosity, and

species transport equations were used based on an AVL technical directive.

Furthermore, the MINMOD relaxation ancentral differencing schemes for the
momentum and continuity equations respectively while tmvergences setup for a
minimum of 10 and a maximum of 60 iterations per crank angle whilesthection

of residuals for pressund momentum is kept at 10?2 as further reduction led to
negligible differences in the resultShe Diesel Nozzle Flow model was used for
nozzle flow simulation with its Cand G, constant values of 0.57 and 5.43
respectively.The calculation step is set to 0.2A to emphasizeraccuracy during

fuel injection as well as match the time step data reading of the experimental data.
Finally, an output criteria was written for to obtain 2D and 3D output results from the

simulation.

3.5 Model Validation

The experimental data presentedHarfatmanestil49] and obtained from the single
cylinder diesel engine was used in validating the CFD mét#k, the model was
validated against single and double injection strategies to provide certainty that the
fuel injection strategies and theirstdting engine performance could be accurately
predicted. The numerical results were obtained assuming the temperatures for
cylinder and piston head as 570K, and the temperatures for cylinder wall liner, intake
air charge and fuel as 470K, 300K, and 350&spectively.Table 3-1 shows the
operating conditions at which the validation process was performed for the single and

double injection strategies.
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Table3-1: Operating onditions of CFD model validation

Intake Valve Closwg (IVC) 140.4bTDC
Exhaust Valve Opening (EVO) 133.4]aTDC
Engine Speed 1500 rpm

Engine Load 36% and 72%
Fuelling Demand 10mn? and 20mm

Single Injection Strategy
Start of Injection (Sol) and (Case Cod¢ 15IbTDC (Si1) and 10bTDC (Si2)

Double Injection Strategy

Start of £ Injection (Sotl) 200bTDC and 153TDC
Dwell Angle 10JCA
Injection Ratios 50:50, 70:30 and 30:70

3.5.1 Single Injection

Figure 3-5 shows the comparism of theumerical and experimental results for in
cylinder pressure and Heat Release Rate (HRR) for the single injection strategies. It is
evident that the predicted results foraylinder pressure and HRR for both cases

were in good agreement with the experinaédata.

Regarding the deviations of the CFD results, the predictegylimder pressure
profiles for both cases had slightly lower peak pressure values with negligible
differences at the start of the fuel injection. This was mainly attributed to engine
blow-by and incylinder charge leakage from the optical window seals near TDC, thus
affecting the incylinder thermodynamic conditions before, during and after

combustion.

The predicted HRR profiles for both cases had minor differences at the start of fue
injection and at the start of combustion which resulted in minor differences in
combustion duration. The deviations were attributed to the variationsaylinder

thermodynamic conditions caused by the lower thermal conductivity of the quartz
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windows a the sides of the engine cylinder while the local deviations at the end of
combustion were due to the HRR sensitivity to slight changes in toglinder

pressure profile.

In-cylinder charge leakage has reportedly resulted htylimder air quantity
variations more prominent at advanced fuel injection timings compared to retarded
injection timings which influences the available air for soot oxidation. In additien, t
lower thermal conductivity of quartz in comparison to aluminium has been reported to
result in a higher buildip of incylinder temperature, thus, influencing temperature
related parameters especially for late injection timings. Nevertheless, the predicted

emission results were within the acceptable limits
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Figure 3-6 shows the comparison of thmedicted and experimental NOx and Soot
emissions for the tested single injection strategies. The predicted resultslfan&i

Si-2 cases are in good agreement with the experimental dafa.h&l a higher
predicted NOx of atut 2.5% and a lower predicted soot of about 10% compared to
the experimental data while -8i had lower predicted NOx and soot emissions of
about 6.5% and 2.9% compared to the experimental data, respectively. The deviations
were attributed to the influen@é uncertainties such as the fuel injection duration due

to delays in needle opening and closing and particuladgylinder air content at the

start of fuel injection due to inylinder charge leakage and the thermal conductivity

of the quartz opticavindows.
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Figure3-6: Comparism ohumerical angxperimentaNOx and Soot emission détar
Si-1 (15TDC) and Si2 (10 TDC) at low load
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3.5.2 Double Injection

Figure 3-7 to Figure 3-9 show the comparism of the numerical and experimental
results for incylinder pressure and HRR for the double injection strategies aridw

high load respectively Close similarities were observed between the predicted results
and experimental data fohd pressure and HRR profiles while exhibiting with
slightly larger deviations compared to the single injection strategies. The deviations
observed were attributed to the greater uncertainty over the actual fuel injection
guantities injected. According t@ports on multiple injection strategig450], fuel

line pressure waves can affect the quantity of the second injection. Since these
variations cannot be fully accounted for in engine CFD, such deviations between the
predicted results and experimental data can occur, however, the observed differences

were within the acceptable limits.

Figure 3-10 shows the comparison of the predicted and experimental NOx and Soot
emissions for the tested double injection strategiésw and high loadThe predicted
emissions were observed to also be in good agmewith the experimental datar

all the tested double injection strategi8ight deviations were observed in the 70:30
injection ratio cases at low load wherein the numerical NOxhHeiSol-1 20bTDC
andSol1 15bTDCstrategiesvere about 0.57% and 8% lower than their respective

experimental comparisms respectively.

However, slightly larger deviations were observed in the 50:50 injection ratio cases.
This behaviour was not evident in the soot emissions compared which exihibited

relatively moderate deviations which nevertheless were still within acceptable limits.
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The validation process demonstrated that the CFD model could accurately predict the
in-cylinder pressure, HRR and combustion and emissions characteristics of single and
double injection strategs despite the existence of minor deviations attributed to
uncertainties mostly linked to injection characteristics and theylinder
thermodynamic conditions of optical diesel engines as reportedasprdan and
Thirouard[151] and Pastor et dl1,52].

3.6 Concluding Remarks

The setup and validation of the 3D CFD engine model to be used in predicting the in
cylinder pressure, HRRs and combustion and emissions characteristics of a Ricardo
hydra single cylinder diesel engine were presented. The setupvalithtion
processes were implemented in AVL Fire using the ESE Diesel module. The
computational sumodels employed in this investigation were selected based on the
available information in the literature and through an extensive model validation and

optimisation regime.

A 60° sector of theRicardo Hydra engine piston bowkometrywas modelled to
reduce the computational time and resources. Nevertheless, the results obtained
represent the entire piston bowl geometry and chamber. A seeslitivity analysis
involving 7 cell sizes was performed to obtain an optimal cell size that provided good
prediction accuracy and repeatability with reasonable simulation runtime. The mesh
cell size of 0.8mm was found to meet these critdriee 3D engie CFD model was
validated against experimentaldglinder pressure, HRR, NOx and Soot emissions

data which was obtained from the Ricardo hydra single cylinder engine.

The model was validated against two single fuel injection strategies presesietl as
and Si2. From thevalidation performedat 50:50 ratio Sofl 20bTDC and Sol
15bTDC, CFDNOXx andsoot deviatiols were less than 7%From the validation
performed at 70:30 ratio S@0bTDC and 15bTDC, CFD NOx and soot deviations
were less than 0.7% wiess the CFONOx andsoot deviationsfor the validation
performed at 30:70 ratio were less than 0.7¥e validation proved that the model
was acceptable for simulating the combustion and emission characteristics of the

engine despite the highlighted uneanties.
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4 Effects of Piston Bowl Geometry andinjection
Strategy at Low Load

4.1 Investigated Piston Bowl Geometries anBouble Injection
Strategies

Three reentrant piston bowl geometries each with distinctive geometrical attributes
were considered for thisvestigation. The first was the Flat featrant Bowl(FRB)

from the Ricardo Hydra single cylinder diesel engine which was adopted for the 3D
engine CFD model validation. The second and third were two OmegmtRmt

Bowl (ORB) geometriegeferred to a®©ORB1 and ORB2. The 2D geometry and 3D
mesh cell distribution for the FRBORB1 and ORBZ2are presented irFigure 4-1
whereas theimesh characteristiare presented in Tab#el. It is important to note

that the ompression ratio and pistdrowl volume of ORB1 and ORB®ere kept
constant and equal to that of the FRBe benchmark geometryheir differences

were in their respective bowl-entrance curvature.

Figure4-1: 2D geometries (left) and 3D mesh orientations (right) of the FRB (top), ORB1
(middle) and ORB2 (bottom)
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Table4-1. Comparism of the mesh characteristics for FRB, ORB1 and2ORB

Mesh Characteristics Bowl Geometries
at TDC FRB ORB1 ORB2
Number of cells 57000 33675 40900
Number of faces 2280 1347 1636
Number of boundary face 208 172 194

Piston bowl volume () 2.45571 x10  2.45571 x10  2.45571 x10

The double injection strategy is thaultiple injection strategynvestigated in this
research worko observe the influence of injection timing, and injection ratio at a
constant dwell angle across the three piston bowl geometries. 4-2bpeesents the
charcteristics of the double injection strategies along with the operation conditions

consideredn the investigatiorat low load

Table4-2: Double Injection Strategy and Operating Conditiahkow Load
Intake Valve Closure (IVC)  140.4bTDC

Exhaust Valve Opening (EVO 133.4]aTDC

Engine Speed 1500 rpm

Fuel Demand 10mm?/cycle

Start of £'Injection (Sot1) 20IbTDC to JaTDCsweepwith 5J
increment

Dwell Angle 10JCA

Injection Ratio 50:50 and 70:30

Thedwell angle of 10CA defined as the time interval between-3and the Start of

the 29 injection (So#2). In addition, this is implemented for two injection ratios.
Therefore, 12 configurationgereinvestigated for each piston bogkometry at one
engine load and a total of 72 configuration across both low and high engine loads.
Furthermore, each configuration was represented by a codename which indicated its
setup. For instance, ORBLL-5050(20b,1M)TDC represented a configuration

which the ORB1 geometry was used at low load with a 50:50 injection ratio strategy

andthe first and second fuel injections atlBRODC and 10bTDC, respectively.

