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Abstract

The liquidphase processes occurrihgying fuel droplet combustion are important in
deciding the behaviour of the overall combustion process, especially, for the
multicomponent fuel droplets. Hencenderstanding these processes is essential for
explaining the combustion of the multicompahduel droplet. However, the very fast
combustion of the too small fuel droplet makes experimental investigation of these
processes uneasily affordable.

In the presentwork, a high speedacklighting, and shadowgrap imaging and
subsequent image prasng leading taguantitative analysis ahe multicomponent fuel
droplet combustionincluding liquidphase dynamicsare performed.Two categories of
multicomponent fuel i in which diesel is the base fuklare prepared and utilized. The
first categoryis biodieseldieselandbioethanoldiesel blendswhile the seconatategoryis
the waterin-diesel and dieseh-water emulsionsThe portion of the added components is
set t010%, 20%, and 30%f the total mixture volume for athe multicomponent fuel
mixtures(blends and emulsions)

Specific optical setups are developedlah and used for tracking droplet
combustion.The first setup is associated with the backlighting imaging with the resulting
magnification of thedroplet image being30 times the r& size. The second optical setup
is used forSchlierenand shadowgraph imaging, with the resulting magnification bking
times the real sizéor bothtechniqguesThose magnificatioe made it possible twisualize
the dropletinterior at high imaging rates (250, 1000, 1000Q and 40000fps) so that
trackingof thedropletliquid-phaseprocessess easilyperformed

Using the aforementioned optical setups, spatial and temporal tracking of nucleation,
bubble generation,internal circulation, puffing, microexylosion, and secondary
atomization during the combustion diie isolated multicomponent fuel droplstare
performed. This offered the privilege of full sequential trackimf droplet secondary
atomization from initiation to sutdroplet generation.

Emulsian fuel droplet fragmentation has also been tracked and visualizied
Schlierenimaging. The effect of water content of the emulsion on thénsity of the
resultingdropletexplosion wavédias also beeevaluated.

Spatial and temporal tracking ofhe subdroples generatd by secondary
atomizaion, and their subsequercbmbustion,in addition to theiroverall lifetimes have

9



also beerperformed Accordingly,a comparisorof the burning rate constahetweenthe
parent droplet and the resulting stitmplets is carried du

Specifically written and developed algorithms are used rfage processing and
feature extraction yrposes.These algorithms are executed using Matlab. Using these
algorithms, droplet projected argeerimeter, equivalent diametdélame height and width,
and subdroplet generation rate have been temporally evaluated.

The high speed magnified imaging and subsequent image processing revealed that
the rate of droplet secondary atomization is higher than those obtained by relatively low
imaging rate Additionally, it is shown thatluringa large portion oits entire lifetime, the
dropletgeometry has been affected by combustion significantly

The combustion of twinteracting multicomponent fuel dropleds different spacing
distanceshas also been investigated. The ligplthse processes inside both droplets have
been conceivedThe effect of secondary atomization from one droplet on the other
neighbouring droplet has also been studied.

The burning rate constants evaluated for itiieracting fuel droplets are found to
have the same trends as tbelated droplet combustion. However, the ratio of the droplet
burning rate constant of the interactive droplet combustion to that of the isolated droplet
combustion is higher than unityhe rucleation rate within the interacting fuel droplets is

also found to béigher than that within the corygending isolated fuel droplets

10
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Chapter 1. Introduction

1.1 Motivation s

Combustionhas been identified and exploited since the early forms of human life.
Fire hasbeen usedsa source of heat and light, led to the expansion in digestive food
variety, andhelpedto fabricate the metal toolssed for hunting and farmingd].
Additionally, it has beenassumed as one of the universe basic elements in addition to
water, earth, r&d air[2]. However,the paradigm shift itombustionexplanation occurred
in the late eighteenth century, with. a v o i poistalatianson the role of oxygen in
combustionandthe inventon of the safety lamp and premixed gas burmeddition to
the studies in flame propagation and detonatibinesebesi des Semenovoés
thermal ignition and chain reactioresnd the works of Zalovich, Damkohler, and Von
Karman in thefirst half of the twentiethcentury,in addition tothe contributions of may
other researchers and scientific socieliase helpedn pushing combustion investigation
many steps forwarf8].

Presently, combustioplays anessentialrole in industry, transportation, energy
production, and different aspects of ligmd civilization, andaccounts for the highest
portion of energy production around the world. Therefore, great efforts are conducted and
being applied tanvestigate develop, ad then controlthe diverse combustion processes
andsystemswith the associated phenomena. All these efforts are aspired by one objective
that is to make energy production satdeaner, and morefficient.

Liquid hydrocarbon fuels contribute a greahount of this energydue to the ease
and flexibility of transporting and storing these fuels compared to the gaseous forms, in
addition to their availability compared to the solid fuélewever, liquid fuels cannot be
used in their bulky form. Therefarén most of theapplicationsthe liquid fuel is mixed
with the oxidizer and burned in the form of sprays of small size dropléts form of
combustion is relevant to a variety of systeimduding diesel, rocket, and gas turbine
engines, in addition tahe oil-fired boilers, furnaces, and process heatklance, for
developing these systenasthorough understanding of the basic physical processes related
to spray combustion is essentjahot only for increasingenergy poduction but also for
controllingthefire hazard when handlirtpe fuels andreducingthe combustiorgenerated
pollution.

21



However,spray combustion is eomplicatedmultidimensionalaerothermochemical
problem that involves different physical and chemical processs interacting
simultaneouslyThese processésclude i but not limited toi multicomponent twephase
flows, chemicalreactons, heat and mass transf@ndphase changpl]. Thus, a detailed
understanding of spray combustion requires a full comprehensioradahf ef these
processesalong with the associateaccurring phenomenaThough this can only be
performedby localizing theanalysis within the spray instead@i¥ing overalldescriptions
i.e. microscopic rather than macroscojpigestigation This can be achieved by exploring
an individual droplet as opposed to the complete sgigig the fact thathe spray is an
ensemble of individual dropletbat constitute the dispersed phase that is surrounded by a
gaseous mediunvhich represent the continuous phase

Accordingly, droplet combustion has been the subject of a vast number of
investigations both experimentally and theoretically in an effosduress the mentioned
physical and chemical processes taking place during spray comb@$tiiowever, there
are still some gaps to be filled by further investigatiolsoplet combustion of the
multicomponent fuels is one of these areas that need further comprehension. The
multicomponent fuel is defined in the present work as the mixture of two or more liquid
fuels or fué mixturesthat are prepared prior to combustidrhis include, fuel blends,
emulsions, anall other mixtures resulting from the physical mixing rather than chemical
reaction of the mixture constituenta.this context, the singleomponent fuel is meaitd
be the regulaneat liquid fuel that is used in its original form without mixing with other
components, such as regular diesel, gasoline, ethanol, and methanol.

Hence, the aim of the present work is to fill in some of these gaps. This would be
achievel by implementing experiments on three different categories of droplet combustion,
namely, multicomponerfuel droplet combustion, Halroplet dynamics, and the reciprocal
interaction of tweneighbouring droplets during combustion. These aims and a suroimary
the overall motivations behind this work are showFRigurel-1.

Conversely, ptical diagnosisis one of the mostly implemented techniques in
combustion measamentsboth qualitatively and quantitativelyAnd it is receivng an
increagd interestdue to a variety ohdvantages such asndisturbing the flow field
inside the measured systequick and precise record of the instantaneous changes in the
environmet under study, and large dgbeovided in compaison to other measurement
techniqueg6]. However, a single optical technique is limited in the number of parameters

studied for every process. Therefore, in the present work three different imaging
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techniques are used for studying droplet combustion, namely, the backlighting imaging,
shadowgrapyy andSchlierenimaging. This resulted in covering as much as possible of the

processes and phenomena associated to droplet combustion.

Energy Production

\Z

Fuel Combustion

\Z

Liquid Fuel Combustion

\NZ

Spray Combustion

\Z

Droplet Combustion

\Z

Dropelt Liquid -Phase Dynamics

Figure 1-1: Motivation sequencef the present work

In conclusion the main motiation behind the present work is taking the current
understanding of droplet combustion a step further by carrying out dacus
experimental investigation of the liqughase dynamicsluring the combustion ofhe

multicomponenfuel drodet using three different high speed imaging techniques.

1.2 Objectives

According to the aforementioned motivatiortee tmainobjectiveof the present work
is the study of the multicomponent fuel droplet combustion using high speed imaging. This

objective in turnjs subdivided into the following subbjectives

i. Performing a omprehensive aview of the upto-date researchvorks in droplet
combustion The intensionis to collect, classify outline, and summarig all the
possibleavailable previous worlledicated talroplet combustion

ii. Developing an optical setup (or setups) capable of tracking the different processes
occurring within the liquidphase of the dplet during combustion. Considering

23



initial droplet diametey size variation,transparency, and the chaotic nature of
combustion, in addition to the short time span of the overall process.

iii. Using the developed setups fdudying the combustion of multicomponent fuel
droplets with an emphasis to the droplet ligplthse processes. These include
nucleation and bubble dynamics, puffing and microexplosion, anedrsybet
generation by secondary atomization.

iv. Developing and validatingppropriate algorithms for processing the images obtained
by experimentation, and extracting the required droplet features with high precision
and minimum uncertainty.

v. Testing different fuels and fuel mixtures and providing quantitative data for the
droplet combustion characteristics of these fuels.

vi. Studying the effect of muliroplet interaction on the droplet liqumhase dynamics
of the multicomponent fuel droplets during combustion.

vii. Providing quantitative data fahe occurrence of puffing and micsgeosion and

secondary atomization rate during the combustion of multicomponent fuel droplets.

1.3 ThesisOutline

The thesis is divided into eight chapters arranged sequentially to outline the
devebpment of the work carried out starting from the motivatibaekind the work and
ending with the main findings and conclusions. These chapters are as follows:

Chapter 1 contains the motivation and objectives of this work. The covered areas of
droplet combustion and the used diagnosis techniques for eachraredlined as well
Afterwards, the work objectives are listed.

Chapter 2 presentstheoreticateview ofthe problem starting froratomization and
liquid fuel combustion, in addition to a basic descriptardroplet combustion and the
c | as Di-lcavtheorft The mostused dagnostic techniquefor droplet combustion
investigationhavealsobeen reviewed.

Chapter 3 outlines the main experimental features of the work, including
multicomponent fuel preparation, droplet generatgugpensionand ignitian techniques.
Then,the image processing methodology and algorithnesexplainedFurthermoredata
validation and error analysis for the experimental results and image processing algorithms

have been depicted in the end of the chapter.
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Chapter 4 demonsites the experimental work carried out for evaluating the
characteristic parameters in the combustioramfisolatedmulticomponent fueldroplet
These include the burning rate constant, droplet size evolution, and the flamefstand
ratio, in addition 6 the droplet shape variation throughout the entire droplet combustion
time.

Chapter Socuses on theuffing and microexplosioprocesses leading tecondary
atomizationand sukdroplet emission from the isolatadulticomponent fueldroplets
during combstion

Chapter @racks thedropletliquid-phase includingiucleation and bubble generation
and growthinsidethe multicomponenfuel dropletduring combustion

Chapter 7 presents the combustion characteristics ofntwracting droplets ofhe
multicomponent fuels usinghagnifiedhigh speed imaging.

Chapter 8summarizeghe overall findings of thepresentwork, and proposeshe
probablefuture works for further investigations

Additionally, five appendices aiacorporatedat the end of the thesis for elucidating
the auxiliary data and methods used in the present work. These include fuel terminology,
fuel properties,droplet diameter evaluation methogsjblished burning ratesnd the
Matlab code flowcharts
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Chapter 2. Literatur e Review

2.1 Introduction

Combustionas a process is an extremelfast exothermic reaction that releases
energy in the form of heat and propagates through the surroundimgnenent in the form
of flame[7]. Combustion is an integral of different phyai@and chemical processes that
startby fueloxidizer mixing proceed by ignition and flame propagatiand terminate by
the production of various chemical substanes a result of fuel oxidatioihe essential
part of combustion is the flame, sincesitthe zone where fuel and oxidizer meet and react
and it is the region of the highest temperature in combustion. Therefore, it has received and
still receiving the greatest interest in scientific investigation. The flame is definad as
rapidly propagatingselfsustaining, reaction in a tiny space betweerfiléand oxidizer
Flames are classified according to different categories dependitiige dype ofreactants,
flow condition, and other factors. The most famfiame classifications are based:on
1 Combustible Mixture Formation flames are classified according tthe
fuel/oxidizer mixing into Premixed FlameandDiffusion FlamesPremixed flames
take place when the fuel and oxidizer are well migpedr to combustion or the
fuel-oxidizer mixing occurs ahead of the flame front as in the Bunsen hurner
Whereas the diffusion flamesccur when the fuel and oxidizer enter the
combustion zone separately and react rapidly as they mix.
1 Type of Flow flames are classified accordingttee reactants natui flow into
Laminar Flameswhen the flow is laminar, andurbulent Flamedor turbulent
flows [8].
Examples of flame types and applications are showrabie2-1. Diffusion flames are
preferred in the majority of industrial applications since it is safer to keep the fuel and
oxidizer away from each other, in addition to the greater flexibility theyige in
controlling combustion intensity and flame structure. Turbulence on the other hand is
more preferred in combusti than laminar flow due to the resulting mixing
enhancement by turbulence compared to laminar fgjwHowever, diffusion flames
are sometimes superimposed & fpremixed flames in some practical combustion

systems involving the combustion of liquid fuels.

26



Table 2-1: Flame types with examples.

Flow/Flame Premixed Diffusion

Laminar Bunsen Burner Candle Flame

Turbulent Spark Ignition Engine| Compression Ignition engine

On the other hand, combustion may be classified according to the physical state of
the reactants. Where, the terhemayeneous combustiors used for describing the
combustion of fuel that is ithe same physical state as the oxidizer, such as the Bunsen
flame. Whereas thieeterogeneous combustidascribes the combustion when the fuel and
oxidizer are initially in different physical phases, such as the combustion of coal particle in
air [10]. Since the majority of combusti@pplications are based on burning the fuel in air;
therefore, the heterogeneous combustion will take place basically in the combustion of
liquid and solid fuels due to the multiphase nature of the combustion of these fuels. And,
due to the same reason,tdregeneous combustion is more complicated than the
homogeneous combustion. Therefore, further investigations are required for acquiring in
depth information and developing the understanding of the chemical and physical
processes that take place throughiat heterogegous combustion. Hence, the pe®f

the present work ithe heterogeneous combustion of liquid fuelsin

2.2 Liquid Fuel Combustion

A large portion of the global energy requirements comes from burning liquid
hydrocarbonsThis is due tdhe ease and flexibility of transporting and storing these fuels
compared to the gaseous forms, in addition to their availability compared to the solid fuels.

Liquid fuel combustion may take different forms according to the type and quantity
of liquid andthe nature of combustion system. These forms are sholigune2-1. Some
of these forms take place in the form of accidental fires sutted®ol Fire and theSpill
Fire. The former type occurs for the liquid fuels stored in open tanks, buds, and fuels
acwmulated in depressions in the grountheTerm pool is usually used for describing
liquids of free surface and considerable depth (more than 10mihg pool fire he depth
of the liquid is important in deciding the burning rate and continuity of cotomudVhen
the depth is high, the heat dissipation to the bottom of the liquid is of minimum effect on

the burning rateThe spill fire on the other hand is assumed@eial case of the pool fire
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thatoccurs throughout the burning of a leaking liquidl fore a norblocked spacdn such

case liquid spread continge causing the area of the burning surface to increase until
reaching dynamic equilibrium. Examples of such case are the leakage of liquid fuel from a
pipe or a damaged vessel. The topographyhefsurface plays a key role in deciding

whether the liquid will spread uniformly over the ground or flow in discrete channels.
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Figure 2-1: Different types of liquid fuel combustion at different sifls

Liquid depth is affected by the properties of liquid itself and the nature of the surface
wherethe flow is taking place. If the depth of the liquid is increased, the combustion will
take the form of pool fire rather than spill fifgl]. Each of these configurations take the
form of nonpremixed or diffusion flame.

However, in the majomt of applications liquid fuel combustion is planned and
controlled. Though, in these applicatiortee essential property of the liquid fuels that may
affect the nature of their combustion form is thtiad ignition point of the fuebxidizer
mixture is usally higher than the evaporation point of thquid fuel. Accordingly,
combustion will occur mainly if not only i in the gaseous phaselence the fuel
tendencyfor evaporationis called volatility. Liquid fuels are classifiec@ccording to
volatility into volatile and nofvolatile fuels. Volatile fuels usually vaporize and mix with
the oxidizer, and then burn in a premixed flasiechasgasoline combustion in the spark
ignition engine. While, the newolatile fuels are usually vaporized duriegmbustion,
leading to diffusion flame configuratiorExample of this type of fuels is the diesel
combustion in the compression ignition endib2]. In the latter, the fuel is injected in the
form of spray into a high pressure high temperature air so that thefliquid fuel will

disintegrate into smaller size droplets which will evaporate and burn locally. This form of
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spray combustion involves different physical and chemical processes that interact
simultaneously throughout the overall combustion processs interaction makes it
worthwhile to invest in the investigation and further analysis of such processes in an
objective to comprehend the nature and mechanism of each of these processes. Therefore,

liquid fuel spray combustion will be the speof the rest of the present work.

2.2.1Liquid Fuel Spray Combustion

Spray combustion earliest implementation was in ltte nineteenthcentury for
burning non-volatile liquid fuels. Certainly it remained the main technique of burning
heavy fuel oils at present gpite of the use of fluidized bed combustors.

The burnindiquid fuel spray is different from a premixed gaseous fuel; the former is
being non uniform in composition. The liquid fuel exists in the form of discrete variable
size droplets moving in randodirections and variable velocities compared to the main
stream. This form of neaniformity in the combustible mixture leads to irregularities in
flame propagation through the spray, which makes the combustion zone geometrically
poorly defined[13]. Liquid fuel combstion consists mainly ofour processesnamely
spray formation, fuel evaporatiocombustible mixture formatiomnd mixture combustion
[14,15] Thefuel sprayis usually brmed byinjecting the fuelthrough anozzleat very high
pressure (up to 2000 batpwards the combustiochamber (that is normally &ot
environmenk Once it leaves the nozzle, the liquid jet takes the form of a conical spray as

shown inFigure2-2.
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Figure 2-2: Spray formation and breakypeproduced fronji16]).
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Turbulence inside the liquid stream causes its break up ltodie of liquid threads
that subsequently progress into a dense cloud of different size droplets that penetrate
through the gas into the combustion zoeeaporateand mix with the oxidizer to initiate
(and then maintain) combustion. Liquid break up amdpkt formation is known as
atomization Atomization is important in combustion, since most of the combustion
systems (such ake industrial furnaces and internal combustion engines) work on liquid
fuels that cannot be used before being atomized. Ansl @ssential in increasinthe
combustion efficiency in such systems because of the high liquid surface to mass ratio
generated after atomization, which in turn leads to higher rates of evaporation and mixing,
and then combustigi 7].

2.2.2 Atomization and Droplet Formation

Atomization is defined as the conversion of liquid from its bulky form into a spray of
droplets and other physical dispersions of small particles in a gaseous environment. This
could take place due to the kinetic eneof the liquid being atomized, duas tfat carried
out by thepressure atomizersy by being in contact with highelocity gaseous substance,
in what is called the amssist atomizergr as a result of an external foraich as the
flash boiling atomization, effervescent atomizationjtrasonic atomization, and
electrostatic atomizatiofl7].

Despite how the sheet is produced, its instability is increased by the surrounding
aerodynamic disturbances, causing it to spread out from the nozzle with a decrease in its
thickness and perforations that tgkace and develop toward each other creating threads
and ligamentsas shown inFigure 2-3. The collapse of these ligaments with each other
leads to the formation of variable size droplets. This initial collapse of the spray into
threads and ligaments, and then into droplets isaatimary breakup. The size of the
resulting dropletsanges from few microns to hundreds of micrfi, andis determined
by the liquid sheet initial thickness, velocity gradient betweea liquid and the
surrounding gas, and liquid physical properties (mainly viscosity and surface tda3ion)
These droplets may undergo a subsequent arpalue to the aerodynamic forces resulted
by the velocity gradient between the droplets and environment. Thiscgudrg breakip
is calledsecondary atomizatiof16].
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Figure 2-3: Idealized process of droplet formation from a liquid sl&@}.

Thence, it is found that droplet size variation has an effedioth spray and engine
performance characteristics. Spray tip penetration distance and velocity are found to
increase with increasing droplet size due to the longer evaporation time rg@0izH|.

Flame shape is affected by drapdize as well. Brge droplets usually burn adiffusion

flame around the liquid phase, while a premixed gas flame appearance is noticed in the
combustion of very small droplets, due to the complete evaporation of these droplets
upstream of the flame fmb [22]. Furthermore, NOx formation is found to decrease by
decreasing droplet size in the spray due to enhanced evaporation and the domination of
premixed combugin mode compared to the diffusion combustion mode of the large size
droplets[23].

