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Abstract

This project aims to improve the combustion performance of a compression ignition engine
using three novel fuel preeatments, the employment oénewable fuelsnano additive
modified fues and supercritical (SC) fuel combustion, from the perspectivespody
characteristics and engine performanicethis project HVO and GTLare selected as the
renewable fuelswhilst CeQ nanopowdeand CNTarethe nano additivesA CVV system is
fabricated to investigat®acroscopic spray characteristicdest fuelsat various conditionsA

2D CFDmodel coupled with thBoE method idevelopedo correlateexperimental conditions

to macroscopic spray ahnacteristicsA Cummins ISB4.5 diesel engine test riggeiaployedto

obtain the ircylinder behaviour and pollutaamissionsA 3D CFD model is built to study the
advantages ddC fuel combustion.

GTL shows the smallest spray tip penetration during both the injection anthjgcsbn
periods whilst DF has the largest penetration, but the average cone anglen@sethe same.

Nano additives have no impact on the average cone angle and spray tip penetration, except that
CNT can increase the spray tip penetration slightly in the-ipfsttion period Empirical
models are formulatedndindicates differentimpacs of each experimental condition during
injection and posinjection

HVO and GTL have lower fuel consumptiandNOx, HC and PN emissiorthan DF.CeQ
nanopowder can significantly reduce HIC and PN emissions, whilst CO can only be
reducedin a certan engine load and speed ran@NT lowers downall emissions when
blending withmosttest fuels except GTL.

Compared withcorventional spray combustioigC fuel combustion illustrates significantly
higher incylinder peak pressum@nd thusmprovedengine output power Moreover, the fuel
concentration and temperature field during the SC combustion are more evenly distributed,
which enables more sufficient combustion aadiuction ofNOy and soot generation.
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Chapter 1. Introduction

1.1.Background

Currently around91% fuel for transportatiors derived from dssil fueland shares abo80%

of total energy consumptidi]. With the development of transportation, the consumption of
fossil fuel will keep increasing and thus resulta siguificant growth of oil pricg2, 3], because
fossil fuel cannot be renewed once consumianwhile, vehicle engines especially
compression ignitioenginesproduce a large amount of pollutant emissimatuding carbon
monoxide (CO), nitrogen oxideNQyx), unburnt hydrocarbon$iC) and particulate matter (PM)
by burning fossil fuelswhich leads to continws deterioration of environmef]. Therefore,
stringent regulations have been maolémit vehicle engie emissionsin the latest standard
for commercialcompression ignition enginémainly dieselvehicleg, Euro VI, the emissions

of CO, NG, HC and PMare limited to no more thanl.5, 0.13, 0.4 and 0.01 (g/kWh)
respectively[5]. Moreover, the particulate number (PN) is alsplemented in the Euro VI.
Under these considerations, researchers and vehicle manusacaneotived taevelopclean
combustiorenginetechniques antenewablduels

NOx and PM fromcompression ignitioengines are the two main targets for most techniques
of reducing emissions due to their large amounthagldtoxicity, andtheyare usuallyedued

by employingthe aftertreatmensystem For NO« emissionsthe most widely used types of
aftertreatment arthe selective catalytic reduction (SCRan NQ trap (LNT) and SCR filter
(SCRF)and their combinationdHowever, they are sensitive to engine conditions (e.g., wall
temperature, exhaust temperature, and exhaust velocitygracdmplex to control at some
conditions due to adding mixers and hydrocarbons and removing producemhiidulphate
compound$6]. In terms of PM or PN, manufactures are usheydiesel particulate filters (DPF)
in the aftertreatment systdir]. By this means, PM can be significantly reduced, nevertheless,
the engine output power is also impacted becausgltdgrewill have negative impacts on the
exhaust pressure after a period of running.

The treatmento the fuelprior to combustion, whicls namedasthe fuel pretreatment, may
have the potential to overcome these drawbacks of -tiftatmens. Thefuel pretreatment is
the approactbefore combustion,via which the fuel properties associated with combustion
behaviours would be changed to improve #mgine performance.ln other words, the
replacement of the standard diesel fuel witimewable fuelsblending fuels with various
additives and any other solutiottschange fuel propertiefor sufficient and clean combustion

can be regarded as thesl pre-treatment.



As afuel pretreatment, theenewable fuehasdrawn the eyes of the public in receii¢cades
Renewable fue|susually including biofuels and synthetic fuels, can be obtained from
renewablesourcesor by renewable methodsnd have the potential of reducipgllutant
emissions frontompression ignitioenginesFor diesel engines, most biodiesels are fatty acid
methyl esters (FAME)q@duced by transesterification procg®<l0], such as rapeseed methyl
ester (RME), soy methyl ester (SME) and palm oil methyl ester (PME) etc. FAMESs are capable
of producing less NOand PM in diesel engines compared with the standard diesel fuel.
However the high oxygen content and lemergy density of FAMEgeduce thengine output
power at some conditions. Moreovdahe unsaturated compositions of FAME have adverse
influence on e oxidation stability and thus their percentage blending with standard diesel fuel
are limited to 79411, 12]

Compared with FAMESs,he hydrogentreated biofuels and thgynthetic fued have more
advantages for diesel engingébe hydrogertreated fuel (noiFAME biofuel) is manufactured

by hydrogenation of traditial biofuels, whilst the synthetic fued liquid fuel produced by
synthetic technology, usually known as the Fis€h@psch (FT) process, from coatgsor
biomasq13, 14} As a result, thénydrogentreated fuel and theynthetic fuelare mixtures of

n- andi-paraffin, which enabl@igher energy density than FAMEs. Therefore, memewable
fuelssuch asydrogentreated fued or synthetic fuels should be developed and studied.

The employment of fuel additives is anothael pretreatmentto change fuel propges
Alcohols such as methanol, ethanol and butanahdrelly used aghefuel additive to reduce
emissions. However, their high oxygen content has a negative impact on the thermal efficiency
and engine powd5]. Consequently, nano additives, mainly nanopowder of metal or metal
oxides, are becoming new fuel additive candidates which can improve the engine power and
reduce most pollutant emissions.

In addition torenewable fueland nano additives, another way twange fuel properties prior

to combustioris pre-heating the fuel, which is commonly used in ship engines burning heavy
fuels. The advantage of pheating heavy fuels is mainly reducing the viscosity of the fuel to
improve spray quality for more sufficieaombustionSimilarly, in diesel engines, pteeating

would be also helpful for combustipgspecially heating the diesel fueth@supercritical state

(SC) The SCfuel is usually used in rocket engines to obtain sufficientdsedant mixture by
heding high pressure fuels to over its critical point, because fuels at SC state have as low
viscosity and high diffusivity as gas imilar density to liquidwhich enables more sufficient
fuel-air mixing process for combustioAccordingly, it is also pomising to employsC fuel for

the combustion incompression ignitionenginesto obtain more complete and cleaner

combustion



1.2. Aims and objectives

According to aforementioned context, this project is aimed at studying the performance of three
fuel pretreatments, the employment #newable fuelsnano additive modified fusland
supercritical (SC) fuel combustion, from the perspective of spray characteristics and engine
performanceThe research will be a fundamental exploratiorredfewableenergy higher
combustion efficiency and cleaner combustiorcfumpression ignitioenginesTherefore, the
objectivesof this projectare

Review previous research warkegardingrenewable fueleind nano additives, and their
characteristics in spray amuliesé engine combustiarMeanwhile, study thbehaviourof

SC fuels and relevant literature associated with its diesel engine application.

Constructa constant volume vesq€&VV) systemo conductomparativeexperiments on

the macroscopic spray characteristics sefectedrenewable fuelsand nano additive
modified fuek. Moreover,analysethe influence ofexperimental conditions othe
macroscopic spray characteristasring both injection and pestjection periods. The
results of these experiments would be thedamental knowledg#or analysing engine
performance.

Build acomputational fluid dynamic<CFD) spray model to study theacroscopispray
characteristics at more extreme conditidmenthe spray experimenivhere the influence

of fuel injection pressure, fuel temperatymnbient pressure and ambient temperabuare
macroscopic spray characteristics can be focused thenquantitively correlatehe
macroscopic spray characteristics with these fuel conditmd ambient conditions.
Investigate the ketylinder behaviour and pollutant emissions of teeewable fuelsnd

nano additive modified fuglona commercial diesel engine test rig under various speed
and load conditions.

Build aCFD cylinder model toanduct the SC fuel combustion and compare #sjimder
behaviour and pollutant emissions with conventional spray combustiesel engines

By these objectives, a comprehensive understanding would be obtained on the advantages and
potential of renewable fuels, nano additive modified fuels and SC fuel combustitmefor
application incompression ignition engines.

1.3.Thesis outline

Based on te aims and objectives of this project, the thesis is organised as the following chapters:
Chapter 1. Introduction

Introduce the background of the research topics and highlight the aims and objectives of the
project.



Chapter 2. Literature review

Introduce the fundamental knowledge of liquid fuel spray tledincylinder behaviouand
pollutant emissions afompression ignitioengines.

Summarise previous work aenewable fuelshano additiveand SC fuel combustion from the
perspective of spray and engine performance, and analyse the gap between their studies and
this work.

Introduceimportant methodologies or tools, e.g., the CFD code and design of experiments (DoE)
etc, whichcan be usetb research the fuel spray and SC fuel combustion

Chapter 3. Macroscopic characteristics of fuelSpray

Describe key properties dfydrotreated ggetable oil (HVO) and gas to liquid synthetic fuel
(GTL), and then blendhe standard diesel fuel (DF) and GWith the multi-wall carbon
nanotube (CNT) and Ce@anopowder of two different sizes.

Describe the features the CVV systenand tesits perfamance.

Conduct spray experiments of DF at various conditioasd analyse the influence of
experimental conditions on theveragecone angle and spray tip penetratidaring both
injection and posinjection periods

Conduct sprayexperiments oHVO, GTL and DFat high ambient pressure and temperature,
and compare their differences in the average cone angle and spray tip penetration

Conduct spray experiments v&no additives modified DF and GHLt high ambient pressure
and temperatureand compre their differences in the average cone angle and spray tip
penetration.

Chapter 4. CFD model of fuelspray

Build a 2D CFD modelaccording tathe CVV and \alidateit by experimental average cone
angle and spray tip penetration.

Investigate the macroscopic spray characteristics under exteredexdmdlitions and ambient
conditions to obtain the impact of fuejection pressure, fuel temperature, ambient pressure
and ambient temperature on the average cone angle and spray tip penetration.

Formulatea quantitive correlation between the conditians the spray tip penetration.

Chapter 5. Engine performance

Describe the Cummins ISB4.5 diesel engine test rig

Conduct experiments to analyse thecylinder behaviour and pollutant emissions of nano
additives modified DF at various engine speedsleads.

Investigatehe incylinder behaviour and pollutant emissions of HVO and GTL, as well as nano

additives modified GTL at fixed engine speed and load.
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Chapter 6. CFD model of supercritical fuelcombustion

Build a CFD model according to tifieatues of cylinder irthe diesel enginie a period of time
and describe the theoretical principles of spray combustion and SC fuel combustion.
Validate the model byconventionalspray combustion datef the diesel engine during the
period

Analyse the ircylinder pressure, fuel distributipmnemperature fieldand the soot and NO
generationof the SC fuel combustion to evaluate its advantagebesel engines;ompared
with the spray combustion.

Chapter 7. Conclusions and futurework

Conclude the main results or discoveries in this rebeaprk, and propose recommendations

for future work.






Chapter 2. Literature review

In this chapterthe knowledge othe liquid fuel spray andhe incylinder behaviour and
pollutant emissions ofcompression ignitionengines is firstly summarised. With the
fundamental knowledge, a review of previous studies is then conductesh@nable fuels

nano additives and SC fuel combustion from the perspective of spray and engine performance.
After the review, the gap of prewus work can be found and thus bring in the research topic of
this thesis.

2.1.Dieselfuel spray

Spray, also known aatomizationjs a process that liquid fuel is injected itheair, breals out

into dropletsand then evaporaewhichhas asignificantimpact on combustiocharacteristics,
especially in terms of NQ CO, unburnt hydrocarbafiHC) as well as particle emissiofiks,

17].

During the spray itompression ignitioengines, the initial fuel velocity is over2@s/s, and

the outer surface of the injected fuel breaks up into droplets of closed size to the orifice of the
injector. The liquid column from the injector to a finitenggh isnamed the breakup length
(shown inFigure2.1), beyond which the liquid column disintegrates and the air content in the
spray increases. In the following process, the spray diverges, the penetration increases and the
velocity decreases. Meanwhile, the droplets evaporates during this prid&s$revious
studies[19-25] have developedseveral theorieso understand the spraand most of them
consider it to consist of two process: grenarybreakupand secondargreakup Theprimary
breakuprefers to the process that liquid fuel is injected and Ilsrapkinto various discrete
largescale structures, which is relevant to factors such as aerodystahility and turbulent

flow. Thesecondary breakumeans the following breakup from largeak structures to small

droplets, which is mainly impacted by aerodynamic stability



Cone angle

Spray tip
penetration

Figure2.1. Schematic of fuel spray and its major paramd2g}k

To asingle droplet, the interaction of four forces, surface tension, viscous force, aerodynamic
force and inertial force, determine its behaviour during the process. Obviously, the aerodynamic
force and inertial force are factors causing instability and bpeakuwroplets, but surface
tension and viscous force are those inhibiting the instability. In order to analyse the balance
between aerodynamic force and surface tension, the Weber nisrdb&ned belowj19]:

D —— (2.1)

Where” andu is the density and relative velocity of air, @@dand, refers to surface
tension, respectively. Considering the balance okfara energy conservatian,Qlarger than
12 always means the droplet is likely to break up.

Several parametei@e introduced to indicate ttspray quality Among them, the spray tip
penetration, cone angle and spray aaea thecommonly usednacroscopiccharacteristics
(shown inFigure 2.1). The spray tip penetration is usually used to stand fofuekliquid
penetration or fuel vapour petnation[27], dependingon the method ofmeasuement The
liquid penetration is defined as the length from the head of spray to tf28ta®9] whichis
obtained by high speed cameraSwmhlieren photographp2, 30-33]. However, the vapour
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penetration can only be measured when Schlieren photography is employed because it takes the
distribution offuel vapour into accouti82], which cannot be directly observed by cam&hae
difference between the liquid penetration and vapour penetration is illustrétietira?2.2.

(a) UM

Figure2.2. lllustration of the liquid penetration (a) and vapour penetratiof2€))32]

The cone anglean also be observed by optical measuring technoldtgedefinition varies in
different literature Lefebvre[20] defines it aghe angle formed by two straight lines drawn
from the orifice to the outer periphery of the spray at a distah6@ multiplying the orifice
downstream of the nozzI€hen et al[34] use theangle formed by two lines from the tail of
the spray to the outer periphery of the spraghatfirst1/3 length of the spray tip penetration
Some otherqd35] define it as the angle formed by two tangential lines touching the outer
boundaries of the spray on both sides and joining together at the nozzI®i#gitent
definitions of cone angle are shownFigure2.3.



Cone
angle

Spray tip
penetration

@)

Spray tip
penetration

Cone  Spray
angle width

(a) (b) ©
Figure2.3. Various definitions of cone angle in literat2®, 34, 35]

Compared with the macroscopic characteristics, the microscopic characteratibgrefer to
the droplet size distribution, which is usually indicated by the Sauter Mean Diameter (SMD).
The SMDis defined by the equation beld®6]:

YOO —— (2.2)

WhereQ ¢is the number of drdets with thediameterfO . According tothe equation, SMDs

total volume over the totalurface spray, which indicatéise characteristgof evaporation
combusion procesg16]. The SMD can be measured by Malvgrarticle size analyser and
Phase Doppler Particle Analyser (PDPM)ese instruments mainlisethe Fraunhofer or Mie
scatterof laser through particles toalculate the particle size distribution. The difference
between Malvern and PDPA is that Malvesewne laser beam to measure the mean size of
particles in a line, whilst PDPA has two laser beams to measure the mean size of particles at

one point. The principle of Malvern is illustratedFigure2.4.