67



4.2 Combustion Analysis at Low Load
4.2.1 50:50 Injection Ratio

The influence of the FRB, ORB1 and ORg€ometrieon incylinder pressure under
the 50:50 injection ratio ishownin Figure 4-2. From the pressure results of the-LL
50506(20b,10b)TDC, LL5050(15b,5b)TDC and LE5050(10b,0)TDC, the FRB
exhibited the higbst peak pressures of about 42.5bar, 38.9bar and 34.2bar
respectively compared to ORB1 and ORB2. In the -BD5G(5b,5a)TDC case, it
resulted in a double peak pressure profile while in the&sQ80(0,10a)TDC and LE
5050(5a,15a)TDC cases, it exhibited em#ar profile trend and a slightly higher
pressure rise after TDC compared to ORB1 and ORB2. ORB1 and ORB2 exhibited
similar in-cylinder pressure profile trends and peaks in all the cases except for-the LL
5050(10b,0)TDC case were ORB1 exhibited a higheaik pressure level.

From these results, the FRB seemed to promote higheylimder peak pressure
levels compared to ORB1 and ORRRIe to the promotion of afuel mixing

formations that generated higher HRROS

The influenceof the FRB, ORB1 and ORB2 on the HRBsultsunder the 50:50
injection ratio isdepictedin Figure 4-3. From the results of L45050(20b,10b)TDC,
LL-5050(15b,5b)TDC and LE5050(10b,0)TDC, the FRB exhibited the highest
peak HRR of about 13.08J/deg, 14def and 14.08J/degespectively compared to
ORB1 and ORB2. The peak HRRs were exhibited in the diffusion combustion phase.
This demonstratedthat the combustion was predominantly driven by diffusion
mixtures. Despite the similarity in pressure trendeobsd in the cases for ORB1 and
ORB2, the HRR results for ORB2 exhibited higher peak over a similar duration. This
suggested that ORB2 promoted higher HRR levels compared to ORBL1.
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Figure4-2: In-cylinder pressurdata forFRB, ORB1 and ORBR2nder50:50 injection ratio at low load
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The pressure and HRR behaviour of the FRB was explored further by analysing its
equivalence ratiofor the LL-5050(15b,5b)TDC case, presented in Figurei-4.
Injected fuel parcels during and after the first injection dverere isolated to a
relatively small region close to the piston bowl side wall and remained relatively in
the same region with minimal dispersion even during and after the second injection
event.Later on, relatively rich mixtures seemed to move towdrdsstjuish region at
50% heat release while at 90% heat release, improwédehimixtures had occurred,

and the bulk mixture formations had split with a portion moving towards the base of
the piston bowl; aharacteristiattributed to fluid flow duringhie expansion of the

chamber volume.

Combustion in the presence of such rich mixtures observed in the results especially
during the second injection event contributed to heyels ofdiffusion combustion

high combustion temperatures and consequentijh liombustion pressure also
observed around those times with respect to TDC in the pressure and HRR profile
results. It can be seen that the area of the mixing front especially close to the piston
bowl side wall was relatively small due to the FRB havingoor degree of re
entrance curvature which hindered thaxing front from stretching under the
influence of incylinder turbulent fluid flow. While it was apparent that the poer re
entrance curvature of the FRB contrildite improved a#fuel interaction during the
second injection event, this event involved the delivery of 50% of the total injection
fuel quantity close to TDC which was spatially and temporally characterised by high
temperatures and lower residual oxygentent, thus, contributing to a further rise in
diffusion HRR.

The HRR results of ORB1 and ORB2 showed a gradual rise in HRR for all the cases
with slight fluctuations while those of the FRB showed a steeper rise in HRR with a
morepronouncedeparatiorof the end and start of the premixed and diffusion phases
respectively. This suggested that ORB1 and ORB2 promoted a smoother transition
between the combustion phases compared to BHR®S tothe influence of their

respective reentrance curvatures.

Furtrermore, HRR trend and peak levels remained relatively the same across each

case for ORB1 and ORB2espectively compared to FRB which exhibited more
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obvious shifts in trend and peak levels under the same fuel injection conditions. The
behaviour of the bolvgeometries with higher degrees of-emtrance curvature
especially ORB2 was thus further analysed through its equivalence ratio fesults
the LL-5050(0,10a)TDCcaseas shownin Figure 4-5. The results showed that the
injected fuel parcels especiallyuihg and after the second injection event were
distributed into two main portions upon encountering the bowl wall which further
promoted an increase in the surface area of the mixing frartamcteristiovhich

was promoted by the +entrance curvature@f ORB2. Thereforerapid fuel-air

interactionand mixingcould occur.

Comb:Equivalence_Ratiof-)
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Figure4-4: Equivalenceatio distribution of FREor theLL -5050(15b,5b)TDCcase
includingCA10, CA50 andCA90
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Figure4-5: Equivalenceatio distribution of ORBZor theLL-5050(0,10a)TDCcase
includingCA10, CA50 andCA90

The influence of injection timing retardation orraylinder pressure and HRR for all
three bowl geontees wasalso analyseas illustrated irFigure 4-2 and Figure 4-3,
respectively. FromFigure 4-2, the influence of injectiortiming retardation was
obviousfrom the peak pressure levdts each bowl geometnAnalysis of the results
showed thaORB1 and ORB2 which had similar pressure trends and peaKinder
pressures in all the cases decreased by about 7.59% as fuel injection was retarded
from LL-5050(20b,10b)TDC to LE5050(15b,5b)TDC and about 10.95% as fuel
injection was redrded from LI1-5050(15b,5b)TDC to LL-5050(10b,0)TDC.

On the other hand, the peakaylinder for FRB decreased by about 11.76% and 8%
for the retardation cases. Apart from that, peaicyimder pressure remained
relatively constant at about 32.6bar ft three bowl geometries as injection was
retarded fromLL-5050(5b,5a)TDC to LL5050(5a,15a)TDCfor all three bowl
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geometriesORB1 and ORB2 also exhibited similar pressure trends and peak levels in
these cases even after TDC. However, the FRB exhiaigigiht deviation compared

to ORB1 and ORB2 during the expansion stroke which were attributbd eéffect of

its geometry

From Figure 4-5, ORB1 and ORB2 showed more similarities in their overall trends
but still with noticeable differences comparedRRB in the HRR results due to the
influence of injection retardation. During the first three retardations, ORB1 and ORB2
both resulted in similar gradual rise in HRR levels which remained fairly constant. In
fact, an overall view of the HRR results shawdat their profiles were relatively
similar over the range of injection retardation. However, the FRB exhibited obvious
separation between the premixed and combustion phases which grew opposingly as

injection was retarded.

More also fom Figure 4-5, the magnitude of premixed combustion and diffusion
combustion increased and decreasespectivelyfor the FRB under injection timing
retardation from LE5050(5b,5a)TDC to L5050(5a,15a)TDC. This behaviour was

less present in the first three cases, cameg to the last three cases in which a
significant shift from a predominant diffusion phase peak HRR to a predominant
premixed phase HRR under retardation was observed for FRB. The behaviour of the
FRB in the first three cases was attributed to the iatiera between the piston bowl
geomety, injection timing and injection ratio with respect to spatial and temporal

temperature and pressure distributions inctbrabustiorchamber.

The FRB exhibited relatively low premixed HRR levels in the first threzeca
because although the first injection event occurred during spatial and temporal
conditions such as high oxygen content, other conditions such as low air @desity
the poor reentrance curvature hindered the formation of more prengretbustion

at higher HRR levels. As the fuel injection retarded, air density increased during the
first injection event despite the negative impact of the bowl geometry dnedir

mixing, therefore, premixed combustion levielsreased

On the other hand, the FRB alsghibited the highest levels of HRR in the diffusion

phase in the first three cases because although the second injection event occurred
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during spatial and temporal conditions such as higher chamber temperature, pressure
and air density to promote faster-fuel reactions, other conditions such as a depleted
oxygen content in the residual air in addition to the delivery of 50% of the total fuel
guantity during the second injection event resulted in high diffusion HRR ldwrels.
addition, the fuel injecteduring the second event was injected into burning region
(i.e., combustion due to first injection) which resulted in fuel rich (diffusion)

combustion with negligible to no time to form a premixed mixture.

As the fuel injection retarded from ER050(5b,52)TDC to LL-5050(5a,15a)TDC,

the FRB showed increasingly high premixed combustion HRR over diffusion
combustion phase respectively because the second injection event also began to occur
in conditions of lower air density and chamber temperatures thezdbging the rate

of diffusion heat release despite the deployment of 50% fuel load during the event.
Interestingly, the HRR results of ORB1 and ORB2 did not show such behaviour even
remotely. Their behaviour was attributed to the influence of the highst tes
entrance curvatures which played a role in controlling the combustion phasing

compared td-RB.

Considering the late combustion phase, FRB showed a higher decrease in HRR levels
compared to ORB1 and ORB2 which suggested that although it promoteigtlest

peak HRR levels, ORB1 and ORB2 promoted longer heat release and combustion
duration. There seemed to be no correlation between the extent of bemirarce
curvature and high peak HR$incethe FRB with the smallest degree ofemtrance
curvatue and ORB2 with the largest degree ofergrance curvature produced the

hi ghest and second highest HRROs, respect
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4.2.2 70:30 Injection Ratio

The influence of the FRB, ORB1 and ORgometrie®n incylinder pressure under

the 70:30injection ratio can be seen iRigure 4-6. Although the three bowl
geometries exhibited similar -eylinder pressure profiles in all the cases, the FRB
exhibited the highest peak pressures of about 44.5bar, 41.2bar and 36.2bar for LL
7030(20b,10b)TDC, LI-7030(15b,5b)TDC and LE7030(10b,0)TDC respectively.

Peak pressures in EE030(5b,5a)TDC, LL7030(0,10a)TDC and LE/03C
(5a,15a)TDC were similar for the three bowl geometries while more obvious
deviations were observed in their second peak levels whiéreiFRB exhibited the
highest local peak pressure levels compared to those of ORB1 and ORB2 that showed

close similarity in trend and peak levels.