Accordingly, it can be deduced how prominent are the droplet characteristics in
defining the fuel spray and engine performance characteristics. Hemomprehensive
understanithg of the single constituent of the spraypuld be helpful ér explaining the
more general spray structure. This is due to the fact that the fuel spray is an integral of a
large number of small size droplets.eféfore, the previously set gmoof the work on
liquid fuel combustion is further converged to singlel fdroplet combustion.

2.3 Droplet Combustion

Studies of spray combusti@me categorized into two major trends: the first is based
on analysing the real combustiprocessstarting from singlduel droplet combustion or
an idealized sprayvhile in thesecondtrend;direct observations of spray combustion are
made to investigate the different accompanying phenomena such as flame length,
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radiation, flame oscillation and stability. Moreovepray combustion could be studied
theoretically using the infornian from a single fuel droplet in the turbulent gas diffusion
combustion [24]. Therefore, doplet comlstion investigation is essential for
understanding spray combustion, since the spray faricombustion turns into an integral
of a large number of fine droplets.

First of all, it is important to differentiate between the different forms of droplet
combustion. In fact, here are two forms of droplet combustiothe first is the
monopropellantdroplet combustion, where the fuel and oxidizer exist in a single
substance, as it is seen in the combustion of hydrazine by nitrom¢&sn€his form of
droplet combustion haseen the subject of a variety of research work, both experimental
[26i 28], and theoreticdR9i 33]. The second form is tHapropellantdroplet combustion,
which is by far more employed in practical applicatioigt involve fuel droplet
combustion in a surrounding oxidizing medium (usually.aifhe presen work is

conducted mainly on the second form of droplet combustion.

2.3.1The Classical Theory of Droplet @mbustion

The first experimental work carried out for investigating the combustion of an
isolated fuel droplet belongs to Godsave in 1884 and 1950[35], and Kumagai and
Isoda in 195(036]. Whereas, the first ansimplest model designed for describing droplet
evaporation and cornistioni alsoknown as theclassical theory(or D*law) of droplet
combustioni is carried out by Godsa\J87] and Spalding38] in 1953[39]. The classical
theory exemplifies the essential physics and gives an elementary speculation on droplet
regression ratg¢4]. In this model, the fuel droplet is exposed to a stagnant oxidizing
environment This dropletevaporates at its surface, though the resulting vapour diffuses
outward and reacts with the oxzéri which is diffusing inward from the surroundings
in a nonpremixed flame, as shown kgure2-4.

The fuel vapour and oxidizer consume each other in theeflaone in a
stoichiometric reaction. The heat generated by the reaction conducts inward towards the
droplet and outward towards the environment. The heat portion conducted towards the
droplet will provide the required energy for persisting droplet evaparand maintaining

combustion until full consumption of the fuel droplet.
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Figure 2-4: Combustion model of an isolated liquid droplet in an infinite oxidizing medium.

The resulting heat is transferrém the flame through conduction and radiation
towards both the environment and the droplet surfa@g Hence, the energy, fuel, and
oxidizer conservation equations are taking the forms shown in equatibnd2 and 23

respectively:

. QoY Q. _Q 0"Y . L,
| o] Qi 5‘[ | O_ Ol 1 O eee (2'1)
QX Q ‘@ , .
I "4— — | e i 0 eee 2-2
VY o' P o e (2-2)
QX Q (@0 , .
TH—  — | Y eee 2-3
N S TETL ) ¥ i a (2-3)

For solving the above equations, am@veloping the classical theorgf droplet
combustion, the following assumptions have been made
I. Quaststeady droplet combustion
ii. Sphericalsymmetry. Therefore,convection and diffusion only take place radially, and,
temperature and mass fractions of the fuel and oxidizer depend only on theaaitiah.
iii. Stoichiometric reaction between the fuel and oxidizer at the flame fientce the rate
of change of energy is determined by the rate of consumption of both reactants.
iv. The demical kinetics are infinitely fast compared to diffusion, resultingan
infinitesimally thin flame interface between fuel and oxidizer.

v. The gasphase heat capacity and transport properties are all constant.
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Vi.

Vil.

viii.

Xi.

Gasphase quassteadiness.

Uniform and constant droplet temperature close to the saturation point, so that the
heating up period is neglected.

Both Soret and Dufour effects are neglected. This is to neglect the heat flux due to

concentratiordifferenceand mass diffusion due to temperatgradient

. Singlecomponent fuetiropletwith no internal flows in angimension.

No soot formation, negligible radiation. To cancel out the effect of luminosity radiation
in the conservation of energy term.
Unity Lewis number. For combining the energy and mass conservation equations and

eliminating the ratelependent sourderms.

Correspondingly, equations-3-(2-3) are simplified and solved for evaluating the

main characteristic parameters of droplet combustsfollows:

The mass burning rate of the burning droplet is evaluated as:

T“TQ‘I‘IT ., L Lo 0.4
= p O eeeé (2-4)

Flame temperature is expressed in terms of droplet surface temperature, fuel properties,

and stoichiometric fuel/air mixture as:

Y 'Y — o) P é éé (2'5)

Flame radius, on the other hand, is expressed in terms ofdp&t radius as shown in

equation (26). This ratio is known as the flame staoffiratio of droplet combustion.

- — 666 (26

o T 66é (27
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Where (B) is th&Spaldingtransfer number, and it is defined as:

8 i 666 (28

The burning rate constardf droplet combustions also evaluatedin terms of fuel
properties and the transfer numhbsr

o Lo
v TI p O eee (2'9)

Where, it is actually a catant at the steaelstate only, and it represents the slope of the
droplet size variation with timédence,the general equation of the temporal droplet size

variation isexpressed as:
O o0 O Vo eéée (210

Equation (210) is known as the Haw of droplet combustion. From which, the overall
droplet lifetime is determined by letting?@) = O;

s 9 666 (2-11)

As it is shown in the above listed equatioihg tormulation of the classical theory of
droplet combustioffiacilitated the prediction of droplet burning rate, flame temperature and
radius, andon-surface fuel concentration. Howeverthose predictions represent the
approximate (rather than real) valug#is is due to the assumptsuased for developing
the theory which simplified the solution batcordingly omitted the effect of some of the
physical and chemical processes that take place in the combustion of real fuel drbplets.
guaststeadiness ssumptionfor example,eliminates the timelependent variables in the
conservation equations, but, it excludes the transient processes at the same time, such as
droplet heating, ignition, and flame extinctionThe effect of droplet heating on the
resultingcombustion behaviour imvestigated40i 45], and is shown to be significantly
effective on the droplet lifetime and combustion bétan]40i 42]. The estimated droplet

heating period is found to be about-20% of the total droplet lifetim§t0,41] Droplet
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ignition delaytime is also important in the real combustion systems, since it defines the
portion of heterogeneous combustion and the rate of heat asdnawasfer to and from the
droplet[46]. The droplet ignition delagime is considerably variabland isaffected by the
type of fuel [47149], droplet initial size [50,51] and initial temperaturgl51], and the
environmental pressure and temperaf6&53].

The constant transport properties assumption causes uncertainty in the results due to
the strong dependence of the thephysical properties on both temperature and species
concentration[54,55] These uncertainties may reach about 20% of the experimentally
evaluated characteristi¢s4]. Therefore, different theoretical models have been dewv&lope
for investigating droplet combustion under variable transport propgs6ess].

On the other hand, experimental investigation of the droplet combustion under zero
or microgravity conditions have revealed the formation of sootshell around the droplet for
different types of fuel$59i 64]. A sample image of this sootshed shown inFigure 2-5.

This finding practically neutralized theassumption of no soot formatighat is used for

developing the classical theory of droplet comimunst

Figure 2-5: Shadowgraph image of thea shell formatiorduring the combustion of ethanol fudopletin
microgravity[62] (with permissiorfrom the publisher)

Accordingly, the values predicted by the use of the classical theory of droplet
combustion may be utilized for primary estimation purposes rather than precise
calculationsHowever, the characteristic parameters set by the classical theory, such as the
buming rate constant, flame stanff ratio, and droplet lifetime became the key
parameters to be evaluated throughout the majority of the research work conducted for
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investigating droplet combustion both theoretically and experimentaligview of the
dewelopment of such research works is performed below.

2.3.2Development ofthe Droplet Combustion Investigation

After the D*law formulation by Godsave and Spaldingnd the preceding
pioneering experiments of Godsave, and Kumagai and Isoda, droplet combustion
investigationreceivedan increased interest apdperiencedapid development, especially
with the evolution of both instrumentation and experimental techniquesne handand
the computers andomputational methodsn the otherKumagai and Isodgs5] performed
the first droplet combustion experiment under microgravity conditions. They aimed to
prove the spherical symmetry assumptions of the classical theory by eliminating the effect
of buoyancy and natural convection on the droplet burning Ee. o the effect of
buoyancy, the visible flame takesmeore ovallike shape rather than the spherical shape
assumed by the classical theoag shown irFigure 2-6 for a diesel fuel droplet burning

under both microgravity and normal gravity conditions.

Figure 2-6: The shape of the flame surrounding a burning dragseét appears unde@) microgravity

conditions (b) normal gravityconditions[66] (with permission form the publisher)

Accordingly, Kumagai and Isoda have created the microgravity environment for their
experiment bysuspending the droplet inside a freely falling chamdoed imaging the
dropleti that is ignited inside the chamidewhen the chamber passes a certain predefined
point in its pathas shown irFigure2-7. Glass windows are added to the chamber to allow

imaging the droplet during combustion.
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Figure 2-7: The falling chamber used by Kumagai and Isf#g (with permissiorfrom the publisher)

This experiment is then developed by Kumagai and hisiariters foreliminating the
effect of the suspending fibfé8i 70], and studying the effects of air flow1], and initial
droplet diameter[72] respedwvely on the droplet burning rate under microgravity
conditions. The work of Kumagai and Isodaas the startof a new pathin droplet
combustion investigatiothat is carried outnder zeo/micro/low gravity conditionsSome
are carried out according tthe same priciple of freely falling chamberThis is
encouraged byhe establishment of the drop tower facilities performing gravityrelated
studies such as the NASA zergravity and 2.2 second drop towers operated in the mid
sixties of the last ceaty, and the MGLAB, ZARM, and NML drop towers in Japan,

Germany, and China respectively

Figure 2-8: The110mHeightZARM Drop Tower in Bremen, Germarjy3].
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The drop towers are a@vacuated, specially built struots either above the ground
(towers), or underground (shafts) of heights around 100 m, in which microgravity
experiments are carried out by free falling capsules inside these fg\8gras shown in
Figure 2-8. These towers may generate a microgravity environment in the range“ef (10
10° g). Diversity of droplet combustion research work has been carried out using these
towers[49,59,62,7477].

Another microgravity experiments are carried out using the parabolic flight
technique[78i 82]. The experiments are performed insigpecially modified aircrafts
which are used for reducing the gravity by flying through paths with a set of parabolic
trajectories as shown iRigure 2-9. The microgravity generated using this technique is
about (102 g) [73,78,79,81,82] which is lower than that obtained by the drop tower
method The third method for investigating droplet combustion under reduced gravity
conditions is to perform the test in spackhis is carried out cboard either the
International Space Station 19%7,83 87], or space shuttles with specifically assigned
experimental testing missions, such as the space shuttle Columbia, in which a variety of

experiments are carried dégi 92].

Injection point Recovery point

8500 m 370 km/h
A“;% \
7600 m Q42° 570 km/h
% &
6100 m 825 km/h

Figure 2-9: Parabolic Flight Profil®f the Zero-Gravity AirbusA300 Aircraftof Novespace France73].

Likewise, droplet combustion investigation under normal gravity conditions has also
been extensively performed, since the real fuel combustion usually takes place under
normal 1 rather than reduced (or zerd)gravity environments. Despite the effects of
buoyancy and natural convection associated with the normal gravity conditions, the
experimental work performed under certain conditions has the privilege of flexibility and

suitability for every type of measurement techniques. The size and weight lingtation
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associated with the falling chamber and drop tower techniques are not encountered in the
normal gravity experiments. The cost effectiveness eask ofrepeatability are other
factors to be added for the advantages of the normal gravity experimentsavhpared

to the microgravity experiments carried out in space and the parabolic fligjeteforejn

a 276 samplestatistical survey of the published work on droplet combustion reséarch

the period oftmé r om t he ear |l y 195 @paimdntatesBadcivark t he |
carried out under normal gravity conditions is found to be higher than that of the
corresponding work under reduced (or micro) gravity conditions as shokigure 2-10.

Among these 276 experimental research E@3% are performed under normal gravity

and the remaining 37% is carried out under reduced gravity conditonariety of
research areas have bammsidered under normal giywconditions, these include but not
limited to droplet ignition[52,93,94] burning ratg95i 97], microexplosion[98,99], and
sooting behaviouf100], of different singlecomponen{95,101 105]and multtcomponent
[93,94,98,99Fuels, and under variable environmental @itions[52,96,97,102,106,107]
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Figure 2-10: Comparison between the portion of research work on droplet combustion carried out under

normal gravity and that carried out under reduced gravitgitions for the period 1942017.

Droplet combustion modelling, on the other hah@s encounteregubstantial
developmerg since the earliest description and formulation of thda by Godsave and
Spalding. New models have been and are being i devebped for more accurate
description of the problerand precise evaluation of the corresponding paramdibese
models commenced initially with the attempts to modify thela® model Initially,
Goldsmith and Penndl08l mo di f i e d nGdedby alwmmaiirsy the unity Lewis
number assumptigrand usng temperature dependenr at her t han Giodsav e«
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specific heat and thermal conductivitiylore generalized formulas for the transport
properties are then set and used Kgssoy and Wiams [54] for studying droplet
combustion. Afterwardgjifferent models are developéatr studying droplet heatinghOi
45], ignition [43,53,109113], extinction[109,110,114,115]and otheraspects of droplet
combustion.

However, droplet combustion investigation has not been limited to studying the
combustion of isolated singlmponentuel droples. Insteadjnteracting droplet clusters
and steams has also been investigatad, addition to the implementation of
multicomponentfuels and fuel mixtures on an extensive number of droplet combustion
studies.Despite the importance of the isolated, sirgdenponent fuel droplet combustion
model in understanding the overall droplet combustion process and proving the classical
theory d droplet combustion, but, the multicomponent fuel droplet and interacting- multi
droplet combustion models are more realistic compaoethe aforementioned model.
Since, the majority of liquid fuels utilized in combustion applications are in fact mixtures
of different components rather than a single component, and are burning in the form of
sprays of a large number of droplets that are interacting together within the boundaries of
the spray. Accordingly, urther exploration of these twocategoriesis believed to be
helpful. Hence, detailed reviews of the multicomponent fuel droplet combustion and the

combustion of interacting fuel droplets anatlined in section§2.4) and(2.5) respectively

2.4 Multi componentFuel Droplet Combustion

A large portion of fuels are utilized in the form of multicomponemels or fuel
mixtures.These fuels are either initially produced in the multicomponent form (such as the
diesel fuel), or prepareds multicomponent fuel mixturgwior to tsage. These mixtures
are eithe takingthe form ofblends (such as diesel and gasoline blendivith alcohol),
emulsiors (asin thewaterin-oil emulsions)or slurries found inthe coal/watemixtures.

Three mainpurposesare behindthe use ofuel mixtures in combustiarthe firstis
increasing the performance of the combustion system by the addition of higher heating
value fuels. The second rieducingthe harmful environmental impact of the conventional
fuels. And the third is theepletion of the conventional liquid fuel resowgddence the
componentsadded to the conventional fuedse usually selected accordibtgthe above

mentioned purposes, and have to fulfil thenditions of system performance,fuel
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availability andsustainability andbetterenvironmentalmpact. Accordingly, alcohols and
biofuels arethe nost utilized fuels with the conventional liquid fuels in combustion
applications because of their evidenced soot and NOx reduction effects and relatively
comparable combustion efficiency as those of the conventignal fuels

In the multicomponentuel mixtures, no chemical reaction will occur between the
fuel canstituents andeach castituentsustairs its own physical and chemicalroperties
Therefore, the combustion of the resulting mixture is more complithsedthe pure fuel
combustion because different components are burning simultaneously at the same point
and instant of timeHence, unlike the single component fuel droplet combustiarwhich
droplet evaporation is the rate controlling procésthe multicomponent fuel droplet
combustiorencompasses the effect of droplet interior heat and mass trgri€igr

As a resultthe multicomponent fuel droplet combustion is much more complicated
compared to the singleommnent fuel droplet combustion. Firstly, the different
constituents of the multicomponent fuel have different boiling points and different
evaporation rates that leads to creating concentration gradients inside the droplet (in the
liquid phase). Secondly,ué to the boiling point gradient, a difference in volatility
tendency is expected. Hence, the more volatile components tend to evaporate first until
their concentrations are reduced, changing the concentration gradient inside the droplet.
Lastly, the evap@tion of the more volatile components reduces their concentrations but
does not consume them completely. Thus, the remaining quantities of the highly volatile
components tend to diffuse to the droplet surface due to their tendency of evaporation, and
theless volatile components will tend to diffuse inward. This in turn, will create an internal
circulation in the liquid phase, and will affect the evaporation rate of the droplet because of
concentration difference on its surface along its lifetifh&7]. Therefore, lhe main
parameters that are affecting droptembustion of the multicomponent fuelse: (i) the
volatility and relative concentration of each of the constituents of the multicomponent fuel,
(ii) the misciblity of these constituents, and (iii) the relative motion inside the dr¢plet
Each of these parameters hizsdirecteffect on the resulting canbustion behaviour ahe
multicomponenfuel. The volatility and concentration gradient of the constituents paly an
essential rule in the circulation inside the dropléte phase change characteristics within
the liquidphase of the droplet are contrall®y the miscibility of thee constituents on
each othenWhereas, the relative motion inside the droplet will enhance evaporation on the

droplet surface by assisting outward flow of the volatile components inside the droplet.
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Accordingly, doplet combustion of the multicomponent fuels has beend is
being T investigated extensively both theoretically and experimentédly better
understanding of the physical and chemical processes associated with this form of droplet
combustion Primarily, the multicomponent fuel droplet combustion investigatisn
carried outby Wood, Wise,and Inami [118] for evaluating the effect of changing fuel
compositionon the resulting burning rate of the fuel droplet. Theye used heptane,
trimethylpentae, and dibutyl ether all blended with butanodividually to form binary
mixtures.From that time hithertothe multicomponent fuelrdplet combustion hakeen
extensively investigatedn an effort to comprehend its nature and understand the various
associated processes. For instanassuming uniform composition and temperature
distributions within the droplet liquighaselLaw [119] developed two theoretical models
for describing the unsteady combustion of the multicomponent fuel dréjfdetever, the
uniform composition distribution is uttainable in the real droplet combustiprocess.

On the other handWang, Liu, and Law116] characterizedhree distinct stages
during the combustion offreely falling heptane/propanol, hexadecane/propanol,
heptane/hexadecane, and propanol/watetture droplets Thesethree stages are: the
volatile component evaporation and consumptstage, the transition droplet heating
stage, and the quasieady combustion stage. These stagee hlso been described by
Niioka andco-workers[120,121]for fibre-suppated heptane/hexadecane droplets burning
in high pressure and high temperature environments respectively. And, described by
Botero et al.[122] and Hoxie, Schoo, and Brad¢®9] during the combustion of freely
falling diesel/ethanol and biodiesel/ethanol, and fdgupported biodiesel/butanol blend
droplets respectively. However, in certain caieese three stages are dtinctive, due
to the relatively fast consumption rate of the volatile component, so that the combustion of
the droplet will take the form of singlomponent fuel§9].

Additionally, different types of multicomponent fuel mixtures haeen devoted for
experimental studies These include fuel blendghat are either paraffinbased
[59,98,116,120,12327], diesetbased [99,102,122,128132], and/or alcohotbased
[116,129,138136] mixtures in addition to watem-oil [125,129,137143], oil-in-water
[144i 146], and alcohol/oi[124,147]emulsions; and liquigolid mixtureg93,148 150]in
which micre and naneparticles are added toehiquid fuel for increasing its heating value
and in turn enhancing its combustion efficiency

Besides different physical processeshich areassociated with the combustion of

multicomponentuel droplets have been the pef a large portion of stlies, such athe
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puffing and microexplosion leading tiropletsecondary atomizatioffheseprocesses are
initiating andoccurring in the liquigphase of the fuel dropleither in the surface or deep
within the droplet internaJsand aredirectly affecting the overall droplet combustion
behaviour Accordingly, furtherexploration of these processeseissentialfor more in

depth understanding of the multicomponent droplet combustion. Hence, a review of the
origins, physics, consequencesyd the reearch work associated with these processes

outlinedbelow.