10
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Figure2.4. Principle of Malvern particle size analy$a7]

Therefore, a typical experimental system for meas\aiinipe spray characteristics is shown in
Figure2.5, wherethe constant volume vessel is used to conduct the spray at certain conditions,
the high speed camera is for the observation of macroscopic spray characteristics, and the laser
measurerant is for the microscopic spray characteristics.

HeNe Laser (632.8nm)

AOM

Beam dump D N

Constant volume vessel

High speed camera ICCD
Injector
Sheet optics
[ 3
532nm
Lens Photodiode
§
Aperture ==
Integrating sphere

633nm band-pass filter Nd:YAG Laser
Figure2.5. A typical CVV system with optical setyf8]

Summary
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The knowledge ofuel sprayis helpful to understanthe detailed processf spray and
parameters tgrovide criteria of evaluatinghe spray quality Moreover, the methods of
measuring spray characteristics careb®wloyed as potential todisr this research work.
2.2.Diesel egine performance

2.2.1.Combustion behaviour

The diesel engine isne type oftompression ignition engisewhere the fuel is injected into
the cylinder ananixed withthe hot compressed airhe fuel is then autgnited and combust

to release energy, which converts to mechanical energy by driving the giseooombustion

of thediesel engine is complex and dependent on many parameters, such as injection strategy,
injection pressure, spray quality and timing. Thecyfinder pressure and heat release rate
during a typical ircylinder combustion are illustrated fiigure2.6 andFigure2.7.

SO AB ignition detay
BC rapid combustion C D
50} CD controlled combustion
D final combustion
40
30

Pressure (bar)

20}t Start of

injection A
10+
0 1 1 ~ - L
-120 -60 0 60 120

Crank Angle (degrees after TDC)

Figure2.6. Hypothetical pressure diagram for a compression ignition efi@@je
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5

(-4
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Late
—+te— combustion

I~ sor EOI

1 | | | | l | | | 4 1
160 4 b 170 180 190 200 210
Crank angle, deg

Figure2.7. Heatreleaseate diagranior a compression ignition engif&s]
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In Figure2.6, the fuel is injected at the point A, and then mixes with air until B. This period is
called the ignition delayit is important to engine combustion performance and dependent on
air temperaire, fuel droplet size and fualr mixing properies [40]. The rapid combustion
happens during B to @nd its length can be enlarged by shorter ignition delay. C tal2is
controlled combustianthe major type of combustion, whichstewer and mainlgletermined

by the speed of fudir mixing [18]. After D, the combustion continues but becomes further
slower with the expansion of the cylinder.

2.2.2.Pollutant emissions

During the combustion processany side reactions occur and thus produce pollutants. In diesel
engines, nitrogen oxides (NQ particulate matter (PM) are the emissions of the highest level
whereasand unburned hydrocarbons (HC) and carbon monoxide (CO) are usually slightly
lower.

NOx formation

NOx, mainly the nitric oxide (NQ)s produced dirett in the combustion. Three mechanisms
are developed to describe the NO formation. The thermal mechanism is put forth by Zeldovich
[41], which takes place inigh oxygerzones of high temperature (no less than 1806U€)to

the high activation energ#2]. The mechanisndominates the NO formation arwhn be

summarised by Equatiq@.3) and (2.4).

O 0V z0 00 (2.3)

0 020 00 (2.4)

The extended thermal mechanifnnearstoichiometric fueklir mixtureis then developed by

adding another reactida3]:

v 0& .0 © (25)

Thesereactions can be enhanced by increasing temperature, and the reaction rate constants have
beenobtained by experimenfg4].

The prompt mechanism is prevalent in {@mperature, fuelich and short residence time
conditions, which results in small amount of NO formatigtb]. In the mechanism,
hydrocabon radicals react with nitrogen and forms cyano molecules (CN) and amings (NH

and finally become NO via intermediate reactipt®. The main reactions can be shown in the

following equations:

13



800 z (#H 0 2.6

6 62060 O 2.7
08606 / (z 00 60 2.9
8006 2z060 60 2.9

The NO-intermediate mechanism is proposed by Melte and PRt@it which is for NQ
formation from N via nitrous oxide (NO). This mechanism can contribute as much as 90% of
NOx formation when under elevated pressure, low temperatod oxygemich conditions
which are common in gas turbines and Cl engifhksrefore, about 30% of the NOx formation
in these engines can be attributed to th®@-Mtermediate mechanispl, 48] The mechanism

can be described by the following equations:

6 0 -z- 00 (2.10)
6 60z00 6O (2.11)
6 06z ./ 00 (2.12)

PM formation

PM, generally called soot or smokg,usually generated in fuekh regions of the flamgL9].

As shown inFigure 2.8, PM can be formethrougha fast route via addition reactions and
condensation of the aromatic rings into a carbonaceous strucuréhrough slower
fragmentatiorpolymerization reactiondAromatic compounds thus act as seed molecules for
molecular growth and polymerization to form largetycyclic aromatic hydrocarborfBAHS)

that produce mature so@t9].

PAH

Ve
Fast
_ — > Soot
Condensation O

reactions

Parent
aromatic
hydrocarbon
Y CHy
Fragmentation > Slow

reactions CoHy ——— > Soot
>

Aliphatics / C3Hy

Figure2.8. Simplified PM formation mechanisf¥9]

PM can be categorised by three types according to theirAsz#ustrated inFigure2.9, the

smallest particles are the nuclei mode, which is usually smaller than 50 nm. PMs between 50
14



nm and 1000 nm are called the accumulation mode, and those larger than 1000 nm is the coarse
mode[50]. The solid lineand the dotted linm Figure2.9 arethenumberconcentratiorandthe
massconcentration respectivelpbviously, PM of the amumulation modeontributes to the

most PM mass emissions, although that of the nuclei mode has the highest number

concentration.

Fine Particles
Dp <2.5um

Nanoparticles
Dp <50 nm

PR—
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]
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Normalized Concentration, dC/C,,,,/dlogDp

0.001 0.010 0.100 1.000 10.000
Diameter (um)

Mass We]gﬁ@ Numi:;rwreigh(ingﬁ[

Figure2.9. PM size dstribution from the engings0]

The nucleation mode PNt volatile state and has a spherical shapeait grow to the
accumulation mode or even to the coarse mode by agglomeration with other particles and
absorption of fresh particles, as showrigure 2.10 [51]. In fuel rich zones, the oxidation of

fuel compositions tends to be hindered at high temperature, and thus pyrolytic reactions occurs
insteadwhere fuel molecules break up and form the PAH. The PAH is usually called the soot

precursor because it is easy to form nucleatidndie to its ring structurgb2].

15



.‘.:r‘.(lf\

J =
o /

Accumulation
Mode

* 10nm

Figure 2.10. Structure of PMof the three mod€g®1]

As illustrated inFigure 2.10, PM of the three modesonsists of the volatile and nawlatile
compositions, and can be further divided into five subgroups: carbonaceous, ash, sulphates,
organics and nitrateBM from diesel engines is usually made of 1 ~ 2% ash, 10 ~ 90% organics,
10 ~ 90%carbonaceous, <5% sulphates and <1% nitrates. The fractions of them varies with
engine modes aoadg51]. The main sources of these PM composgiare shown ifigure

2.11, which demonstrates that the fuel and lubrication oil contribute most to the PM emissions.

Carbonaceonb

Fuel 5 Fraction
“Organic N\
Lubricant >\\ Fractugi o

— \ Ash
Al [ T R TR T \ Fraction

. P / —_#S-ulpha;;\
Material |_ _ _ _ — - X Fraction/

Disintegration o

Figure2.11. Sources of PM compositiorfS1]

HC formation
HC is a mixture of unburnt fuel vapour and the lighter producteeothiermal degradation of
the fuel, whichare associated witimcompletecombustion18, 53] Three mechanisms have

been developed to describe the HC formation during combustion.
16



The first mechanism is for the areas where the fuel is too lean to jigstigter the start of
injection. In these areas, the flame cannot propagate further and thus side reactions such as the
fuel pyrolysis and partial oxidation occur. Therefore, some fuel compositions or the products
of side reactions escape the cylinderthis mechanism, the amount of HC is highly dependent

on the ignitiondelay and engine conditiofs4]. The second mechanism is for the zones where

the fuetair ratio is over the combustion lindtiring combustionAt the end of tlk injection, no

time remains for further fuedir mixing and combustioTherefore, some fuel exhaust without
burning. It usually happens at high load conditions where thetimjeduration is very long

[54]. The third mechanis is flame quenching or fuel impingement on the cylinder wel.

HC emission is sensitive to temperature, the fuel impingement can reduce the wall temperature
and thus causan increase of HC emissif®y]. The first and second mechanisms are illustrated

in Figure2.12.

Fuel Air Fuel \
g Slow mixing or
Fuel-air Pyrolysis | yack of oxygen
mixture /
/ l Products of
Locally Locally & pyrolysis
overlean overrich Combustible v . Locally
mixture mixture e Combustible overrich
mixture mixture
1
Balk: i Slow reaction,
i no ignition or
Slow reaction, flame propagation
no ignition or = otk
propagati Ignition and ulk
Aiws \ s flammation Flammation Quenching
Products of Products of Products of Products of
incomplete complete complete mcompl?ne
bustion combusti combusti cor
(a) (&)

Figure2.12. The first (a) and second (b) mechanism of HC formdii&h

CO formation

CO emission is mainlgontrolled by the fuehir equivalence ratifil8]. CO can be formed via
three routesincomplete combustion in low oxygen zones, dissociation of &Q@ery high
temperature, and intermediate product formg@ibh In the fuel rich mixture, CO
concentration increases with increasing equivalence ratio, whilst it does not change with
equivalence ratio in the fuel lean mixture. CO emission from dezgphes is usually very low

and thus idessimportantcompared with other pollutani8].

Summary

The combustion behavioum compression ignitioenginess summarised to characterise the
features of each combustion periddoreover, the pollutant emissions frooompression

ignition engines, including N@Q PM, HC and CO, are analysed by many studies on their
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characteristics andnechanisms of formationThey are the fundamental knowledge to
understand the combustion behaviour and pollutant emissi@usngression ignitioengines
with variousfuel pre-treatmens.

2.3.Renewable fueldor diesel engines

2.3.1.Production and properties afenewable fuels

Due to the unsustainability of fossil fuels and the environmental problenesyable fuelsuch

as biofuels and synthetic fuels adeveloped by researchers and fuel producé&rse
employment of variousenewable fuelshus becomes the most popular fued-eatment in
different type of engines for more environmentally friendly performance.

For diesel engineshe biodiesel is becoming a widely useshewable fuebecause it has
renewable sources and does not require retrofitting of diesel enginesofeFire biodiesel
production has arrived at 8.6 million tonnes by 2011 and the capability of annual biodiesel
production is over 23 million tonn¢S6].

Biodieselsused to bextraced fromrapeseed oil, soybean oil, coconut oil and palm oil, which
are caledthe first generation biofue[57]. Nowadays, more biodiesels are produced from non
edible sources such ggropha curcas, croton, waste vegetable oil and lignocell(B&%eThe
method ofthe produdion of biodiesels is usually the transesterification due to its high
conversion efficiency and low cd&8]. The transesterification process isisitrated inFigure
2.12, where the crude oil reacts with alcohmproduce biodiesels, and catalysts are employed

to enhance the solubility @lcohol and thus accebge the reactiofb9, 60]

O

o) o)
/Y\ )Ln +3R~OH~[—— ’lk 0 ToH 4+ R)L
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TAG = triacylglycerol [2]]f catalyst
DAG = diacyiglycerol
MAG = monoacyiglycerol )OL
R
MAG HO OH ’
R' = -CH, (normally) /\O/\O + R O
Y
N~ &
- = biodiesel
o . [3]]| catalyst
O

Glycerol HO/\/\OH . RJLO’R'
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Figure2.13. Biodiesel production procefs0]
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As a result of the transesterification proces®st biodiesels are fatty acid mettradters
(FAME), such as rapeseed methyl ester (RME), soy methyl ester (SME) and palm oil methyl
ester (PME) etd8-10]. Therefore, the properties of biodiesels varies and depetiteaype

of feedstocK61]. In Europe propertiesof biodieselsshould comply with th&uropean Union
Standards for biodiesels (EN1421d) commercial applicatiof62]. For biodiesels, properties
including cetane number (CN), density, viscosity, cloud point, flash point, lowendeatue

(LHV) and impurity content etc. are important to engine performance.

CN is an important factor indicating the ability of aigaition for diesel fuelslt is a value

based on cetane athemethylnapthalenevhose CN are defined as 100 and O rethpaly [63].

Higher CNmeansshorter ignition delay and lower noise levahd probably also influences
pollutant emission$63-65]. Biodiesels usually have the CN from 48 to 61, and the CN of
standard diesel fuel is limited to no less than[&d]. The densityand viscosityof most
biodieselsarehigher than standard diesel f{&¥, 68] andthe viscosity of biodiesels is strongly
dependent on temperature. Usually, high viscosity has negative impact on fuel spray but low
viscosity also hapoor lubrication. Therefore, it is limited within the range of 1.9 ~ 6n@/s

[69]. TheLHV is the amount oknergy per unibf fuel contains, which igmportantto fuel
economy and thermal efficien¢y0]. The LHV of biodiesels are lower than standard diesel
fuel, main because biodiesels have high oxygen content and thus knvegén and carbon
content[63]. As a result, most biodieselsvedower output power compared with standard
diesel fuel.

Hydrotreated Vegetable Oil (HVO) is the second generation biodiesel produced by the
hydrogenation process. Compared with traditidnatiiesels, HVO is a mixture of-rand
paraffin, which has high cetane number and high energy density, and excludes aromatics,
naphthene, sulphur and oxygenates, which enables high oxidation stability and high percentage
of blending with standard diesklel [11, 12] As a result, it is beneficial in improving engine
output and reducing emissions. Furthermore, unlike biodiesels, HVO has good storage stability
and excellent cold starting without suffering from deposition and low engine output, and thus
makes it goromising biodiesdl71, 72]

Apart from HVO, thesynthetic fuelis anotherenewable fuelo replace fossil fuels alscan be
produced from coals, gas or biomdmssFischefTropsch (FT) procesgl3, 14] Thegas to

liquid fuel (GTL) is one type of synthetic fuBlbm natural gasThe keystepsof converting
natural gas to GTL is illustrated FFigure2.14. In the process, oxygen separated from air is
blown into a reactor with methane at the beginning. Then, the syngas, mainly hydrogen and

carbon monoxide, is formed using either partial oxidation or steam reformation. In the next step,
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the gas goes through FischeiTropsch reactor to form lorchain hydrocarbon molecules,

which in the last step are cracked and fractioned into diesel and othdi78]els

FISCHER-
GAS SEPARATION SYNGAS PRODUCT
=3 anorurFication || propUCTION | =] E:gzségg =2 UPGRADE |~
Methane, Z ¢
Methane————— Oxygen, ———— co, |:',:_—=-—n'-CH gll_' — Liguid

Hydrogen wate Fue
Steam yarog water uels

Figure2.14. Key steps of GTL productidi 3]

As a result,GTL has high CNultralow aromatics conter#nd no sulphu{74]. Moreover,
previous study also indicates GTL has smaller density, higher, ltiyher flash poinaand
closed viscasy compared with standard diesel f{ieb, 76] A comparison among the standard
diesel fuel, traditional biodiesels (FAMESs), HVO and GTL is illustrate@ahle2.1.

Property Standard FAMEs HVO GTL
diesel fuel

Density at 15°C N N

(kg/n?) 835 ~ 840 877 ~ 885 780 778

Viscosity at 40C | 5 65282 | 4.18~455 | 3.02 2,56~ 2.74

(mm¥/s)

LHV (MJ/KQ) 42.9~43.05 |37.2~37.9 43.9 43.6

Cloud pointfC) |U15 Uuis i25 ~ 1/125~0

Sulphur content <10 0 0 0

(mglkg)

CN >51 52~ 65 >75 79

Aromatics conten

%) 27.5 0 0 1.4

Oxygen conten

%) 0 10.6 0 0

100% distillation 360 370 320 330

temperature°C)

Table2.1. Summary of properties oénewable fuel§5, 7577]

Table 2.1 demonstrates that HVO and GTL have lower density, higher LHV and CN than
standard diesel fuel, and their viscosity are closed. These characteristics enable HVO and GTL
to have similar sprayuglity and release more energy during combustion than the standard
diesel fuel. Moreover, due to the absence of sulphur and low aromatics content, HVO and GTL
are capable of producing less pollutant emissibnsontrastFAMES also have less pollutant

emissions tharstandard diesel fuel. Howeveheir high viscosity has negative influence on
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spray and the oxygen content will also reduce the engine efficiency at some conditions.
Therefore, HVO and GTL are superi@newable fuel$or diesel engines in ters of engine
efficiency and pollutant emissions.