The influence of the FRB, ORB1 and ORB2 on the HRR results under the 70:30
injection ratio can be seen Figure 4-7. An overview of the HRR results showed
relatively higher HRR levels occurring in the premixed combustion phase compared
to the diffusion combustion phase. This was attributed to the effects of injection ratio
in which 70% of the total fuel quantity wagented during the first injection event.
The deviations exhibited by each bowl geometry in each case was due to their
individual influence on the combustiataracteristicand phasing. ORB2 exhibited

the highest peak HRR in the premixed combustion phasie those of ORB1 and
FRB were exhibited in the diffusion combustion phase for cases/OBG
(20b,10b)TDC and Li7030(15b,5b)TDC. This behaviour was attributed to the
higher degree of rentrance curvature of ORB2 which promoted improveefuat

mixtureformations compared to FRB and ORB1 after TDC.

76



Mean Pressure (bar)
— e B B e e e e LA
o Lh O Lh O W O WO

670 720 770 820 870
Crank Angle (deg)

——FRB-7030-(20b,10b)TDC
—ORB2-7030-(20b,10b)TDC

——ORB1-7030-(20b,10b)TDC

33

30

[
wn

Mean Pressure (bar)
— [
n =

—
=

wn

=

570 620 670 720 770 820 870
Crank Angle (deg)

——FRB-7030-(5b,52)TDC  ——ORBI1-7030-(5b,5a)TDC
—ORB2-7030-(5b,5a)TDC

L T o Y T P R
L L

Mean Pressure (bar)

= o o

33

Mean Pressure (bar)
— - (=) 2 T
E—) o = n [—)

o

=

570 620 670

720 770 820

Crank Angle (deg)

——FRB-7030-(15b,55)TDC
——ORB2-7030-(15b,5b)TDC

—— ORBI-7030-(15b,5b)TDC

570 620 670

720 770 820

Crank Angle (deg)

——FRB-7030-(0,10a)TDC

—ORB1-7030-(0,10a)TDC

—ORB2-7030-(0,10a)TDC

.
<

b e (7]
= LA

h

Mean Pressure (bar)
g

[P

=

570 620 670 720 770 820 870
Crank Angle (deg)

—FRB-7030-(10b.0)TDC  ——ORBI1-7030-(10b.0)TDC
—O0RB2-7030-(10b,0)TDC

—_— = b
= L = =

Mean Pressure (bar)

n

0
570 620 670 720 770 820 870

Crank Angle (deg)

——FRB-7030-(5a,15a)TDC ——0ORBI1-7030-(5a,15a)TDC
—ORB2-7030-(5a,15a)TDC
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The pressure and HRR behaviour of ORB2 was explored further by analysing its
equivalence ratidor the LL-7030(0,10a)TDCcase presented in Figuré-8. Besides

the influence of then-cylinderconditions such as turbulent air motion represented by
the streamlines and high air density, thiectedfuel parcels during and after the first
injection event closéo the bowl side wall were also influenced by the degree-of re
entrance curvature. Theaused the spread of the injected fuel towards the squish and
bowl base regions at 10% heat release and consequently a large mixing front area for
improved airfuel interaction.

At 50% heat release the bulk of the fuel formation which moved towardsothle b
base earlier, had experienced significant interaction with air causing leaner mixture
formations. In addition to that, 50% heat release occurred during the expansion stroke
wherein turbulent air motion caused more air to move towards the squish region
thereby contributing to the oxidation of the fueixturein that region. The influence

of the conditions stated earlier also contributed to the combustion behaviour at 18 CA
after the second injection event which carried 30% of the total fuel load assnbi
chamber mixing dynamics at 90% heat release. Therefore, lower levels of diffusion
HRRs were present in ORB2 as seen in the HRR results which was evident especially
in LL-7030(10b,0)TDC.

The incylinder pressure and HRR results due to injectimmng retardation can also

be analysed frorfigure 4-6 and4-7, respectively. Fornirigure 4-6, the influence of
injection retardation was only present at the peak pressure levels of FRB, ORB1 and
ORB2. An overview showed that peak-aglinder pressure deeased under
retardation from LE7030(20b,10b)TDC to LE7030G(5b,5a)TDC for all the bowl
geometries and remained constant as the injection timagyetardedfurther from
LL-7030(0,10a)TDC to LI-7030(5a,15a)TDC.

Considering the profile trends from tlgeometries, all three geometries exhibited
similar pressure trends but with the FRB having slightly higher peak pressure levels
compared to ORB1 and ORB2 which had similar peak levels for the first three cases.
In LL-7030(5b,5a)TDC, FRB also exhibitedthd highest peak pressure level while
ORB1 and ORB2 peak pressure levels wallesimilar after TDC. The pressure
profile trend and peak levels for FRB, ORB1 and ORB2 were constant under
retardation from LE7030(0,10a)TDC to LL7030(5a,15a)TDC except fothe
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deviation observetbr the FRB pressure results in both cases which was attributed to

the influence of its geometry.

Injection retardation through the last three cases showed behaviours in the HRR
results which were different from those of thetfithree cases for the bowl geometries
seen inFigure 4-7. The FRB exhibited the highest peak HRR levels in the premixed
phase. In addition, its peak HRR levels were observed to increase significantly with
each retardation from LZ030(5b,5a)TDC to LL7030-(5a,15a)TDC. Apart from

the contribution of the fuel injection ratio, this behaviour was also attributed to the
interaction between its geometry and the spatial and temipecglinder conditions
during the injection events as previously discust®dthe 50:50 injection ratio

scenario.

Interestingly, this behaviour was not observed for the HRR results exhibited by ORB1
and OBR2 both of which seemed to exhibit HRR levels in the premixed and diffusion
combustion phases which remained fairly constarthe fuel injection timing was
retarced This suggested that the presence of adequate besvitm@nce curvature
promoted a more stable combustion phasing. Although no correlation between the
degree of reentrance curvature and HRR results was obserhedrdsults showed

that ORB2 promoted more HRR levels compared to ORB1.

The behaviour of ORB2 was explored further through its equivalencdoatioeLL -
7030(0,10a)TDCcase as depictad Figure 4-8. Theinjectedfuel parcels during and
after the first injection eventcloser to the bowl side walwere influenced by
turbulent fluid motion represented by the streamlines and the boemtrance
curvature apart from other conditions such as air density. This aésiit the
formation of stretched mixing front area that promoteefwt interaction and thus
improved premixed formation and HRR. Furthermore, these characteristics also
influenced thesecond fuelinjection event thus contributing to the presence of

relaively low HRR levels in the diffusion phase.
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4.2.3 Comparison of 50:50 and 70:30 Injection RatiocCases

The influence of the FRB, ORB1 and ORB2 under the 50:50 and 70:30 injection
ratios were compared to analyse thefifiect onthe combustion procesklnder the

50:50 injection ratio, fuel injection was equally split over the two injection events.
Howevwer, the 70:30 injectiomatio involved an unequal split of the injected fuel
guantity with 70%of the total quantity injected in the first event and 30% injected in
the second event. This difference was observed to affect the combustion

characteristic$or all three bowl geometries.

The incylinder pressure resultd the bowl geometriefor both injection ratios were
compared. In the first four cases, all three bowl geometries exhibited higher peak

pressure levelfor the 70:30 injection raticompared tdhe 50:50 injection ratio. This
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was because more fuel was inggttduring the first injection everfor the 70:30
injection ratio compared to thajected fuel quantity during the first injection event
for the50:50 injecton ratio which resulted ienhanceair-fuel interactionand higher
HRRGO6s whi ch prrsanilthed bopl gepmetriesr ezhibited the same
peak pressure levels in the last two cases under both injection ratios thte to
combustion occurring after TDC. Nevertheless, the influence of the higher fuel
qguantity of the first injection everibr the 70:30 injection ratio was still observed in
the formof higherpressure levels during the expansstrokeafter TDC compared to

the resultgor the 50:50 injection ratio.

An analysis of the individual bowl geometries showed that the FRB exhibiged th
highest peak pressure levels in the first four cafesboth injection ratios.
Interestingly, a significant deviation in the peak pressure levels of the FRB and those
of ORB1 and ORB?2 in the first three cases was prdserihe 50:50 injection ratio
whereas this deviation was smaller the 70:30 injection ratio in which the peak
pressure levels of the three bowl geometries were closer. This suggested that the FRB
promoted higher htylinder pressures in the first four cases and thus, improved

pressue dependent performance compared to ORB1 and ORB2.

The HRR resultof the three bowl geometriger both injection ratios were also
compared. In the first three cases, the FRB exhibited higher peak HRRftetbis
50:50 injection ratio compared to tf@:30 injection ratioMoreover its peak HRR
levels were present in the diffusion phdse the 50:50 injection ratio and were
observed in the premixed phdse the 70:30 injection ratio. The behaviculvserved
for the 70:30 injection ratio was attrilmat toenhancedir-fuel interaction due to the
availability of more fuel in the first injection eveninderthe same spatial and

temporalin-cylinder conditions.

The close HRR results of ORB1 and ORB2 sieenhe 50:50 injection ratio was also
observedor the 70:30 injection ratio. While a larger deviation between the peak HRR
levels of the FRB and those of ORB1 and ORB2 was obséovéle 50:50 injection
ratio, the peak HRR levels of all three bowl geometriesevnuch closer under the

70:30 injectim ratio. This suggested that heat release rate and combustion phasing
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was more sensitive to the FRB geometry than the geometry of ORB1 and ORB2 due

to the influence of its geometaspreviously discussed .

In the last three cases, the sensitivity of HRR to the FRB geometry due to the
influence of the injection ratio was more obvious. The presence of more fuel quantity
in the first injection evenfor the 70:30 injection ratio seemed éxacerbatehe
growth of the HRR peak levels in the premixed phase wihwels alreadyimproved

due tothe effects of the spatial and tempotalcylinder conditionsas the fuel
injection timing wasretarded compared to the behaviour observed under the 50:50
injection ratio. FRBseemed to contribute significantly the observed trendh
contrast to ORB1 and ORB2. This suggested that HRR and combustion phasing was
less sensitive to ORB1 and ORB2 despite the injection ratio and thus they could
provide better control over combustidl his notion was further strengthened from the
comparism of the geometries under both injection ratios during injection timing

retardation.