2.4.1Droplet Puffing, Secondary Atomization,and Microexplosion

Droplet microexplosion is defined as the prompt fragmentation of the
multicomponent droplet as a result of nucleation and explosive boiling of the less boiling
point component(s)98,151] If this fragmentation is less intensive and limited to part of
the droplet, it is usually called as puffing. Though, Tsue ef188] and Watanbe et al.,
[152], gave a more specific defirh for droplet puffing, that is the process of vapour jet
liberation form the surface of the multicomponent fuel droplet. This vapour jet is usually
filled with finely small subdroplets of the dispersed pha$ée continuous phaseayalso
detache from the droplet surface in the form of ligaments or small size droplets as a
consequence of an intensive puffing incidgt®3]. This detachment of ligaments and
small dropletsis called secondary atomization. Therefore, theoadary atomization is
defined asthe processes of droplet disintegration into smaller size droplets. This
disintegration results when the dynamic forces acting on the droplet are higher than the
restoraton force of the dropldtL54].

Puffing and microexplosion are direct results of the nucleation and bubble generation
within the multicomponent fuel droplets. The occurrence of these processes during the
multicompmnent fuel droplet combustion is firstly described by Dryer andvadkers
[123i 125,155]who gave a general name for these processes thatdssthptive burning
of the multicomponent fuel droplets. The same phenomenon has been distinguished by
Avedisian and cavorkers[64,126,147]for n-heptane based binary fuel mixtures including
emulsions. Hoxie, Schoo, and Brad®8], Botero et al.[122], and Segawa et a[145]
have also described the occurrence of disruptive burning during the combustion of soybean
oil/butanol, diesel/ethanol/biodiesel blends andhemadecane/water emulsion droplets
respectivelylasheras, Fernangello, and Dryef124] studied the disruptive burning of
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the ethanol/rparaffin and rmpropanol/mparaffin binary solutions under atmospheric
pressure. They found that droplet disruption results from the homogeneous bubble
nucleation, expansion, and explosion inside the droRketently,Avulapati et. al.[131]

have studied the puffing and microexplosion occurrence during the droplet combustion of
diesel/ethanol, diesel/biodiesel, and ethanol/biodiesel blends, in addition to a diesel
biodieselethanol micreemulsion. WhereaZhang et al.,[156] have investigated the
puffing occurrence during the heating and evaporation of biodiesel/butanol fuel droplets.
Numerical modelling on the other hand has also been performed for more detailed
understanding of these phenomena. Watanabe efl1%r] have developed a numerical
model of emulsion fuel spray combustion with an emphasis on the puffing occurrence.
Shinjo and ceworkers have performed extensive numerical investigations on the dynamics
of puffing and microexplosion during the evaporatiorsioigle fuel drople{151], and a
group of fuel droplefd58], in addtion to the combustion of single and multiple fuel
droplets[159]. They have made a detailed description of the initiation and development of
puffing and partial microexplosion as showrFigure2-11. They have found also that the

puffing intensity is a function of the size and depth of the bursting bubble.
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Figure 2-11: Puffing from an ethandah-decaneemulsion droplef159].

Watanabe and eworkerson the other handiave conducted a seriesedfperimental
studiesdedicatedor characterizing the secondary atomizafimm emulsified fuels in the
form of spray[160i 162] and singleisolated droplet[160,163,164] They have used
shadowgraph imaging for tracking the secondary atomization occurrence from an
evaporating watein-n-decane emulsion sprand found the same puffing behaviour for

the single droplet of 1 mm diameterdathe spray of 50 um average droplet $ilA&1).
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Furthermore,it is repoted thatdroplet complete microexplosiooccurs in a time
interval less than 200 [J4], and thathis time scale is longehan the time scale available
for the real spray combusti¢gh51,161] therefore, this phenomenhas noimuchbeenthe
scope of experimentalnvestigaions. However,the total combustion time (in ms) inside a
4-stroke engine can be evaluated as a function of the rotational speed according to equation
(2-12) [165]:

QEPTTT
-5 eeée (212
q

The evaluated combustion time values for a range of engine rotation speeds are listed in
Table2-2. These time values are sufficiently enough for the real spray droplets to undergo

heating, phase separation, and complete microexplosion, even at low possibilities.

Therefore, further invegjation of droplet microexplosion is required for comprehending

the current understanding of this phenomenon.

Table 2-2: The total combustion time with respect to the rotational speed fatrake engine.

Engine Speed (rpm)| Total Combustion Time (ms)
1000 120
2000 60
3000 40
4000 30
5000 24
6000 20

In conclusion, a substantial number of studies have been conducted to explain the
physics of puffing, secondary atomization, and microexplosion. As a result, the effects of
these processes on the combustion efficiency by enhancing fuel evaporation and fuel/
mixing arewell addressed. Additionally, the effect of nucleation and bubble growth in the
droplet liquid-phase on the initiatiorand developmentof these processes is also
established. Nonetheles$urther comprehension ofhe physics ofthese processes

including initiation and development is requiréichis can be executed by conducting a
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magnified experimental visualization and tracking of the droplet ligh@se for obtaining
in-depth quantitative and qualitative description of thesegsses and the corresponding

mechanisms.

2.4.2Nucleation and Bubble Generation

Nucleation is defined as the appearance of the first forms of the new phase when a
thermodynamic system undergoes phase ch@b@@. It is shown in the formatio of
bubbles in a boiling liquid, and ice crystals in the solidification of wdter. boiling
liquids, nucleatioriakes place due to the metastability of the liquid compared to its vapour
Liquid metastability results either from liquid superheating abits’eboiling point or
expansion belowhe saturated pressuighe so callectavitatior). Hence, the nucleation
occurs due to the tendency of the liquid to retrieve equilibrj@6v]. This form of
nucleation arises within the bulk of the liquid ands known as theHomogeneous
Nucleation If the nucleation takes place at the liquid interface regions rather than the bulk,
it is termed as theleterogeneous Nucleati¢h68].

Despite its type and occurrence locatidrg most important parameter in nucleation
is the nucleation limit also know as the superheat limitof the liquid. The nucleation
limit in boiling is defined as the maximum temperature before the critical point at which
the liquid maintains its phase withoexperiencing anyhmse chang&he energy released
from the vaporizindiquid at the nucleation limit is sometimes sufficient to create the so
called vapour explosionThis explosiontakes placeas aresult of either the thermal
detonation waves resulting from energy release or due to the excessive bubble growth rate
compard to the liquid respongd69]. Hence, in the case of multicomponent fuel droplet
combustion, the interior of the droplet is heated by convection and radiation from the
surrounding flame and hot gases. Due to boiling point difference between the different
components of the multicomponent fuel, tloevér boiling point components become
superheated. When the droplet temperature approaches the nucleation limit of that
compament, bubble nucleation takes place within the droplet lighigse leading to vapour
bubble formatiorj168]. These bubbles move towards the dropletas@due to the density
difference, and then burst outside the droplet by pressure difference across the bubble as

shown inFigure2-12.
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Figure 2-12: Schematic representation of the vapour bubble formation inside an evaporatingveslter
droplet[151].

Bubble nucleation occurrence inside the multicomponent fuel draplétsportant
since it leads to enhancing liquid fuel evaporation and fuel air mixing, and in turn
improving the combustion efficiency. The occurrence of nucleatitinin the burning
droplethas been reported by Lasheras et[B23,124]during the combustion dfinary n
paraffin mixtures. They have detected droplet size increase during droplet combustion and
attributed it to the bubble formatio@hung and Kin{170] have also attributed theater
subdroplets increase within waterin-dodecane emulsion droplet evaporating on a hot
surface to the formation of water bubbl@$iey have detected the water siroplet
increase by comparing droplet microscope images before and after heimg. Liu, and
Law [116] have also conceived bubble nucleation insideely falling, burning
multicomponent fuel droplets, and evaluated thubble growth rate and thmibble to
droplet sizeratio. Tsue et. al.[171] have imputed thenicroexplosion occurrence to the
formation of water vapour bubbles inside the burning dropletsdufdecanen-waterand
n-tetradecanén-water emulsions.Wang et. al.,[172] have spotted heterogeneous
nucleationoccurrenceas a result of trapped air bubbles inside the collisn@nging
methanol/alkane droplets. These air bubbles serve as nucleation sites inside theAdroplet.
more comprehensivéheoretical description of the nucleation and bubble formation within
emulsion fuel droplets igiven by Shinjo et. al.,[151,158,159. They haveshown that
droplet puffing is the result of bubble growth inside the drogéeshown irFigure 2-13.
Bubble burst at the droplet surface has alsonbaéescribed, and the effect of initial
locations of the boiling bubble and the dispersed phas@rmaybet on the bubble burst

intensity has also been evaluated.
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Figure 2-13: Theoretical simulation ahevapour bubble movement inside an evaporagitiginolin-decane
droplet[158].

From the above, it can be inferred that in almost all the studies, bubble nucleation has
been reported and deduced with respect to droplet size increase. However, except the
numerical simulation work performed by Sjoiret al.,bubble nucleatiomitiation, growth,
and its subsequent dynamics inside the burning multicomponent fuel droplet has not been
well investigated. In particular, magnified experimental investigation of the droplet-liquid
phase dedicated for studying bublmecleationis not available Therefore,part of the
present workis devoted for conducting such experimental investigation for different
multicomponent fuel droplets.

2.5 The Combustion of Interacting Fuel Droplets

The classical Blaw of droplet combugbn assumes isolated droplet combusfion
neglecting the effect of interaction between the droplet and its neighbouring droplets. This
assumption, in particular, is useful for simplifying the model ibig imprecise for real
spray combustion applicatis. In the typical spray situatignthere is a strong mutual
interaction betweethe dropletdn a specific neighbourhood and among the overall spray
volume. This interaction is intensely affecting the ambient environment surrounding the
droplets, and irurn affecs the evaporation and burning ratef each individual droplet
[117]. Hence, considering this interaction in the study of droplet combustion for spray
applications is indispensable.

For investigation and problem characterization purposes, the -anojtiet
interactive combustion is classified into three levels. The first level is termed d® het
array, and involves the interaction of a few number of droplets within a specdimesn
the second level of interaction, the number of droplets is higher, and is calleb et

group, whereas, the third level of interaction accounts for the entire §pray. In these
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levels, the number of droplets and the spacing between them are the main effective

parameters.

Spacing distance

Spacing distance

Figure 2-14: The effect ofspacing between twaeighboung dropletd173] (with permissiorfrom the
publisher)

Droplet spacing is the distance between the centres of two adjacent droplets/as
in Figure 2-14. This spacing is crucial in deciding the shape and behaviour of droplet
combustion. Where, there is a critical droplet spacing below which faeead droplets
are burning in one envelope flame, whereas for higher values of the spacing distance each
droplet will has its own surrounding flame as showrrigure 2-14. The droplet spacing
distance is usually normalized by and expressed in terms of the droplet diameter, for
example, it is found that the ratio of the critical droplet spacing to the diameter of n
heptane droplets is about [l 7].

The effect of doplet spacingon the combustion behaviour of the interacting fuel
droplets has been widely investigated. It is found that incredisendroplet spacing will
decrease the ignition delay tinjg@74,175]and increase th8ame spread176] of the
interacting dropletsThe droplet burning rate on the other hand, is found to decrease by
increasing the droplet spaciit34,177,178] however, it is claimed b$truk et al.[107]
that this effect is relatively less significatccordingly, and in order to quantify more
knowledge on its effect on the combustion of interacting fuel droplets, a relatively wide
range ofthedroplet spacing distance $iaeen testednd presented in litature Table 2-3
shows the mostly usedvalues of thenormalized droplet spacingdistance with the
corresponding number of burning droplets as published in the literat
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Table 2-3: Selectechbublished work showing thenge of droplet spacing with the number of droplets.

Work performed by No. of Droplets Normalized SpacingDistance
Okai et al.[134,178,179] 2 2-6
Struk et al.[107] 2 5-20
Nomura and cevorkers[176,180] 10 2-12.75
Kataoka et al.[181] 13 4-35
Segawa et al[81,175] 49 3-16

As shown by the tabjea variety of droplet numbers andrmalizedspacing distances are
studied. However, the investigation on multiple droplets interaction is only devoted for the
above mentioned parameterghile the effect ofthe mutual interaction between these
neighbouring dropletias not been well addressed. Therefore, a magnifiedtigagon of
multiple droplets undergoing combustion is carried out in the present work as part of the
understanding of the droplet dynamics during combustion.

2.6 Droplet Combustion Diagnostics

Even with the development in computation and numerical simulagxperimental
investigationremairs essentiafor understanding and explaining the effective parameters
and related phenomemasociated withhie burningdropletalong its overallifetime.

Form the first experiments pei3F]dortheed by
present dayexperimental investigation of the droplet combusti@s beenmainly carried
out using opticaldiagnostic methodsThis is because of thshort combustion time
available for experimentation, which requires a relativasy responsmethod for tracking
the process. This is mainly offered by the optical methods compateiononroptical
techniquesAdditionally, with the short droplet combustion time, it is impossible to track
and explore the different processes associated with combustion. Instead, experimental data
saving, andgradual tracking of the processeshould be carried out for detailed
investigation. Ayain this isoffered bythe optical diagnostic methods, where the visual
samples of the droplet combustion tests are saved in different forms (images, films or any
other forms) for later investigation. All thesa, addition to the nointrusiveness and full
reflection of the testing field led to the optical diagnostic methods are being the mostly

implementedechniques for droplet combustion investigations.

51



However, some fine thermocouples are used in a numbeexptrimental
investigations for droplet temperatuf#43,149] and the surrounding gasemperature
[99,182,183]measurements. Nonethelessmpared d the optical measuring techniques,
these thermocouples suffer from the same drawbacks of theptical methods formerly
mentioned[184]. This is especially when highasnpling rates are requireéience,the
emphasis in the present work is on thstf nonintrusive, optical diagnostic techniques.

Further descriptions of the types and characteristics of these techniques are shown below.

2.6.1Shadowgraphy

Shadowgraphy gives the main features of a subject withowt laagifications in
illumination. This is because of the use of pelight source[185], and theprojecton of
parallel light on the object under study and collecting the resulting shadow on a viewing
screen186]. The light spreading from the point source is collected by a latgransfers
it into a parallel light rays passing through the tégect towards the second leasd then

to the viewing screen (or camera) as showRigure2-15(a).

Test (a)
Lens Sample Lens
Camera

Camera

Light
Sour ce

Lens

Figure 2-15: (a) Parallelight shadowgrapketup (b) sample shadowgram of a spherical particle moving in

stagnant aifreproducedrbm [185]).

This type of setup is termed as tbarallel setup If the two lenses are replaced by two
concave mirrors, the resulting setup will take tHie shape and termed as theetup as
shown inFigure2-16(c). The light rays passing through the test object refract and deviate
away from the original path. This deviation is displayed on the viewing screen as shown in
Figure2-16(c).

The shadowgraph imaging is invented by Robert Hooke in the seventeenth century
[186], but its first scientific implementation for flow visualization is carried out by Viacen
Dvorak in the late nineteenth centyfy5,186] He focused sunlight onto a 1 mm aperture

and projected the diverging light onto a white wall in his darkened lab. Hence, the
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refracted light rays appeared in the form of shadows on the whit¢1\86]l Dvorak then
used this imaging method for describing different phenomena such as the convection from
a warm hand and mixing in air and water.

Since then, shadowgraph imaging has been used extensively dgingtuifferent
aspects of flowincluding fluid dynamics[187i190], heat transfer[191i 193] and
combustion[194i 196]. Droplet combation likewise, has been the ope of several
experimental studies in which shadowgraphy is the prihcyigualizing technique.
Kobayasi[197] used shadowgraph imaging for tracking and imaging both evaporation and
combustion of 0.71.7 mm diameter droplets suspended inside a high temperature furnace.
With the aid of the images tbned using this method, he was able to evaluate the burning
rate of different singleomponent and muitomponent fuels. Faeth et a)198] used
shadowgraphy at 100 fps imaging rate for studying the combustion of isolated decane
droplets suspended inside a high pressure chamber. Tanabe ¢194].,utilized
shadowgrapy at 250 fps with a laser light source for visualizing soot formation during the
combustion of rdecane fuel droplet in a standing sound waveample of the obtained
images is shown irFigure 2-5. Some other experimental investigations of droplet
evaporation[200] and combustiorf143,201] have been carried out using shadowgraph
imaging for tracking droplet size evolution.

2.6.2Schlieren

Schlierenimaging isusually used for visualizing the flows with variablendity
gradients[202]. It is one of the most frequently used methods for visualization in
aerodynamics and thermodynamics, because it combines both simplicity and high
resolution[185]. Similar to shadowgraphy, th®chlierenimaging is based on utilizing a
pointlight source, and passing a parallel light rays through the test Bekides in the
Schlierermethod a knife edge is ordinarily placed between the second lens (or mirror) and
the viewing screeas shown irFigure 2-16. This knife edge isocated at the focal length
of the second lens (or mirror) anded for cutting off part of the illumination lighhe
decreasing its intesity. This techniqués developed by August Toepler in the second half
of the nineteenth centuffgr visualizing the flow within the compressible fluidsithough
the first implementation of the knife edgeoptical studie®elongs to Leon Foucault in the
same period185,186,202]
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Figure 2-16. Schematidayoutof three differenSchlierenarrangementga) Singlelens, (b) uaklens, (c)

Z-typetwo-mirror Schlieren(reproduced fronfi186]).

There are differentypes ofSchlierenimaging according to the type, quantity, and
arrangement of the optical components. SEhgypes includéhe singlefield-lensSchlieren
shown inFigure2-16(a). In this arrangement a large diameter high quality lens is required
for providing the adequate sharpnd3se to the use of a single lens, the illumination light
is transferred passing thest object in the converginfigrm rather tharthe parallel rays,
which is disadvantageous in some applicatif@&6]. This type is then modified tthe
dual-field-lens Schlierenshown inFigure 2-16(b). This type is the mostly used setup for
Schlierenexperimentgiue to its simplicitylt overcomes the light problem associated with
the first type by providingparallel light rays through the testibject Additionally, a
condensing lenss usually placedafter the light source for increasing light effectiveness
[186]. When theéwo lenses in the dudield-lensSchlierenare replaced biwo mirrors, the
system will take the fon shown inFigure2-16(c), that is thez-typetwo-mirror Schlieren
Any type of mirrors can be used in this setup; however the concave mirronsoatly
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utilized. Despite its popularity in flow visualization experimental researahgfal setup
considerations are required for this tyfach as he minimum distance between the two
mirrors that should beéwice the focal lengthf) for providing the proper size for ¢htest
object, and the optimum e#xis angle, for eliminatingny optical aberratior{186]. In
addition to these types, moBehlierenarrangements are available in literature, such as the
singlemirror coincidentSchlieren singlemirror off-axis Schlieren and multiple pass
mirror systen{186].

Schlierenimaging is one of the first methods used and continued to be imed
droplet combustionnvestigation Kumagai and Isod§5] carried out the first published
experimental work ossphericaldroplet combustiomnder microgravity conditionsreated
by the use of a falling chamber. They implemented the-fikldilens Schlierenfor
tracking the combustion of-lneptane and ethanol fuel droplets. A spark light is used for
illumination during the experiments. When the falling chamber reachegtitsloaxis, the
spark light is activatedy a photerelay action. They have reported that thehlieren
method used was insufficient for tracking flame boundaries during droplet combustion;
direct imaging is used in accordance for that purpose. Thisasnitroversy with what is
reported byKrier and Wronkiewicz[203] who usedthe samedualfield-lens Schlieren
setupfor studying the combustion oflmeptane and-pentane fuel droplets. They reported
the reason for usin§chlierenimaging is the insufficient flame luminosity that makes it
irrelevant for direct selfiluminated imaging, and invisible compared to the reldivegh
intensity illumination for backlighting imagingdgami et al.[204] used the #ype two
mirror Schlierenfor investigating ibutanol droplet combustion under oscilatory flow, high
pressure, microgravity conditions. A set of samfiehlierenimages of their work is

presented ifrigure2-17.

2 )PP

Figure 2-17. SampleSchlierenimages of droplet combusti¢d04] (with permissiorfrom the publisher)

lllumination is executed by a xenon lamp, and camera framing rate is varied through the

range of 25a1000 fps. This optical setup is the same as that used by Reichenbach et al.,
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[205] 1 with carbon arc lamp as the light souicéor studying droplet ignition and flame
propagation within a linear-actane droplet array in normal gravity. Camera framing rate
is setto 200 and 400 fps. Okajima and Kumag@®] used the singlenirror off-axis
Sdhlierenilluminated by a mercury vapour lamp for visualizing the hot gas region during
the combustion of ethanol, benzene, anteptane fuel droplets under zegmvity
conditions. Camera framing rate is set to 21 fps.