2.3.2.Spraycharacteristicsof renewable fuels

A series of studies were conducted on the spray characteristics of varieusble fuelSChen

et al.[34] compared the spray properties of biodi¢gs&ME) derived from waste cooking oil

and its blend with standard diesel and found bseliexperienced longer penetration and larger
size of dropletslue to its larger viscosity and surface tensidevertheless, this study was done

at room temperature and room pressure, which is far from the condition in the diesel engine.
Mohan et al[78] selected the same fuel to study its spray characteristics in a constant volume
vessel. Their resulidemonstrated thahe biodiesehad longer spray penetration and smaller
cone angle than diesel fuel. Moreover, speay penetration redug&vith increasing ambient
pressurewhilst the cone angle shows no change at different injection pre&ameet al[79]

studied the spray structure at the neazzle region, antbundthe spray penetratidncreasd

almost linearly with mcreasing injection pressure at the initial breakup stageieMer,these
researchedid not consider the effect of ambient temperature. In contrast, several researchers
[80-82] investigated spragharacteristics ofarious fuels (e.g., waste cooking oil, gasocline
ethanol blends and soybean biodiesel eticg different ambient temperature and all reported
reduced penetration at high ambient temperailiegerthelessthe ambient pressures in these
studies were all not set to constant when increasing the ambient temperature, so the reduced
penetration cannot be certainly attributed to increasing ambient riztume

The previously reported works were all about FAMESs but not HYGTL. Hulkkonen et al.

[29] and Sugiyama et dl83] compared the spray properties of HYO and standard diesel fuel
at the same conditions but found significant difference between them in terms of spray tip
penetration and cone angle. In contrast, Thomas|[84dinvestigatedhe spray characteristics

of some biofuels containing HVO at constant ambient temperature and pressure and reported
HVO produced the shortest spray tip penetration and the largest overall cone angle. However,
the influences of injection pressure, fuel temgture, ambient pressure and ambient
temperature were not considered in the wdtnnaiyan et al[85] investigated the spray
characteristics of GTL in a spray chamber at various iojegressure. They noticed that the
lower viscosity and surface tension of GTL lead to faster disintegration and dispersion of
droplets than conventional jet fuéleverthelessthis work was conducted under atmospheric
conditions.

2.3.3.Engine performance ofenewable fuels
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Many research works have been done on the engine performaroewéble fuelsleon et al.

[86] studied the flame teperature and soot emissions of biodiesel derived from soybean in a
single cylinder experimental diesel engine at fixed load and speed. Results showed that soot
was formed to a higher concentration in the middle of condyuptocess, but it was oxidised

by the oxygen content and high temperature throughout combustion, and thus emitted at lower
level than diesel fueHowever, other pollutants were not mentioned in this wodener et al.

[87] selected biodiesel from soybean oil and blended it with diesel fuel. Their experiments were
done in a singleylinder direct injection diesel engine at varying speed. Results demonstrated

a decrease in torque, CO emissiond HIC emissions. Meanwhile, N@missions wrefound
increasedThis work considered the impact of various speed but did not take different torque
and PM emissions into accouBhen et al[88] investigated the performance of wasbeking

oil biodiesel blends on both liglaluty and heawguty diesel trucks on road. They found the

total fuel consumption when burning biodiesel blends did not clearly decrease, and the CO, HC,
NOx and PM2.5 emissions all decreased with increasing bieldiesitent.The results in this
research is more closed to actual conditions but the influence of engine speed and load cannot
be identified. Nabi et a[89] did engine experiments at both varying speed and load on waste
cooking oil, and demonstrated that the biodiesel had slightly less power, higher brake specific
fuel consumption (BSFC), andgtoduced lower CO, HC and PM (both mass and number) and
higher NQ. Lapuerta et al[90] reviewed many studies on the engine performandéfefent
biodiesels (FAMESs), and concluded that the reduction in output power between biodiesels and
diesel fuel can only be seen at full load, and PM emissions can be reduced sharply by biodiesels
which slightly increasé NOx emissionsand BSFCHowever Kumar et al[91] found less N®@
emissions can only be produced by long chain and saturated biodiesels and the fuel consumption
increased after reviewing previous works.

Compared with various researches on FAME based biodiesgjs)e performance divVO

and GTLstarted to be investigated in recent yeMslo et al. [11] studied the emissions of

HVO and some other biofuels in a diesel engine and found reduced G{Cdnd comparable

NOx emissions with standard diesel fuel. Sugiyama ¢83].did similar researchroHVO in

an inline 4 cylinder diesel engine at fixed speed and varying torque and found soot can also
been reduced apart from CO ad@, but NQ emissions sometimes were higher than standard
diesel fuel. Lehto et a[92] studied HVO in a singleylinder engine with 8% exhaust gas
recirculation (EGR) and demonstrated HVO generated less smoke and can adapt to higher EGR
conditions than standard diesel fuel. Singh efod] employed a heavgluty diesel engine to

study the emissions and fuel consumption of HVO. It was reported thBMh€O, HC and

BSFC were all lower than those of diesel fuBlesearchers also reviewed studies on HVO
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performance in engines wehicles and summarised that HVO can reduce, d®, HC and

CO emissions without any change to the engine and its c¢®joM u et al.[75] studied the
performance of GTL and its blends withesel fuel in a six cylinder turbocharged direct
injection diesel engine at various lespleed conditions and pump timings, and found the peak
in-cylinder pressuref GTL is slightly lower than that of diesel fuel although the LHV of GTL

is higher. Meanwile, theCO, HC PM and NQ emission®f GTL are reduced simultaneously

at different conditionsAbu-Jrai et al[95] employed GTL in a single cylinder direct injection
diesel fuel at 25% and 50% load and varying speed with EGR. They notice@Tthdtas
higher brake thermal efficiency and lemNGO, and smoke emissions. However, other emissions
such as HC and CO were not considered. Hassaneern®4]abmpared the performance of
GTL and rapeseed methyl ester (RME) in a six cylimlilesel engine at varying speed and load,
and found GTL has lower BSF&hd NQ emissionghan RME but its CO andHC emissions

are higher than RME. Besides, the majority of PM emissions of GTL have larger size than those
of RME. Similarly, Ushakov et a[97] studied the emissions of GTL in a turbocharged heavy
duty diesel engine at propulsion and generator modes, and demonstrated reductigh€@ NO
and snoke and slight increase in HC emissidasithermore, Hao et B8] tested the omoad
performare of GTL and proved the bus using GTashslightly lower fuel economy and
greenhouse gas (GHG) emissitinan diesel buses

Summary

Compared with most biodiesels (FAME), HVO and GTL are tamewable fuelsvhich can

both improve the engine power and reglunost emissions according to previous researches on
their engine performance. In contrast, studies on their spray characteristics are limited and the
influence of fuel conditions and ambient conditions on the spray characteristics are not
thoroughly analsed.

2.4.Nano additives for diesel engines

2.4.1.Properties of nano additives

Nano fluid is a mixture consisting of naszed materials dispersed in a base fluid, which is
widely used in different field$99]. Recently, nano materials are employed as additive
enhance the properties of fueishich becoms an effective fuel pretreatmentto improve
engine output and redugellutantemissiong100, 101] Among various nano additives, the
metallic or metallic oxide nano materials such agd4l CuO, ZnO, MnO, F£s are the most
popular type of nano additigseThey are capable of providindiigher power output, igher
thermal efficiency, lower NOand HC emissiondecause these metallic oxidetease extra
oxygen at high temperature to oxidimel compositions and pollutanind thus result in higher

combustion rate and less emissi¢hB80-105]. Researcherfl06] believe the advantages of
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nano additive modified fuslare mainly becae the nano additives improve the chemical
physical properties such as thermal conductivity, mass diffusivity, viscosity and flash point etc.
Among the metallic oxide nano additiveSerium oxide (Ceg) is a newly developedne
involved in some research&seG nanopowdecan take and release the free oxygen without

any further decomposition via the reaction below at high tempeifdfirg¢

10QU02 0 U (2.13)

Consequety, CeQ nanopowder can provide enough oxygen for the fuel at theitietone

as an oxygen buffeduring the combustion process in the cylindand thus promote
combustion for diesel engingH07]. Moreover,CeQ nanopowder is capable of oxidizing CO
and carbon deposits on the cylinder wall, which results in reduction d@d®IC of diesel
engines when blending with fuel$leanwhile, theCeOs can deoxidize NQ at high
temperature environments in the engine cylinder. As a result; Ga@powderacts as a
catalystfor diesel fuelsto reduce pollutant emissions of diesel engines via the following
reactiong108].

CcOQO 00O 060 (2.19
Cw WwOQU 6 00 — o6 -60 -00 (219
0'Q ¢O 0O ¢6 QU pjg0 (2.19

However, the influence @@eQ nanopowder on PM is rarely found in literattaed the impact
of its size on fuel properties and engine performance have not been studied yet.

Carbon nanotube<{\T) is anothernanomaterial widely used many fields andgometimes
blended with other addves in diesel fuel as an additive enhan8eme researchers claim that
CNT canaccelerate the combustion rate and efficiency to reduce emissions such as CO and HC
for diesel engines when blending with metallic oxide nanopo4]. Furthermore, some
other researchers believe CNT can not only promote fast imbureactions, but also
improve the fuelir mixing for more complete combusti¢gh01]. However, CNT in most
studies was blend with other nano additives in fuels. Therdf@gerformance of CNT alone
in diesel engines and its impact on fuel propewiestill unclear

2.4.2.Spray ofnano additive modified fuel

The sprayharacteristicef nano additive modified fuslisrarely mentioned in previous studies

Therefore, it is necessary to do relevant research to understand the spray characte@siacs of
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additive modified fued. By this means, the impact of nano additiveduel physical properties
(spray characteristics) would be clear, which halpslerstand whether it is the physical
properties or the chemical mechanism of nano additives that influences the engine performance.
2.4.3.Engine performance ohano additivemodified fueb

Many researches have been done on various nano additives to investigate their improvement to
diesé engines.Most nano additives were found capable of improving the ignition and
combustion behaviour due to their high surface area to valatieeand more reactive surfaces
[101]. Moreovetr HC and PM emissions cae reduced but CO and N@&missions experienced

an increase when usirtgesenano additiveg101, 106] because¢hesenano additivedave
highly oxygenated structure (e.getallic oxidey, which promoteshe oxidizationof HC and

PM at high temperature.

Compared with most nano additiv€erium oxide nanopowdbas the potential to reduce NO
emissioneand t hus dr aws rVamauhu et bl[@07]saddedeCeriure oxidé o n .
nanopowder to the biodiesgiesel blend and burn them in a diesel engine at constant speed
and load. Results indicated that the unburnt hydrocarbon (HC) ardvisi@ reduced with
improved brake thermal efficiencjccording to abrementioned context, Ce@anopowder
converts to C£3 ,which can deoxidize NQvia Equation (2.16)Nevertheless, their work did

not study the performance of Ceé different speeds and loads. Accordingly, Saraee et al.
[108] tested the performance of diesel fuel with CerfDride nano additive of three different
concentations at varying engine speed, and found significant reduction ofaNOHC but
increased CO emissions. However, the impact of load on the performance pha®D
additive was not considered. In contrast, Aghbashlo gtLa0, 111]emulsified biodiesel
dieselnano Ce@blends with water for engine test at 1000 rpm speed and varying load. It was
found that the emulsions with Cefad lower CO, HC and N@missions but increased brake
thermal efficiency and normalized exergy destructitime reduction of HC and CO in these
studied is mainly caused by the oxidization by €e@ Equation (2.14) and (2.13)owever,

these researches did not mention partteutaatters (PM) emissions with the existence of £eO
nano additive. Therefore, Gross effal 2] studied the kinetic andaetion mechanism of CeO

with emitted PM in a cell. They reported that Ge€capable of oxidizing PM and its catalysis
would be improved with rising temperature. However, this investigation was done in a cell with
constant heating rate, where its cortitivas far from that in an engine cylinder. Furthermore,
the influence of different sizes of nano Céfas been rarely studied in previous research works.
In addition, most researches on Ge&@no additive introduced in surfactants or emulsified fuels
which disturbed results and thus made it difficult to identify the actual influence of @eO

engine performance and emissions.
25



In terms of the CNTsome researcheB09, 113, 114httempted to mixt with other addives

such as Cerium oxide nanopowder, silver mambcles and ethanol in engine experiments.
Different levels of improvement of engine performance were reported in these studies. However,
most of thememployed CNT asraenhanceto accelerate the dispersion of other additives
instead of a singleomponentdditive directly contributing to the combustion of fueAs a

result, the effect of CNT on engine performance cannot be recognised. AccordingipaGha

et al.[115] used multi wall CNT as a sing®mponeniadditive indiesetbiodiesel blended

fuels and found the blended fuel with CNT has lower brake specific fuel consumption and CO
emissions but increased HC emissions than neat diesel fuel. However, this research compared
the performance of diesblodieselCNT blendswith neat diesel fuel, so the influence of CNT
alone was still unclear. Moreover, the impact of varying engine load was not taken into account
in this work.

Summary

Spray charactetiies of nano additive modified fuslhave not been studied yet. Most nano
additives cannot reduce the N@nd CO emissionsyhilst Cerium oxide nanopowder can
reduce NQ, PM, HC and CO simultaneoudigcause its catalytic effect can oxidize PM, HC

and CO, and deoxidize NQluring combustion However, limited research studiéswve
investigated the influence of tisize ofCeQ nanopowder on the engine performance under
various engine operational conditions. Moreover, CNT is also an extraordinary nanomaterial
which was rarely researched as a single component nano additivefofdnethe Ce®
nanopowder with different sizes and CNT should be investigegdle diesel additivasder
various engine speed and load conditions.

2.5.Supercritical (SC) fuel combustion

2.5.1.Definition of SC fuek

Supercritical (SC) state ibestate thathe temperature and pressure of a fluid exceed its critical
point, where the fluid cannot be compressed to liquid state no matter how high the pressure is.
Figure2.15is the RT phase diagram ofsingle componerftuid and illustrates the location of

SC region in the diagram. The blaokrvesare the boundaries among solid, liquid, vapour and
SC and the colourful lines present three waf/plwase transition from a liquid state (S1) to a

SC state (S2).
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Figure2.15. P-T phase diagram for a single flUibl16]

The fluid at the SC state is known as a SC fluid, which has both the liquid and vapour
characteristicsThe SC fluid hakighdensitylike liquid, and itsultra-low surface tension results

in no phase boundaries with other fl{dd 7]. Together with thénigh diffusion coefficient, fast

heat and mass transpottie SC fluidis alsosimilar to gas phaseAs shown inFigure 2.16,

during the transition of theexadecan€ O, mixturefrom liquid to SC state, the phase boundary
between CQ@ and hexadecaneisappeas [116]. Moreover, the SC fluichas no enthalpy of
vaporization. These characteristics enable the SC fluid to sufficiently mix or faster interact with
other fluids[117].
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Figure2.16. Phase transition of hexadeca®®, mixture from liquid to SGtate[116, 118]

Due to the advantages above, the SC fluid is usually employed in biodiedet{ion[116,
119132] and rocket engine combusti¢t33], but the application of SC fuel inompression
ignition engines is limitedin terms of SC fuel focompression ignitioenginesit can mix with

air more sufficientlyand does not cost time or absorb heat to break up and evapbexiefore,

SC fuelcombustion ignotherfuel pretreatmenwith the potential oachievng clean and high
efficiency engine$l116, 134, 135]

2.5.2.Propertiesof SC fueb

Properties of SC fluid are still not well undeyed andraditional theories cannot describe the
behaviour of SC fluifi136]. Therefore, it is important to study the properties of SC fuels before
application in diesel engine combustion. The equation of state (EOS) is one of the most
important tols of predicting SC fluid behaviour. To SC fuetee weltknown ideal EOS is
invalidated due to its obviously differeptoperties from the ideal gas. Accordingbgme
researchers demonstrated ttiet SoaveRedlichKwong (SRK) EOSs capableof predicing

the behaviouof SC fluids[118, 137, 138]Meanwhile, some studies proved the RRadpinson
(PR) EOS caralso describe th8C fuel injection and combusti¢h39-141]. The SR and PR
EOS are shown in Equation (2.13) and (2.14).

n — — (2.13
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h — —— (2.14

Wheren, “Y wand'Y arethe pressure (Pa), temperature ($f)ecific molar volume (Akmol)

and the universal gas constaitt{mol) ), whilstandoare constantsThe details of the two
equationwill be explained in Chapter 6.