4.3 Performance Analysisat Low Load

In-cylinder engine performance analysis was done considering IMEP, ISFC and
combustion noise. While many investigations have considered the first two
parameters, few studies have included the last of these parameters in the focus of
consideration despite its link to-aylinder combustion behavio@osta et al.[125].
According b the work by Torregrosta et al[153] combustion noise is attributed to

the incylinder excitation during combustion. Here, the features which influence
combustion such as the piston bowl and chamber wave reflection as well as HRR
affect pressure fluoations which in turn contribute to the generation of combustion
noise especially at auignition time. Since pressure and HRR rise also contribute to
the incylinder pressure trend behaviour and consequently IMEP, the relationship
between combustion rs® and IMEP if any was also explored in this work.

4.3.1 50:50 Injection Ratio

Table 4-3 presents the IMEP, ISFC, amdmbustionnoise performance results of
FRB, ORB1 and ORB2 at low load for the 50:50 injection ratio based on the injection
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timings investigated. The relationship between the IM&FRC results for the three

bowl geometriesvas further analysed as showrHgure4-9.

From Figure 4-9, results showed that an increase in IMEP correlated with a decrease
in ISFC for each bowl geometry. The influence of injection timing retardation from
LL-5050(20b,10b)TDC to LE5050(5a,15a)TDC resulted in the decrease and

increase of IMIP and ISFC levelsespectively.

The FRB exhibited the highest IMEP levels in all the cases except #&0k0
(0,10a)TDC and LE5050(5a,15a)TDCcasesin which ORB2 exhibited the highest
IMEP levels. The IMEP levels exhibited by ORB1 and ORB2 were ainahd
largely lower than those of the FRa® theinjection timingwas retarced from LL-
5050(20b,10b)TDC to LE5050(5b,5a)TDC. Nevertheless, the IMEP levels for all
three bowl geometries were similar in the last two cases. This indicated that the FRB
promoted significantly higher IMEP levels and consequently lower ISFC levels
compared to ORB1 and ORB2 under earlier injection timings but exhibited similar
IMEP and ISFC performance levels to ORB1 and ORB2 under later injection timings.
Here, the FRB exhibéd IMEP levels of about 25% and 20.7% higher than that of
ORB1 and ORBZ2respectively for LL-5050(20b,10b)TDC (i.e., the case with the
earliest injection timing) as opposed to exhibiting a loss of about 2.2% and 2%
respectively for ORB2 as the injectin timing was retarded froniL-5050
(20b,10b)TDC to LE5050(5b,5a)TDC.

Figure 4-9 showed that the FRB yielded the highest IMEP levels for about 66% of
injection timings considered and similar IMEP levels to ORB1 and ORB2 only in the
last two injection tinngs. Although this was attributed to its very high HRR levels
caused mostly most fuel rich combustion, dverall IMEP trend for the FRB seemed

to have a steeper negative gradient trend as injection timing was retarded compared to
ORB1 and ORB2. This sggsted that ORB1 and ORB2 could yield relatively high

IMEP levels over the same retardation range compared to FRB

This IMEP behaviour observed for ORB1 and especially ORB2 was attributed to the
combustion behaviour formed due to thieraction between their respective bowl re
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entrance curvatures and the fuel injection retardation encompassed in the mixing
front.

As previously depicted in the equivalence ratio results, the high degreemtraace
curvature of ORB1 and especialfRB2 gave rise to a large mixing front which grew
with time, improved a#fuel mixing and promoted a gradual transition from premixed
combustion to diffusion combustion. This gradual transition could also contribute to
sustaining pressure build ups and thiigh IMEPs especially at retarded injection
timings which was not observed for FRB wherein the switch from predominantly
premixed combustion to predominantly diffusion combustion due to its lack of a large

mixing front seemed to limit its IMEP levels neounder retardation.
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Figure4-9: IMEP vs ISFC for FRB, ORB1 and ORB2 under 50:50 injection edtlow
load

ORB2 exhibited higher IMEP levels compared to ORB1 by about 3.5%, 4.2%, 4.5%
and 2% for LL-505G(20b,10b)TDC, LL-5050(5b,5a)TDC, LI-5050(0,10a)TDC

and LL-5050(5a,15a)TDGC respectively while both geometries had equal IMEP
levelsfor LL-5050(15b,5b)TDCand LL-5050(10b,0)TDCcasesAgain, as observed

in the HRR results, FRB with the smallest degree -@nteance curvature and ORB2
with the highest degree of-emtrance curvature resulted in the highest and second
highest IMEP levels, respectively. Thesiggested that both degrees ofentrance
could promote high IMEP levels. It also implied that an increase in beemtrance
curvature caused lower IMEP levels due to a more gradual dilRRoimproved aif

fuel mixing.
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The relationship between the B and combustion noise wasalysedand presented

in Figure4-10. The results showed that a decrease in IMEP correlated with a decrease
in combustion noise for each bowl geometnyder injection retardatiofrom LL-
5050(20b,10b)TDC to LE5050(5a,15a)TDC The reduction of combustion noise
levels observed during injection retardation as well as between the different piston
bowl geometries was negligible and was only exaggerated to show the influence of

injection timing and piston bowl geometry on the pagter.

Under retardation, fuel injection occurred either closer to TDC during the
compression stroke or after and further away from TDC during the expansion stroke.
The former instance caused shorterfa@l mixing time which resulted to slower
pressue rise and thus lower IMEP levels. This also contributed to smaller wave
generation and reflection throughout the chamber and thus, lower combustion noise.
In addition, wave propagation was further hindered by higher fluid density closer to
TDC during compession. In the latter instance, pressure rise due to combustion was
hindered by the volume expansion of the chamber which resulted in lower IMEP
levels. Furthermore, taylinder wave reflection was hindered due to the wave
propagation over a larger chambelume and the piston bowl geometry surface
which ,oved further away from TDC during the expansion stroke. Thus, combustion
noise reduced.

ORB1 and ORB2 exhibited similar combustion noise levels which were lower than
those of the FRBor all the injecton timings The FRB exhibited higher combustion
noise levels in LE5050(0,10a)TDC and LL-5050(5a,15a)TDC compared to ORB1
and ORB2 despite having a higher and lower IMEP level compared to ORB1 and
ORB2 in the former case and having the same and lowEPINMvel compared to
ORB1 and ORB2 in the latter case. This highlighted the influence of piston bowl
geometry on combustion nois&€his suggested noise wave propagation could be
influenced by bowl geometry wherein flatter bowl surfaces such as the FR®te

more wave reflection whereas surfaces of ORB1 and ORB2 promoted the dilution of

wave throughout the chamber.
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Figure4-10. Combustiomoise vs IMEP for FRB, ORB1 and ORB2 under 50:50
injection ratioat low load

4.3.2 70:30 Injection Ratio

The influence of the FRB, ORB1 and ORB2 on IMEP, ISFC @rdbustionnoise
under the 70:30 injection ratit low loadcan be seen iffable4-3. An increase in
IMEP correlated with a decrease in ISFGsasn in the table. This behaviour was also
exhibited under the influence of injection timing retardation as seEigume 4-11. It

can be seen frorthe results that IMEP and ISFC exhibited decreasing and increasing
trends respectively as the injection iming was retarded from LB05CG
(20b,10b)TDC to LE5050(5a,15a)TDC for all three bowl geometries.

The three bowl geometries showed larger deviations in IMEP levels at earlier
injection timings and similar IMEP levels at later injection timing&lthough
negligible,the IMEP levels for ORB2 seemed to be closer to those of the FRB than
those of the ORB1 which was different from ttrend observed under the 50:50
injection ratio.The results showed that the FRB consistently had higher IMEP levels
comparedo ORB1 and ORB2 with the exception of {1030(5a,15a)TDC wherein
ORB2 had a negligibly higher IMEP level compared to FRB.
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Figure4-11: IMEP vs ISFC for FRB, ORB1 and ORB2 under 50:50 injection ratiovat
load

The FRB exhibited the highest IMEP levels throughout the cases while ORB2
exhibited higher IMEP levels compared to ORBL1 in all the cases except f603®
(5a,15a)TDC. This suggested that both the FRB and ORB2, two bowl geometries with
very different degrees of rentrance curvatur@romoted high IMEP levels. Although
increased bowl rentrance curvature exhibited by the ORB2 could also contribute to
improved IMEP and ISFC, such improvements were either similar or lower compared
to the FRB. Again this behaviour could be attributed to the more gradual HRR
exhibited by the ORB2ases due tomproved aiffuel mixing generated by its bowl

re-entrance curvature.

Figure 4-12 shows the IMEMNoise relationshipas a function ofinjection timing.

Here, mth IMEP and combustion noiskevels for the three bowl geometriegere

seen taeduce as the injection timing is retard€tlis behaviour was attributed to the
same phenomena also seen for the 50:50 injection ratio wherein shotfigel air
mixing time aseciated with later fuel injection timing caused a lower pressure rise as
more combustion occurred towards the end of the compression stroke and into the
expansion stroke. Lower IMEP levels corresponded with lower pealylimder
pressures in this regards seen in the ioylinder pressure results. Furthermore, the
reduction in combustion noise was also associated with the pressure rise due to the

reduced pressure fluctuations.
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Figure4-12. Combustion noise vs IMEP for FRB, ORB1 and ORB2 under 50:50
injection ratio at low load

4.3.3 Comparison of 50:50 and 70:30 Injection RatioCases

The IMEP, ISFC andombustionnoise resultgor the FRB, ORB1 and ORB2 under
50:50 and 70:30 injection ratiosere compared through a cross analysis of their
respective results presentedTiable4-3. The comparn showed that the cases under
the 70:30 injection ratio exhibited higher IMBRdcombustiomoise and lower ISFC
compared to the respective cases understh50 injection ratio. This behaviour was
attributed to the injection of 70% of the total fuel quantity during the first injection
under the 70:30 ratio which caused higher HRR levels especially in the premixed
combustion phase compared to the 50r§6ction strategy Here, the production of
higher HRR levels over slightly longer durations under the 70:30 ratio promoted
higher combustion temperatures anecyinder pressures, consequently leading to
higher IMEP levels.