2.6.3Laser-Based Techniques

The invention of laser in th&xth decade of the twentieth centueg Ito the start of a
new era in flow visualization and measuremdiftis is represented by the development of
novel methods that are based on either light scattesuinch as the Mie sdating and
Raman spectroscopyy laserinducedfluorescence. In the majorityf these systems, the
laser beam is transmitted through the flow field in the form of a thin light sheet. This light
sheet is either directly scattered by the particles or migedn the flow, or absorbed by
molecules whichwill fluoresce in accordancf06]. In both cases, the camérahat is
usually placed perpendicular to the light sheet propagation plank capture the cross
sectional vew of the flow field from which both quantitative and qualitative investigations
of the flow field characteristics can be performBigvertheless, the type of visualization
method plays an essential role in deciding the type of information acquired from the flow
field. Hence, in the next paragraphs, a brief explanation of the mostly utiliseeb &t

techniquesvith their working pmciplesis carried out.

Laser Induced Fluorescence

The Laser Induced Fluorescen€klF) earliest implementation was in 198Rut,
regardless of thiselatively short historythe LIF techniques are now among the widely
used tools for flow measuremts[207]. The principle of flow measurement using LIF
techniques is based on tfieorescence fronatoms, molecules, or seeding particles when
excited by the action of laseiThe natural fluorescence of these atoms, molecules, and
particles is originally weak, and it is enhanced by the energy of the laser. The intensity of
this fluorescencelepends ornthe number of theexcited atoms, molecules, or peles at
each testing condition. Hence, this intensity variation is the bases of the measurement

using LIF methods, and is usewainly for measuring species concentration argdfi
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temperature of the flow. However, with some specific arrangements of the system, it can
be used for estimating the velocity and pressure distributa7s.

The LIF methods have beemsed for studying droplet combustio@astanet,
Lebouché, and Lemoiff@08] used the twecolour LIF method foevaluating the temporal
variation of droplet temperature with time during the combustion of monodisperse ethanol
droplet streamPfeil et al.,[209] usedthe Planar Laser Induced Fluorescen¢ELIF)
method for studyinghe effect of blending ethanol with ammonia borane on the droplet
combusion of the resulting fuel mixtureThe term PLIF is usually used for describing the
LIF technique that is based on atoms and molecules excitation rather than seeding particles
excitation [206]. Pfeil et al., used a 283.2mwavelength laser for eiking the OH
radicals, so the method they used is termed as thé¢’lOH method. Beck, Koch, and
Bauer[210] on the other hand, have used the-EHF method, in which a 390.3 nm
wavelength laser is used for exciting the Gidicals during the combustiaf n-heptane
fuel sprayWhereasBurkert et al.[211] used a 353.373 nm wavelength laser for exciting
the formaldehyde radicals in the Formaldehiufe during the combustion of single ga
to-liquid diesel dropletAdditionally, the LIF method has been utilized for evaluating the
temperature variation during droplet evaporation rather than comb{&tizir214].

Laser Dopplerand Phase Dopplefechniques:

The first invention of thelaser Dopplersystemswas in the sixth decade of the
twentieth centurydirectly after laser inventigrwhereas, its first implementation for flow
measurements was twenty years later. The phase Doppler systems, on the other hand, are
first developed and used in the nmheties of the same centur@nce they have been
used, both technique®ceived increasl attention high reputation and in accordance,
continuous developmeamong othemeasuremertechniques. This is due to the relatively
high accuracy, spatial and temporal resolution, and sensitivity to directional gabge
Thelaser Dopplemeasurement principle is based on the Mie scattering effect. Hence, the
flow is seeded by particles having flow ability, so that their movement is a reflection of the
flow motion [216]. The light scattered fronthese particle§ also known as théracer
particlesi is used for measuring the velocity tfe flow. This techniques therefore
referred toas theLaser Doppler VelocimetryLDV), or theLaser Doppler Anemometry
(LDA). A monochromatic laser is usually used as a light sourdeeih@V systems. The
laser beam first splits into two beams using a beam splitter as shdvigune 2-18. The

interference of these two beams crossing in the test volume creates a fringe pattern on the
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phot detector. The velocity information of the moving tracer particles is obtained from the
sattered field as a result of the Doppler eff@dt5].
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Figure 2-18 Schematic drawing of theudtbeamLDV system215].

The phas Dopplermeasurementechnique, on the other hand, is basecalysing
the frequency shift of the light scattered from the tracer particles for evaluating the flow
velocity. Hence, it is referred to as tRhase Doppler AnemometflDA). These particles
are moving through the interference of at least two laser beams as shbignr2-19,
therefore, this method is sometimes referred to aPliase Doppler Interfemetry (PDI)
[217]. The PDA technique is also used for evaluating the size of the particles within the
flow, such as droplets, bubbles, and solid particles. This is carried out using the scattered
light coming fromtwo different directions. This light has a phase difference that is

proportional to the size of those patrticles to be meagaiad.
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Figure 2-19: Schematic drawingf the dualbeamPDA system215].

Accordingly,boththe laser Doppler and phase Doppler techrsdueve been utilized
in the droplet combustion studidsawazoe, Ohsawa, and Fujikak&l8] used theduat
beamLDA systemfor evaluatingdropletsize and velocityf light oil fuel sprays burning
inside two different types mini burne’s.5W argon ion laser (514.5 nm wavelength) with

10.01° crosdoeam angle has been used for measurements. The covered cross sectional area
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of the test volume is (1150 um x 100 prBjrouk and ceworkers[219,220]utilized the

LDA method for characterizing the turbulence intensity around isolated fuel droplet
undergoing combustiorBtandard pressure conditions are used in the first work, whereas
high pressure conditions are applied in the secbhdy found that the turbulence around
the burning droplet has a negligible effect on droplet burning rate unch@siteric
pressure, however, this effect is found to increase under elevated pressure conditions.
Sankar et al.[221] used the PDI system for measuring droplet size and velocity The
have implemented thEDI system as a part of an integrated diagnostic systendinglu
rainbow thermometer and poidiffraction interferometer for studying the combustion of
an isolated fheptane droplet in free falCastanet, Lebouché, and Lemo[@68] used the
PDA method for evaluating the temporal variation of droplet size with respect to time

during the combustion of monodisperse ethanol droplet stream

Particle Velocimetry Techniques:
As the namemanifests the particle velocimetry methods are used for evaluating the
velocity of the flow field. The working principle of these methodshased orseeding the

flow to bevisualized withtracer particless show irFigure2-20.
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Figure 2-20: PIV setup for flow visualization in a wind tunneR?2].

These particles are illuminated by a laser sheet rather than laser beam for increasing the
crosssectional area of the flow field. The movement of these particles is tracked and
recorded using an orthogonally (relative to the laser sheet) placed da22}aAt least

two successful images of the tracer particles at different instants of time are required for

evaluating the velocity vectors of those parti¢R&3].
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The term paicle velocimetry comprises different measurement techniques that share
the same described working principle. However, the two main particle velocimetry
techniques are the particlenage velocimetry (PIV) andparticle tracking velocimetry
(PTV). The key diference between these two methods is the irtlysity number of the
tracerparticles. Thtis the number of particles in a tesearepresenting the intersection of
the laser sheet and a ciraé diameterequivalent to that of a testreain the image
projected into the fluid224]. The image density numbéN)) is evaluated according to

equation (213) as

b 6ve 2 c6é (213
T U

where C is the average concentratgpivthe of
laser sheet thickness, id the diameter of the test area, and M is the image magnification
co-efficient. Hence,the particle velocimetry technique is characterized according to the
image density number as folloy&24]:

N,<<1 Y  Low density particles Y  PTV Method
N,>>1 Y  High density particles Y  PIV Method

The particle velocimetry techniques have been used for studying droplet combustion.

Birouk and Toth220] used thePIV technique for evaluating the turbulent integral length
scale during the combustion ofheptane and-decanefuel droplets in a high pressure

environment.Roth et al.,[225] utilized the PIV method for evaluating droplet velocity

during the combustionf upwardflowing monodisperse droplet streaithereasNomura

et al., [226] relied on thePTV method for evaluating droplet velocity during the
combustion of partially preaporized droplet streanin addition, the PIV has also been

used in the droplet evaporation stud&a7i 229].

2.6.40ptical Interferometry

The wavelength of the visible light is relatively small; hence, any small alterations in
the optical path will lead to measurable variations in the intensity of an interference
pattern. Accordingly, highly accurate measuremeants performed using the optal

interferometry [230]. The first implementation of optical interferometry in the flow
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measurement investigatiomas carried out by Ernst Mach in the late nineteenth century
[185]. Interferometry is characterized by the formation of sufficiently visible interference
fringes on the test section. This is due to the matching between the path lengths of the
interfering light beams, so that the resulting difference in the path length is less than the
coherence lengtf202]. The working pringpdle of interferometry is based on the response

to the change in the speed of light when passing different media. The interferometers
respond directly to the refractive index of the media. The light passing through different
fluids of various refractive indes will experience speed change and, in turn, phase shift.
This phase shift ideteced bythe interferometergR02].

Different types of interferometers have been utilized in flow measurements, such as
the Rayleigh nterferometer, the MaeBeldovich interferometer, the Sagnac
interferometer, and the Michelson interferomefi2B0]. The latter has been used by
Moriue et al. [47] for studying tle single droplet combustion ofdecane when diluted by
1-Methylnaphthaleneand 1,2,4trimethylbenzeneUsing this method, they were able to
detect the occurrence of cedlldme during ignition besides the hitdme. The same
interferometer is used by Taralet al.,[82] for detecting the occurrence of cdtame
during te ignition of an isolated-decane droplefThe schematic drawing of the working

principle of the Michelson interferometer is showrigure2-21.
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Figure 2-21: Michelsoninterferometef230].

In this interferometer, a beam splitter is used for splitting the light emitted from the
light source, and then combining the light reflected back from the mirrors as shown
Figure 2-21. Additionally, Sankar et al.,[221] have used the pointiffraction

interferometry (PDI) for evaluating the gphase temperature distribution during the
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combustion of freely falling #meptane droplets. As mentioned in secti®6.d, Sankar et
al., have used an integrated, labased, diagnostic system for coniplénvestigation of
the combustion of freely falling fuel droplets. The paiiffraction interferometer is a part

of this system.

2.6.5Self-Illuminated Direct Imaging

Direct imaging is one of the widely used imaging methods in droplet combustion. In
this mehod the light emitted from the sooty flame surrounding the droplet is used for
illumination. Hence no external light source is required for droplet and flame illumination.
Therefore, selfilluminated direct imaging is usually implemented for flame tnagki
purposes such as the work conducted by Mikami andar&ers for studying flame spread
[2311 233], and that performed by Marchese et. gl4,234]for studying the emissioaf
different radicalsand the flame intensityariation analysisised byAmbekar et. al[26]
for studying the droplet combustion of isopropyl nitrate bleasishown irFigure 2-22.
As the figure shows, flame intensity is varying with the fuel mixture composition;
therefore, it has been used for comparison between the differentikietes.

#

&/

100% n-heptane + 0% IPN 50% n-heptane + 50% IPN 10% n-heptane + 90% IPN

Figure 2-22: The burning droplet and the surrounding luminous flame tracking usindlseiinated direct

imaging[26] (with permission from the publisher)

Furthermore, thismaging method is also used when the work is carried out in a
limited space, so that renoughroomfor lighting source is available in the testisgction
Therefore, the selflumination provides the proper lighting required for imaging and
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process trackingexamples of that are the droplet combustion experiments inside a heated
furnace conducted by Hoxie, Schoo, and Brad@8a], and the micrdgube droplet

combustion experiments carried out by Yao et[2B5].

2.6.6Backlighting Imaging
Backlighting (or backlit) imaging has been used extensively for trackiogjet size
evolution during combustiont is pursued by placinghe droplet between the lighg

source and imaging systeams shown irFigure2-23.

Camera | | Light S ource
Test Object

Figure 2-23. Schematic of the backlighting imaging arrangement.

This makes the droplet boundaries look sharp and ensures that they are easily
distinguished, increasing the opportunities of tracking droplet litetiamd its size
evolution rate more accurately. As a result, backlighting imaging has been implemented in
the vast majority of droplet combustion experimental studies.

In view of that, it is aimed to find the backlighting imaging setup that provides the
modly proper magnification for the intended work. Thereformnplesof experimental
studies withtheir representative images, in addition to the spatial resolution and the
maximum obtained magnifications are shownTable 2-4. The spatial resolution of the
image is the ratio of the physical length to image pixels. The studies listedl®2-4 are
selected because they include sufficient descriptions of the optical imaging setup
characteristics. As the table demonstrates, the maximum obtained zoom is 10x of the
original size despite the small spatial resolution values. Thesaifinagon rates are
sufficient for precisely tracking the droplet surface boundaries, but not much helpful for

droplet interior tracking.
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Table 2-4: Samples ofhe spatial resolutiomnd magnification ranges for droplet combusgbownin

literature.
Image Spatial o
_ ) Magnification Sample
No. Authors Resolution | Resolution
Image
(pixel*pixel) | pm/pixel X)
1 Nomura et. al[180] 1280*1024 6-10 10
2 Liu et. al.,[236] 580*580 32 ' {‘./
3 Wu and Yand237] 800*600 22 4 —@—
4 Han et. al.[132] 1024*1024 5.3 10
°
Note: All the images in this table are used with permissions from the corresponding pub!

The only adequate magnification for droplet ligqpidase visualization was
performed by Miglani, Basu, and Kumidi53] with 3.9 um/pixel spatial resolution. They
have used a microscopic lens attached to the high speed camera for studying the droplet
combustion of a water/ethanol droplet blended with nanostructured cerialegsamiic

sample of the images obtained by them is showsiguare 2-24.

Figure 2-24: Sample of the images obtained[i$3] (with permissiorfrom the publisher)

Ultimately, a variety of optical diagnostic techniques have been used for droplet
combustion mvestigations. Each of which has its own features that makes it suitable for a

specific function. Hence, for the formerly set objectives of magnified investigation of the
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droplet liquidphase dynamics, the most proper technique is found to be the baoglight
imaging. However, some optical arrangements have to be performed for obtaining the
maximum possible zoom for proper visualization of the droplet interior. Additionally,
since secondary atomizatiomvolves subdroplets emission away from the parentpieo,
shadowgraph imagings utilized for tracking secondary atomization from the droplet
surface, also with proper magnification. Thus both backlighting and shadowgraphy are

implemented for droplet combustion investigation in the present work.

2.7 Summary

In the previous discussions, a detailed description of the droplet combustion problem
has been carried out. From whieghrouemap f or t he devel opment
objectiveshas beeroutlined. These objectives are drawn from the motivations set in
ChapterOne.Theimportance of single droplet combustion in the study of the overall spray
combustion is revealed. Then, generalreview of the droplet combustionresearch
developments facilitated This review isconvergd to the combustion of multicomponent
and interacting fuel droplet3hese two categories are believed to be more realistic and
close to the real spray combustion than the isolated stoghgonent droplet combustion.
Hence, investig in experimental research on those categories is substantial. Accordingly,
the rest of the present work is dedicateexperimental investigation dfie combustion of
isolated and interacting multicomponent fuel droplés. emphasis isplaced on the
droplet liquidphase processes that occur during combusiitleseinclude nucleation,
bubble generation and dynamics, puffing and mexplosion, secondary atomization and
subdroplet combustion.

Studying the liquid phase processes of the burning dragletires a highly
magnified visualization technique with very short response tomproper tracing of the
different processesccurring at very short time spai€onsequently, eeview is performed
on the main diagnostic techniques utilized for droptahbustion investigation\Vith the
aid of this review,high speed backlightingnaging found to be the mosappropriate
techniquefor tracking the liquidphase processes of the burning dropWith proper
optical setup, and in conjunction with the highesg imaging, sharp, magnified,
illuminated images of the droplet boundaries and intemitirbe acquired Shadowgraph

imaging, on the other hand, is found to be suitable for tracking thdreplets emitted by
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secondary atomization, because it offers apéon of magnified shadow images of the
object with larger view field compared to the backlighting imaging technique. Therefore,
both techniques are utilized in the present work with the aid of high s@eedrafor
studying the combustion of multicompanmt fuel droplet.

In the following chaptersietailed explanations dfie experimental work carried out
and the main findings wittheir interpretationgnd significance to droplet combustion and
in turn, to the practical combustion systemdl be presated These are preceded by the
experimental considerations and image processing mettuds areexplained in Chapter
Three.
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Chapter 3. Experimental Considerations, Image

Processing, and Validatiois

3.1 Introduction

The present work is an investigation of thérnal and external droplet dynamics
during the combustion of multicomponent fuels. This investigation has been carried out
experimentally with high speed imaging being the main technique for tracking droplet
physics throughout its overall lifetime. Yéere are some measures and processes applied
before, during, and after the experimental work which should be outlined. Hence, this
chapter is devoted for depicting these processes. The first of these processes is the
multicomponent fuel preparation thatdescribed in sectior8(2). While the methods used
for droplet generation, suspension, and ignition as well as the optical setups are clarified in
section 8.3). Procedures and algorithms used for image processing owing to feature
extraction are demonstrated in secti8l), whereas sectior8(5) shows the calibration for

the true size calculations. Finally, a summary of the chaptloisrsin section3.6).

3.2 The Fuelsunder Investigation

Diesel fuel is of great importance in energy production by combustion. However, the
major problem with digel is the pollutant emissions during its oxidation, particularly CO
and NOx emissionglhis, in addition to the other problems associated thigtiossil fuels
such as depletion, price fluctuation, and increased energy denadlridgether are playing
acrucial rule in the future of diesel fuel utilization in energy productitence, a variety
of solutions areexplored and being explored for tacklingor mitigating the effecof i
theseproblems Blending the diesekith oxygenated fuels is one of thelstions used for
decreasing CO emissions. Alcohols are the most famous oxygenated fuels that have been
added to diesel ithe internal combustion enginga38i 243]. Alcohols are produced by
vegetable and fruit fermentation which makes them renewaileurcesHowever,the
high latent heat of vaporizaticand low cetane number makes alcohols not sufficient for
replacing the diesel complete]®44]. This in addition to thénarmful environmental and

biological effects of alcohol presented in the formation of the photochemical smog and
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high volatility of the alcohols[242]. Hence,blending diesel with alcohols offers the
optimal solutiorrather than complete replacement

Biodieses on the other handre presently the most widely attractive fuels for this
objective dudo various advantages; such as higher biodegradation, reduced toxicity, safe
storage, and enhanced lubricity compared to the ordinary diesel[24&ls In fact, they
are being increasingly utilized in gas turbine engifi246i 248] in addition to the
compression ignitionengines[249i 251]. Biodiesels are derived from animal fats or
vegetable oils and are usually blended with diesel in different proportions and used without
substantial enginenodifications. This is due to the complete miscibility of biodiesel on
diesel fuel4245]. However, compared to conventional diesel fuels, biodiesel has a higher
viscosity that results in poor atomization characterisfics6,245] and higher NOXx
emission due to the increase in combustion efficiency and adiabatic flame temperature by
the presence of oxygen in biedel[249,252] Therefore, biodiesel addition to diesel in the
form of blends is practically advocated than complete replacement.

Additionally, emulsifying the diesel by water has been used in an objective to
decrease the NOx formatig@53i 257]. Water addition decreases the overall combustion
temperature, which in turn reduces dxidation and NOx formation.

Accordingly, ethanol, biodiesel, and water have been selected to be added to diesel
fuel for producing the multicomponent fuels in the present work. In addition to the above
reasons of using these three additives, the difference in diesel miscibility of theseisiquids
considered. Biodiesel is completely miscible in diesel as stated .aBbnamol is partially
miscible in diese]240], t hat 6s why it i s used[24MAnd he f o
water is immiscible in disel. Hence, the effect of additive miscibility on diesel will also be
considered in the present work. Therefore ftieds utilized in the present work are:

1 Single Component(Neat) Fuels:

These are thbasefuels of the multicomponent fuelsThree single fuels have been
used in the present work. These fuels are:

ADiesel it is the base fuel in the present work. The type of diesel used in the

experimental work is the regul8hell Diesel Fuel

ABiodiesel it is a B-100Petrobrasbiodiesel. It is produced from both tallow and soy

with a composition of 40% and 60% by volume respectively.

ABioethanot it is aBiofuet500 Gardecolantbased ethanol produced by industrial

distillation.

1 Multicomponent Fuels:
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AEmulsions two types 6 emulsions have been preparedlah and used for
studying droplet combustion. These emulsions\a@egerin-Diesel and Diesetin-
Water emulsions. Further discussions on the emulsification process and
concentration proportiorare outlined in sectiorB(2.1).

ABlends two types of blends have been prepared and implemented for
experimentation. These aitee BiodieselDiesel andBioethanolDieselblends. The

blending process anproportiors of constitueng arefurther clarifiedin section

(3.2.2.

3.2.1Diesel FuelEmulsification

The emulsificationis the process of blending two (or more) immiscible liquids, with
the aid of an emulsifier (or surfactant agef2$8]. For waterin-diesel emulsions, the
water is added tthe diesel so that théormeris the dispersed phasad thelatteris the
continuous phas¢l51]. This is exactly the opposite in the case of digselater
emulsions, where diesel is the dispersed phase and water is the continuoy2$siase
An illustration of the structure of thevo emulsion types ishown inFigure3-1.