Due to complex composition of deds many thermapropertiesof the diesel fuel around the
SC state are difficult to obtaji42-146]. Therefore, researchers always employed surrogates
to simplify the modelling work on specific fuel properti@g7]. The critical poirns of some

popular surrogates are listedTinble2.2.

Fuel Tc (K) Pc (bar)
n-pentane 469.8 33.7
n-hexane 507.4 30.3
n-heptane 540.3 27.4
n-octane 569.2 25.1
n-decane 617.6 21.1
n-dodecane | 659.2 18.1
n-hexadecang 722.4 14.0

Table2.2. Critical points of some fue[d448, 149]

Kumar et al[150] selected the fmexadecane as the diesel surrogate to predict the specific heat
and thermal conductivity over the critical pseire(about 1.576 MPaand critical temperature
(about 722 K) As illustratedin Figure2.17, pressure and temperature have no impadhen
specific heat of the diesel surrogatéhah temperature and high pressure, whiist thermal
conductivitykeeps increasing with growirtgmperature and pressure.
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Figure2.17. Specific heat and thermal conductivityrehexadecane at various pressure and

temperaturg¢l50]

FurthermoreLin et al.[141] employed variousnulti componentdiesel fuel surrogates to
estimate the density, heat capacity, viscositythedmal conductivity of real diesel fuel. The

results of highest accuracy are showirigure2.18. It demonstrates that density of the diesel

fuel surogate decreases significantly with increasing temperature, whilst pressure can only
produce significant impact on density at SC sfaté00 K and > 20 barwhich means the SC

diesel fuel surrogate becomes a-tiles compressible fluidThe heat capacity increases with
increasing temperature and has no comparable change with pressure at SC state. In contrast, the
viscosity of diesel fuel surrogate is not sensitive to either pressure or temperature at SC state.
The thermal conductivitat SC state stays stable with increasing temperature but is increased

by growing pressure.
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Figure2.18. Estimated key properties of the diesel fuel from liquid to SC gtdtg

2.5.3.SC fuelcombustionfor diesel engines

The first challenge of employing the SC fuel combustiodi@sel engines is thatasel fuels

tend tocokebefore reaching the SC state during heating prddd€s 151153]. G. Anitescu,

S. Rahmani and G. Karakfks1, 154, 155proved that cokinganbe prohibited by adding
arti-coking agents such asrbon dioxide, water, ethanol and gasoline, whighalso called

diluents in these research&toreover G. Anitescu et a[154] investigated the \atility and
compositions of gasolindiesel blendsluring heating process, the phase transition from liquid
vapour to SC state, as well as the thermal stability in the heatiwmlqng cycles.They
emphasized thalhe decomposition of heavier compounds was prevented by the solvating effect

of the lighter hydrocarborfsom the gasoline

The second challenge is that heating fuels to the SC state by exhaust gas is demanding to most
diesel engine§l56]. Fortunately the critical temperature of diesel fuel (around 450K3s

found tobe significantly loweredlown to about 390 € ly the addition ofgasoline[157].

However, the method of mixing diesel and gasoline is impacted by the issue of miscibility in
liquid state[158-163] and combustion instabilitjfl64]. As a result, the volume fraction of
gasolineinthediesgf asol i ne bl ends has to be restrict
with some additivegl54].
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As most researches on the SC fuel combustion were focused on the properties of fuels at the
SC state and during the transition to the SC stag¢actual performancef SCfuel combustion

has not beestudied in diesel engines so.fér the pastonly acombustion experiment was
done in a flow reactor, where the SC diesel fuel wimeCO, wasflowing and mixing with

high pressure and high temperature air to keep theldigg burning at the SC state. As a result,

the organic products in the SC fuel combustion were found significantly lower than
conventional combustion, and N®as not found in the products of SC fuel combusiidb).
Nevertheless, the condition in the flow reactor was still far from that in the cylinder of diesel
engine.

Summary

The SC fuel has unique characteristics compared with liquid fuel, which enable it to mix and
burn with air faster and more sufficiently in the SC environment. Howeast studies of SC

fuel combustion are investigated on its properties at the SC stiadeiang the transitionwhere

the SC fuel combustion in tle@mpression ignitioengine is rarely found. Consequently, it is
worth researching the performance of SC fuel combustion in the cylidiee compression
ignition engineand evaluating its inflence on the engine output and emissions.
2.6.Computational fluid dynamics (CFD) method

Computational fluid dynamics (CFD) is a branch of fluid mechanics that uses numerical
analysis and data structures to solve and aagyoblemsassociated witlfluid flows [166].

CFD simulations provide insight into the details of how products and processes work, and allow
new products to be evaluated iretbomputer, even before prototypes have been [AGiH].

The procedure of CFD analysis usually consists of the geometric model construction, meshes
or cells generation, model configurations, set solver, run calculation argrpostsing, which

is illustrated inFigure2.19.
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Geometry modelling
Define geometry
Define boundaries

l ]
~ - - o
Grid generation
Divide the geometry into small
computational cells 4

!

Defining models
Add models for turbulence,
chemical reactions etc.

!

Set properties
Density, viscosity etc.

|

~
Set boundary and inlet conditions
The initial conditions, inlet and outlet conditions
and conditions at the walls are set i
g ~
Solve
Choose solver, iteration methods, transient
or steady state, convergence requirement
- l Y,
- =
Post-processing
Analyse the results
e —

Figure2.19. Steps of CFD simulatiorj$67]

CFD cods, such as the ANSYS Fluent, KIVA and AVL FIR&gpopular inthe analysis on
turbulence, heat transfer and reactions of sipyleselow, discrete phasmaterialsand multt
phase flow etd41, 168] Moreover theyallows users taonfigurevarious sub models such as
turbulent viscosity, droplets breakup, combustioadelsand products formation etc., and
provides interfaces of user defined functions to improve its performance in secifesases.
Consequently many researchers employ@FD codesto study spray and combustion of
various fuelsas the details of spray (e.g., spray shape and droplet parameters) and combustion
(e.q., pressure, temperature, distribution of reactants addgis) can be directly observed
To the studies of liquid fuel sprajnd Wave modgl169] and KHRT mode[170] arethe two
widely used breakup models wariousCFD codes and thg showed a good agreement with
experimental data when predicting spray characteristics of variougXudéi476]. In terms of

engine combustionthe combustion model togethwith the breakup model dominates the
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performance of the CFD simulatidfh69], and the mechanism of reactions also matters if
combustion products are takieo accounfl177]. Zhou et al[178] employed the KIVA3V to
study the spray combustion of diesel fuel surrogates iaseldengindike environmentTheir
CFD model was found capable of accurately predicting the ignition delay and flaio# lift
length at different ambient conditioismail et al[169] selected the ANSY'S Fluent to simulate
the spray combustion in a diesel engine cylinder, and demonstrated tleatgloyyment of
RNG k-Uturbulence modeWave breakup modehonpremixed combustion model, thermal
and prompt N@ mechanisms and orstep soot mechanismas capable of predicting spray
droplets and combustion behaviour (pressure and HRR) as wellxaa®oot emissions with
overall high preision whenappropriatevalues were set to important parameters in these sub
modelsMaghbouli et al[177] employed KIVA4 coupled with CHEMIKIN Il mechanism and
FORTRANprogramming to simulate the whole cycle of a direct injection teHarged diesel
engine at full and mid loads. Results indicated that the predicwdinder presure, HRR and
emissions (CO, C&and HC) agreed with experimental data walkypical configuration of
the CFD model for spray combustion is illustrateérigure2.20.

Reitz’s wave model: Physics and Effects of B,
Magnitude of By High Low Mid

Influenced by B, Droplets Break-up time 11 1

Surface to volume ratio i 1t 1

« Break-up time constant B;,
most important parameter

Momentum of Particles tt i 1
Hollow-cone injector model Drop collision and Spray Penetration Length tt i 1
(Primary break-up): coalescence model Collective air utilisation by spray particles || | 11
Combustion Efficiency 1 i "
: NO. t g B
D d odel = s
ynamic drag m Soat 51 H 1
Spray tip
penetration Legend
11 Very high
1l Verylow
1 Medium
_____________ Pmrmemimm iy 1 Medium
e Y S e e ’] " Close to experimental data
’
¢~ Wall-film model
{
Effects on Effects on
combustion formation of soot NO, and
Refer section 4.1, and NO, '«— Soot
Figure 4 (a) Refer section 4.1, model
Figure 4 (b)
Affect pilot
combustion: Yes Non-premixed combustion model:

+ Dictates combustion prediction

Affect main Affect main accuracy
combustion: Yes * combustion: Yes + Dictates time for non-equilibrium
approach to be employed
cﬁz‘:::‘;’:n o Bestvalue is RFL = 0.1
Affect pilot Refer section 4.2
combustion: No Figure 5 e RFL High Low Mid
Peak pressure | i o
Peak PMC i ™
MCC 1 | a
(% 12 Interrelate (i |
i il o > o |
Discrete phase model Two-way coupling model RNG k- model

Figure2.20. Configurations of sub models for the diesel engine combust&9j
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The CFD method has been proved an efficient and accurate approach to predict fuel spray and
combustion incompression ignitiorengines.n this project, the breakup models in the CFD
code ANSYS Fluent would helpuild the spray model to investigate spray characteristics at
more various conditions than experiments. Moreovegtpération of the SC fuel combustion

in compression ignitiorenginescan be conducted by the CFD method of -poemixed
combustion model coupled with N@nd soot formation mechanisms

2.7.Design of experiments (DoE)

DoE is anmathematicamethod based on statistitts design variablesf experimentdor a
minimal amount of experimentsand correlate these variables with experimental results
according toa statistical certainty179]. The primary goals of a design experiment are to
determine the variables and their magnitudiech influencethe response, the levels for these
variables and how to manipulate these variables to control the response.

Most designs of experimentsin be divided intdwo stepsscreening and optimization. The
screening design is usually usedorepare operatingaditions of experimenigspecially for
thosewith manyfactors DoE approach has various types for different objectives, among which
the mixture design and response surface are the most widely used ones. Normally, mixture
design is adaptive to the study the effect between several factors whose sum is one and their
responses, whilst the response surface method is for the independent variables and their
responsesAs DoE is capable afentifying severalsignificant factors from a large set for
further gotimization witha minimum number of experiments,i$ superior to the traditional
onefactorat-atime approach due to its high efficiency which can highly reduce the costs of
experiments and easily indicate the significance of each factor to fid80{sThereforethe
significance ofDoE is increasg andit has been induced to the field @igineeringsuch as

fuel cell and fuel productiofi81-184].

Recently, some researchers have introduced the DoE mettiedrasearch work on fuel spray
andengine emissionas a powerful toolChen et al[185] formulatednine groups of fuels by

four representative fuel substancegh different mass fractions, whiclvas donevia the
Mixture Design Method (MDM) of DoE and thusignificantly reduced the times of
experimentsMoreover,the measurechumber concentration ¢*M is quantitivelycorrelated

with themass fraction of each component of the fuel®big. Finally, the best percentages of
fuel substances in regard of PM emissions was obtained according to the cortdtatiener,

the MDM is particularly for the design of compositions of mixtures but cannot be used in other

fields involving independent vatiées.

Fuels| N-octang(A) | IsooctangB) | Xylene(C) | Ethanol(D)
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1 0.05 0.55 0.25 0.15
2 0.10 0.40 0.35 0.15
3 0.10 0.45 0.35 0.10
4 0.10 0.50 0.25 0.15
5 0.10 0.55 0.25 0.10
6 0.05 0.50 0.35 0.10
7 0.075 0.50 0.30 0.125
8 0.05 0.60 0.25 0.10
9 0.05 0.45 0.35 0.15

Table2.3. Designed mixture fractions HyoE [185]

Unlike mixture design method in DoE, response surface method (RSM) is capable of
controlling each variable independentlypngfei Chen eal. [186] employed thdRSM of DoE

to investigatehe droplet size distribution dkerosenesthanolblendsspray The Sauter Mean
Diameter (SMD)at different fuel pressure and inlet #iow rate were measuredy a Malvern
particle size analysewWith DoE, an equation of SMD was constructed based on the empirical
equation i n [L9%tb etvelate & With expamentkl variables such as viscosity
and surface tension of fuels, fuel pressure and inlet air pressure. Moteewggnificanceof

these parameters to SMD can be obtaifiéds research provideuseful experience of using

the RSM ofDoE methodn theinvestigation of spray characteristics
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Figure2.21. Prediction of the DoE equation on the SIB6]

Apart from the applicatiomiexperiments, thBoE methods alsovalidatedto simulation work.
A study[187] on spray models introduced DoEdalibratethe Reitz and Diwakar model (R&D)
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model and KHRT modédbr dieselfuel sprayand compared them with the experimental data

in a CVV. In order to validate the two models, DoE thwd were applied to confirrthree
differentvalues of constants corresponding to flow conditions in respectiwly only a few

runs Moreover, the DoE analysisund the significance dheseconstantsn the twomodeb

to theSMD andspray tippenetration.

Summary

DoE is an experimental method including various approaches for designing experiments and
analysing esults based on mathematical statistiosan not only effectively reduce the number

of experiments but also correlate experimental variables to the results with the analysis on the
significance of each independent variable. Therefore, DOE wouttnipéoyedin this project

to design conditions of spray experiments and spray simulatioth analyse the influence of
fuel condition and ambient conditiona spray characteristics.

2.8.Summary of Chapter 2

A literature review is done in this chapteiritroducethe knowledge of the liquid fuel spray

and the inacylinder behaviour and pollutant emissions ampression ignitionengines
Meanwhile previous studies orenewable fuelsnano additives and SC fuel combusti@rfuel
pretreatments aranalysé from the perspective of spray and engine performaHhoe.main
results carbe summarised as follows:

The spray tip penetration and the cone angle are therepresentativenacroscopic spray
characteristics, which can be measured by a CVV system with optical observation
instrumentgo indicatethe spray quality

The incylinder pressure and HRR are usually measured to indicate the combustion
performance of fuels inompressn ignitionengines. N@ PM, HC and CO are the most
important pollutant emissions fromempression ignitioengines, which are determined by
fuel compositions and engine conditions.

HVO and GTL are twaenewable fuelsvhich can both improve the engine pawand
reduce most pollutant emissions, compared with traditional biodiesels (FAME). However,
studies on their spray characteristics are limited and the influence of fuel conditions and
ambient conditions on the spray characteristics are not thorougtygama

Most nano additives cannot reduce thexNdd CO emissions, whilsLerium oxide
nanopowder can reduce N@®M, HC and CO simultaneously. However, research studies
never investigated the influence of the size of Qedopowder on the engine performea

under various engine operational conditions. Moreover, CNT is also an extraordinary

nanomaterial which was rarely researched as a single component nano additive.
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Furthermore, pray charactertgcs of nano additive modified fuslhave not been studied

yet.

The SC fuel hasinique properties such as ligtlide density and gakke viscosity and
diffusivity etc., which enable it to mix and burn with air faster and more sufficiently in the
SC environmentAs a result, the engine output power would be inapdoand most
pollutant emissions can be redudag employing SC fuel combustiotowever, most
studies of SC fuel ar@bout itsbehaviourat the SC state and during the transition, and the
SC fuel combustion irhe compression ignitioengine is rarely ingstigated

The CFD method is demonstrated an efficient and accurate method to predict fuel spray
and combustion itompression ignitiorengines. And the DoEan not only reduce the
number of experiments but also correlate experimental variables to thts et the
analysis on the significance of each independent variable. The two methods will be helpful
for the investigation of spray characteristics and SC fuel combustion.