The IMEP results of the FRB undéne 50:50 and 70:30 ratios suggested that it
promoted higher IMEP levels compared to ORB1 and ORB2. However, this was at
the expensef slightly increased@ombustion noise. The IMEP results of ORB2 under
the 50:50 and 70:30 ratios suggested that it prechtdwer combustion noise and
relatively high IMEP levels. In fact, a compaois of the performance of the three
bowl geometries under both injection ratios showed that ORB2 exhibited IMEP levels

closer to those of the FRBith lower combustiomoisesimilarto those of ORBL1.
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Table4-3: Performanceaesultsfor FRB, ORB1 and ORBAat low load

CaselD FRB ORB1 ORB2

IMEP ISFC  Combustion IMEP ISFC Combustion IMEP ISFC Combustion

(bar)  (kg/kwh) Noise (dB) (bar) (kg/kwh)  Noise (dB) (bar)  (kg/kwh) Noise (dB)
LL-5050(20b,10b)TDC 2.44 0.2256 215.17 1.95 0.2824 214.61 2.02 0.2729 214.66
LL-5050(15b,5b)TDC 2.43 0.2266 214.6 1.97 0.2795 214.15 1.97 0.2790 214.13
LL-5050(10b,0)TDC 2.31 0.2383 213.97 1.92 0.2867 213.66 1.92 0.2865 213.62
LL-5050(5b, 5a)TDC 2.11 0.2605 213.44 1.87 0.2945 213.21 1.95 0.2817 213.20
LL-5050(0, 10a)TDC 1.79 0.3079 213.01 1.75 0.3152 212.86 1.83 0.3002 212.84
LL-5050(5a,15a)TDC 15 0.3673 212.73 15 0.367 212.65 1.53 0.3591 212.63
LL-7030(20b,10b)TDC 2.5 0.2204 215.5 2.18 0.2527 215.16 241 0.2286 215.32
LL-7030(15b,5b)TDC 2.45 0.2248 214.93 2.16 0.2546 214.62 2.35 0.2340 214.68
LL-7030(10b,0)TDC 2.39 0.2302 214.25 2.13 0.2588 214.05 2.23 0.2465 214.04
LL-7030(5b,5a)TDC 2.3 0.2387 213.66 2.02 0.2726 213.49 2.10 0.2623 213.47
LL-7030(0,10a)TDC 2.05 0.2683 213.16 1.88 0.293 213.04 1.89 0.2916 213.02
LL-7030(5a,15a)TDC 1.63 0.3369 212.81 1.7 0.3226 212.74 1.66 0.3307 212.72
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4.4  Emissions Analysisat Low Load

The incylinder NOx and Soot emissions for all the injection strategies considered at
the 50:50 and 70:30 injection ratios for the FRB, ORB1 and ORB2 geometries at low
load were analysed. The effects from-faiel mixing as well as the formed mixing
fronts due to the interaction between influence the respectrantrance curvatures

and the injection strategies on the emission outputs and trends at constant and

retarding injection timings are studied.

4.4.1 50:50 Injection Ratio

Table4-4 presents thBlOx andsoot emission®f the piston bowl geometries ftre

50:50 injection ratio

An overview of the table results showed that the NOx and soot emissions were
attributed to two interactions, the interaction between the bowl geometries an
injection ratio at constant injection timing as well as the interaction between the bowl

geometries and injection ratio at injection timing retardation.

Table4-4: 50:50 injection ratio emissiomssultsfor FRB, ORB1 and ORBat low load
Case ID FRB ORB1 ORB2
NOx Soot  NOXx Soot NOx Soot

(ppm)  (ppm) (ppm) (ppm) (ppm)  (ppm)
LL-5050(20b,10b)TDC 369.86 4.27 36.43 8.14 57.94 4.42

LL-5050(15b,5b)TDC 2346 4.04 2580 9.08 35.8 5.08
LL-50506(10b,0)TDC 158.38 8.96 1594 9.05 25.73 6.12
LL-5050(5b, 5a)TDC  111.32 21.27 9.73 8.45 2456  9.28
LL-50506(0, 10a)TDC 39.24 298 6.95 7.81 1354  9.07

LL-5050(5a,15a)TDC  7.114  23.8 3.54 6.89 7.93 1.28

In regard to the interaction between the bowl geometries and injection ratio at
constant injection timing, the results showed that the FRB and ORB1 exhibited the
highest and lowest NOx emissions respectively whereas the highest and lowest soot
emissions wee exhibited by the FRB and ORB2 respectively at each injection timing
strategy except L15050(5a,15a)TDC.
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Considering the NOx emissionsiigure 4-13 presents the chamber temperature
distribution and NOx formatioof the FRB to illustrate the effect diis interaction.

The results showed that the circulation and distribution of the mixtures were restricted
to the top of the chamber and bowl side wall with no movement towards air rich
regions at the centre of the chamber. This effect was attributibe tack of a bowl
re-entrance curvature could promote improved mixture distribution. The results also
show that iacylinder turbulence causes air movement towards the top region of the
chamber which further isolated fuel rich mixtures to regions withetieyl rich air
mixtures. The resulting consequence was the formation of temperature hotspots as
seen in the temperature results which exhibited a correlation with the regions of high

NOx formations as seen in the NOx results.

Emission NO_Mass_Fraction}] Flow Temperature[x]
e

T [ T

0 Be-07 1.2e-06 1.82-06 24e-08 3e-06
3e-07 9007 15e-06 210-06 27e-06

0 500 1000 1500 2000 2500
250 750 1250 1750 2250

5= aSell R 50 aSoll

g
B

CA10

Figure4-13: NOx and incylinder temperature distribution of FRB for the-bD50
(15b,5b)TDC case including CA10, CA50 and CA90
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Considering the soot emissions, Figdré4 presents the chamber soot formation of

the FRB due to this interaction. The soot behaviour is analysed using ta©50
(15b,5b)TDCcase and showed that the restriction of fuel rich mixtures previously
observed as consequently promoting NOx formation were also observed to occur and
promote soot fanation. Here, the presence of fuel rich mixtures led to high diffusion
HRR6s and combustion which promoted soot
attributed to the injection ratio in which 50% of the total fuel load was injected in the
second injection\eent, introducing a relatively large quantity of fuel into a fuel rich

diffusion combustion of the first injection event.
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Figure4-14: Soot distribution of FRBor theLL-5050(15b,5b)TDCcasencluding
CA10, CA50 andCA90

The NOx and soot emission behaviour of the FRB also suggested that the interaction
between the injection ratio and ORB1 and ORB2m&ance curvatures also resulted

in their significantly lower NO»xand soot emissions which were more pronounced in
comparism to the FRB.

Considering ORB1 and ORB2 NOx emissions, ORB1 exhibited lower NOx emission
in all the cases compared to ORB2. This behaviour was attributed to the effect of their

respective rentrane curvatures and mixing fronts which affected the movement and
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distribution of airfuel mixtures and formations which in turn influenced the
generation of premixed mixtures, and high temperature hotpots all of which affected

NOx formation. The higher NOxngissions exhibited by ORB2 were attributed to the
generation of high combustion temperatures in the presence of high oxygen content
from high | evels of HRRG6s <causeahtralicg mor e

bowl curvature promoted more direl mixing

Considering ORB1 and ORB2 soot emissions, ORB1 also exhibited higher soot
emission in all the cases compared to ORB2 except fois5030(0a,10a)TDC. This
behaviour was also attributed to the effect of their respectremtrance curvatures

and mixingfronts which affected the movement and distribution off@t mixtures

and formations which in turn influenced the generation of fuel rich diffusion mixtures
as well as high combustion temperature regions which affected soot oxidation and
formation. Tke lower soot emissions exhibited by ORB2 for majority of the cases
was attributed to its improved utilisation of the available oxygen in the chamber as a
result of its higher bowl rentrance curvature which led to improvedfael mixing

thus, causinggess fuel rich diffusion mixing and combustion.

The interaction between the bowl geometries and injection ratio at injection timings
retardation can be seen in Figdré&5.

The NOx trends in the figure showed that NOx emission reduced as the injection
timings retardedrom LL-5050(20b,10b)TDC to LE5050(5a,15a)TDC forll three

bowl geometries. The FRB exhibiting the highest NOx levels during injection timing
retardation, whereas ORB1 and ORB2 were closer and significantly lower with the
NOx levels fo ORB1 lower than those of ORB2 over the injection retardation range
This behaviour was attributed to the reducing time fofuat mixing as well as faster

fuel evaporation as a result of higher resideneeylmder temperatures and pressures
as injecion occurred closer to TDC. This resulted in shorter ignition delays, reduced
premi xed mixture formations and combusti
the reduction of NOx formations. In addition, NOx emission reduced for injection
timings further nto the expansion stroke due to an increasing chamber volume which

contributed to lower itylinder temperature.
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Figure4-15: NOx vssoot emissions for FRB, ORB1 and ORB2 under 50:50 injection
ratio at low load

The soot trends in the figure showed that soot emissions for FRB increased as
injection timing was retarded from LBO5G(20b,10b)TDC to the LI50506(0,
10a)TDC after which further injection retardation led to lower soot levels. The soot
levels for ORB2 increased as injection timing was retarded from5030
(20b,10b)TDC to the Li5050(5b,5a)TDC and remained similar at 130500,
10a)TDC after which is reduced with further retardation. ORB1 exhibited relatively
similar soot levels. Thivehaviour was attributed to the reducing time forfae

mixing which resulted in increased fuel rich diffusion combustion especially for
injection timing retardations up to ER050G(0, 10a)TDC. The behaviour seen in the
last injection retardation wastabuted to the breakp of large fuel rich mixtures by
turbulence in an increasing chamber volume and reducing temperature which reduced
diffusion mixing and allowing more fuel oxidation which resulted in lower soot

formation.