€—— Water phase

€—— 01l phase
Q— Emulsifying O Q—_Emulsifying

agent
agent O " ag
O Water-soluble Oll-Solllblg
corc material core material

W/o O/W

Figure 3-1: The difference between the wataroil and oitin-wateremulsiongd259] (with permission from

the publisher)

These wo types ofemulsionshawe beenprepared and tested in the present work.
The reason behind usingemis to investigate the effect of emulsion tyijpen addition to
the concentration$ on the behaviour of the droplet during combustfeince,theratio of
the densitiesof boththe dispersed phase and the continuous phase is founfiuence
the rate ofnucleation within the emulsiorj260]. This in turn, will have an effect on the

droplet combustion behaviouFor that reason, further investigati@m this pointis
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supposedo be worthy.The preparations of these emulsions in addition to the criterion
followed for emulsifier selection are alisdussed below.

3.2.1.AEmulsifier Selection

Since emulsions are mixtures of two (or more) insoluble liquids, they are
thermodynamically unstable. This instability comes from higher free energy of the mixture
by surface energy compared to other mixtures. Thezedroplet coalescence inside the
emulsion will occur so as to minimize the surface area while maximizing the volume. This
in turn leads to phase separation within the emulsion. Consequently, producing a long
lasting emulsion requires a third agent thatumulates at the interface between the two
liquids forming the emulsion; this agent is teulsifier (or surfactant) The rule of the
emulsifier is to form protective, elastic, and relatively strong film layer that can withstand
droplet collision and gevent phase separation. However, the type of emulsifier is an
essential parameter in defining the type of emulsion. Hydrophilic emulsifiers prompt the
formation of oitin-water emulsions, while watén-oil emulsions are mostly produced by
the use of lipphilic emulsifiers[261]. This is known a8 a n ¢ r o f whiglsstatRutlhae
fithe phase in which the surfactant is more soluble is the continuousopf2&]. This
solubility inclination is characterized by the HydropHiigophile Balance (HLB) number.
The HLB numbers developed by Griffin as the balance of the size and strength of both
the hydrophilic and lipophilic groups within the emulsifier molecy®&3]. Hence, each
emulsifying agent has its own HLB number which is in the range of 0 to 20, and this
number defines whether the emulsifier is-smluble or watesoluble as shown in
Table3-1.

Table 3-1: HLB rangesand applicationf261].

0O O HL/| oil-soluble emulsifiers | for producing watein-oil emulsions

11 O OH L| watersoluble emulsifiers| for producing o#fin-water emulsions

HLB =10 hydrophilicallylipophilically balanced emulsifier

Consequently, in the present work two emulsifiers have been selected for emulsion

preparation. The first is the Polysorb&@ (HLB = 15) for making the diesel-water

70



emulsions, and the other is the Sorbitan Mono Oleate (also known as Span 80) (HLB =
4.3) for making the waten-diesel emulsions.

3.2.1.BEmulsion Preparation

In principle, emulsification is the process of mixingot (or more) liquids that are
originally immiscible. Thus, the main task in the emulsification process is to finely
disperse one of the liquids into the other. Therefore, the majority of practical
emulsification techniques depend on the dispersion metmod the application of
mechanical energy to the system. When the disperse phase is exposed to a high velocity
gradient, the droplets within will break up into smaller-ginbplets.

The watesin-diesel and dieseh-wateremulsions have been preparedhelab prior
to the combustioexperimentsThe method followed and described Balifano, Calabria,
and Massoli[143] and Jackson and Avedisigh47] has been used for preparatidior
ead of the emulsions, themulsifieris addedo the continuous phase (diesel in the case of
waterin-diesel emulsions, and water in the case of dieselater emulsions) with a
quantity less than 1% of the mixture volume. The emulsifier and the contiphage are
thenstirredfor ensuring solubility. The required quantity of the dispersed phase (water in
the case of waten-diesel emulsions, and diesel in the case of dieselater emulsions)
is then added gradually to the mixture. A 20000 rpm elebindblender has been used
for mixing the liquids for more than five minutes until a homogeneous milky white liquid
is producedThe interpretation of emulsion colours is showT able3-2. From the table,
it is implied that the obtained emulsgare the coarse maeemulsionswith 3-100 pm

disperse phase patrticles.

Table 3-2: Size range and appearance of emulsjgfg].

Disperse Phase Particle Size (um’ Emulsion Appearance
0.0020.003 Molecular Solution Transparent
0.0030.01 Micellar Solution Transparent

0.01:0.1 Micro-Emulsion Translucent
0.1-3 Fine MacreEmulsion Blue-White
3-100 CoarseMacro-Emulsion Milky White

Water contentn both emulsions habeenfixed to 10%, 20%, and 30% of the total

emulsion volume, and the remaining part is dieSiglure 3-2 shows the samples prepared
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in the lab prior to experiment. However, dieselvater emulsion of 40% water content
has also been prepared, and many trials for igniting the droplet have been carried out, but
without any success.

Finally, it is worthyto mention that for every new test, a new emulsion sample is
prepared and tested. Hence, theaemples are keph small containes, and during the
testing periodho visible changes have been observed

wWD10 | wD20 | WD30 DWIo | DW20 | DW30

‘SN PP

’55;\

Figure 3-2: Prepared samples of waierdiesel and dieséh-water emulsions of 10%, 20%, and 30% water

concentration.

3.2.2DieselFuel Blending

Fuel blending is defined dke process adddinghydrocarbon fuels, additiveandor
othe compounddo the base fuel in the form of mixirag different proportions to produce
a final fuel of specific performance characterisf@®4]. In the present worlBiodieselin-
Dieseland Bioethanolin-Diesel Blend have been prepared-lab. For each blend, three
blending proportions are used, in which diesel accounts for (90%, 80%, and 70%) of the
total mixture volume, and the added fuel accounts for the remaining (10%, 20%, and 30%)
resgectively. These proportions are selected in accordance to those corresponding values of
diesel emulsions. This ensures relatively comparable results.

Concisely, fifteen different liquid fuels have been utilized in the experiments of the
present work. firee of them are singlsomponent fuels, and the rest are multicomponent
ones. A complete list of these fuetsshown inFigure 3-3, and their abbreviationg&nd

phydcal properties arshown inAppendces(A) and(B) respectively
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Fuel Type
|
Single .
LM Multicomponent

== Diesel Emulsions Blends
| 1

| 1
== Biodiesel Water-in-Diesel Diesetin-Water Biodiesel/Diesel Ethanol/Diesel

i

\
L— Ethanol 10% Water

10% Water —*10% Biodiesel —+ 10% Ethanol ‘
L

20% Water

il

20% Water —+20% Biodiesel —+ 20% Ethanol ‘

I

30% Water 30% Water —{30% Biodiesel —{ 30% Ethanol ‘

Figure 3-3: A chartof the fuels utilized in the present work.

3.3 Experimental Characterizations

The experimental work carried oduring the course of the present work will be
described in detail in the forthcoming chapters. Nevertheless, a brief characterization of the
key instruments and processes implemented in experiments is found to be important. These

include droplet generaticand suspension, droplet ignition, and the optical setups for each
test.

3.3.1Droplet Generation, Suspensionand Ignition

Three major techniques are usually used for single droplet combustion investigations
[265]. These techniques areostm in Figure3-4.

In the first technique Rigure 3-4(A)), the fuel is introduced through a porous
spherical structure to create a thin layer of fuel that is consumed during combUstisn.

technique has been used [366i 272] for studying flame structure throughout droplet
combustion of differet fuels.



Figure 3-4(C) shows the third technique in which the droplet is set to fall freely
during combustion. This technique is used for studyimg combustion of very small
droplets analogous to the real size droplets as it is shoji®)122,129,269,27276]

Fuel

Filament

Suspended
Luminous Draoplet Free Falling
: Droplet

Region

Luminous
Porou: 3 Region

Sphere §

(4) (B) (©

Figure 3-4: Laboratoryfuel droplet generation antbmbustion in an oxidizingtmosphere(a) porous
spheremethod (b) suspended dropletethod,and(c) falling dropletmethod(reproduced fronfi265]).

Figure 3-4(B) shows the second technique, that is droplet suspension on a thin
filament. This tehnique is the mosised among all methods, since it offers a relatively
fixed droplet position for easier and more precise lifetime and burning tracking.
Additionally, studying multidroplet combustion in the form of an array is conceivable
using this mdiod. The filament may take the form of a single fif34,86,277,278pbr a
mesh of twecrossshaped fibre§64,232,279,28Q]and it may be in different sizes ranging
from (12 pm) to (250 pm).

For the present work, droplet suspension metlsodmplemented for fixing the
droplet. Because, studyirthe doplet liquid-phasedynamics requires the droplet to be
fixed in a certain position so that it will be at the camera view field during its whole
burning time without any fluctuation or outsizetbvement. This is ensured by droplet
suspension. For the same reason, the droplet is required to be large in size for easier
tracking of the internal processes that occur during combustion. Accordingly, increasing
droplet size makes it difficult (if not gsible) to use very thifilament 50 um) for
suspending the droplethis is proven by trials and evidenced dymparison withLiu et
al., [281] who have used 14 um fibre stefor droplets with diameters less than 1 mm and
80 um fibre mesh for droplets with diameters larger than 1 fitmrefore,higher size

filaments are required, with the need to keep this within the minimum possible limit.
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Hence, a 10@um diameterfibre is found to be proper for suspending the droplet in the
present work.

On the other hand, careful selection of the filament matdréd also ben
considered. It is obvious that any material to be suitable for droplet suspension during
combustion should hawvemelting point higher than the flame temperature (i.e. > 2000K in
average)Silicon carbide (SiC) fibre (whose melting temperature is around twice the flame
temperature) is found to be suitable for droplet suspension, especially with the fact that its
effect on droplet burning rate is reported to be negligibly small for larger droplet diameters
[281,282]

Figure 3-5: Droplet suspension using a single (108) monofilament SiGibre.

Consequently, the SiC fibre has been implemented for droplet suspension in the
present work. It has been used in the form of a single monofilament of (100 um) diameter.
This fibre consists of 95 um silicon carbide enforced by a 5 pm Tungsternocorerease
its strength. Hence, this offered the privilege of suspending the droplet without being bent

as shown irFigure 3-5.

Figure 3-6: Micro-fine syringewith hypodermic needlfor droplet generation.
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Droplet generation on the other hand, is performed usimiceo-fine syringe with
hypodermic (0.33nm) diameter and (12.7 mm) lengtieedleas shown irFigure 3-6. A
relatively constant amount of fuel volume is injected every time for generating and
suspending the droplet on the SiC fibre.

The initial diameters of bthe droplets generated and adopted in experiments are
evaluated using image processing and showFigure 3-7. As the figure shows, 302
sample droplets have beeangrated and used in experiments. 84% of these droplets are of
initial diameter in the range of1L.4 mm, while the remaining 16% counts for the droplets
that are outside this range (0.8<2 and 1.4<[<1.6 mm respectively). The average
diameter of all thelroplets is evaluated to be 1.207 mm with a standard deviation of 0.269.
Therefore, a relatively high repeatability is obtained using the Himmeosyringe for
droplet generation. Although, this is a relatively large droplet size compared to theeeal siz
in practical applications. But, it is essential for visualizing and tracking the Jgphade
processes.
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Figure 3-7: (a) The nitial diameter of all the droplets adopted in experimg(isthefrequency distribution
of these diameters.

Additionally, it is worthy to point out thathe use of droplets with relatively large
sizes is prevalenn the experimental investigations biferature ofdroplet combustion
Figure 3-8 presentsome representatiamples of the large size droplets (above the real

droplet size range) with respect to the publication year of the work. Despite the extensive
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number of workcarried out on large size droplets, only the largest size samples are
selected for each year, since the figure is made for demonstration purposes only.
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Figure 3-8: Representativeasnplesof thelargedropet initial sizediameterange implemented in the

literatureof experimentatiroplet combustion

As it is shown by the figure, the large size droplets are used in the past and being
continually used in present for droplet combustion investigatiSiee, it is easier to
generate and investigate a larger droplet compared to the real size one. For that reason, the
droplets generated and investigated in the present work are larger than the real droplet size.

However, as it will be shown in the next plers, all the studied characteristic
parameters are normalized with respect to the initial droplet diameter. This is to &nsure
minimum effect othedroplet size variation on the studied parameters.

Eventually, droplet ignition has been carried osing the hot wire ignition method.

Hot wire ignition is widely used for igniting the droplet in experimental work, for example
those carried out bf99,150,180,283]In the present workwo hot wire techniques have
beenattempted The first is using the SiC fibre as a hot wire. This is carried out by heating
the fibre onthe side &r from thedroplet suspension location as showirigure 3-9. After

the droplet is suspended, a butane flame is placed below the fibre 5 mm away from the
droplet. This point is selected to keep the effect of the butane flame on droplet combustion
to minimum. This includes preventing any form of interference between the butane flame
and the flame surrounding the burning droplet. The heat generated in the zone above th
flame is transferred quickly by conduction to the part suspending the droplet. This is due to
the relatively high thermal conductivity of the SiC fibfde butane flame is then removed

after the droplet is ignited. The resulting ignition delay timegiiis method is estimated
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to be in the range of 150 ms. This comprises the time period from placing the flame under

the fibre to the first appearance of the visible flame around the droplet.
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Figure 3-9: Droplet ignition by side heatingf the SiC fibre The legend in the figure represents the pixel
intensity distribution.

The second hot wire ignition method applied in the present work consists of using an
electrically heated kanthal wire coil as show Figure3-10. The kanthal wire coil is first
heated using a 28.5 W electric power supplied by 3.96 V DC power supply. The wire is
then set below the droplet adestance of 1.5 mm from the SiC fibre. It is then removed
quickly after the droplet is ignited. The ignition delay time using this method is estimated
to be about 50 ms, which is otterd that of the SiC fibre side heating.

Both methods are found to prack a reliable and repeatable droplet ignition for all the
tested fuel droplets. The droplet initial diameter, for both ignition methods, is evaluated at

the first image preceding the appearance of the visible flame around the droplet.

Kanthal Wire

100 200 300 400 500 B00 100 200 300 400 500 B0

Figure 3-10: Droplet ignition using an electrically heated kanthal wire ddike legend in the figure

represents the pixel intensity distribution.
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3.3.20ptical Setups

Every measuring technique has its own capabilities landations that make it
appropriate for a certain task rather than others. Therefore, a careful selection of the
technique is essential for the outcomes required from the investigation. In the present
work, the physical processes associated with dropletbastion of the mukcomponent
fuel are investigated using high speed imaging. However, these processes are dissimilar to
each other; some take place inside the droplet such as nucleation and cavitation, while
others occur on the droplet surface likeosetary atomization. Some of the processes are
macroscopic such as droplet shape and size change during its lifetime, whereas some are
relatively microscopic and require magnification for proper traclkingh as the bubble
growth and movement herefore, usg a single imaging technique is not appropriate for
studying these phenomena simultaneously. Thws, imaging techniques have been
employed sequentially in the present work for studying droplet combustion at different
focusing levels. Théechniqus arethe backlighting and shadowgraph imaging techniques
which arepresented below with description of theimajor optical components whereas
the full experimental setups and their descriptions are presented in the corresponding
chapters.

3.3.2.ABacklighting Imaging

Backlighting imaging has been employed in the present worlolitaining sharp
edges of the droplet boundarigs addition to focused imaging of the droplet internal
dynamics. The major components of the optical setup for backlit imaging are shown in
Figure3-11. A 55mm MacroExtension Tube Set (a8 mounted between the high speed
camera and thé&likon AF Micro NIKKOR 60mm f/2.8D Lens (b) for achieving the
required magnification. An LED illuminator (d) is used for generating the backlight needed
for imaging.In order to decrese the light intensity, a translucent white light diffuser (c) is
mounted between the light source and droplet. Two types of LED illuminators have been
used in experiments. The first iséaVolt, 72-LED domestic liluminator that is used for
droplet size tacking at low framing rates. Whereas the second IDar9-LED, 48Volt,
200 Watt,high intensityilluminator which has been used for high frame rate imaging that

requires intensive lighting.
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Figure 3-11: Components of the optical setup used for backlit imaging of the droplet combustion: (a)

Extension tube, (b) Lens, (c) Light diffuser, (d) Light source.

Using this optical setup, 20x and 30x magnification rates are achieved successfully.
Hence, the abty of tracking the various dynamic processes inside the droplet throughout

its overall lifetime is enhanced.

3.3.2.BShadowgraphimaging

Shadowgraph imaging has been implemented in the present work for tracking the
puffing, microexplosion, andecondary atormation and swaroplet emission during the
combustion othe multicomponeniuel droples. The optical components used for building

the shadowgraph optical setup are showRigure3-12.

(@ (b)

Figure 3-122 Components of the optical setup used for Shadowgraph imaging of the droplet combustion: (a)

Light Source (b) Magnifying Lens, (c)Concave Mirror (d) Closeup Lens.
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In this setup, light intensity is increased by mountingrixes 40x 25mmloupe eye
magnifier lens (b) in front of the 150W halogermolan-Jenner Mi150 fibre optic high
intensityilluminator (a) that is used as the light source. Light is then reflecteavdy75

mm diameter,7 mm thick, 750 mm focal length) oncavesphericalmirrors (c) into aHoya

49 mm Closeup lens (d) before which the droplet is mounted. This optical setup for
shadowgraph imaging resulted in a (10x) magnification rate. Again, this has given the
possibility of tracking puffing and secondary atomization and droplet size variation using
shadowgraph imagingThe 10x 20x,and 30x magnification rates have been schematically
presented ifFigure 3-13 to demonstrate théegree obmplificationin the droplet recorded

sizecompared to the real size.

o)

@ (b) © G))

Figure 3-13. Schematicomparisorbetween (a) the droplet real siamd the resulting magnifications by the
optical setupsfb) 10x (c) 20x, and (d)B80x magnification

The 2 mm diameter spherical particle Rigure 3-13(a) is magnified into 20 mm,
40mm, and 60 mm diameter particledrigure 3-13(b) to (d) to replicate the 10x, 20x, and
30x magnification rates respectively. From this figure, it can be inferred how helpful are

those magnifications for tracking droplet boundaries and interingusgh speed imaging.

Figure 3-14: The Photron FASTCAMSA4 Camera.
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Eventually, the described techniques have been executed consecutively using a single
PhotronFASTCAM SA4 High Speed Colour Camera shownFigure 3-14. The ultra
sensitive sensor of the camera increases the chance of obtaining highly clgas im
low-light conditions.Camera imaging conditions have been varied according to each test,
and are listed iTable 3-3 with the resulting magnification rate asgatial resolution. The
acquired images are stored in the (TIFF) file format for further enhancement and analysis
using specially built and developed Matlab algorithms. The processing structure and

procedures are described in the next section.

Table 3-3: Camerasettingswith theresultingmagnification ratend spatial resolutiofor each technique

_ Frame | Exposure Image Area Spatial o
Imaging _ _ ] Magnification
_ Rate Time Resolution | Covered | Resolution
Technique . N _ Rate (X)
(fps) (Hs) (pixel) (mm?) | (um/pixel)
250 4000 1024 x 1024 17x17 16.6 10
Backlighting
250 4000 384 x 288 | 3.84x2.88 10 20
Shadowgrapl| 10000 100 384 x 288 | 9.6x7.2 25 10
Backlighting | 40000 25 320x 240 | 3.2x24 10 30

3.41mage Processing for Featurdextraction

Image acquisition is the final process in experimental work, and at the same time it is
the first process in image processing. Image processing is essential for performing the full
analysis, since the image is not an objective in its owther it is the information
contained within the image that represent the objectiee,turning images into data.
Therefore, after acquisition, a series of processes are performed sequentially on the images
to extract the required features. These preeeare carried out according to the sequence
shown inFigure 3-15. Once read, the image is cropped into a specific size decided by the
nature of analysis, whetherig droplet or flame analysis, for single droplet or {voplet
combustion. Later on, the cropped image went on the processing steps characterized by
enhancement, morphological operations, segmentation, and feature extraction. A detailed

explanation of ezh of these processes is shown below.
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Reading and Cropping the RGB Raw Image
2

Image Enhancement

L 2

Segmentation and Morphological Operations

A 4

Feature Extraction

L 2

Data Saving

Figure 3-15: Flowchart of the image processing sequence in the present work

3.4.1Image Enhancement

Image enhancement is the process of image manipulation for obtamingage that
IS more suitable for particular applications than the original[84]. This manipulation is
carriedout by improving image contrast and object sharpness for efficient corrgudtt
analysis. However, image enhancemeniteda are poorly defined, and are often
subjective, because it depends on the application context rather than a standard objective
[285]. Hence, mage enhancemeit the present works carried out first by transforming

the image from an RBformat into a grayscale format as showirigure3-16(a and b).