According to literature review, the spray characteristics of HYO and GTL weirevestigated

at varying fuel condition and ambient conditi@mdthe influence of HVO on NQemissions

was disputable among previous studi€sr nano additive modified fuels, their spray
characteristics weneot mentioned in literature, and previous researcheSef» hanopowder
engine performance did not consider the impact of its size, whilst CNT was rarely used as fuel
additive beforeFurthermore SC fuel combustion was not investigated in an engine cylinder
like environment yet.

Therefore, thenajornovelty of this project iso investigate the SC fuel combustion in the CI
engine cylinderAnother novelty is to investigate the influence of Ge@nopowder size on ClI
engine and the performance of CNT as a&delitive. t is also innovativéo quantitively study

the spray characteristickiring both injection and postjection periods of HVO and GTL at
varying fuel condition and ambient condition, and confirm the influence of HVO on NO

emissions.
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Chapter 3. Macroscopic characteristics of fuel spray

This chapter is to conduspray experimeston thestandard diesel fuel (DR)enewable fuels

- Gas to Liquid fue{GTL) andHydrotreated Vegetable Oil (HVQandnano additive modified

fuels, where their macrospic charateristics of spray arénvestigated. ie common rail
pressurdfuel injection pressureambient pressure and ambient temperaturexgverimental
variables and their influences on the spray tip penetratiothamdne angle are analysed. The
carbon nanotube<C(NT) and Cerium Oxide (Cefp nanopowdeof 25 nm and 50 nnare
employed as the nano additives to modify Bfeand therenewable fue{GTL). The chapter

helps understand whether the renewable fuels and nano additives will influenceykieabp
properties e.g., spray characteristics.

3.1.Fuel formulation

Therenewable fuelt this experiment are théVO and GTL The additivego modified fuels

are the multw a | | carbon nanotube with 40 ~ 60 nm
CeriumOxide (CeQ) nanopowder with the maximum size of 25nm (Ce25) and 50nm (Ce50)
respectively. The parameters of the three types of nano additives are |ianlaéd.1. The

CNT is provided by the Shenzhen Nanotech Port LTD, and the Ce25 and Ce50 are bought on
the SigmaAldrich.com.

Type | Bulk density(g/cn?) | Size m) Specificsurface area (ffg)
40 ~ 60 (diameter| | ,.

CNT |0.22 2000 (length) Min 110

Ce25 | 0.53 Max 25 30~50

Ce50 | 0.53 Max 50 30 ~50

Table3.1. Key parameters of nano additives*

*Provided by the sellers

Figure3.1. CNT and Cerium Oxide nanopowder of Max 25 nm and 50 nm
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The CNT, Ce25 and Ce50 are blended with standard diesgldigland GTL respectively

with 40 ppm concentration and then vibrated by a Fisherbrand 15060 ultrasonic vibrator for
two hours to obtaintable and homogeneous mixtures (suspensignljke many studies, no
surfactant is used for the fuel blending, because this project intends to directly compare the
difference of engine performance between nano additive modified fuels and pure fuels, where
the existence ofsurfactant would influencéhe result of the comparisoAf t er 24 ho
standing, the mixtures aneoved tathe fuel tankof the CVV system as the modifiddels. The
mixtures can stay stable with no deposition for at least one Wétek.one weeksome nano
additives will deposit at the bottom of fuel bottlehe standard diesel fuel, provided by the
Coryton Advanced Fuels Ltd, is used as a reference. These nano additive modified fuels are
named as DiEe25,DF-Ce50 and DFCNT respeavely. The main physical properties are

listed inTable3.2.

FB15060

Figure3.2. Fisherbrand ultrasonigbrator

Fuel Density at| Viscosity at
15 € (kg/n) | 40 € (mPas)
DF 840.4 2.82
DF-Ce50 | 840.4 2.82
DF-Ce25 | 840.4 281
DF-CNT | 840.4 2.77
GTL 780 2.72
GTL-Ce50| 780 2.71
GTL-Ce25| 780 2.71
GTL-CNT | 780 2.65
HVO 780.1 3.02

Table3.2. Physical poperties of nano additive modified standard diesel fuel*
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*The densityof DF, HVO and GTLare providedy Corytonand Shell respectivelyand the

viscosityof all test fuels are measured &yNDJ-9S.

Consideing different sizes ofCerium Oxide nanopowddrave no comparable impact on
physical properties of fuels, only the fuels with CéR5-Ce25 and GTtCe25)are selected to

conduct the spray experimenSome samples of these test fuels are shov#gure3.3.

Figure3.3. Samples of test fuels for the spray experiment

3.2.Constant volume vessel (CVV) system

3.2.1.TheCVvV

As shown inFigure 3.4, theexperimentalig contains a common rail fuel delivery systen,
optical diagnostic devige cooling systemand a constant volume &3 (CVV). Thefuel is
delivered by &S8PRAGUE PRODUCTS PowerStar P4 high prespurapto acommon rail
which enables as high d800 barfuel pressureThen, itreaches singlehole injector, where

an amount of fuel is injecteahd the other goes back to the fuel tank via the bypass pipe. A
high-speed PHANTOM V710 CCD camera is employed to observe the spray during
experiments with the background light from a 100W Xenon lamp. The cooling sigstesad

to keep important pastof the CVV from overheatingyhilst the computersontrol the heater,

thermostat, injector and camerad record experimentdata
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Figure3.4. Schematic experimental system

The CVV is fabricated for fuel amization and combustion by the company REACTORS &
AUTOCLAVES LTD. It is designed to be resistant to corrosion and oxidation and withstand
internal air pressure and temperatateup to 100 bar and 1000 K respectively. A 4.5 kW
ceramicbandheater isaround the wall of the vessel and heats the internal air temperature to
about 700K A threeblade impellor is instadidat the bottom for agitation inside and driven by

a Micro Mag Drivemotoroutside A high-pressure nitrogen bottle provides up to 70ibrnal

air pressure for the CVV. Four fused silica glass windows with 90 mm viewing size and 70 mm
thickness are equally located on the wall for optical diagnodties windowsand the seal are
cooled bythe cooling systento stay within150 and B0  respectively The internal
pressure of the CVV is monitored by a Grems 3100b pressure transducer, and the internal
temperature as well as the temperature of the windows and the heater are measuraikby

type thermocouples. The accuracy of the pressansducer and thermocouples are 1.5% and

0.75% respectivelyThe main parameters of the CVV are showmaible3.3.

Total internal volume 5.65 litres(@200mm bore x 400mm)
Maximum working pressure 100 bar

Maximum working temperature | 700 K

4.5KW, Insulated, clamp on, ceramic bal

Heater heater fitted with stainless steel cladding
Closure type Flanged and bolted or to suit
Mounting style Fixedvessel removable cover

Inconel 625 gr 2 (vessel and cover)
Materials SA 479316 Stainless steel (all other

pressurised parts)
Table3.3. List of key parameters of the CVV
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Figure3.5. Theconstant volume vessel (CVV)

3.2.2.Cooling system

The cooling system is a serial system connecting the four windows, the seal and the motor and
finally with a LAUDA Ultracool UC4process circulation chilleasshownin Figure3.6. The

chiller offers reliable temperature control and ensures secure procebtagwhile, 1 is

already equipped with an antifreepeotection thermostat to prevent freezing of the heat
exchangerDuring experiments, the chiller provides water of high flow rate driven by the
internal pump at spointt e mper ature (15 ). The water f|
windows, the seal and@hmotor to absorb heat and then return to the water tank in the chiller.
The maintechnical features of the LAUDA Ultracool U@4ocess circulation chillearelisted

in Table3.4.
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Figure3.6. LAUDA Ultracool UC4thermostat

Cooling capacity (kW) | 4.9

Coolant Water

Water pressure (bar) 4.2

Tank Volume (L) 20

Pump pressure (bar) Max 2.8

Pump flow (/min) Max 13.8
Power (kW) 1.81

Working temperature () | -5~ 25
Ambient temperature () | -15 ~ 50
Overall Dimensions (mm| 600x 600 x 700

Table3.4. Main technical features of the LAUDA Ultracool U@#oces<irculation chiller

3.2.3.0ptical diagnostic devices
The sprayn the vesselk observed through a window by a higfreed PHANTOM V710 CCD

camera with a Nikon AF Zootikkor 24-85 mm f/2.84D lens, which has a maximum

resolution 0fL280 x800 pixelsandmaximum sample rate @5,000 fpsDue to the high frame

rate of the camera, the exposure time is quite short (several microseconds) and the view of the

camera is too dark to observe anything. Accordingly, a 18@hbnlamp is installed on the

oppositeside to provide homogeneous background light via a diffuser film for observation

during spray proces3he camera is triggered by a TTL signal to record images at the capture

mode.The camera and lens are controlled by the software from PHANTOM, whearete
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resolution, exposure time, sample rate et al. can be configncethe recorded imagean be

saved in the hard drivas shown irFigure3.7.

® e DRy RecCO

Figure3.7. Panel of the camera and lens configuration software

RG8:

3.2.4.System monitor and control software

A LabVIEW programn a me d O Mo n i t ®aeivea sighalsofdheternabalr @ressure
andtemperature, temperature of the windoth® motoand the sealia serial interface RS232
protocol, & shown irFigure3.8 andFigure3.9. Meanwhile the switches of the heater and the
thermostat and theet point of ambient air temperature are controlled by the gqmogr
automaically to ensurethe internal condition of the vesselo satisfythe requirement of

experiments and protect windows and the seal from overheating.
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Figure3.8. Front panel of th&lonitor and controprogam
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Figure3.9. Block diagram of théonitor and controprogram

Another LabVIEW prograim a me d O | nj e ccomrobis enadd to seatheenjeation
duration, dwell time and injection timeMleanwhile, it is capable of generating one positive
TTL signaland a negative TTL signaimultaneouslyia a National Instrument data acquisition
card PCI6071E.As a resultthe injector is triggered by the rising edge of the positive TTL
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signal whilst the high speed CCD camerarigigered by thdalling edge of the negative one

atthe sametmé& he pr ogr am

c o nsTesbt,s OwfandkRbcordire) naondde s

60 Cal i bwhah dareoused to test the fuel delivery system, conduct sprriments and

calibrate the injector, respectivelyhe front panel and block diagram of the LabVIEW program

are shown irFigure3.10 andFigure3.11.
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Figure3.10. Front panel of the Injector and camera control program
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Figure3.11 Block diagram of the Injector and camera control program
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3.3.System performance

3.3.1.Injector calibration

A single-hole solenoid injector with 0.16 mm orifice diameter is selected according to the
specification of a Cummins ISB 4.5 diesel engine and installed at the top of theT@QeV.
injected mass of standard diesel fuel at different rail pressure shouttedsured for the
injector, which is important to evaluate the performance of the injector and calculate the
injection rate in the future. Accordingly, the standard diesel fuel is injected with the duration of
0.6 ms at rail pressure from 600 bar to 1800ftwathe calibration

The calibration rig is made of an aluminium modular profile system as shdviguire3.12.

Figure3.12. Injector calibration

The injector is holdrertically by a steel disc on a plastic cylinderctilectthe injected fuel.

The injector is connected to the common rail via a {pggssure flexpipe.In the Calibration

model of heInjector and camereontrol program500times ofinjectionand10 Hz frequency
areselectedandthe injection duration is set to 0.6 nfhe calibration is done at various rail
pressure and each calibration is repeated three time. The results of the calibration are illustrated
in Table3.5.
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Rail pressure| Injection duration| Number of| Average mass per injection
(bar) (ms) injections | (mQ)
900 0.6 500 3.18
1200 0.6 500 4.26
1500 0.6 500 5.52
1800 0.6 500 6.74

Table3.5. Injected mass aftandard diesel fuel at each rail pressure

3.3.2.Thermal properties of the CVV

Thehighest internal temperature is tested and the duration of the highest temperature is recorded
for many timesAmong these teststhe CVV performs best #iie highesambienttemperature

of 327  (600K) andthe highestambientpressuref 40 bar
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Figure3.13. The temperature and pressure in the CVV during a test

As shown irFigure3.13, the ambient air temperatucan reach around 327 (600K) with the
variance no mor e itstas withit tbis range fdherr3@énonutesy which

is much more than the duratioheach spray injection (in milliseconds). The ambient pressure
experiences a gradual drop from over 40 bar to ad®bér during3 hours, which is attributed

to the air leakage around the motor driving the stirrer and a broken bolt at the bottom of the
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CVV. However, the leakage is not seriobhscausehe spray injections quitefastcompared

with the duratiorthat the ambiengressuretays within the variance of 1 b@boutlO minutes).
Furthermore, the temperature of each windtwve, seal of the veskand the motorcan be

l' i mited to noambrle8a hanr elssPect i vely
3.4.Experimental conditions

According to the performance of the CVV, the ranges of experimental variables are listed in
Table3.6.

0 (ban "Y (K) 0 (ba) |"Y(K) Q (mm)
900 ~ 1800 | Room temperature | 10 ~40 303 ~600 | 0.16
Table3.6. The range oéxperimental/ariables

In order to reduce the times eXperimens, Design of Experiment®0E) is adopted to degn
the experimental conditions, which are listed able3.7.

Conditions | 0 (bar) |0 (bar) | "Y (K) | Conditions | 0 (bar) |0 (bar) |"Y (K)
1 900 10 303 33 1500 10 303
2 900 10 426 34 1500 10 426
3 900 10 506 35 1500 10 506
4 900 10 600 36 1500 10 600
5 900 20 303 37 1500 20 303
6 900 20 426 38 1500 20 426
7 900 20 506 39 1500 20 506
8 900 20 600 40 1500 20 600
9 900 30 303 41 1500 30 303
10 900 30 426 42 1500 30 426
11 900 30 506 43 1500 30 506
12 900 30 600 44 1500 30 600
13 900 40 303 45 1500 40 303
14 900 40 426 46 1500 40 426
15 900 40 506 47 1500 40 506
16 900 40 600 48 1500 40 600
17 1200 10 303 49 1800 10 303
18 1200 10 426 50 1800 10 426
19 1200 10 506 51 1800 10 506
20 1200 10 600 52 1800 10 600
21 1200 20 303 53 1800 20 303
22 1200 20 426 54 1800 20 426
23 1200 20 506 55 1800 20 506
24 1200 20 600 56 1800 20 600
25 1200 30 303 57 1800 30 303
26 1200 30 426 58 1800 30 426
27 1200 30 506 59 1800 30 506
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28 1200 30 600 60 1800 30 600
29 1200 40 303 61 1800 40 303
30 1200 40 426 62 1800 40 426
31 1200 40 506 63 1800 40 506
32 1200 40 600 64 1800 40 600

Table3.7. Experimentatonditions

3.5.Experimental procedures

In the experiment, the injection duration is set to 0.6ms, which is definedfaohof injection
(SOI) to the end of injection (EQIThe start of injection (SOI) ihétime when the injected

fuel is just visible andthe end of injection (EOI) ithetime when the tail of the spray leaves

the injector The time before and after the EOI can be respectively called the injection and post

injection periodsThe spray tip penetration is the length from the head to the tail of the liquid

spray. The cone argis defined according to literatUi@4], which is the angle formed by two

lines from the tail of the spray to the outer periphery efdpray at 1/3 length of the spray tip

penetration, as shown kigure3.14.