Besides the general trendbserved for NOx and soot emissions due to injection
timing retardation, the results in the figure also showed that the bowl geometries each
exhibited different emissions trends of varying levels .

Considering the NOx emissions to this regard, Fighfies showed that besides the
FRB exhibiting the highest NOx levels, it also exhibited the most obvious NOx
reduction of the three bowl geometries with a drop in NOx levels of over 300ppm

over the range. Its observed NOx reduction behaviour was attriboteah t
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improvement in its chamber mixture distribution as its mixing front grew under
injection retardation.

Here, injection retardation caused fuel injection at moments when the chamber
volume was smaller due to piston compression. This increased thdigdobérthe

poor mixing front to promote more del mixing especially at rich air regions and

rich fuel regions at the bowl base and thus increased the chamber temperature

distribution and reduced temperature hotspots which suited lower NOx formation.

Figure4-15 showed that ORB1 and ORB2 exhibited significantly lower NOx levels
compared to the FRB as injection timing was retarded frorbQ%0(20b,10b)TDC

to LL-5050(0,10a)TDC mainly due to the additional influence of bowkm&rance
curvature whilesimilar NOx levels were observed for all three bowl geometries at
LL-5050(5a,15a)TDC case mainly due to the influence of injection timings with
negligible contributions from the bowl geometries. This showed that the influence of
entrance curvature was atiger at earlier injection timings and had greater influence
over mixing formations and thus, combustion compared to injection timing which was

the opposite effect and influence at latter injection timings.

ORB1 had lower NOx levels compared to ORB2 abhshowed that whilst a high
degree of reentrance curvature promoted lower NOx formation, the effect of
increasing the degree of-emtrance in reducing NOx was limited to an extent. Here,

the higher NOx levels of ORB2 were attributed to improvedueil mixing from its

larger mixing front along bowl side and base walls as well as during and just after the
first injection event as well as higher
more diffusion mixing and combustion when the second injectiontexamurred in

the fuel rich mixtures of the first injection event closer to the bowl side wall. Figure 5

16 shows the equivalence ratio of ORB1 and ORB2 which illustrates this behaviour in
ORB2 and its absence in ORBL1.
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Figure4-16: Equivalence ratio distribution for ORB1 and ORB2 at®050(5b,5a)TDC

Considering the soot emissions due to these interactions, Bigireshowed that the

soot levels for FRB and ORB2 were closer and significantly lower trarof ORB1

by about 84% akL-5056(20b,10b)TDC Retardation of the injection timing td_-
5050(15b,5b)TDCcaused a decrease in the FRB soot level by about 5%, as well as
an increase in the ORB1 and ORB2 soot levels by about 11.5% and 14.9%
respectively FRB soot levels were observed to significantly increase as the injection
timing was retarded frorhL-5050(10b,0)TDC to LL-5050(0,1089 TDC which was
different for ORB1 and ORB2 wherein the former exhibited relatively similar soot
levels and the latterxbibited higher soot level atl-5050(5b,58 TDC but remained
relatively similar atLL-50506(0,109TDC. All three bowl geometries were observed

to exhibit reduced soot levels at the last injection retardation compared to the

immediate previoujection timing.
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The poor reentrance curvature of FRB hindered-faiel mixing and limited fuel
oxidation within the chamber. At earlier injection timings this effect and soot
emission consequence was limited due to the availability of more time foowed
air-fuel mixtures to be formed in an increasing chamber density due to compression of
the chamber. However, as injection timing retarded, limiteduairmixing as well as

the injection of a relatively larger fuel quantity in the second injectiemtepromoted

more diffusion fuel rich mixing and combustion which in turn increased soot
formation with negligible influence from the poor mixing front formed. Nevertheless,
injection retardation predominantly in the expansion stroke also caused an
improvement of akfuel mixing due to ircylinder turbulence which as seen in the

equivalence ratio results causes an increase in the mixing front.

The improved reentrance curvatures of ORB1 and ORB2 increaseduealr
interaction compared to the FRB whicksulted in their lower soot levels under
injection timing retardation. ORB2 exhibited the lowest soot levels for 4 out of the 6
injection retardation timings considered which showed the effect of -gstrance
curvature and resultant mixing front. A higagree of reentrance curvature permitted
more movement of fuel mixtures towards air rich regions in the chamber which in
turn promoted an improved dinel mixture for ORB1 and ORB2. However,-in
cylinder air turbulence behaviour at times closer to TDGlccoegatively affect the
movement of fuel rich mixtures closer to the bowl side wall of the ORB2 by moving
bulk air towards that region which tended to trap fuel mixtures of the second injection
event in the fuel mixtures of the first injection event asnsin Figure4-16 which
increased diffusion mixing and combustion as well as soot formation. This behaviour
suggested that the influence of increasing thenteance curvature to reduce global
soot formation was limited and was positive for most of thjection strategies
considered and only negative in few injection strategies. The similar levels of soot
exhibited throughout the range of injection timings by ORB1 showed that its bowl re
entrance curvature led to similar mixing front behaviours for ridesidual injection
strategies. this also showed that soot emissions could be controlled over the range of

injection timings.
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4.4.2 70:30 Injection Ratio

Table4-5 presents thBlOx andsoot emission®f the FRB, ORB1 and ORB#%or the

70:30 injection ratio

An overview of the table results showed that the NOx and soot emissions were
attributed to the interaction between the bowl geometries and injection ratio at
constant injection timing as well as the interaction between the bowl geometries and

injection ratioat injection timing retardation.

Table4-5: 70:30 injection ratio emissiomssultsfor FRB, ORB1 and ORBat low load
CaselD FRB ORB1 ORB2
NOx Soot NOx Soot NOx Soot

(ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (Ppm)
LL-7030(20b,10b)TDC 455.85 2.71 117.37 7.17 121.76 5.23

LL-7030(15b,5b)TDC  218.2 3.37 82.75 7.7 7744  6.15
LL-70306(10b,0)TDC 126.11 3.8 51.67 814 38.15 7.05
LL-7030(5b,5a)TDC 103.9 4.3 23.08 8.52 2145 7.89
LL-70306(0,10a)TDC 69.58 126 10.83 8.89 12.32 10.85

LL-7030(5a,15a)TDC 1295 17.8 5.16 8.13 6.44 12.62

Regarding the interaction between the bowl geometries and injection ratio at constant
injection timing, the results showed that the FRB exhibited the highest NOx emissions
in all the cases as well as the lowest soot emissions in all the cases except for LL
7030(0,10a)TDC and LE7030(5a,15a)TDC in which it exhibited the highest soot
levels compared to ORB1 and ORB2.

The emission consequences of this interaction in the FRB were analysed further with
Figure 4-17 presenting its resultant equivalence ratowell as its NOx and soot
formations for LL-7030(15b,5b)TDC. The equivalence results showed that the fuel
delivered during the first injection event settled at the bowl side wall with no
movement towards the bowl base or top of the chamber which slramyagd that the

lack of reentrance curvature on the FRB hindered improved fuel distribution.

The NOXx results during these periods were negligible due to lower levels premixed

formations as well as lower combustion temperature. The soot results also showed

99



that relatively small quantities of soot formation were present which high soot

concentrations in small quantities located in the spray.
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Figure4-17: Equivalence ratidNOx, and soot formation for FRB at kL
7030(15b,5b)TDC at low load

Furthermore, the results showed more obvious NOx and soot formations during and
after the second injection event. The obvious NOx formations began to form just
before, during and after the sedomjection event since the second injection event
was shorter than the first. These formation occurred due to the presence of larger
guantities premixed mixtures largely from the-faiel mixing from the first injection

event. Further NO formation was fitated in regions of the chamber characterised

by leaner and premixing formations observed at the chamber top and base corner in

the presence of higher combustion temperatures.

In addition, the distribution of the soot formations closely aligned vgt of the
equivalence ratio during and after the second injection event. High soot
concentrations were observed closer to the chamber top whereas lower soot
concentrations were observed closer to the bowl base corner due to better premixing.
The poor reentrance curvature limited the distribution of fuel mixtures towards the

centre of the bowl especially in the dwell angle and after the second injection.
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The contribution of the FRB fentrance bowl and mixing front to the NOx and soot
emissions formedsuggested that the interaction between the injection ratio and re
entrance curvatures of ORB1 and ORB2 also resulted contributed to their emissions

which were significantly lower NOx and soot emissions.

ORB1 and ORB2 NOx emissions were significantly lowen that of the FRB. This

was attributed to the effect of their more pronouncednteance curvatures which
improved aiffuel mixing in a more controlled manner. High quantities of premixed
formations promoted to NOx formation as seen with the FRB.dvew with ORB1

and ORB2, the mixing formations could be better controlled via adequate distribution
of the fuel mixtures throughout the chamber such that lower combustion temperatures
occurred through the avoidance of temperature hotspots which in cmtnoled the

extent of NOx formed.

The soot emissions for ORB1 and ORB2 were also significantly lower compared to
FRB. This was also attributed to the effect of their more pronouncedtrance
curvatures which improved afuel mixing and thus caed an improved fuel
oxidation. As seen in previous instances, therrgance of the fuel mixtures more so

in ORB2 than ORB1 due to its highereatrance resulted in further dispersal of the

fuel mixtures which aided a faster oxidation towards a ledmmber mixture.

The interaction between the bowl geometries and injection ratio at injection timings
retardation can be seen in Figdré&8.

The NOx trends in the figure showed that NOx emission reduced as the injection
timings retardedrom LL-7030(20b,10b)TDC to LL7030(5a,15a)TDC foll three

bowl geometries. The FRB exhibited the highest NOx levels during injection timing
retardation, whereas those of ORB1 and ORB2 were significantly lower and similar
over the injection retardation rangéhe NOxtrends were attributed to the reducing
time for available for adequate direl mixing as well as faster fuel evaporation as a
result of higher residence-oylinder temperatures during injection retardation. This
caused reduced premixed formation and lsamst i on and HRRO s
consequentially resulted in lower combustion temperatures and thus, reduced NOXx

formations. Injection retardation into the expansion stroke also caused a reduction in
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NOx formation due to an increasing chamber volume which corgdbiat lower iR

cylinder temperature.