Figure 3-16: Sequence of image processingdolatethe droplet from its surroundings; (a) the original
image, (b) grayscale image, (c) complementation, (d) holes f{fiireg), (e) thresholdeding, (f) noise
removalby filtering, (g) holes filling(second, (h) final imge oftheisolated droplet
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Then, image complementation is applied in the case of droplet analysis rather than flame
analysis, because droplets are shown to be relatively dark in both backlit and shadowgraph
imaging techniques. This is due to the droplet being between the ligbesand camera.
Whereas, the flame is luminous by its own and its light intensity is higher than that of the
light source, therefore it does not have the dark appearance of the droplet. An example of
droplet image complementation is shown Higure 3-16(c). Thereafter, image
enhancement is preceded by working all the gaps that take place in the image due to light
intensity difference. This is carried out by holesrfdlas shown ifrigure3-16(d and Q).

To this point, the selected image enhancement processes fulfilled the objective of
improving object sharpness and image cattes it is demonstrated IFygure 3-16(a-d).
Subsequently, segmentation and morphological operations are carried out as shown in
section 8.4.2.

3.4.2Segmentation andviorphological Operations

Segmentation in image processing is the process of subdividing the image into
specific regions or objects of certain significance to the intended applic&#].
Therefore, it is essential for describing the image and classifyiogjists prior to feature
extraction. Various methods are used for image segmentation depending on the objectives
of image analysis and the required featy28%]. Nonetheless, these methods are assorted
under two major categories according to tppraach of segmentation. The first category
is boundarybased segmentation, in which the boundaries around the regions in the image
are formedaccording the discontinuities in the image. The second category is-teged
segmentation, where the similgribetween image regions is the bases for segmentation.
Thresholding is an example of the latter cated@84,285] and it has been utilized for
segmentation in the present work. Thresholding according to intensity is the process of
differentiating between the pixetontained in an image. The pixels with values more than
a certain threshold are assumed to be #fAfore
threshold are assumed [285] Tiéeadfectkofjtinreshollidgoion a nd
the resulihg image can be depicted by comparing the images showgume 3-16(d and
e) that are droplet images before and after thresholding respectively.

However, even withhresholding there are still some parts of the image that contain

unfavourable noise that should be removed before going on analysis. Increasing the
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threshold value will not solve the problem; in fact it may get it worse, because it may cut
parts of the bjects of interest. Therefore, finding another tool for finalizing the task is
obligatory. This is done by the use of morphological operations.

The morphological operators in image processing serve as a tool to modify or extract
the image components towdsr better representation of the shape and structure of the
objects within the imagf84,285] There is a wide range of morphological operators such
as erosion, dilation, and skeletonization, and a lot more that are useful in binary image in
addition to grayscale iage analysis. The use of morphological operations in image
processing includeg but not limited toi filtering, segmentation, edge detection, noise
removal, object counting, and feature recognif@Bb]. Hence, these operations have been
implemened in the present work in two steps; the-precessing and pegrocessing
steps. In the prprocessing step, morphological operations are performed in the form of
noise removal by filteringHigure 3-16(f)) and erosion followed by dilation using the
MATLAB function imopen (Figure 3-16(g)). While in the posprocessing step, feature
extraction is carried out mostly by morphological operations as it is further explained in
section 8.4.4).

To this stage, the image is enhanced and modified to the form that is appropriate for
efficient feature extraction. But, an evaluation of the effect of image processing on the
shape and size of thabjects in the image is essential. This is carried out by testing the
similarity between the original raw image acquired by the optical system and that obtained
by image processing. Accordingly, the degree of certainty and the amount of error margins
canbe estimated. All these validation approaches have been explained in s2dtign (

3.4.3Validation and Error Estimation

As mentioned earlier, it igssential to ensure that the effect of image processing
operations on the shapes and sizes of the elements within the processed image are always
kept to minimum. Since, the processed image is the source of the data that will be used
later for the intendednalysis. Therefore, error analysis is performed for the digital image
processing part of the present work and the uncertainty is estimated

The aror betweenthe original image and processed image is firstly expressed in
terms ofdiscrepancy and then urertainty. The discrepancy is defined as the difference
between two magnitudes of the same quan86]. Discrepancy testing is carried out
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both visually and mathematicallyzigure 3-17 shows a comparison between original
images and those corresponding processed imbgesy (a) of the figure are five original
images of diesel fuel dptet combustion at different time intervals, while those
corresponding processed images are shown in row (b), whereas row (c) shows the
matching between the outer boundaries of the images in row (b) with the grayscale forms

of the images in row (a).

(a)

(b)

“.) .....

Figure 3-17: Comparisorbetween the original image and ttesuling processed image diesel fuel droplet

at different time periods; (a) original images, (b) processed imégematching the boundary ofeth

processedmages with the grayscale forof the original image

From the figure it can be seen that the processed images are almost exactly matching
the original images regardless of droplet size or shape. Even at the worse cases of image
blur such ashat shown for the time (290 ms), the processed image is almost typically
simulating the original one. This is highly favourable because sometimes the droplet
movement takes it out of camera focusing point, especially for the multicomponent
droplets. Howewe this droplet movement did not decrease the probability of obtaining
relatively sharp images appropriate for precise feature extraction.

In addition to the visual matching between images shownFigure 3-17,
mathematical analysis is carried out to evaluate the exact discrepancy between images.
This analysis is carried out according to the measured droplet major and minor diameters
as the dropleis not fully circular.

Figure 3-18 shows a sample of the comparison between the measured major and
minor diameters of the droplet shown in original image (a) and its corresponding processed
image (b). The selected images ave the first case irfrigure 3-17, which is for (0 ms)
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droplet lifetime. This comparison has been applied for many images at different cases. The
maximum evaluated disepancy for botlthe major and minor diameters found to be 1
pixel. This is in the cases of image blur like the one showrrigure 3-17. This

corresponds to 10m of real droplet size.

Figure 3-18 Comparison of the droplet major and minor diameters on (a) the original image, and (b) the

sameimage after processing.

However, the average discrepancy is found to be 0.6 and 0.3 pixel which corresponds
to 6 and 3 um for the major and minor diameters respectitddyce, the uncertainty is
evaluated according to equati(8i1):

YE 0 Qi owmbﬁe@d)i eée (3-1)

And the average uncertainty it found to be 0.3%.

From all the above, it can be inferred that the digital image processing operations
utilized in the present work result inhéghly accurate extraction of the objects within the
image without deteriorating neither the shape nor the size of these objects. This ensures
confidence in the subsequent data extracted from those images.

3.4.4Feature Extraction

Feature extraction is the last step in the processing of images. The aim of tigs step
to convert the images into quantitative data that can be analysed, explained, and presented

in the proper form. Feature extraction is also based on the morphological operations,
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because these are the processes that deal with parameters like objectsetegapand
quantity. Therefore, feature extraction in the present work is performed using various
morphological operators, such as edge detection for flame size estimation, object counting
for evaluating the rate of secondary atomization from a burnmoplet, and area,
perimeter, and centroid estimation for droplet size evolution and fluctuation monitoring
respectively.

It is worthy to emphasise here that droplet size is expressed in its diameter, and there
are different methods described in literattoe evaluating this diameter from the images
of the droplet. Some are using the equivalent diameter of the elliptical Et&fjeand
volume[142,183,288] and some are evaluating the diameter from the droplet projected
area as an equivalent to sphere of the same diafitét®&4,197. The last technique is
implemented for droplet size evaluation in the present work. The selection criterion of this
method is shown in Appendix (C).

Once the quantitative data is extracted from the images, they are saved in excel files
for further analysis. Though, the extracted data is based on the image coordinates rather
than the real coordinates. Therefore, it is required to convert these data into their
corresponding real coordinates. This is done by calibrating the images using a known size
object, and is shown in sectio8.9).

3.50bject True Size Calculation

The alibration in generalis defined asthe process of quantifying a relationship
between tk input and output data of a measuring syqt288]. In order to attain the real
dimensions of the investigated objects, object size calibration is carried out for defining the
magnitude of magnification resulted by the optical setup. This has been performed with the
aid of the SiC fibre whose real diamei® specified and permanently fixed.

Figure 3-19 shows the SiC fibre images for both backlighting imaging (a) and
shadowgraph imaging (b). Since the real sizeneffibre is known, then the real size of
any object in the image can be evaluated in accordance to that of the fibre as shown in

equation ()

Where:

Xgr = the real value of the object (mm).
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Xim = the corresponding value in the image (pixel).
X = the size of the SiC fibre in the image (pixel), and the (108fiOthe real diameter of
the fibre in mm.

Figure 3-19: Camera calibration using the SiC fibre: (a) Backlighting imaging, (b) Shadowinaging.

Accordingly, the real droplet diameter and flame height and width are all evaluated using
equation (). The real size of the area covered by the imaging system has also been
evaluated according to the image size. The results are shovabl®@3-4 for all the image
resolution values used in the present work.

Table 3-4: The area covered by the optical setup as evaluatanage size.

Image Resolution (pixel) Corresponding Area(mm?)
320 x 240 3.2x24
384 x 288 3.84 x 2.88
768 x 512 7.68 x5.12
1024 x 1024 25.6 x 25.6
3.6 Summary

In the present chapter, some of the processes carried out prior to (and after) the
experimental work have been presented and discuSdegbe include, fuel mixture
preparation, droplet generation, suspension, and ignition, the optical setups, and image
processing.The reason behind presenting these processes in this chapter is that these

processes take place with every experimental test performed in the present work. Thus,
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combining these processes in one chapter and referring to them whenever requined is m
practical than discussing them in every chapter.

Now, with the above processes explained in the present chapter, and the theoretical
basis discussed iBhapterTwo, describing the experimental work performed in the next
chapters turn out to be lessatlenging. Though, the new task to be fulfilled is the
validation of the experimental results and findings. This is executed particul&hapter

Four.
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Chapter 4. Size and Shape Characteristicsf the
Burning Isolated Multicomponent Fuel

Droplet

4.1 Introduction

Droplet burning rate and size evolution throughout its overall lifetime are the most
frequently studied parameters by the majority of droplet combustion research works. This
is due to the impact of these two parameters on the performance of the cormggpondi
practical combustion systems. Therefore, this chaptedeisoted for exploring those
parameters in addition to dropkke fluctuationwith respect to the total combustion time.
Droplet sze analysisis performed to emphasize the difference in stgbbietween the
singlecomponent fuel droplet combustion and multicomponent fuel droplet combuostion
one hand, and between the different multicomponent fuel mixtures on the Diger
analysis are carried out for diesel, biodiesel, and ethanol as thiiblssén addition to the
multicomponent fuels formed hyiodieseldieseland ethanddieselblends in addition to
waterin-dieseland diesein-wateremulsionsat different proportions.

For validation purposes, a comparison between the evaluated burning rates of diesel,
biodiesel, and ethanol droplets and those corresponding values from another experimental
works reported in literature has been performed first. Therefore, the burning) tfaefirst
parameter presented for all the tested fuels. Then, droplet size evolution behaviours are
presented with an emphasis on size fluctuation and its frequency to highlight the degree of
instability resulted from combining two fuelstinally, flame width and height are

presented for all the fuels.

4.2 Experimental Setup

The schematic diagram of the experimental setup is showigume4-1. The droplet
is supended orthe single monofilament SiC fibrdescribed in Chapter Three. This fibre
is attached to the sliding arm of a lab stand for easier control of the droplet position in

accordance to the cameBacklighting imaging withhie optical setup described in section
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(3.3.2.A has been used for tracking droplet combustion throughout this experirhént.
technique offers the benefits ofasply visualizing the boundaries of both the droplet and
the corresponding flame. These boundaries are then used for tracking and calculating
droplet size evolution and flame size variation in response to droplet combustion

advancement.

Light Diffuser, LED Light Sorce

Droplet

High Speed
Camera '\\

<~

r

Figure 4-1: Experimental setupf the droplet combustion with backlighting imaging

The high speed camera is set in front of the droplet, wheredsgktesource is
installed behind the droplet as shown in the figure &Nolt, 72-LED illuminatoris used
for providing the light required for illuminatioiThe translucent white light diffuser is
installed letween the droplet and the light source for lower light intensity, and more
uniform light distribution behind the droplet. Two camera settings are used in the tests. The
first is used for droplet size change tracking, where the camera is set to 250rfipg fra
rate, 4 ms exposure time, and 384x288 pixels image resolution. The area covered by the
camera was 3.84x2.88 mngiving a spatial resolution of 10 pm/pixel for each image. The
magnification rate achieved using this setup is 30 times the physicalThigefore, a
detailed investigation of the instantaneous droplet size and shape change during its overall
lifetime is performed. The second setup is used for tracking flame characteristics, so the
image resolution is set to 1024x1024 pixels, giving aiaipasolution of 16.6 pum/pixel, a
covered area of 17x17 nfmand a 10x magnification rate. Camera framing rate and
exposure time on the other hand, are fixed to the same values of the first setting. The

investigated fuels are watar-diesel and dieseh-water emulsions, biodiesel/diesel and
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ethanol/diesel blends, in addition to the neat diesel, biodiesel, and ethanol as single
component base fuels. The multicomponent fuel mixtures have been prepkiegiior

to experiments according to the procedutescribed in sectiorB(2). The tests have been
performedmany times for each fuel, and three successful tests are selected and saved for
processing in each cag@ each setup. The images have been stored in the (TIFF) format
and processed according to specifically written Matlab algorifoiitaving the processing
proceduregdescribed in Chapter Three. The flowckart those algorithns are shown in
Appendix (E) The obtained parameters are further discussed in se¢tBymélow.

4.3 Results and Discussion

Figure4-2 showsa representative sample thie obtained images for the combustion
of WD20 fuel drople{fuel terminology is listed in Appendix (A)Bsuchimages have been

processedor extracting theequired characteristic parameters of droplet combustion.

452 ms

1076 ms 1336 ms
Figure 4-2: Temporal images of a burning WD20 fuel droplet.

As mentioned earlier, the aim of this chapter is to explore in detailsrtpet
burning rate, size evolution, and shape changeldition to the flame characteristiokthe
multicomponent fuel droplstcompared to those corresponding sirgbenponent fuel
droplets. This exploration is carried out using the data extracted by pracéssiimages
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obtained from experiments. Droplet projected area, perimeter, major and minor diameters,
and centroid are the extracted data from the processed images. These parameters are used
for evaluating droplet size (expressed in its diameter), posgispect ratio, sphericity, and
roundness. The disparity in these parameters between the droplets of the tested fuels is
discussed in the next section, before which, a validation of the experimental results is
discussed.

4.3.1Validation by Burning Rate Compaison

According to equation (21), droplet burning rate is the ratio between the initial
droplet diameter squared and its total lifetime. Droplet lifetime is the interval of time
between droplet ignition and flame extinction. Therefore, aheeroplet initial diameter
is extracted and its lifetime is determined, its burning rate can be easily evaluated.

On the other hand, the burning rate is reported extensively in the published literature
for different fuel droplets. Hence, it can be usedvialidating the experimental results by
comparison with the corresponding values from other published work. Especially, if it is
known thatthe effect of droplet sizehange is ampromised by thehange in its lifame.

Thus, the burning rate can be used domparison without any reluctance of droplet size
variation between the present work and the published waAdcordingly, a full
comparison is drawn for the combustion of diesel, biodiesel, and ethanol droplets and it is
shown in Appendix (D). A summasad version of the table is shownFkigure4-3. These

fuels have been selected particularly because they are-somglgonent so that the effect

of fuel preparation ®thod on the results is neglected. In addition to the availability of the
burning rate data of these fuels in literature compared to the multicomponent fuels.

In general,Figure 4-3 illustrates that the burning rates published in literature are
varied within a relatively wide range for each fuel, and that the estimated values in the
present work are within these ranges. However, the present results show a certain
similarity with a specific set of the published data. Hence, a detailed examination of the
figure and the corresponding values in Appendix (D) reveals that the burning rate value is
affected by the conditions under which the test is performed. Three diffeseconditions
are reported for droplet combustion; suspended droplet combustion under microgravity
conditions, suspended droplet combustion under normal gravity conditions, and

combustion of freely falling droplets.
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Figure 4-3: Burning rate comparison for diesel, biodiesel, and ethanol droplets respectively of the present

work and those corresponding values published in literature.

The burning rate values of the present work show a quite close #giymiéth the
majority of the published microgravity work§6,70,128,130,290for the three fuels. This
similarity is tested by evaluating the discrepancy between both values. The discrepancy is
defined as the absolute of the net difference between two values of the same quantity
[286]. If this discrepancy is less (or slightly higher) than the standard deviation of the data
to be tested, then a high degree of confidence is red2Bé{ The standrd deviation of
diesel, biodiesel, and ethanol are reportedppendix (D)and are 0.04, 0.09, and 0.06
respectively. Whereas the discrepancies between the evaluated burning rates of these fuels
and those corresponding values reported for micrograatingeconditions are found to be
0.030.06 for diesel, 0.08.08 for biodiesel, and 0.6208 for ethanol. Thus, a high degree
of confidence is built on the obtained burning rates for the three fuels. This, in turn is
reflected on the overall experimentabrk carried out.

Furthermore, as it is shown in tlkégure 4-3 and Appendix (D), the burning rate
constantof the ethanol is too close to the minimum published galwhich are belonging
to the burning rate constants at the microgravity conditions. This is attributed to the pure
nature of the ethanol, where it is usually available in the form of sowgtgoonent neat
substance, and is utilized in all experimentalkniorthis form. Diesel and biodiesel on the
other hand, are available in different proportions and different structures according to the
suppliers and different standards around the world. Hence, the burning rate constants of
these two fuels are slighttispersed compared to ethanol.

One more point to be revealed, that is the reason behind the relative dissimilarity

between the current results and those corresponding published results under normal gravity
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conditions despite that the current work performed under normal gravity. This is
explained by the effect of droplet suspension method. The size and mesh arrangement of
the suspension fibre have in fact a certain effect on the droplet burning rate. This effect is
clearly noticeablewhen comparig the burning rates of the same testing conditions but
different suspension material or meshAppendix (D) For that reason, the effect of SiC

fibre mesh arrangement on droplet burning rate has been investigated in the present work
using diesel, biodieseand ethanol as the burning fueks.crossshaped (100 pum) SiC

fibre mesh is used for suspending the droplet rather than the-8lagient (100 um) SiC

fibre. The burning rates are then evaluated for the three fuels, and the comparison with
those of tle single filament fibre is shown Figure4-4.

A x-Mesh m1-fibre

Diesel Biodiesel Ethanol

Figure 4-4: The effect of Sidibre mesh arrangement on the burning rate of diesel, biodiesel, and ethanol

droplets.

As it is shown in the figure, the droplet burning rates of diesel, biodiesel, and ethanol
are all increased with the new fibre arrangement despite the net size of the fibre is the
same. This suggests that a single filament fibre has less effect on dmplatstion than
the crossshaped mesh. Although it is reported that the thermal asymmetries resulted from
the crossshaped mesh are less than those from the simgteent fibres[281]. The
reduction in droplet burning rate for diesel, biodiesel, and ethanol when using single
filament fibre compared to the creskaped one of the same size is found to be 29%, 30%,
and 33% respectivelyfowever, a closer look to the burningasiof the crosshaped fibre
support experiments show that their values are almost similar to those corresponding
burning rate values under normal gravity conditionsAppendix (D) especiallythose
reported by Pan et. a[66] for biodiesel andBartle et. al.[291] for ethanol. This in turn
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confirms the similarity of the present experimental work with the equivalent published
work using both single filament fibre and cratsmped fibre mesh. Thereby, the analysis of
droplet burning rate and the other parameters is continued in the forthcoming sections.
Moreover, the values shown kigure4-4 represent the average values of ten samples for
each fuel, with the error bars in the figure representing the standardiatewatthese
values.Except the biodiesel in singféore experiments, the standard deviation of all the
cases is around 0.05 which is about 5% of the burning rate values. This in turn, suggests a

good repeatability of the results.

4.3.2Burning Rate of the Multicomponent Fuel Droplets

Once the droplet combustion experimental procedures and burning rate estimation
method have been validated, continuing data analysis and presentation is viable at the
moment. The burning rate of the multicomponent fdebplets has been evaluated
according to the same principle of the sirgbenponent fuel droplets shown in equation
(2-11). That is by dividing the initial droplet diameter squared by the total droplet lifetime
evaluated from ignition to flame extinctiolherefore, only the droplets proceeded
successfully to the end are considered for evaluating droplet burning rate. That is because,
in someof the multicomponenfuel droplets, especially for the water-diesel and diesel
in-water emulsions, the droplego on explosion and do not proceed for complete
combustion. However, in the case of dieselvater emulsions, for all mixture
compositions, no single droplet survived to the end for complete evaporatidn
combustion despite the amount of experimentsts carried out. All the droplets went on
microexplosion rather than complete combustion. Accordingly, the slope of the droplet
size evolution curve with time has been evaluated and assumed as the burrforgthéte
fuel mixture This assumption is vdl according to equatio(2-10) in which the burning
rate constant is the slope of the equation relating droplet size evolution with burning time.
Additionally, this method of evaluating the burning rate has been implemented by other
published works for eluating the burning rate for emulsion droplets, such as that of
Wang et al.[129].