Spray tip
penetration

Figure3.14. lllustration of spray tip penetration and cone angle

The camera is set to 256 ¥2 pixels resolution at a sampling rate of 50,000 fps and exposure

time of 19us to capture the image of spray with the interval of 0.02ms. The sample time is 1ms
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for the experimenBefore experiment, a ruler is put in the centre of the view as a reference, as
shown inFigure3.15. When the internal pressure and temperature réechddsigned values,

the injector and the camera are triggered simultaneously. Then, the fuel is injected into the CVV
and the camera starts to capture images every 0.02 ms. Therefore, 30 images of spray can be
obtained for the injection (0 ~ 0.6 ms), artlidages are obtained for the pogection (0.6 ~

1 ms). These images are displayed on a computer and the spray tip penetration and cone angle

are measurethanually

Figure3.15. Reference fomeasurement

3.6.Results: Influence of experimental conditions on spray characteristics

3.6.1.Cone angleand spray tip penetratiorunder various conditions

The standard diesel fuel is employed to study the influence of rail pressure, ambient pressure
and ambient temperatun spray characteristicAs known, thespray tippenetration and cone

angle are the most important macroscopic characteristics indicating the quality of spray, which
is mainly determined by the breakup and evaporation of droplets. The breakup is a process
breaking the balance between the dynamic forckthe viscosity and surface tension of the
droplet. The dynamic force is determined by the momentum of droplets and the interaction with
ambient gas. Therefore, penetration can be likely promoted by higher droplets velocity and

higher fuel properties suds density, viscosity and surface tension, and reduced by higher
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ambient gas density and higher evaporation rate. In contrast, larger cone angle always occurs
when a stronger breakup happens, but the evaporation may result in smaller cone angle. Usually,
the shorter penetration and larger cone angle are expected for spray combustion in a diesel

engine.
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Figure3.16. Cone angle of standard diesel fuel at 1800 bar rail presedrarious ambient
pressuravith theambient temperature 803K (a) and 600 K (b)

Figure3.16 is an example of the cone angle against sample time at 1800 bar rail pressure and
various ambient conditions, where the cone aag#l conditionexperiences a dramatic jump

to the peak at about 0.1ms after the SOI, and then fluctslagbtdy but kegs relatively stable

until the EOI.Literature[81] explains that the time of the peak cone angle ibtbakup time,

before which the spray is yet fully developed and has aliMelshape resulting in larger cone
angle. After the breakup time, the spray becomes relative stable in a period during the injection
(about 0.3 ~ 0.6ms). Accordingly, we employ tAverage cone angle as one of the factor
indicating spray quality in this experiment, which is the mean value of the cone angle between

0.3ms and 0.6ms.
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Figure3.17. Average cone angle of standard didgel at various ambient conditions and ralil
pressure of 900 bar (a), 1200 bar (b), 1500 bar (c) and 1800 bar (d)

First, the average cone angle at the same ambient conditions are verytcleseti other
regardless ofaryingrail pressure. It agrees with the conclusion in literafd8}, wherethe

cone angle is demonstratedt sensitive to injection pssure Second, the average cone angle
increases significantly with increasing ambient pressure, and the level of increasess®ms
change at most ambient temperature and rail pressure. It is because ambient pressure dominate
the breakup of liquid fugandthushigher ambient pressure promotes todireak up to smaller
droplets due tgtrongerimpingingand friction between the fuel aathbient gagnitroger).

In terms of ambient temperature, the average cone angle resligtdlyy when the ambient
temperature grows, which is mainly caused by the enhanced evaporation around the boundary
of the spray at high temperatutdowever,the extent of reduction of average cone angle is
impacted by rail pressure and ambient presird0 barambient pessurethe average cone

angle experiences larger reduction at higher rail pressure. When it comes to 40 bar ambient
pressure, the reduction of average cone angle igatsnotedby increasingail pressure, but

its dropping rate is slower thdhat at 10 bar ambient pressuremiansthe influence of rail

pressure on the evaporation of droplets is more significant aaabvent pressuréue tothe
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larger surface of spray boundary, which enables more fuel droplets to absorb heat from hot
ambient gas

Figure3.18 ~ Figure3.21 showthespray tip penetration against sample time under all ambient
conditions at the rail pressure of 900 bar, 1200 bar, 1500 bar and 1800 bar, respectively.
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Figure3.18. Effect of ambient pressure on spraypemetration of standard diesel fuel at 900
bar rail pressure with the ambient temperature of 303K (a), 426K (b), 506K (c) and 600K (d)
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Figure3.19. Effect of ambient pressure on spray tip penetrationaoidstrd diesel fuel at 1200
bar rail pressure with the ambient temperature of 303K (a), 426K (b), 506K (c) and 600K (d)
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Figure3.20. Effect of ambient pressure on spray tip penetration of standard dielsat fitb00
bar rail pressure with the ambient temperature of 303K (a), 426K (b), 506K (c) and 600K (d)
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Figure3.21. Effect of ambient pressure on spray tip penetration of standard diesel fuel at 1800
bar mil pressure with the ambient temperature of 303K (a), 426K (b), 506K (c) and 600K (d)

As shown inFigure 3.18 to Figure 3.21, the spray tip penetration in the injection and post

injection periodsas different tendencies.

During the injection(0 ~ 0.6ms)the spray tip penetration iecreasing with sampling time

under all ambient pressure at cold conditions. However, the penetration of low ambient pressure

(10 ~ 20 bar) tersito droparoundthe em of injection (about 0.5 ~ 0.6ms) when the ambient

temperature is high (506 ~ 600K), especially at low rail pres$teereasos are twofold: fist,

the sharp and long penetration at low ambient pressure has larger surface of spray boundary,

and thus absb heat faster to evaporate in the hot ambientsgasond, lower ambient pressure

means the ambient gas has smaller densityhandeeasier for evaporatioi®verall,thespray

tip penetration ahigherambient pressure is always musiallerthan that atower ambient

pressureat all ambient temperatusebecause the stronger interaction with fagnificantly

enhances the breakup of dropldtsalso agrees with the results in previous wW@&X], where

the impinging effect was found dominant in breakup process.

In the postinjection period (after 0.6ms), the tendencies of penetration are more complicated

because the impact ambienttemperaturebecomesnoresignificant At 300K, penetrations
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at all ambient pressusekeep increasing regardless different rail pressurs and the
penetration at lower ambient pressure are all shorter than that at the highésdahe
evaporation effect is not significaat cold conditiorandthe fuel droplets caonly penetrate
forward by inertia the ambient pressure still dominates in the qgsttion period at cold
condition.When the ambient temperature rispsnetrationsat all ambient pressures and rail
pressures start to reduce wiitme, and those at lowambient pressurand lower rail pressure
start earlierConsequentlypenetrations at 10 and 20 bar ambient pressuretimes even drop
to shorter than those &0 and 40 barsuch as those iRigure 3.18 (c) andFigure 3.18 (d).
These phenomena reveal thaggeration plays the most important role in the fojgction
periodat hot conditionpecause the droplets have a rather low velanithis period due to
lack of the rail pressureandthus the influence acimbient pressure weakaed

In order to futher study the impact of ambient temperatéigure3.22to Figure3.25are
shown here to illustrate the spray tip penetration at varying attiei@perature during the

whole sample time.
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Figure3.22. Effect of ambient temperature opray tip penetration of standard diesel fuel at

900 bar rail pressumgith the ambient pressure of 10 bar (a), 20 bar (b), 30 bar (¢)Gahdr
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Figure3.23. Effect of ambient temperature on spray tip penetration of standard diesel fuel at
1200 bar rail pressure with tlaenbient pressure of 10 bar (a), 20 bar (b), 30 bar (c) and 40 bar
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Figure3.24. Effect of ambient temperature on spray tip penetration of standard diesel fuel at
1500 bar rail pressure with the ambipreessure of 10 bar (a), 20 bar (b), 30 bar (c) and 40 bar

801 [ —=—Ta=303K (a) 80 1 [ —m—Ta=303K (b)
—o— Ta=426K —8— Ta=426K
70 { | —&— Ta=506K 70 4 | —&— Ta=506K
—¥— Ta=600K —¥— Ta=600K
60 60 -
50 E 50
E
40 _5 40
5
30 @ 30
i}
o
20 20 4
10 4 10 4
0 ¥ T ¥ T ¥ ¥ T x T T T ¥ ¥ D T T T T T T T T
00 01 02 04 05 06 07 1.0 00 01 02 04 05 06 07 08 09
Time after SOI (ms) Time after SOI (ms)
70 [ —m—Ta=303K (c) 704 [—m—Ta=303K (d)
]| —®—Ta=426K —8— Ta=426K
o0 —A— Ta=506K 80 —A— Ta=506K
7 | —»—Ta=600K —v— Ta=600K
50 50 4
T
40 - £ 404
c
e
30 T 30
k]
c
[
20 o 204
104 10 -
0 T T T T T 0 T T T T T T T T T T T T T T T T T T
00 01 02 04 05 068 07 1.0 00 01 02 04 05 06 07 08 09

Time after SOI (ms)

(d)

62

Time after SOI (ms)



90 - [ —m— Ta=303K (a) 90 - [ —=— Ta=303K (b)
1| —@—Ta=426K —e— Ta=426K
80 - | —A— Ta=506K 804 | —— Ta=506K
4 | —¥—Ta=600K —¥— Ta=600K
70 70
_ 604 R
£ 1 £
E 50 E 50
c c
2 ] 8
T 40 % 40
T ©
$ 304 S 30
o o
20 20
104 10 4
0‘\|||‘||\'\||‘0'|7]Y|I|I|I|I|I|Y||||
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10
Time after SOI (ms) Time after SOI (ms)
70 [ —=—Ta=303K (c) 704 [ —m—Ta=303K (d)
| | —e—Ta=426K | | —e—Ta=426K
—a— Ta=506K —A— Ta=506K
809 | —v—Ta=600K 609 | —y—Ta=600K
50 50
€ €
E 404 E 404
c c
2 2
T 30 T 30
T T
c =
7] (5]
o 204 o 204
104 10 4
0 T T L T 1 LI T L | LU g 0 -+t T T+ T+ T T 1T T 7Tr 71
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10
Time after SOI (ms) Time after SOI (ms)

Figure3.25. Effect of ambient temperature on spray tip penetration of standard diesel fuel at
1800 bar rail pressure with the ambient pressirl0 bar (a), 20 bar (b), 30 bar (c) @@dobar

(d)

During injection, penetrations ahost ambientpressure increase with increasing ambient
temperatureegardless of different rail pressuteindicates that the fuelan penetrate longer
distance atigher ambient temperature because the density of ambient gas decreases at the
higher temperature and constant pressfisea result, the dynamic drag force on injected fuel
droplets is becoming weaker and produces longer penetreitovever, the penetian under

900 bar rail pressure starts to drop with sample aimigigh ambient temperature around the
end of injection (0.5 ~0.6msh Figure 3.22, because the small amount of injected faeld

lower velocity of dropletsenables faster evaporatiomherefore, penetrations under rail
pressure higher than 900 bar can still maintain growing until after the end of injection.

In the postinjection period, te penetratiorkeeps growing when the ambient pressure is 40 bar
at 1800 bar rail pressurén contrast, the penetratiagtarts todrop with increasing ambient
temperaturevhen the ambient pressure is no more than 30 &t the dropping rate of
penetratio at higher ambient temperature is larger than that at lower ambient temperature.

Furthermore, when the rail pressdreps to lower than 1800 bar, the penetrat®reduced by
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high ambient temperatueventhe ambient pressure is as high as 40 Ibandicates that the
ambient temperature becomes dominant in the-ipgsttion periodand its influence can be
enhanced by reducing rail pressure and ambient presmoause dropletsas lower velocity

at these conditions and thus are not capableeskng up after the EQITherefore, they can

only evaporate and diffuse to the ambient §ésreover, the spray at low ambient pressure is
sharper and longer and thus has larger surface of boundary to evaporate, which makes its
penetration to drop faster.

3.6.2.Summary

These experiments aims to investigate the influence of experimental conditions on spray
characteristics during both injection and piogéction periods, which is rarely studied yet.
Meanwhile, the spray characteristics of standard diesel Viilelbe a reference for the
investigation of renewable fuels and nano additive modified.fuel

At various rail pressure, ambienepsure and ambient temperatuhe, average cone angte

found toincrease significantly at higher ambient pressureduiices with increasing ambient
temperaturewhilst the rail pressure has no comparable impact on it. In terms of the spray tip
penetration, it can be significantly reduced drpwing ambient pressure but increases with
ambient temperature slightly duringetlinjection periodIn the postinjection period, high
ambient temperature becomes dominant and is capable ofimgduenetration when the
ambient pressure is low due to the faster evaporation.

3.7.Results: Spray characteristics of renewable fuels

3.7.1.Average cone anlg and spray tip penetration at hot ambient conditions

In order to incorporatéhe influence of botlbreakup and evaporatiaan the macroscopic
characteristics of spraynly the condition 52 and condition 64 Tiable3.7 are employed to
conductthe spray experiment othe renewable fuel$GTL and HVQ The DF is used as a
reference. Therefore, the average cone angle and spray épgtiemat 180 rail pressure and
600K ambient temperaturare obtained athe ambient pressure of 10 bar and 40 bar

respectively
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Figure3.26. Average cone angle aénewable fuels

As shown inFigure3.26, the average cone angle of the three test fuddstatlO barand 40
barambient pressure akery closed, although the differenae40 bar ambient pressure are
more obvious, wher®F has the largest average cone angle and HVO has the smallest one.
Usually, the cone angle can fignificantlyenlarged by stronger breakup astigihtly reduced

by faster evaporatiorAt 40 bar ambienpressureHVO has the largest viscosity among the
fuels and thusexperiences the weakest brapkprocess. Meanwhile, HVO has lighter
compositions than DF and thus easier to evaporate. These two factors enable the smallest
average cone angle for HVO. In ¢mast, GTL has the lowest viscosity which tends to enlarge

the cone angle. However, it has similar light compositions to HVO and thus make it faster to
evaporate. Consequently, the average cone angle is larger than HVO but smaller than DF. At
10 bar ambietnpressure, the breakup of all fuedsot relativelystrongas that at 40 bawhich

narrows the gap between DF and HVO and thus results in closed cone angle.
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Figure3.27. Spray tip penetration oénewdle fuelsat 10 bar ambient pressure

Figure3.27 illustrates the spray tip penetration of all the test fuels at 10 bar ambient pressure
and 600K ambient temperatufiéne fuel velocity and breakup play the most important roles in
spray duriig injection, whilst the evaporation becomes dominant after the injection. As a result,
the penetration ddll fuels increases wittime before the EOI and then drops to z&aring

the injectionperiod the spray tip penetration of GTdAndHVO are almosthe samgbecause

the difference of density argpecific heabetween them are not significaiht. contrast, the
penetration of DF is significantly larger than that of the termewable fuelswhich is mainly
attributed to its higher density. During thespmjection periodthe penetration of GTL stays

at the lowestlevel, because GTL is a mixture of relatively lighter paraffin and lacks of
polycyclic aromatic hydrocarbons (PAH) and thus easier to evaporate compared witheDF.
penetration of HVO becomdarger thanthat of GTL during postinjection due to its larger
viscosity.The difference between them at 10 bar ambient pressure is smaller than that at 40 bar

becauséhe spray boundary area10 bar ambiens larger and thus results in faster evapion
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Figure3.28. Spray tip penetration eénewable fuelat 40 bar ambient pressure

When the ambient pressure rises to 40 bar, the spray tip penetration of alldredses with
sample timeandthe penetration of HVO and GTare almosiat the samdevel during the
injection It is because the ambient pressame densitylominate the breakup process of spray

at constant rail pressure, whilst the impactstbérproperties and ambient temperatare not
comparable. However, in the pasjection periodthe penetration of DF keeps increasing with
time, whilst that of HVYO and GTL becom#& drop.The phenomena are mainly because the
evaporation dominates in the pagjection period and thus enaisl shorter penetration for the
renewable fueldue to their lighter composition@as HVO and GTL have lower 100%
distillation temperature than DF (EN590)/]. The difference between HVO and Gduring
postinjectionat 40 bar ambient pressusdarger than that at 10 bar, becat¢O has larger
viscosity and then generates larger droplets evaporating slower, and the evaporation rate at 40
bar is not as high as that at 10 bar.