—8—FRB 70:30 ratio NOx (ppm)
—8— ORBI 70:30 ratio NOx (ppm)
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Figure4-18. NOx vs soot emissions for FRB, ORB1 and ORB2 under 70:30 injection
ratio at low load

The soot trends in the figure showed that soot emission for the FRB and ORB2
increased as injection timing was retarded from7030(20b,10b)TDC to the LL
7030(5a, 15a)TDC. The ORB1 also exhibited increasing soot levels during injection
retardation up te.L-7030(0,10a)TDC after which further retardation from-ZD30
(0,10a)TDC to LL7030G(5a,15a)TDC resulted in soot reduction. The trend was
attributed to the formation of more diffusion and fuel rich mixtures caused by poor
air-fuel mixing which worsenedluring retardation especially for FRB and ORB2.
Here, retardation caused a shorter time for improveduelr mixing. In addition,
diffusion combustion was promoted by the occurrence of the second injection event in
the combustion of the first injection ewt which introduced 70% of the total fuel
load.

The behaviour seen in the last injection retardation for ORB1 was attributed to the
breakup of large fuel rich mixtures by turbulence in an increasing chamber volume
and reducing temperature which reduakfiusion mixing and allowing more fuel
oxidation in combination with a shallow-emtrance of fuel mixtures from the first
injection event which limited diffusion mixing between fuel mixtures from both

injection events and consequentially resulted irelogsoot formation.
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Besides the general trends observed for NOx and soot emissions due to injection
timing retardation, the results also showed that the bowl geometries each exhibited
different emissions trends of varying levels.

Considering the NOx emissions to this regdfidjure 4-18 showed that besides the
FRB exhibiting the highest NOx levels, it also exhibited the most obvious NOx
reduction of the three bowl geometries with a drop in NOx levels of over 400ppm
over the range. Its observed NOXx reduction behaviour watbudttd to an
improvement in its chamber mixture distribution as its mixing front grew under
injection retardation.

Here, injection retardation caused fuel injection at moments when the chamber
volume was smaller due to piston compression. This increthgedotential of the

poor mixing front to promote more gwel mixing especially at rich air regions and

rich fuel regions at the bowl base and thus increased the chamber temperature

distribution and reduced temperature hotspots which suited lower N@ation.

Figure 4-18 also showed that ORB1 and ORB2 exhibited significantly lower and
closer NOx levels compared to the FRB for the injection timing retardation frem LL
7030(20b,10b)TDC to LE7030(0,10a)TDC and closer NOx levels were observed
for all three bowl geometries at LE030(5a,15a)TDC. This supported the initial
notion made for the 50:50 injection ratio that the influence of entrance curvature was
stronger at earlier injection timings and had greater influence over mixing formations
and thus, embustion compared to injection timing which was the opposite effect and

influence at latter injection timings.

ORB1 had higher NOx levels compared to ORB2 at the retarded injection timings of
LL-7030(15b,5b)TDC, LL-7030(10b,0)TDC and LE7030(5b,5a)DC as well as
higher soot levels compared to ORB2 in all the cases except {608¢(0,10a)TDC

and LL-7030(5a,15a)TDC which was attributed to their respective control of the air
fuel mixing formations. From the equivalence ratio results of both bowhgetes
presented in Figurd-19, the ORB1 promoted high NOx due to mushroom mixing
front which aided aifuel interaction on almost all sides observed after the first and
second injection events compared to ORB2. In ORB2 wall impingement due to the

closeproximity of its side wall to the nozzle caused the mixing front to move along
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the bowl wall towards the top and bottom. This caused the level-fehimixing to
be constrained and in turn reduced NOx formations.
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Figure4-19: Equivalence ratio of ORB1 and ORB2 at-ZD30(5b,5a)TDC

Considering the soot emissions due to this interaction, Figuli& showed that the

soot levels for all three bowl geometries increased with injection retardation frem LL

7030-(20b,10b)TDC to LE703G(0,10a)TDC after which further injection retardation

to LL-7030(5a,15a)TDC caused further increase in soot levels for FRB and ORB2

while the soot levels for ORB1 decreased.

The poor reentrance curvature of FRB impeded-faiel mixing and fuel oxidation

within the chamber especially during the first injection event. At advanced injection

timings this effect and soot emission consequence was limited due to the availability

of more time for improved aifuel mixing. However, as iegction timing retarded,
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limited air-fuel mixing as well as the injection of a relatively larger fuel quantity in

the first injection event promoted high diffusion fuel rich mixing and combustion
which in turn increased soot formation. Injection retardatnbo the expansion stroke
seemed to cause further increase in soot emissions due to the increasing chamber
volume which hindered close reactions between air and fuel parcels thereby forming
regions of very lean mixtures and regions of very rich mixtuwbagh promoted

further diffusion mixing and combustion.

Moreover, ORB1 and ORB2 exhibited lower soot levels for the same injection
retardation range which was attributed to their improveehteance curvatures which

increased aifuel interaction.

ORB2 exhibited lower soot levels compared to ORB1 for thst # injection
retardations which showed the effect of iteerdrance curvature and resultant mixing
front. The higher reentrance curvature of ORB2 permitted more movement of fuel
mixtures towards air rich regions in the chamber which in turn promotedpaoved

air-fuel mixing and fuel oxidation as well. However,-aglinder air turbulence
behaviour at LE7030(0,10a)TDC and LE7030G(5a,15a)TDC excited by its +e
entrance curvature caused the second injection event to occur in regions were fuel rich
mixtures were present which decreased fuel oxidation. Since the ORB1 had a shallow
bowl reentrance in comparism to ORB1, diffusion mixing and combustion from the
interaction between the two injection events was limited which caused lower soot

emissions.

4.4.3 Comparison of 50:50 and 70:30 Injection Ratis Cases

Compari®n of the emissionsdata under the 70:30 and 50:50 injection ratios
demonstrated thaDRB1 and ORB2 exhibited higher NOx emissidas the 70:30

ratio compared to the 50:50 ratio as the injectionngnivas retarded. Interestingly,

the FRB exhibited a different trend wherein NOx emissions were higher in the 70:30
ratio in all the cases except for £1030(15b,5b)TDC, LL-7033(10b,0)TDC and LE
7030(5b,5a)TDC which exhibited lower NOx levels comparedtheir respective
cases under the 50:hfectionratio. Theobserved trend for theajority of the cases
under the 70:30 ratio was attributed to thiection oflarger fuel quantityduringthe

first injection compared to the 50:50 ratio. Here, at resgeabjection timings, the
presence of a larger fuel quantity intensified the characteristics that led & Ki@h
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emissionse.g., larger premixed combustion durations and peak HRR ledkdsto
enhanced aifuel mixing. Thisin turn led to higher combu®n temperatures and

consequently higher NOx emissions.

Considering theomparison oootemissionbetween the 70:30 and 50:50 rafithse

FRB exhibited lower soot levefer the 70:30 ratio compared to the 50:&@ategy

ORB1 exhibited this same tréras the FRB in all the cases except for1030
(5a,15a)TDC which exhibited a higher soot level than the respective 50:50 case.
ORB2 also exhibited the same trend as the FRB in all the cases excty [far
7030(0,11a)TDC and LE7030(5a,15a) TDCcaseswhich had higher soot levels than
their respective 50:50 cases. The lower soot levels exhibitebdeayajority of the
cases was attributed teduceddiffusion mixing formations and combustievhich
occurred as a result @b the relatively smaller fuelinjection quantity during the
second injectioreventfor the 70:30injection ratio strategiesompared to the 50:50

strategies

4.5 Concluding Remarks
The study presented in thikapterinvestigated the effects of the interaction between

double injection strategy and piston bowl geometry on engine performance and
emissions at low loadt focused on the 50:50 and 70:30 injection ratios over a range
of six double injection strategies fahe FRB, ORB1 and ORB2 piston bowl

geometries, respectively.

The investigatiorshowed that the interaction between the different bowl geometries
and injection ratios at constant or varying injection timings had varying impact on
combustion behaviour due different air utilisations during afuel mixing. This
consequently resulted in the various differences in theylinder performance and
emissions observed. The influence of the injection ratios at constant injection timings
on incylinder performane and emissions were investigat@tie injection strategies

with the 70:30 injection ratio resulted in consistently higher IMEP levels, NOx levels
and slightly higher combustion noise levels, along with lower ISFC and soot levels
compared to the same ioj©n strategies with the 50:50 injection ratio for all three

bowl geometries.
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The influence of retarding injection timing with the 50:50 and 70:30 injection ratios
on incylinder performance and emissions were investigated. The results showed that
with both injection ratios, the IMEP, combustion noise and NOx levels reduced while
the soot and ISFC levels increased during injection timing retardation for low load
conditions. This observation in addition to the observation from the influence of
injection rdios showed that fuel injection characteristics had more influence-on in

cylinder performance and emissions compared to that of piston bowl geometries.

The influence of the geometries oraylinder performance and emissions were also
investigated. Consating IMEP levels at low load conditions, the FRB had the
highest IMEP levels compared to ORB1 and ORB2 in majority of the injection
strategies with 50:50 and 70:30 injection ratios. The largest difference in IMEP levels
compared to ORB1 and ORB2 respeelyvwere 25.1% and 20.79% in 2050
(20b,10b)TDC. ORBL1 exhibited the highest IMEP levels in71030(5a,15a)TDC
whereas ORB2 exhibited the highest IMEP levels for the same injection strategy but
with the 50:50 injection ratio. Although the FRB exhibitegher IMEP levels , this

was at the consequence of significantly higher NOx levels in all the injection
strategies and higher soot levels in a few cases compared to ORB1 and ORB2.

Besides these, its combustion noise levels were marginally higher.