Figure 4-5 shows the evaluated droplet burning rates of the multicomponent fuels
with respectto the volume fraction of the component added to diesel. The figure is split
into two parts to highlight the difference in behaviour between the emulsions and blends.
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Figure 4-5: Droplet burning rat¢émn¥/s) of the multicomponent fuels with respect to the amount of: (a)
water content for the watém-diesel and dieseéh-water emulsions, (b) blending agent for the biodiemed

ethanoiblended diesel fuel droplets.

Figure 4-5(a) shows the burning rates of the watediesel (WD) and dieseh-
water (DW) emulsions at 10%, 20%, and 30% volume fraction of water. Both types of
emulsions show ra increase in the burning rate with increasing water content in the
emulsion, with the higher rates shown for the WD emulsions. This is attributed to the
increase in puffing and secondary atomization from the emulsion droplets, which in turn,
raises the dintegration of the droplet leading to the increases in its burning rate. This is in
agreement with the results of both Wang et [4R9] for waterin-diesel emulsion, and
Kim and Bael{292] for waterin-n-decane emulsion, but, at the same time it is in contrast
with the burning rate values estimated by Jackson and Avedis#af for waterin-n-
heptane emulsion. Thus, it may be inferred that the type of base fuel has an effect on the
combustion behaviour of the efaion, especially, its boiling point. The boiling points of
diesel, ndecane, and -heptane fuels are >170°{293], 174.1°C, and 98.4°C294]
respectively. The boiling point ofimeptane is lower #n that of water; whereas, diesel and
n-decane both have boiling temperatures higher than that of water. Therefore, the case of
waterin-n-heptane emulsion is completely different from those of wateiesel and
waterin-n-decane emulsions. In the lattemulsions, water is the component that
undergoes superheat nucleation. Whereas in the former emulsion, both components have
almost the same boiling point with that ehaptane is slightly less than the boiling point

of water. Hence, both components aileely to undergo evaporation at the same rate
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without the occurrence of superheat nucleation. This probably is the reason behind the
difference in burning rate behaviour.

Figure4-5(b) shows the burning rate values of the biodiesémhdeddiesel (BD)and
ethanolblendeddiesel (ED)for 10%, 20%, and 30% of the blendifigel. The figure
shows that increasing the concentrations of ethanol and biodiesel in the mixtleadvit
a steepi in the ED blends anda slighti in the BD blendd decreasan the droplet
burning rate. This is expected in light of the burning rateesof the singleomponent
fuels (diesel, biodiesel, and ethanshown inFigure 4-3 and Figure 4-4 respectively
Since, the burning rates of both biodiesel and ethanol are less than that of diesel.
Consequently, adding these fuels to diesel will result in decreasing the burning rate of the
mixture. Again, this is in agreemewith the published work on diesel burning rate values
when blendedvith biodiesel and ethanol respectiv§ly?].

According toFigure 4-5, the burning rates of the diedssed multicompaent fuel
droplets are variable both in behaviour and magnitude in response to several parameters,
such as the concentration of the added substance, and boiling point difference tetween
diesel and the added constituent. This variation in burningaatges from 0.49 mffs for
BD30 to 1.88 mrfis for WD30. Then, the effect of this relatively broad range of burning
rate on the consumption of the base fuel (diesel) is evaluated.

Figure4-6 shows the effect of (a) water and (b) blends concentrations on diesel fuel
consumption of the multicomponent fuel droplets. Diesel fuel consumption is normalized
with respect to the burningite of the neat diesel. As shownHFigure4-6(a), emulsifying
diesel by water results in increased diesel fuel consumption due to increasing the burning
rate of theemulsion. This increase in diesel fuel consumption is shown to be less for the
diesetin-water emulsions; in fact it is negligibly small for the three concentrations. For the
diesel blends shown iRigure 4-6(b), increasing the blending fuel results in decreasing
diesel fuel consumption. This decrease may reach up to 70% and 50% of the neat diesel
burning rate for ED30 and BD30 respectively. All that implies that bhendiesel by
either biodiesel or ethanol has a better impact on diesel fuel economy than water
emulsification. This in turn will have an effect on the break specific fuel consumption of
the engine fuelled with such fuels. The break specific fuel consomigkisfc) of the
engine is defined as the ratio of fuel consumption rate to the break power of the engine
[165]. This means that the break specific fuel consumption is proportional to the fuel

consumption rate.
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Figure 4-6: Normalized diesel consumption with respect to the amount of: (a) water content for thinwater
diesel and dieseh-water emulsions, (b) blending agent for the biodiemetl ethanaeblended diesel fuel
droplets.

Hence,Figure 4-6 suggests that thereak specific fuel consumptioof the engine
will increase when fuelled witlthe emulsified diesel and decrease when fuelled with
ethand-blendedor biodieselblended diesel. This is in agreement with the published work
on engine performance for diesetter emulsion$253,255,295,296]but in contrast with
that for diesel blend®38i 240,249,297]However, the above suggestiaccounts only for
one parameter of the brake specific fuel consumption that fsi¢heonsumption ratand
disregards the other effective parameter that is the biakerpThe brake power may vary
by varying fuel type according to the heating value of the fuel. Hence, the above
suggestion only gives an indication of the effect of changing fuel composition on the
consumption rate rather than power output.

Once, the buring rate constant of the different multicomponent fuel droplets has
been evaluated, it is time now for comparing the second important macroscopic parameter,

that is the droplet size evolution with time. This is executed in the next section.

4.3.3Droplet SizeEvolution

Figure4-7 showsthe droplet size evolution with time fall the fuels tested in the present
work. These include diesel, biodiesel, and ethanol as stagigonent fuels, in addition to
biodieselblenced diesel, ethandilended diesel, waten-diesel emulsions, and diesal

water emulsions as multicomponent fuels. The multicomponent fuels are of 10%, 20%, and
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30% volume fraction of the added component. Droplet size evolution is expressed in terms
of its diameter squared. It has been tracked and estimated using droplet images during
combustion. Droplet size is normalized by the droplet initial diameter squared to eliminate
the effect of initial droplet size variation on the comparison between fuelantaseous
combustion time has also been normalized by the total droplet lifetime so that the effect of
combustion time difference between the fuels is eliminated. Hence, an assessment of
droplet combustion behaviour for all the tested fuels became ajgtetypiconceivable by
unifying the time domain. As mentioned @hapter Three and Appendix (C), droplet
diameter is estimated using the equivalent diameter of the droplet projected area from its
sequential images for all the tested fuels. All the fuetedisn Figure4-7 are of droplets
that went through complete combustion, i.e. from the initial size to a size teqero.
Except one case which is the dieselvater emulsion of all volume fractions, where the
droplets experience explosion before complete evaporation despite the large number of
trials carried out for investigating this case. Therefore, the final size of this case is not the
complete combustion sz rather it is the explosion size. The first rowFajure4-7 shows
the size evolution of the singmponent fuels; diesel, biodiesel, and ethanol
respectively.

Generally, the combustion of these singtenponent fuels is smooth compared to
the chaotic combustion of the multicomponent fuels. Additionally, the size variation of the
three fuels relatively obeys theé-aw of droplet combustion, especially after first 20%
of the droplet lifetime. A linear slope is obtained for the three fuels that is compatible with
what is predicted by the’Paw analysis. Whereas, in the first 20% portion of the droplet
lifetime, droplet size is either equal to or relativelgh@r than its initial value. This is due
firstly, to the combustion of the already existing fuel vapour that is generated by droplet
vaporization prior to combustion, and secondly, to the heating of the initially cold droplet
[40]. Therefore, droplet heating rather than evaporation is the dominant process in the early
stages of combustion, and in turn, relatively constant droplet size behaviour is shown in the
size evolution curve of the singt®mmponent fuelsiFigure4-7.

The second row ofigure 4-7 shows the size evolution of the biodieb&nded
diesel (BD) of 10%, 20%, and 30% biodiesel volume fractions respectively. Firstly, it can
be inferred that the BD blends are burning rel&#giveamoothly compared to the other
multicomponent fuels as a result of the miscibility of diesel and biodiesel in each other
leading to a relatively homogeneous mixture. Secondly, the early stage constant droplet

size shown for the singleomponent fuels ialso occurring with the BD fuel droplets.
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Figure 4-7: Droplet size evolution with respect to time:ftire singlecomponent fuels firow),
normalized droplet lifetime (t/ta).
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biodieseldiesel blends (¥ row), ethanoldiiesel blends (3row), waterin-diesel emulsions {4row), and
dieselin-water emulsions (5row). The y-axis is the normalized droplet size (Q)®) and the xaxis is the




Moreover, as shown in the regiohghlighted by the circles ithe secondaw of
Figure 4-7, for a short time period within the interval bounded thg 50% and ®%
portionsof the droplet lifetime, a slightly constant droplet size pattern is noticed for the
blends compared to diesel and biodiesel. This is referred to the heating and evaporation of
the less volatile component in the multicomponent mixt{&&6]. These components last
to the end inside the droplet, and then start to boil and evaporate causing the droplet size to
increase due to increased internal pressure by vapour gen¢tadgnn the present work,
biodiesel is the less volatile compon§@8]. Hence, diesel will evaporate first leaving the
biodiesel to accumulate in the cenbf the droplet. This will result in a form of nucleation
and phase separation between diesel and biodiesel as shbigurne4-8. After a certain
time, theconcentrations of the mixture will change due to diesel depletion and biodiesel
accumulation resulting in a new mixture of high biodiesel concentration. Therefore,
biodiesel will move towards the droplet surface due to concentration gradient. Though, at
the droplet surface, biodiesel will evaporate at a temperature higher than that of diesel.
This will result in increasing the droplet surface temperature, and accordingly increasing

the temperature inside the droplet.

1052 ms 1056 ms 1060 ms

1064 ms 1068 ms 1072 ms

Figure 4-8: Bubble nucleation inside a burning BD10 fuel drop2$=1.3 mm).

Consequently, the remaining diesel that is trapped inside that droplet will start
boiling and generatdubblesthat aregrowing and causng droplet expansion. This
expansion is shown to occur in the second half of its lifetime and for the diesel and blends
rather than biodiesel. For diesel, the expansion is less intensive compared to the

biodieseldiesel blends, and it may be relatedre constituetts of diesel. Since the diesel
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fuel is a mixture of different components that have different volatilities, making the diesel
droplet to behave similarly like the multicomponent fuel drogiEs$.

The third row ofFigure 4-7 shows the size evolution of the ethabténded diesel
(ED) of 10%, 20%, and 30% ethanol volume fractions respectividy.the figure
illustrates, the ED blends show the most chaotic behadmong all the studied fuels.
This is attributed to the partial miscibility of ethanol in diesel as stated previously. Hence,
compared to the mixtures produced by blending diesel with biodiesshich are
completely miscible in each othérand the emulens generated by mixing water with
dieseli with the aid of the emulsifying agenitsblending diesel with ethanol results in
highly metastable mixtuse So, te relatively random droplet combustion behaviour of
these blends iattributed tatheir metastale naturewhich leads to increased nucleation rate
as shown irFigure4-9. This is in agreement with the findings of Avulapati et. [4i31]
for blending diesel with 10%, 25% and 50% ethanol by volufoethermorejn the ED
blendsethanol is the more volatile component and diesel is the less vaaglewith a
relatively large boiling point difference between them (in dhgéer of 100) Hence, the
superheat boiling described for the BD blends is expected to occur in the ED fuel droplets
with diesel being the component experiencing superheat bollimgconstant droplet size
regions shown in the BD blendsvesalso been nated for the ED blends and bounded by

the red circles ifrigure4-7.

1080 ms 1104 ms 1132 ms

1188 ms 1224 ms 1284 ms 1288 ms

1324 ms 1360ms

Figure 4-9: Size increase and instability @tobubble growth and puffing withia burning ED10 fuel
droplet(Dy=1.23 mm)
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The final two rows ofigure4-7 show the size evolution of the waiardiesel (WD)
and dieseln-water (DW) emulsions of 10%, 20%, and 30% water volume fractions
respectively As mentioned earlier, droplet fragmentationswiie dominant behaviour
during the combustion of the DW droplesccordingly, the dropletglid not undergo
complete combustiorfor the all water concentrations studiethe same combustion
behaviour of the ED blends ghown to happen during the combusti of the emulsion
dropletswith less instability. This is due to the effect of the emulsifying agents used for
preparing the emulsions. These agents act as mixture stabilizers that prbesat

separation within the emulsified fue$ discussed in Chaptéhree
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Figure 4-10: Comparison between the predicted droplet size evolutions using-faevlupper ow) and
those evaluated from experimental results (lower) for diesel, biodiesel, anethanol.The yaxis is
((D/Dg)?), and the saxis is (Vo)

Furthermore, in order to compare the difference between the theoretical prediction
and experimental calculations, the droplet size evolutions of the three-somgponent
fuels have been euated using the Blaw equations described in Chapter Two. These
evolutions have been drawn with those corresponding evolutions from experimentation in
Figure 4-10. These three fuels have been selected because tteanvD2 only valid for
singlecomponent fuels rather than the multicomponent fuels as it is shown in the

assumptions used for developing thé&rBodel in Chapter Two. Hence, &igure 4-10
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shows, the droplet size evolution predicted by tHdalv equations (upperow of the

figure) have excluded the first 20% heating period and its effect on droplet size increase
shownin the corresponding experimental data. Additionally, the droplet size fluctuations
in the midterm of its lifetime described previously did not appear in the corresponding
theoretical graphs. Thirdly, the slopes of the curveshich represent the burningte
constant as discussed abdvén the case of the theoretical evolutions are steeper than
those corresponding experimental curve slopes for all the fuels, suggesting a higher
burning rate prediction in the case of theory compared to experiment. Aé fhants

imply that the B-law model gives a good description of the overall droplet size behaviour,
but its prediction of the detailed events is relatively unsuccessful. This in addition to the
predicted burning rate constants are higher than thoseagsdlin experiments, in fact

they are around twice the calculated values.

Generally, the multicomponent fuel droplets show higher droplet size fluctsiation
compared to the singleomponent fuel droplets. The intensity okdh fluctuatiors is
uneven among the multicomponent fuel dropleésause of the effect afomponents
miscibility in each otheand the resulting mixture stability as explained abdverefore,
the intensity of size fluctuation of all the fuels under investigation has éxedunated and
further explained in theext section

4.3.4Droplet Size Fluctuation

Droplet size fluctuation is used for evaluatitige stability of the multicomponent fuel
mixture during combustin. This stability reflects the interaction between tiféeint
constituents of the mixtureand the resulting subsequent processes suctua@sation,
puffing, and secondary atomizatiomherefore, in their investigation of the puffing
characteristics from biodiesel/butanol droplétsang et. al.[156] used droplet degree of
deformation for detectingnd characterizinguffing. They have defined theedree of
deformation as the ratio between droplet actual perimeter and the equivalent perimeter that
is evaluated using the droplet equivalent diameter obtained from the droplet projected area.
This parameter is helpful in tracking puffing and secondamymaation due to the
resulting change in the shape of the droplet in response tdrsplet ejection from its
surface But, for cases as that shownkigure4-9 (images corresponding to 1224 ms and

1284 ms combustion time) where droplet size is increasing and its circular shape is not
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changing, the degree of deformation is not effectively applic&#alethat reason, droplet
size fluctuatiori the size increase in particulathas been chosen to illustrate the stability
of the fuel mixtures under investigation.
Figure4-11 shows the temporal size fluctuation of the burning BD10, ED10, WD10,
and DW10 fuel droplets respectively compared to that of the neat diesel droplet. Droplet
size fluctuation (&D) has bBlgen evaluated ac

YO ——— eee (4-1)

This fluctuation has been normalized by the initial droplet diameter for minimizing the
effect of droplet initial size variation on the results, and for the relevance and practicality
offered by the nomlimensional quantities compared to their correspandiimensional
ones.

Figure 4-11 shows representative samples of each type of the fuel mixtures
biodiesel/diesel blends, ethanol/diesel blends, watdiesel emul®ns, and dieseh-
water emulsion$ in addition to a sample from the neat diesel fuel droplet tests. The figure
shows that the intensity of size fluctuation is higher at the second half of the droplet
lifetime for all the presented fuels. This intensigyoccasionally high compared to the
droplet initial diameter, as shown in the case of ED10 fuel droplet. The size fluctuation in
this case is around 30% of the initial droplet diameter. Therefore, further exploration in
these fluctuations is thought to beerited. However, due to the random nature of droplet
size fluctuation, presenting it in the form Bigure 4-11 for every fuel is not practically
worthy. Thereforea broader statistical analysis is performed among three samples for each
fuel and the maximum limit of the average values for every fuel has been evaluated.

Figure 4-12 shows the average droplet size fluctuations of all the fuels under
investigation. These fuels are divided into three categories; (a) the-somgf@nent fuels
(biodiesel, diesel, and ethanol), (b) the WD and DW emulsions, and (c) the BD and ED
blerds. The presented values are for the sum of the average values and standard deviation
for each case in order to illustrate the maximum possible size increase rate. As it is shown
in the figure, the multicomponent fuels have higher size fluctuations cothparthe

singlecomponent fuels.
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The larger average size fluctuation occurs during the combustion of ethanol/diesel blends
that is about 7% of the instantaneous droplet diameter and 4% of the initial diameter in

maximum in the case of ED10, and the rest of the mixtures are below thess val
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Figure 4-12: Average droplet size increase rate normalized with respect to droplet initial diameher; fay
singlecomponent fuel droplets, (b) diesel/water and water/diesel emulsioletd;and (c) biodiesel/diesel

and ethanol/diesel blend droplets.

Furthermore, the BD and ED blends initially, have higher fluctuations than the
corresponding emulsions of the same diesel concentration, as in the case of 10% additive
mixture fuels. Incresing the additive concentration in the ED and BD blends then
decreases the fluctuations in the droplet size. This is exactly the opposite in the case of
emulsion droplets, where the fluctuation is increased by increasing the concentration of
water in the mulsion. This can be explained by looking at the maximum droplet size
increase irFigure4-13, and the size increase time portiorFigure4-14.

Figure4-13 shows the higher value of droplet size with respect to its initial diameter.
This value is the average of three samples for each fuel. The same three categories used in
Figure4-12 have been used for presenting the maximum values, except the BD data that
has been moved tBigure 4-13(b) to show the similarity in behaviour. Second order
polynomial curve fitting is used for connecting the points for each of the multicomponent
fuels inFigure4-13(b and c).
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Figure 4-14 on the other hand, represents the portion of time with respect to the

overall dropletifetime where droplet size increase is occurring rather than size decrease.
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Figure 4-14: Average droplet size increase time with respect to the total droplet liffsirtiee: (a) single
componenfuel droplets, (b) diesel/water and water/diesel emulsion droplets, and (c) biliéssthnd

ethanoldiesel blend droplets.

From the figure, it can be seen that for all the fuels except neat ethanol, the size

increase occurrence time is almost the esand it accounts for about -50% of the
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droplet lifetime. This implies that in a large portibonalmost halfi of its lifetime, the
burning multicomponent fuel droplet experiences size fluctuation leading to an increase in
its diameter. This fluctuatiors basically attributed to the stability of the multicomponent
fuel mixture resulting from the miscibility of its components in each other. This is
practically interpreted by the nucleation and bubble generation within the-phaske of
the burning fuetroplet, and the subsequent puffing and secondary atomization.

Altogether, figures (A1), (412), and (413) give a broader description for the
stability of the multicomponent fuel droplets during combustion. SiRiceire 4-12 gives
the average fluctuation rate among the overall droplet lifetifngure 4-13 gives the
maximum &e increase, andrigure 4-14 gives the time portion of that increase with
respect to the droplet lifetime.

Hence, recallinghe final finding of Figure 4-12 regardingthe effect of additive
concentration on the variation of average size increilses effect can be explained i
light of the three figuresFirstly, for the emulsions, increasing the water content in the
emulsion increases the chance for superheat boiling of water and the resulting nucleation
and bubble generation. This in turn, is reflected on the size increase rate and its occurrence
time whch both are increased for the WD and DW types of emulsions as shown in
Figure4-12(b) andFigure 4-14(b) respectively. Secondly, for the biodi¢dedselblends,
increasing the biodiesel content in the blend resulted in decreasing the average increase
rate from 1.5% to 0.6% of the droplet initial diameter, and increasing therence time
span from 38% to 42% of the total droplet lifetime as showrrigure 4-12(c) and
Figure4-14(c) repectively.In other wordsthe instability in the biodiesklieselfuel blend
is reflected in the fluctuation time rather than fluctuation intengitys could be attributed
to the sequential combustion of diesel dnddiesel in the blend and the slightly low
burning rate of the blends as shownFigure 4-5. Thirdly, for theethanoldiesel blends,
the fluctuation size increase rate is decreased from 4% to 2.8% of the droplet initial
diameter, and the occurrence time also decreased from 55% to 50% of the total droplet
lifetime when the concentration of ethanol in the blend is increased from 10%6t@s30
shown in Figure 4-12(c) and Figure 4-14(c) respectively. However, ashown in
Figure4-13(c), the maximum size increaseaagmentedrom 23% to 44%by increasing
the ethanol concentratian the blend from 10% to 309 his implies tha the mixture
instability in the case of thethanoldiesel blends is reflected ithe form of smaller

number of large scale fluctuations occurring in a shorter period of time. An example of
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these large scale fluctuations is shown in the spikes boundetthebyed circles in
Figure4-11.