3.7.2.Summary

Therenewable fuel§HVO and GTL) has very closed average cone ar@@R. DF has he
largestspray tip penetration durirgpth the injection and pastjection periods due to its larger
density, whilst GTL has the smallest penetration caused by its smallest density and viscosity.
3.8.Results: Spray characteristics ofnano additive modified fuek

3.8.1.Average cone angle and spray tip penetration at hot ambient conditions

The spray experiment ofano additive modified fuslis also conducteak 1800 rail pressure,
600K ambient temperature and the ambient pressure of 10 bar and 40 bar respectively
Consideing theCeQ nanopowder of 25nm and 50rsizes has almost the same impact on the

physical properties of fuelonly the DF-Ce25 and GTiCe25 areselectedas the Ce®
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nanopowder modified fuel3herefore, the DECe25, DFCNT, GTL-Ce25 and GTICNT ae
employed in the spray experiment, and DF and GTL are the refefldrecaverage cone angle
and spray tip penetratiaf all nano additive modified fuslareobtained and shown iRigure
3.29~ Figure3.32

209 Pa=10 bar
19 J B Pa=40 bar

Average cone angle (°)

Figure3.29. Average cone angle ano additive modified fusl

As illustrated inFigure3.29, the average cone anglealf thetest fuels are very closeohd the
variance is within 1°at each ambient pressuks mentioned abovehe cone angls mainly
determinedy thebreakup andlightly influenced by thevaporationThe result indicates that

the addition ofCeQ nanopowderand CNT has no comparable impact on breakup and
evaporation for either DF or GTL during injection period, and thus cannot change the average

coneangle significantly.
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Figure3.30. Spray tip penetration ofano additive modified fuglat 10 bar ambient pressure

In terms of the spray tip penetration, tieno additive modified fuslhave the santendency

as DF and GTlat 10 bar ambient pressurghich is increasingvith time during the injection

and then dropping to mein the posinjection periodMoreover the overall level of penetration

of DF and GTL is higher than that of them with nanai@ges during injection which ismainly

due to the reduced viscosity and increased thermal diffusivity of the modified fuels.
Nevertheless, the penetration of ONT and GTLCNT becomes slightly lagy than other
fuels at the posihjection period, becaes large amount of fuel is inside the CNT, and the fuel
can only evaporate via the two ends of CiNStead of all directiondue tothe thick walland
hollow structure. As a resuthe duration of evaporation of the liquid fugkenlargedas shown

in Figure3.31. Thedetailswill alsobe mentioned in the Chapter 5.

Temperature
High

Fuel molecules CNT

O \,1 Low
External Internal e

evaporation | evaporation Q ‘
= @l — -l

o

Figure3.31 lllustration of the twestep evaporation of BENT
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Figure3.32. Spray tip penetration ofano additive modified fuglat 40 bar ambient pressure

When the ambient pressure rises to 40 bar, the difference between paaedualodified fuels

IS neglect during the inption, because the higher ambient pressure enhances the breakup of

droplets which makes the impact of fuel properties not compatalhe postinjection period,

the penetration of DF and its modified fuels keeps increasing gradually with no difference,

whilst that of GTL and its modified fuels starts to drop and &NT has overall larger

penetration than others. This phenomenon is highly likely attributed to the lighter compositions
of GTL which improves the influence of evaporation.

3.8.2.Summary

Thenano additive modified fuslhave no significartifference in average cone angle and spray

tip penetrationcompared with the pure fuelas their low concentration has no comparable

impact on most physical properti€aNT is capable of slowing down tlewaporation process
becausets thick wall and hollow structureeduce the evaporation rate of the fuel inside it
which cannot evaporate via all directions

3.9.Summary of Chapter 3

In this chapter, the influences of rail pressure, ambient pressu@rdidnt temperature are

investigated firdyy on the macroscopic characteristicsspfay by experiments on the DF in a

CVV system. And then, spray experimentsrehewable fuelfHVO and GTL) andnano

additive modified fued (DFCe25, DFCNT, GTL-Ce25 andSTL-CNT) are conducted. The

main results are summarised below:

. The rail pressures capable of increasirthe spray tip penetration significantyyit has no
impact on the average cone angibjch canonly bereducedsignificantly by decreasing
ambientpressureandincreasing ambiertemperature

. During injection, he spray tip penetration can be significantly reduced by growing ambient
pressure but increag®y ambient temperature slightly.
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In the postinjection period, higlambient temperaturenables faster evaporation and thus
reducegpenetration.

Therenewable fuel$HVO and GTL) haslmost the samaverage cone angésDF.

DF has the largest spray tip penetration during both the injection anthjgation periods

due to its larger dengit whilst GTL showsthe smallest penetratiatue to thesmallest
density and viscosity.

Nano additivegCeQ nanopowder and CNThaveno significanimpacton average cone
angle.

CeQ nanopowdecannot change the spray tip penetration at most conditions, @NIEt

is likely to increase it in the postjection period becauselarge amount of fuel molecules

are inside the CNT. Due to thieick wall and hollow structureghese fuel molecules can

only evaporate via the two ends of CNT instead of all directions. As a riémulthole
evaporation rate is reduced

The influence of experimental conditions, renewable fuels and nano additive modified fuels on
macroscopic spray characteristics is sumsegrinTable3.8. However, the ambient pressure

and ambient temperature are lower than those in an CI engine cylinder. In ordereto
precisely analyséhe spray characteristics at cylindigee environment, the CFD approaches
would be employed to simulate the spray process. Meanwhile, the impact of more experimental

conditions such as fuel temperature could also be studied by CFD method

Factor P Pa Ta HVO | GTL | CeG | CNT
Cone angle N/A | + - N/A | N/A | N/A | N/A
Spray tip

penetration + - + - - N/A | N/A
(Injection)

Spray tip

penetration N/A | - - - - N/A |+

(Postinjection)

Table3.8. Summary of the influence of all factors mwracroscopic spray characteristics

*0+0 means the growing VYdleue oofr etsip@ ndda mtgom e
means the growing value of the factNoAIWI I |
indicates the factor has no comparable impact on the corresponding result.
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Chapter 4 . CFD model of fuel spray

Chapter 3 investigated spray characteristics at various experimental conditions, but the ambient
temperature and ambient pressure are still lower than those in the Cl engine cylinder. Moreover,
as manysprayrelatedfuel properties including density, vissity and surface tension etc. are
strongly dependent on fuel temperature, it is also necessary to research the influence of fuel
temperatureon spray Consequently,his chapter is intended to investigate the macroscopic
characteristics of liquid fuels &rger range of ambient conditioftemperature and pressure)

and meanwhile, study the influence of more faciocluding fuel temperatureAs detalil
properties of HVO at various temperature are found in literaoddats spray characteristics at
various conditions were rarely mentioned in previous studitss chapter employs
Hydrotreated Vegetable Oil (HV(js the test fuelThus,its spray tip penetration and cone
anglewill be analysedt varying fuel condition (rail pressure and fuel temperature) and ambient
condition (ambient pressure and temperature)hg&FD method. Furthermora,DoE model

is formulated to provide a quantitive correlation between the spray tip penetration &nel the
condition as well as ambient condition

4.1.Geometric model and meshing work

As the inside of the CVV is cylindrical, it can be simplified to a 2Pnmetricalgeometric

model shown irFigure4.1. According to the volume of the CVV in Chapter 3, the length and

the width of the model are 270 mm and 75.mm

Wall

Nitrogen

Figure4.1. lllustration of tke 2D CVV model

Consideringthe simply geomety, structural cells are employed to mesh the fluid domain, and
the total amount of cells are 180628.e orifice diameter of the fuel inlet is 0.16 mm, and thus

the zone around it is refined to obtain higher accuracy. The meshed geometric model of the
CVV is illustrated inFigure4.2. The model ishenimported to ANSYS Fluent 18.1 to simulate

spray.
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Figure4.2. The meshed CVV model and its refinement around the injector

4.2.Numerical methodologies

4.2.1.Breakup models

Two breakup models have been developed for liquid fuel spray and combustion in diesel
engines. ieWave breakup model of Reitz is appropriate for k8gked fuel injections, which
considers the droplets breakup is induced by theivelatlocity between the gas phases and

the liquid phases. During the breakup, the KeMglimholtz instability is assumed to be
dominant, and the size of child droplets is proportional to the wavelength of the unstable surface

wave on the parent droplets shown irfEquation 4.1) [188].

i o (4.1)

Wherer is the radius of the child dropldp is constant and usually set to 0.61 according to

Re i t z §189] whe changing rate of the radius of the droplet is given by

— —, r&a (4.2)

Wherea is the radius before breakup ahits the breakup time determined by

43)

B: is the breakup time constant and it determines how quickly the parcel will los¢1i88lss
mis the maximum growth rate ands the corresponding wavelength of parent droplet, which
can be calculatehly:
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- uBrc — (4.4)

m — — (45)

Where0'Q Mo XY Os the Ohnesorge numbék UM Qis the Taylor number and

'YQ 7Y AF, is the Reynolds number. The footnote 1 and 2 mean the liquid phase and the gas
phase respectively.

The KHRT breakup model is usually for high Weber number sprays, and thus also commonly
used for diesel spray and cbuastion. It considers both the impact of Kehdelmholtz waves

driven by aerodynamic forces and the effect of Rayleigh Taylor instabilities caused by the
acceleration of shed drops. Both mechanisms describe droplet breakup by tracking wave growth
on the sirface of the droplet and believe breakup occurs due to the local fastest growing
instability. The KHRT breakup model also assumes that a liquid core exists in theonekr

region and introduces the Levich core length to model the breakup due to-Kelmoltz

wave growth170].

In the KHRT breakup model, child droplets are shed from the liquid core in theowede

region and experience sudden acceleration when ejected into the feeSthee length of the

liquid core (Levich core length) is obtained by:
0 6Q — (4.6)

Where0 is the Levich constant which is a reference nozzle diameter. The Raykeyiir
(RT) model is based on wave instabilities on the droplet surface. And the number of the fastest

growing wave is

0 S 4.7)

"Q here is the droplet acceleration along the droplet trHo&.radius of the child droplets can

be obtained by:
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J— (4.8)

whered s the breakup radius constamtd has a default value of 0.1

4.2.2.Model setup

The surface injection is selected for the injection tyPeth the Wave model and the KHRT

model are selected as the breakup models. The breakup coBstantiB: are 0.61 and 20 in

the Wave model, as literatufE69] demonstrated that these values enable the model to predict
the spray tip penetration and the SMD well simultaneous for spray and combustion in the diesel
engine. To the KHRT model, literatyrE90] recommended to set tlBg andB; to 0.61 and 18
because the configuration was proved to predict the siprpgnetration, local droplet size and
droplet velocity with high accuracy. The initial droplet diameter at the inlet is set to 0.16mm,
and the dynamidrag is employed as the drag law. The RNBk model and t he S
Functions are selected fdret viscous model and the neeall treatment. The main properties

of HVO at various temperature come from literafllrés].

4.3.CFD model validation

4.3.1.Boundary conditions

TheCVV systemin Chapter 3s employed to providtheexperimental data to validate the CFD
model.In the CVV system,hte hydrotreated vegetable oil (HVO) at 80 € fuel temperature is
injected at 1800 bar rail pressure 1 0 0 ambient temperat ulhee and

injection duration is 0.6 ms. They propertie®f HVO are listed inTable4.1.

Density | Viscosity . :
(kg/mg) at| (m mz/s) Surface tensioll Aromatics| Cetane | LHV

type 15 € 100 (N/m) at40 € | content | number| (kJ/kg)

HVO | 780.1 3.02 0.0280 0 78 43902
Table4.1. The main properties of HYO

Fuel

Theinjection rate of the injector at 1800 bar rail pressure is obtained by an approximate
method.The detailed procedure is shown below:
1) The total mass of injected fu@) at 1800bar rail pressure and 0.6 ms injection
durationis obtainedby the injectorcalibration which is the area beneath curve in
Figure4.3. And then markhe mass flow rate atand t.1 on the curve
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mi+1

m;

Mi+1

Injection rate (kg/s)

to t; ti te
Time after SOI (ms)

Figure4.3. Calculation of injection rate

2) During experiment, we can obtain the spray tip penetration (L) and the width of the

spray field (W) atitand t.1, as shown in the figure below.

Li |_i-|—1

t tir1

Figure4.4. lllustration of penetration of width

3) Now weassume that the mass of injected fM) (by t is proportional to the MW?,

which can be shown in the following function:

0 @D W (4.9

Wherec is constant, and the footnates the order of time.
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4) If ti and t+1 are closed enough, we can obtain the following relationship:
0 0 a a 20 0 ¢ (4.10
5) Meanwhile,M; must also satisfy the equation below:
0 B 0 0 (4.11

With the help of Microsoft Excel, we can obtain thewhich satisfies the Equatiod.Q) to
(4.11) at the same time. After smooth, we finally obtain thiedtion rateat 1800 bar rail

pressures shown irFigure4.5.

0.014
0.012—-
0.010
0.008 —

0.006

Injection rate (kg/s)

0.004

0.002

o000 f4——r—7 b
0.0 0.1 02 03 0.4 0.5 06 0.7

Time after SOI (ms)

Figure4.5. Injection rate at 1800 bar raifessure

4.3.2.Validation of spray tip penetration and average cone angle

The CFD model was run under the same condition as the experifFignte4.6 illustrates the
sprayobtained byexperimerdl and numericainethod (Wave model) at 0.6ms after SOI, which
also indicates the definition of the spray tip penetration and cone &nglee4.7 andFigure

4.8 show hecomparison of cone angle and spray tip penetration after SOl between experiments
and the two breakup modeds 1800 bar rail pressure, 100ambient temperature arfd® ba

ambient pressure

78



Experimental| Numerical
O p=
2 Cone §
b angle 8
! 1/3 length of
= 5 :
Spray tip =2, penetration
10 5 penetration i
£ .
E 1
]
(9] =
c
S 20
AN b
©
S— -
.8
30 =
)
=3
40pF=

(I P PP I |
10 5 0 5 10

Radial distance (mm)

Figure4.6. Comparison between the experimental and numerical (Wave model) spray at 1800

bar rai/l pressure, 100 ambient temper e
(a) ¥ Experimental data 26 (b)
30 7] Wave model 24 ]
28 J —— KHRT model ]
264 22 4
24 ] 20
22 18
20+ R
> 18] E 16—‘
D 15 o 14
o [5)] J
& 14—_ 5 124
o b |
8 12 1 CCI)CD 10 ]
¢ 104 E
8 © 8
6 - 6 -
4] 4]
2] 1
j 2
0 T T T T T T T T "~ 1 "1 1
00 01 02 03 04 05 06 07 08 09 10 0 T T
Time after SOI (ms) Experimental data Wave model KHRT model

Figure4.7. Comparison of cone angle (a) and aveiage: angle (b) between experimental

and numerical results

As shown inFigure4.7 (a), theexperimentatone angléluctuates and reaches its peaklaat
0.1ms but stays within the range of 20.1°to 22°after 0.3ms. It indicates that the spray is not
stable until about 0.3ms, as the flow rate of the injector is still increasing dramatically in this

period. Literaturg81] also explains that the time of the peak cone angle is the breakup time,
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before which the spray is yet fully developed and has alidelshape resulting in larger cone
angle. In contrast, the predicted cone angles by the two breakup models both increase with
sample timeThe difference between the experimental cone anglg@uicted cone angle can
beattributed to the different impact of rail pressure on actual spray and the two breakup models
for prediction Previous researcli78] demonstrate that the cone angle is not sensitive to
injection pressurewhich means increasirgy decreasingnjection pressure has no impact on
cone angleHowever both the Wave model and the KHRT model consider the eftécts
Kelvin-Helmholtz (K-H) waves, whichis influencedby the injectionvelocity and droplet
surface tensianAccording to the injection rate, the injection velocity at the beginning of

injection increase with time, and thus change tHe Waves to result ifarger cone angle.
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Figure4.8. Comparison of spray tip penetration between experimental and numerical methods

As shown irFigure4.8, the spray tip penetration obtained by experiments increasesanitie

time but the increasing rate is reducing. Spray tip penetrations predicted by both the Wave
breakup model and the KHRIreakup model agree with the experimental data well. The bias

of Wave model is within 10% in the whole duration except that before 0.1 ms, the breakup time,
whilst the bias of KHRT model is slightly larger. Both models uretimate penetration
before beakup because the two models are both for secondary breakup whilst the actual
breakup in this period still has not begun, which means less energy loss happens to droplets in
actual spray than the predicted spray. During 0.6ms ~ 0.7ms, the penetratiotegriegdithe

Wave model experienced slight drop whilst that predicted by the KHRT model and the

experimental data both grow slightly. It is possibly because the Wave model is mainly used for
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high-speed injections but the actual speed in this period redireedatically. Consequently,

the actual droplet breakup significantly decays and results in shorter penetration than the
predicted one by the Wave model. And the bias should only occur at relatively high ambient
pressure and low ambient temperature, wheeebteakup is fiercer and changes more sharply
once the injection stops.