107



5 Effects of Piston Bowl Geometry andinjection
Strategy at High Load

5.1 Investigated Piston Bowl Geometries and Double Injection
Strategies

The tree reentrant piston bowl geometriédiRB, ORB1 and ORB2s well as the
double injectiorthat were considered at low load were also investigated at high load.
However, at high load the fuel demand wdasible that of the demand at low load as
seen in Table3.

Table5-1: Double InjectionStrategy and Operating ConditioatHigh Load
Intake Valve Closure (IVC)  140.4bTDC

Exhaust Valve Opening (EVO 133.4]aTDC

Engine Speed 1500 rpm

Fuel Demand 20mmd/cycle

Start of ' Injection (Sot1) 20bTDC to FJaTDC sweepwith 5J
increment

Dwell Angle 10JCA

Injection Ratio 50:50 and 70:30

5.2 Combustion Analysisat High Load
5.2.1 50:50 Injection Ratio

The incylinder pressure results fone 50:50 injection rati@ases at high load are
presented in igure 51. An overview of the results showed ORB1, ORB2 and FRB
exhibited similar pressure profile trends and obvious varying differences in their peak
pressure levels in all casesxcept for HL-5050(15b,5b)TDC andHL-505C
(10b,0)TDC where they exhibitaduch closeisimilaritiesin peak levelsMoreover,

ORB1 and ORB2 exhibited closer similarities for most of the cases which was
attributed to the close similarity in their bowleatrance curvatures compared to the
FRB which caused them to have more similar combustion behaviours compared to the
FRB.

In HL-5050(20b,10b)TDC, the close similarity shared between the ORB1 and ORB2

was present as observed in thekcyinder pressure trends and peak levels. Also in
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this case, he FRB exhibited the lowest peak presdorehe HL-5050(20b,10b)TDC
which was attributed to lower afuel mixing formation due to the interaction
between the injection strategy and its bowl geometry which lackedeatnance
curvature. The bel@ur seen in the pressure results in-6050(20b,10b)TDC was

not observed for H5050(15b,5b)TDC and Hi5050(10b,0)TDC wherein all three
bowl geometries exhibited similar pressure trends and peak levels. The similarity
observed in these cases suggedtest the pressure differences induced by the

different bowl geometries for the same injection strategy was minimal.

In HL-5050(5b,5a)TDC, HL5050(0,10a)TDC and Hi5050G(5a,15a)TDC ORB1

and ORB2 exhibited similar pressure trends and peak levels. Weil&RB also
exhibited similar pressure trends, its second peak level were clearly higher compared
to those of ORB1 and ORB2. Here, this behaviour could be also attributed to the
presence of rentrance bowl curvatures for ORB1 and ORB2 which contributed t
more gradual aifuel mixing and more controlled heat release and a lack thereof in
the FRB which contributed to a lesser controlled heat release generation which

translated to higher pressure levels presented.
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Figure5-1: In-cylinder pressure data for FRB, ORB1 and ORB2 under 50:50 injection ratio at high load

110



w
h

35 35
30 30 30
El % %
< 25 215 2125
= s s
g20 @ 20 s 20
& P &
g 15 o 15 s 15
Z Z :
= > B
c 10 < 10 < 10
& & &
g 5 55 g5
£ & =
0 0 0
570 620 670 720 770 820 870 ;5 7o 620 670 720 770 820 870 SS 0 620 670 720 770 820 870
5 5 5
Crank Angle (deg) Crank Angle (deg) Crank Angle (deg)
——FRB-HL-5050-(20b,10b)ITDC ——ORB1-HL-5050-(20b,10b)TDC ——FRB-HL-5050-(15b,05b)TDC — ORB1-HL-5050-(15b,5b)TDC —FRB-HL-5050-(10b,0)TDC ——ORB1-HL-5050-(10b,0)TDC
—— ORB2-HL-5050-(20b,10b)TDC —ORB2-HL-5050-(15b,5b)TDC —ORB2-HL-5050-(10b,0)TDC
30 35 40
35
25 30
% ¥as 0
T2 = =
= = 225
2 220 2
g b & 20
@ @ 15 b4
2 Z 215
g1 g 2
z g 10 & 10
55 3 5
- g 5 3
0 0 0
570 620 670 720 770 820 870 570 620 670 720 770 820 870 ;5 70 620 670 720 770 820 8
5 -5
S Crank Angle (deg) Crank Angle (deg) Crank Angle (deg)
— FRB-HL-5050-(5b,52)TDC —— ORB1-HL-5050-(5b,52)TDC ——FRB-HL-5050-(0, 10a)TDC ——ORB1-HL-5050-(0,102)TDC —FRB-HL-5050-(52,152)TDC  ——ORB1-HL-5050-(52,152)TDC
——ORB2-HL-5050-(5b,52)TDC ——ORB2-HL-5050-(0,10a)TDC —ORB2-HL-5050-(52,152)TDC

Figure5-2: In-cylinder HRR profiles for FRB, ORB1 and ORB2damn 50:50 injection ratio at high load
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The HRR results of the 50:50 injection rati@ses at high load are preserntefligure

5-2. An overview of the results showed that the three bowl geometries exhibited peak
HRR in the diffusion cmbustion phase in HB050(20b,10b)TDC, HE5050C
(15b,5b)TDC, HL505G(10b,0)TDC and HE5050(5b,5a)TDC. This behaviour was
largely attributed to the influence of the injection ratio which involved the injection of

50% of the total fuel load during the sadanjection event.

Injection of 50% total fuel load during the first injection event occurred-eylinder
residence time characterised by relatively lower temperature, pressurecatidder

air density compared to residence time close to TDC. Thistributed to the
formation of premixed mixtures in the earlier stages of heat release and combustion as
well as the formation of a large quantity of fuel rich diffusion mixtures due to the
second fuel injection event occurring in the mixing procesbefitst injection event.

Here, the introduction of additional fuel into the mixing formations of the first
injection further promoted fuel rich diffusion mixing and consequently high diffusion
HRRO s .

The overview of the results also showed that the HeRd behaviour changed due to
injection retardation with Hi5050(0,10a)TDC considered as the switching point
wherein the FRB and ORB2 exhibited peak HRR in the premixed combustion phase
while ORB1 exhibited peak HRR in the diffusion phase. In additi@akpHRR
occurred in the premixed combustion phase in38b06(5a,15a)TDC which was
attributed to the first injection event occurring closer to TDC and into an expansion of
the cylinder characterised by a reducing cylinder density, pressure and temperature
which increased the tendency of a longer ignition delay therefore promoting the
formation of more premixed mixtures and consequently high premixed HRR and

combustion.

The additional consideration of the interaction between the piston bowl geometries
and injection strateggrovided further insight into theariouscombustiorbehaviours
observedin HL-5050(20b,10b)TDC, ORB1 and ORB2 exhibited similar and higher
HRR proiles in the premixed and diffusion combustion phases compared to the FRB.
This was attributed to the influence thieir bowl reentrance curvatusewhich had

higher radii compared to FRB. The large radius curvatures of ORB1 and especially
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ORB2 promoted ircylinder turbulence and afuel mixing by causing largeixing

fronts along their bowl walls. This improved mixing during the first injecteading

to more premixtures and thus highHRRO & the premixed combustion phake

ORB1 and ORB2

Improved mixing also implied a better mixing reaction rates of the rich formation
especially during the second injection. These two characteristics contributed to the
promotion of high HRRin the diffusion combustion phase for ORB1da@RB2.
Nevertheless, the diffusion phase exhibited by ORB2 was lower compared to the
FRB.

In contrast, lhe lower peak HRR of the FRB in the diffusion combustion phase eof HL
5050(20b,10b)TDC was attributed to a combined interaction of a peoylinder
turbulence generated from its poor bowAergrance curvature and the injected fuel
guantity during the second injection. Here, the poor mixing turbulence contributed to
a smaller reaction of the relatively large newly introduced fuel in the presencg of lo
oxygen content which led t@duceddiffusion mixing formations and consequently a
diffusion combustion with lower HRR levels.

Furthermore,lte FRB exhibited a similar HRR profile to ORB1 and ORB2 in the late
combustion phaser HL-5050(20b,10b)TDCas well adHL-5050(15b,5b)TDC and
HL-5050(10b,0)TDCcases However, its HRR profile in the late combustion phase
for HL-5050(5b,5a)TDC HL-5050(0,10a)TDC and Hi5050(5a,15a)TDC
exhibited a steeper profile indicating a shorter late combustion. Thiatwisited to

the combined influence of timeetionfgiaBtidlys b o wl
during the second injection wherein the poeengérance curvature of the FRB led to
poor mixing reaction for combustion and thus, a shorter combustion. Itoaddne
HL-5050(0,10a)TDCcaseinvolved a second fuel injection in the expansion stroke
characterised by an increasing chamber volume lawdr in-cylinder temperature

both of which limited diffusion mixingconsequently leading to a shorter combustion

in the diffusion phase.

These mixing behaviours are further demonstrated through the equivalence ratio
distribution of HL-505G(20b,10b)TDC for FRB, ORB1 and ORB2 presented in
Figure 53.
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Figure5-3: Equivalence ratio distribution of FRB, ORB1 and ORB2 for the39b0
(20b,10b)TDC

Figure 54 and Figure 55 show the equivalence ratio distributiaf HL-5050
(0,10a)TDC for ORB1 and ORB2. From the results, itlvasee thatthe reentrance
curvature radius of ORB2 causes enhanceduairmixing and a larger mixing front

area which causes a more gradual rise in HRR and consequently lower peak HRR
compared to ORB1. The -entrance curvature radius of ORB1 promotes improved
air-fuel mixing adequate for a quicker rise in HRR and consequently higher peak
HRR. Furthermore, the higher HRR of ORB1 is promoted by more localised mixing
formation and movement in the bowl region which causes localised increase in the
HRR, combustiotemperature and pressure compared to the large movement inside

and outside the bowl region of ORB2.
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Figure5-4: Equivalence ratio distribution of ORB1 for the ¥80506(0,10a)TDC case
including CA10, CA5Gand CA90
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