Consequently, as recommended in previous g8y the average cone angle between 0.3 ms
and 0.6 ms is employed as a factor indicating spray quality in this study because the cone angle
is relatively stable in this duration and the error of the predicted average cone angle for this
period is also acceptable as showrigure4.7 (b). Meanwhile, the predicted data of spray tip
penetration from breakup timad earlier tha®.1ms) is analysed by the Wave breakup model

in the paper due to its higher precision.

4.4.Desin of fuel and ambient conditions

Hiroyasu et al[191] proposed the model of the spray tip penetration in the following equations:

VT @ — D whent< (4.12

Y c8WL"0Q D whent 4.13

WhereY0 is the pressure drop across thelet of theinjector,” is the density of the fuel,

is the density of the air, arffd is the inner diameter of the injectdrefers to the time after the
SOl andssis the breakup timeyY and™Y are the length of spray tip penetration before and after
the breakup, respectively.

Since the model ofY is of high accuracy, only the model of is being discussed here.
Previous study84] found the'Y of Hiroyasu model is only validated at relatively low fuel
pressure and low ambient pressdigerebre, a more precise model fof is in need.

As known,” can be obtainelly theambienttemperaturéY andambient pressure , and the
pressure drop/0 is determined by the common rail pressureand ambient pressute .
Therefore, the spray tip penetration can be formulated by the rail préssihe ambient
pressure , the ambient temperatur®, the inner diameter of the injector and timeafter

SOl t. In this researclf) is constant, and thusguation 4.13) can be rewritten as:

YOO D TY D (4.14

~
o

WhereahuhuiiQand'Qare constant and will be obtained by calculations
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Table4.2 lists all the fuel and ambient conditions for the CFD calculations, where the rail

pressure, fuel temperature, ambient pressure and ambient temperature are all variables.

Conditions | 0 (bar) "Y (K) 0 (bar) Y (K)
1 600 300 70 700
2 600 300 10 300
3 600 300 70 300
4 600 300 10 700
5 600 300 26 458
6 600 387 10 458
7 600 387 26 458
8 600 387 26 300
9 600 387 26 700
10 600 387 70 458
11 600 500 26 458
12 600 500 70 300
13 600 500 10 700
14 600 500 10 300
15 600 500 70 700
16 1800 300 10 700
17 1800 300 70 300
18 1800 300 70 700
19 1800 300 26 458
20 1800 300 10 300
21 1800 387 26 458
22 1800 387 26 700
23 1800 387 70 458
24 1800 387 10 458
25 1800 387 26 300
26 1800 500 10 700
27 1800 500 10 300
28 1800 500 70 300
29 1800 500 70 700
30 1800 500 26 458

Table4.2. Operating conditioa

4.5.Results of CFD spray calculations

4.5.1.Macroscopicspraycharacteristics oHVO

As the Wave breakup model is demonstrated more accurate than the KHRT model in the
aforementioned contexthty the Wave breakup model is uskedreto predict the spray tip
penetration andhe averagecone angleat various conditios As known, thespray tip
penetration and cone angle are the most important macroscopic characteristics indicating the
quality of spray, which is mainly determined by the breakup and evaporation of droplets. The

breakup is a process breaking the balaret®een the dynamic force of the droplet and the
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viscosity and surface tension of the droplet. The dynamic force is determined by the momentum
of droplets and the interaction with ambient gas. Therefore, penetration can be likely promoted
by higher droplet velocity and higher fuel properties such as density, viscosity and surface
tension, and reduced by higher ambient gas density and higher evaporation rate. In contrast,
larger cone angle always occurs when a stronger breakup happens, but the evapayation m
result in smaller cone angle. Usually, the shorter penetration and larger cone angle are expected

for spray combustion in a diesel engine.

B P==10bar, TF=300K
B Pa=70bar, Tf=300K
Bl Pa=10bar, Tf=500K
309 | [l Pa=70bar, TF=500K
28 | [l Pa=10bar, Tf=300K

1 | Pa=70bar, TF=300K
Bl Pa=10bar, Tf=500K
B Pa=70bar, Tf=500K

Ta=300K

Ta=300K

Ta=700K
Ta=700K

Cone angle (°)
N
|

0 600 1800
Pr (bar)

Figure4.9. Average cone angle at various conditions

As cone angle is a relatively stable value agasastple timeduring the injection, only the
average cone angle between 0.3ms and 0.6ms after the SOl is considered to stand for the quality
of spray, as shown irigure4.9. At cold ambient condition @F300K), the cone angles at 1800

bar rail pressure are only slightly higher than those at 600 bar rail pressure and those at high
ambient pressure are ays smaller than those at low ambient pressure, which means ambient
pressure is dominant and the impact of rail pressure on cone angle is not significant at cold
ambient condition. However, at hot ambient conditiog=fDOK), the cone angle at 1800 bar

rail pressure islosed tahat at 600 bar when the ambient pressure is 10Mblst it becomes
higherwhen the ambient pressure is 70 bar. It indicates that at the hot ambient condition, the
effect of evaporation idominantat low ambient pressurbutis exceeded by that of breakup
when ambient presseirisesThe fuel temperaturean only increase the average cone angle at

10 bar ambient pressure and 700K ambient temperalueeto more sufficient breakup.

83



However when amient pressure and rail pressure are 70 bar and 1800 bar respestnaglgr
cone angle occurat higher fuelémperature probably because the smaller droplets evaporate

soon after breakup

—=— Pr=600bar, Pa=10bar (a) —=— Pr=600bar, Pa=10bar (b}
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Figure4.10. Effect of ambient pressure on spray tip penetra@iis =300K, Ta=300K (b)
T=300K, Ta=700K

Figure4.10(a) and (bjndicatesthe spray tip penettian increase wittsample timeduring the
injection (0.1ms ~ 0.6ms) under all conditions, dne ambient pressure has obviously
negative impact on spray tip penetration. During the injection, the penetration at 10 bar ambient
pressure is always muchghier than that at 70 bar, due to its higher velocity of droplets.
Moreover, the increasing rates of penetration at 1800 bar rail pressure are all higher than those
at 600 bar at the beginning of injection (before 0.3ms) when the ambient pressures aye 10 ba
whilst both rail pressures are almost the same during injection when the ambient pressure is 70
bar. The phenomena reveal that higher ambient pressure is beneficial to atomization. According
to the force analysis of droplet, the higher density of thei@mh gas (nitrogen) at high ambient
pressure brings much larger dynamic drag force to droplets and thus promote droplets breakup
to smaller droplets, whilst the impact of ambient pressure on droplet viscosity and surface
tension is neglectable. It alsorags with the results in previous w¢sd ], where the impinging

effect was found dominant in breakup process. When the ambient pressure is 10 bar, the more
injected fuel mass and higher initial velocity of droplets have the more significant impact on
penetration than the ambient gas. However, wdreplets eject to downstream, the impact of

rail pressure decays and that of ambient pressure becomes dominant, which reduces the
increasing rate of penetration after the EOI at the cold ambient condition, as shegyuare
4.10(a). In contrast, the impact of ambient gas at 70 bar is much stronger determines the droplet

breakup at the cold condition. Therefore, the in@eate of penetration at twaifferent rail
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pressursis similar to each other iRigure4.10 (a). In general, when the ambient temperature

is not high, the rail pressure domirmtine fuel spray at the beginning of injection at low
ambient pressure because it determines the initial velocity of droplets, whilst the high ambient
pressure is more significant at both rail pressures during the whole injection due to its impact
on dropkts breakup.

In the postinjection period (after 0.6ms), the tendencies of penetration are more complicated
because the impact of temperatures (fuel and ambient gas) also arises. At low temperatures,
penetrations at low ambient pressure (10 bar) keepasiog with similar rates regardless of

rail pressure. However, at high ambient pressure (70 bar) penetrations only increase slightly, as
shown inFigure4.10 (a). It indicates that the evaporation effect is not significant, so the fuel
droplets can still penetrate forward driven by inertia and impacted by the ambient pressure. The
penetrations at high ambient pressure both experience slight drop dénmgy-0.7ms, similar

to that in Fig. 6, which is caused by the bias on the breakup of Wave model. With the
temperature increasing, the penetrations at the two rail pressure show different tendencies. As
shown inFigure 4.10 (b), penetrations at 1800 bar rail pressure view dramatic drop at all
ambient pressures after the EOI, whilst those at 600 bar rail pressure convert from a slight
increase to gradugl decrease. These phenomena reveal that evaporation plays the most
important role in the poshjection period because the droplets have a rather low velocity and
thus the impact of the rail pressure and ambient pressure weakens. As droplets at higher rai
pressure and ambient pressure have smaller size due to more drastic breakup before EOI and
thus become vapour sooner after the EOI than those at lower rail pressure and ambient pressure.
Different increasing and decreasing rates at ambient pressuraiahg caused by the different

droplet velocities at the EOI.
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Figure4.11. Effect of ambient temperature on spray tip penetration whe38TK and =26

bar

The effect of ambient temperature on spraypggnetratiorat 387 K fuel temperature and 26

bar ambient pressure is shownFigure4.11. Results indicated theenetratios all increased

with sample timeluring injection but shown different tendencies after the EOI. During injection,
penetrations at 1800 bar rail pressureaase with increasing ambient temperature during the
injection, whilst those at 600 bar rail pressure have no obvious difference in this period. It
indicates that the fuel injected at 1800 bar can penetrate longer distance at higher ambient
temperature becae the density of ambient gas decreases at the higher temperature and constant
pressure. Nevertheless, the effect of ambient temperature is not significant when the ralil
pressure is low because the initial droplet velocity is not high enough so thatphet iof
ambient gas density on droplets is not significant. It is also showkrigure 4.11 that
penetrations at both rail pressures change fronghat shcrease to sharp drop with increasing
ambient temperature after the EOI and the decreasing rate is larger at higher rail pressure. It
means ambient temperature becomes the dominant factor in thajposbn period, which is
probably because dropdéecan no longer break up after the EOI and only evaporate and diffuse

to the ambient gas. The larger decreasing rate of penetration at 1800 rail pressure is due to the

smaller droplet size produced by more severe breakup during injection.
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Figure4.12. Effect of ambient temperatuom Pray tip penetratiofa) Tr=300K, P.=10 bar (b)
Tr=300K, P2 =70 bar

When the ambient pressure reduces to 10 bar (a) or increases to 70 bar (b), the impact of ambient
temperature on penetrations of fuel injected at 180&laprite similar as shown Figure4.12.

Spray tip gnetration at higher ambient temperature is longer than that at lower ambient
temperature during the injection, and then the penetration at lower ambient temperature keeps
increasing gradually bubat at high temperature decreases dramatical\s the density of
ambient gas reduces with increasing temperature at constant pressure, the dynamicedrag fo
on injected fuel droplets becomesaker and thus results in longer penetration. Meanwhile, as
the velocity of the droplet during injection is quite high, the amount of evaporated fuel is not
comparable in such short duration. After the injection, the velocity of droplets slows down soon
at high ambient pressure and then evaporation starts to plageamportant role in penetration
proceeding, whilst the impact of evaporation is comparable with that of ambient pressure at 10

bar because the velocity of droplets is higher and decreases slower under this condition.
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Figure4.13. Effect of fuel temperature on spray tip penetra{enR=70 bar Ta=300K (b)
P.=70 bar Ta=700K

FromFigure4.13(a), the penetrations at the two different fuel temperatures are almost the same
at either rail pressure during injection, because the velocity of the droplet is fast, and the ambient
tempergure is low (300K). As a result, the dynamic force on droplets is dominant compared to
the small evaporation rate under this condition. After the EOI, the penetrations at 1800 bar rail
pressure do not show the difference with varying fuel temperatureydeetize initial droplets
velocity during postnjection is still very high at 1800 bar rail pressure. However, fuel injected

at 600 bar has different penetrations, which increase slightly at high fuel temperature instead of
decreasing. It is inferred thidite hot droplets warm up the local ambient gas and thus the density
of ambient gas around the droplets reduces slightly and results in a bit longer penetration.

In contrast, when the ambient temperature is 700Hguare4.13 (b), the effect of evaporation

is significantly enhanced and becomes dominant after the EOI. Consequently, the penetrations
in the injection period experience a slight decreadk increasing fuel temperature and the
decrease becomes more significant in the-pgsttion period reduce at both rail pressures.
4.5.2.DoE models of spray tip penetration

As previously discussed, the penetration model after the breakupstimenulated by DoE
method to correlate independent variables (rail pressure, fuel temperature, ambient pressure and
ambient temperature) to response (spray tip penetration). Given the results above, spray tip
penetrations before and after the end ofatpam (EOI), which can also be called injection and
postinjection respectively, are quite different. Therefore, two models were formulated for
penetrations in the two periods (except those before breakup). As sholabled.3, an
analysis of variance (ANOVA) is thus performed to investigate the fithess and significance of

the formulated models and each variable.
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Factor R1 R2

F-value P-value F-value P-value
Model 525.17 0.0001 82.31 0.0001
A 522.59 0.0001 not significant | not significant
B not significant | not significant | 3.24 not 0.0738
C 158.89 0.0001 220.86 0.0001
D 3.43 0.0657 65.20 0.0001
E 1416.64 0.0001 39.71 0.0.0001
R? 0.9231 0.6942
Adj R? 0.9213 0.6858
Pred R 0.9180 0.6686
Adeq Precision | 86.142 35.071

Table4.3. ANOVA of experimental factors and the models

The factor A, B, C, D and E are the rail pressurg, fuel temperature), ambient pressure

(0 ), ambient temperaturéY) and thesample timdt), whilst the R1 and R2 stand for the spray

tip penetrationduring injection and poshjection respectivelyThe Fvalue represents the
comparison between the e variance (Regression) and its residual (error) variance. A high
F-value (>1) is acceptable because it means the regression is much larger than the residual. The
P-value is the probability that a factor has no effect on the response even thouglalthei&

high. A Rvalue of less than 0.05 means the factor is significant to the response,-balua P
larger than 0.1 implies the factor is insignificant. Usually, it is overall significant when the P
value of a model is less than 0.05 and that of eactoff is less than 0.1. In this study, the
models have the-FFalue 0f525.17and the Pvalue of 0.0001 to R1, whilst those of R2 are 82.31
and 0.0001 respectively. It means the model is significant to predict the spray tip penetration
during injection angbostinjection periods, and only 0.01% chance that thvalbes 0/525.17

and 82.31 occur due to noise. Moreover, factors A, C and E all have laajeds and small
P-values to R1, which indicates the spray tip penetration during injection is sigryficant
impacted by the rail pressune )}, ambient pressur® () andsample timgt). Similarly, the rail
pressure § ), ambient pressure)(), ambient temperaturéY) and sample time(t) have a
significant impact on the spray tip penetration ingbstinjection period because thevalues

are all larger than 1 and\Rilues are all smaller than 0.1.

The R is a measure of the amount of variation around the mean explained by the model, and
the Adj R is that adjusted to compensate for the additibwasiables to the model. High?R
(close to unity) and Adj Rare acceptable for the model. The PrédsRused to measure how
good the model can predict new response values. The model is statistically sound if the
difference between the Pred &d Adj R is within 0.2. The Adeq Precision is a sigmalise

ratio and is usually desirable when it is larger thgh92]. In this research, the models of R1
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and R2 have highfRAdj R? and Adeq Precision, and the differences between the PradR

Adj R? are small, which indicates the two models are accurate in predicting the spray tip
penetrations at both injection and pogection periods.

The ANOVA provides an overall evaluation of thefluence of each factoron spray
characteristicsand gives suggestions of improving spray quality by controlling these factors
During injection, the rail pressure and ambient pressure are the most significant factors
influencing spray tip penetration, and the influence of ambient temperature is weaker, whilst
the fué temperature has no impact on the spray tip penetration. Duringnpastion, rail

pressure no longer affects spray tip penetration. The ambient temperature and ambient pressure

become the most significant factor, and fuel temperature can also infapragdip penetration.

Figure4.14. Normal probability plots of residuals for R1 (a) and R2 (b)

The normal probability plot ifrigure 4.14 indicates whether the residuals follow a normal
distribution, where the points follow a straight likégure4.14 shows that the points of R1 and

R2 narrowly scatter around the straight linéseveals that the residuals for R1 and R2 follow
normal distributions well and the derived models will not be improved by any transformation

to R1land R2, which in other words means the models are valid.
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