Finally, despite its representation with respect to initial droplet diameter, the droplet
size fluctuationcould be instantaneously effective compared to the droplet instantaneous
diameter, especially for smaller droplet diameters. Therefore, in order to quantify its
significance, thanaximumdroplet size fluctuation rate is evaluated and normalized by the
instantaneous droplet diametdor all the fuels under investigatioand plotted in
Figure4-15. As it is shown in the figure, compared to droplet instantaneous diartreter
fluctuation rate is relatively high, and in some cases such as the ED blends, the fluctuation
in the size is equivalent oor even larger thain the droplet diameter. This is especially
occurs in the end of the droplet lifetime where droplet diamet relatively small.
Additionally, it can be seen that in the case of DW emulsions, the fluctuations are too small
compared to the corresponding WD emulsions and BD and ED blendss Deisause the
DW fuel droplets did not maintain combustion to thmel ef the droplet lifetime, rather
droplet fragmentation takes place when droplet size still relatively large. Hence, the
resul t iratgis b tobpared to the corresponding multicomponent fuel mixtures

that are successfully burning towards the ptate evaporation of the fuel droplet.
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Figure 4-15. Maximum droplet size increase rate normalized with respect to droplet instantaneous diameter

for thefuels under investigation.

4.3.5Flame Characteristics

Figure4-16 shows sample images of the luminous flame surrounding a WD10 fuel

droplet. The first image represents the droplet just before ignition initiation, therefore it is
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assigned time (t = 0 ms).h& images at times 380 ms and 484 ms show the flame
propagation, while the image at time 676 ms demonstrates the maximum dimensions of the
flame.The influence of droplet puffing on tl#hape and appearance of the luminous flame

is shown in the imageof times 756 msand 1504 msFlame shrinkage and extinction due

to complete droplet evaporation and fuel consumption is shown in the images of time
periods 1588 ms and 1616 ms respectively.

As shown by the images iRigure 4-16, flame boundaries are well defined and easily
distinguished from both the droplet and surrounding environment, giving the opportunity
to track and extract flame size variation during the ol’/emhbustion time. Additionally,

as shown by the images, the effect of forced convection has been eliminated by working in
a relatively quiescent environment. However, the natural convection and buoyancy could

not be avoided because the experiments aferpged under normal gravity conditions.

380 ms 484 ms 676 ms

1504 ms 1588 ms 1616 ms

A A

Figure 4-16. Sampleimagesof theluminousflame surrounding a WID fuel droplet.

The flame tests have been carried out for all the fuels under investigation, including
the singlecomponent fuel$ except neat ethandlandthe multicomponent fuel mixtures
comprising the blends and emulsiok#hanol has no luminous flame; thereforbas been
excluded from the flame characteristic analyditree experimental tests have been
performed for every fuel foassuring repeatability. The images obtained from these tests
have been processed using the same sequence followed for the dropéeproEassing
described in Chapter Thre€he flowchart of flame image analysis is shown in Appendix
(E). From tle testimages, flame height and width variation with time are evaludieese

parameters are normalized with droplet initial diameter for #mesreasons mentioned

113



earlier regarding the elimination of droplet size variation effect on the obtained results, and
the applicability of the noximensional quantities compared to the dimensional ones.

Figure 4-17 shows thetemporalvariation of the luminous flame heigft/Dy) and
width (W/Dp) with time for the neatdieseland biodieselfuel droplets.Both the fame
heightand width havébeen normalied according to thdropletinitial diameter for each
fuel. Time as well has been normalized in accordance to the total time required for
complete combustion of the droplet, in order to study flame behaviour for all the fuels
across thesameportion of time. The flame height is assumed to stadnfi the SiC fibre;
hence the small portion of droplet size above the fibre has been negleotadhe figure
it can be seen that diesel droplet has the highest {laiiiy O  Iwhile biodiesel hashe
lowest (H/Dy < 7). This is attributed to the sooting tendency of the fuels, where biodiesel
has a lower sooting tendency compared to diesel that is classified as a sootifbifuel.
supports the previous findings of the effect of biodiesel on decreasing soot iganerat
when added to dies¢66,122,128] This in fact is the idea behirgending diesel with

biodiesel.
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Figure 4-17: Temporalvariationof the normalized flame height (blue) and normalized flavitth (red)

with time for neat diesel and neat biodiesel fuel droplets.

Furthermore, as shown in the flame height (blue) lindsgire4-17, there are three
distinctive stages in the combustion of the fuel droplee firststagels shown in the early
20% of the droplet lifetime, wherignition andflame initiation takes place, followed by
flame propagationThe secondtageis for the next 60% of droplet lifetiep where steady
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burnng of fuel takes place, and flame size is relatively consfamd the thirdstageis the
last 20% of the droplet lifetime, where the flame starts to shrink height wise while its width
remains almost the same until the final stagesoofhbustion. Thesstages are shown to
occur during the combustion of both the ndiaseland neabiodiesel

In addition, t is noticedthat at the early 10% of the overall droplet combustiioe,
the diesel droplet experienceamatic increase iflame height asshown in the spike
bounded by the red circle figure4-17. This luminous flame height increase is further

illustratedin Figure4-18.

16 ms 20 ms

Q ‘ ‘ Diesel
- '+ = ‘- 3l "-THE T

0 ms 4 ms 8 ms 12 ms 16 ms 20 ms

. Biodiesel

Figure 4-18 Flame increase during the early ignition stage for diesel and biodiesel fubdtdrop

For the diesel droplet, the first image is the droplet just before ignition initiation,
thatodos why it I's assigned tiiame ms{ the fast 0 ms)
appearance of the luminous flame takes place. This flame is a faint blue iniogding
a premixed combustion mode rather than the regular diffusion combustion of the liquid
fuel droplets[13]. This flame is then followed by the sudden increase in the yellow
luminous flame shown in the image of time 8 ms. Thereafter, the flame decreaseg slightl
and grow again, as shown in the image of time 12 ms and the subsequent TThages.
increase in flame heiglis therefore, attributetb the combustion of theiesel vapour that
iIs generated duringrdplet heatingprior to ignition. After the vapour ionsumed by
combustion, flame height decreases to a certain level that is defindbe bgte of diesel
fuel evaporation from the droplet surface and the tendency of this fuel to generate soot
during combustion. However, this sudden increase in flame thieaghnot been seen for
the flame surroundindpiodiesel droplet. As shown inFigure 4-18, the biodiesel flame
grows gradually without any sudden increase in its dimensions. Additionally, the faint blue

flame region in image 4 ms of the biodiesel fuel is barely recognized.cohisl be
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attributed to the flash point of biodiesel that is muighér than that of diesel. This means
that biodiesel needs a higher temperature for evaporation and ignition, in addition to the
aforementioned low sooting tendency of biodiesel.

Figure 4-19 shows thetemporalvariation of thenormalizedluminous flame height
(H/Dg) and width (W/Dg) with time for the biodieseldiesel blends (first row),
ethanoldieselblends (second row)waterin-diesel emulsions (third row), and diegel
water emulsions (fourth row), aif 10%, 20%, and 30%additive agent @lumefractionin
the fuel mixture From the figure it can bseen thathe biodiesetlieselblends have the
most stable flames amgrall the studied fuel mixtures. This is due to the relatively stable
droplet combustion of these blends compared to the other mixtures as shown in the
previous sectiondBesides, compared to the flame surrounding the neat diesel fuel droplet,
the flames ball the diesebased multicomponent fuels are lower in height and similar in
width. Accordingly, lower sooting tendency of the multicomponent fuels is suggested. This
Is in agreement with the published data for biodiesel/diesel b[66¢299] ethanol/diesel
blends[300], and water/diesel emulsiorj$37,168] In addition, the three combustion
stages shown during the combustion of the steglaponent fuels, are also recognisable
for the muticomponent fuels, especially for the BD and ED blends. However, for the WD
and DW emulsions, the third stage is shifting to the final 10% of the droplet lifetime.

This is because the emulsion droplets usually suffer from higher rates of puffing leading
the droplet dose not burn steadily to the end of its lifetinespecially in the case of the

DW emulsions therefore, the third stage in the case of emulsions usually starts when the
droplet is either partially or completely fragmented resulting enrépid decrease of flame
height in accordance.

Furthermore, the sudden increase in flame height observed during the combustion of
the neat diesel droplet has also been observed during the early stages of droplet combustion
of the ethanol/diesel blendsdamaterin-diesel emulsions as shown by the red bounding
circles inFigure4-19. Though, in the case of biodiesel/diesel blends, the sudden increase
in flame heightis barely recognized to occur during the combustion of the BD10, and its
intensity is slightly decreasing with the increase of biodiesel concentration in the blend.
This is clearly illustrated ifrigure4-20, especially by comparing the images of time 8 ms
for all the blends.
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time for the multicomponent fuel droplets.
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Figure 4-19: Temporalvariation ofthe normalized flame height (blue) and normalized flame width (red)




0 ms 16 ms
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Figure 4-20: Ignition and flamenitiation of the biodiesétlieselblend droplets.

Contrariwise, flames surrounding the emulsion droplets have experienced sudden
decrease in the siieboth height and width midterm the droplet lifetime as shown in the
WD20 flame inFigure 4-19. This reduction in the luminous flame size is ascribed to the
instantaneous blowff of the flame due to water vapour emission from the droplet by
puffing. This water vapoublows the sooi that gives the flame its luminosity away
from the droplet so that the luminous flame height appears to be reduced. This flame blow
off during droplet combustion has also been visualized and describ&eooiprczyk and
Wojcicki [275] for droplet combustion under forced convection, Yao et.[2B5] for
droplet combustion in micrtube, and Xu et. al.[130] during the combustion of
biodiesel/diesel blends.r@e the effect of the vapour jet is retracted, soot accumulation

upstream resumes, and the flame retrieve its size as shéwgune4-21.

312 ms 320 ms 332 ms 336 ms 384 ms

. - ‘

Figure 4-21: Flame size reduction during the combustion of WD20 emulsion fuel droplet.

Moreover, the puffing and secondary atomizatios &a effect on the shape and size

of the flame surrounding the burning droplet. Size wise, this effect appears in the spikes
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shown on the flame width (red) linesfingure4-19, whereas the effect of these processes
on the shape of the flame is showrFigure4-22. As shown in the figure, the shape of the
flame surrounding the droplet is highly affected by the puffing, leading to relatively

considerable fluctuations in the sizespecially the widthi of the flame.

BD10

WD10

ED10

Figure 4-22: The effect of puffing on the shape of the flame surrounding the burning multicomponent fuel

droplets.

The intensity of puffing and its effect on flame shape ranges between the relatively
moderate puffing such as the case of biodiesel/diesel bleén@sd the chaotic puffing
shown in the ethanol/diesel blends. Some of these spikes in the flame widthofines
Figure 4-19 are very intensive implying and reflecting a highly intensive puffing or
microexplosionAn example of these spikes is the case of ED30 fuel drdxdetxplained
in the previous sections, the ED blend droplets shdwa bigh degree of instability during
combustion due to the metastable structure of the blend. So, the flame size of the ED30
fuel droplet shown irFigure 4-19 reflects this instability. Some sample images of the

combustion of this droplet are shownFigure4-23.
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Figure 4-23: The effect of droplet microexplosion on the shape of the flame surrounding an ED10 fuel

droplet.

Finally, dnce flame width isalmostconstant and is not affected by buoyancy, it
might be considered as the flame diameter. Especially, when compared with flame results
under zero gravity conditions, it shows a good similarity in shape and magf8tle
Accordingly, with the aid of droplet diameter variation and using the flame width as its
diameter, the flame staralf ratio can be evaluatess the ratio of the flame width to the
droplet instantaneous diametéigure 4-24 shows the temporal variation of flame stand
off ratio with time for neat diesel and neat biodiesel fuel droplets. The lines terminate when
the droplet completely evaporates, while the time remtssthe full time span from the
appearance of the luminous flame around the droplet to the complete flame extinction. As
the figure shows, the flame staoff ratio of both diesel and biodiesel are increasing with
time. This is contrary to the’Bw predictions shown in equation{&) which estimates the
flame stanebff ratio as a ratio of a constant quantity (the Spalding transfer number) to
another constant quantity (the stoichiometric fuel/air ratio), leading to the-cffaratio
being constant despitthe droplet size variation. However, the variable flame stéind
ratio is reported by the majority of experimental work conducted on droplet combustion
such a976,116,236] and is in agreement with the fuel accumulation principléd$]. It
can be shown from the figure also that the staffidatio of the bodiesel fuel droplet is
slightly higher than that of the diesel, which in turn results in the burning rate of the
biodiesel is expected to be less than that of the diesel fuel didpl@l This is in
agreement with the findings &igure4-3 that shows a lower burning rate of the biodiesel

droplet compared to the diesel droplet.
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Figure 4-24: Flame staneff ratio for neat diesel and neat biodiesel droplets.

Figure4-25 shows the flame staraff ratio variation with respect to the normalized
time for the multicomponent fuel droplets. The first row is for the biodiessktiblends,
the second row is for the ethanol/diesel blends, while the third row is for theimater
diesel emulsions, and the fourth row is for the di@s@Vater emulsions, all of 10%, 20%,
and 30% volumetric concentrations of the added substancélante stanebff ratio of the
multicomponent fuels is shown to be similar to those of diesel and biodiesel both in
behaviour and magnitude. However, the fluctuations in the ratio are relatively higher, due
to the quite unstable combustion of the multicongrarfuel droplet compared to that of
the singlecomponent fuel droplet. Additionally, some steep declines are noticed in the
case of the watan-diesel emulsions and ethanol/diesel blends as shown by the regions
bounded by the red circles Figure 4-25. These declines are due to the flame badiv
effect discussed formerly. Due to this effect, the flame shrinks in width and move away
above the droplet as a resulttbé vapour jet release by puffing, this blo#f terminates
and the flame refrain its regular shape and dimensions when the effect of the vapour jet is

vanished.
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Figure 4-25: Flamestandoff ratio for biodiesebieselblend (1st row)ethanoldiesel blends (¥ row),

waterin-diesel emulsions (3row), and diesein-water emulsions {#row).
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4.4 Summary

In the present chaptes, detailed analysis of the droplet macroscopic characteristics
during combustion is performed@he main objective of this chapter was to validate the
results of the present work and evaluate the main features of the droplet combustion for
providing quantiative data to the fuels under investigation.

Isolated droplet experiments are carried out for investigating the combustion of the
biodieseldiesel blendsethanoldiesel blends, waten-diesel emulsions, and diegal
water emulsiosin addition to thehree singlecomponent fuels, namely diesel, biodiesel,
and ethanol.

In the start of the analysis, results validation is performed by comparing the
calculated burning rate constants of the three neat fuels with the corresponding values in
the published resech works. Thereafter, the main characteristic parameters of droplet
combustion are presented for all the fuels under investigation. These included the burning
rate, droplet size evolution and fluctuation, and flame size.

The next chapters will conceate onstudyingthe liquidphase processes occurring
during the combustion of the multicomponent fuel dropletss study is divided into three
parts;the first part is theuffing, microexplosion, and secondary atomization during the
combustion of the miticomponent fuel dropletsThe second part is theucleation and
bubble generation during the combustion of multicomponent fuel droglats the third
part is the interactive twdroplet combustion of the multicomponent fugfgnce, in the

next chapterthe first part of the liquigphase analysis is performed.
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Chapter 5. Puffing, Sub-Droplets Dynamics, andMicro -
Explosion during the Combustion of

Multicomponent Fuel Droplet

5.1 Introduction

The combustion of multicomponent fuel dropletieracterized by the oarrence of
puffing, secondary atomizatioreading to suldroplets generatignand sometimes
microexplosionduring the overall droplet lifetim&he initiation, development, and effect
of these processes dhe multicomponent fueldroplet combustiomeed ¢ be further
comprehendedConsidering the microscopic size of the fuel droplgthin the real spray,
studyingthese processes during spray combusta@uite challenging Alternatvely, these
processesan only be extensively investigatedngsan isolated fuel droplet undergoing
combustion. Magnified visualization of the droplet surface and the surrounding
environmentduring combustiowill provide more indepthdetailsaboutthe occurrence of
puffing and microexplosion, and in tursubdropet generationdue to secondary
atomizationof the parent droplefAlthough, these processes have been described in the
isolated droplet combustion studies as show@hapterTwo. This description is based on
the consequent behaviour of the droplet cortibosin response to the action of these
processesHowever a detailed experimental investigation of the droplet liquid phase
during combustion has not been reported.

Additionally, it is evidenced thagome of thesprocesses aur in avery shorttime
interval such as the microexplosion that seatedto occur inless than 200 p$4],
suggeshg that the imagingate should behigherthan 5000 frenes per second fahe
proper tracking of the phenomenomherefore, high speed imaging is found to be
necessaryor studying these physical processes.

Furthermore, in order to track the sdibplets emitted from the parent droplet it is
required to cover a large area around the droplet. This in turn will affect the magnification
rate of droplet size image. Hence, in ortlerattain both droplet size magoation and
subdroplet tracking at the same time, magnified shadowgraph imagimgre preferred

in this casehan backlighting imaging. This is because the former ensures larger field of
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view of the same droplet size comparedthe latter,athough, the magnification rate
provided by backlighting is higher.

Consequentlymagnified high speedhadowgraphimaging is implemented in the
presentchapterfor the investigaton of isolated multicomponent fuel droptatndergoing
combustionThe same shadowaph imaging setup is then modified ir8ohlierenimaging
setup for tracking the explosion wave resulting from droplet microexplosion. This
explosion wave is causing pressure perturbatiorthe air surrounding thdroplet;these
perturbations are detedtéby Schlierenrather than shadowgraphy as shownCimapter
Two. Hence, the wave resulting from droplet microexplosion is used for measuring the
explosion intensity of the different fuel droplets.

Finally, in the rest of the chapter, the experimentalknisrdescribed, followed by
the main findings and their discussions. The discussions are started with droplet puffing of
the different fuels, then secondary atomization is coverasl a consequence of puffiing
with emphasis on the sudyoplet burning, adhlastly droplet microexplosion is discsed.

5.2 Experimental Setup

Figure 5-1 shows the gneralimaging setup for botlschlierenand shadowgraphy.

The only difference between the two imaging techniques is the knife edge shown in
Figure5-1 that is removed in the case of shadowgraphy and kept in the c8sbl&ren

The Ztype Schlierenand shadowgraph arrangement has been used in the experiments
because of the parallel light raiypassing the droplétthat provide better interpretation of

the flow field[186]. These light rays are presented by the red lin€sgure5-1.

The droplet on the other hand, is suspended on the single monofilament SiC fibre as
specified in the last chapter. The light coming from the halogen light source is focused and
magnified by the 45x condensing lens before reaching the first mirrofpansed again
by the 3x condensing lens after passing the second mirror. The high speed caméoa is set
10000 fps framing rate, 100 us exposure time, and 384x288 pixels image resolution. The
area covered by the camera was 9.6x7.Z ngiving a spatial resution of 40 um/pixel
for each image. The magnification rate achieved using this setup is 10 times the physical
size without any orscreen magnification. Therefore, a detailed investigation of the
instantaneous puffing and secondary atomization, and dmsequent droplet shape

variation during the overall combustiperiodis achieved.
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Figure 5-1. Schematic of the-type Schlierenimaging setup.

The investigated fuels ata@odieseldiesel blends, ethanoldiesel blends, aterin-
diesel emulsionsand diesein-water emulsionsf 10%, 20%, and 30% volune®ntent of
the additive to dieselin addition tothe neatdiese| biodiesel, and ethanol as the base
singlecomponenfuels. The multicomponerfuel mixtures are prepared thelab prior to
experimentsaand according to the methods describelvapterThree The images have
been stored in the (TIFF) format and process&idg specially written Matlab algorithms
The flowchars of these algorithmareshown in Appendix (E)

5.3 Results and Discussion

Figure5-2 shows two sample imagés thedropletusing shadowgraphy. The figure
shows how the start of combustion is easily recognized by the appearance of the sooty
flame. This flame appearance has been used for deciding the start of droplet hiatime
combustion initiation

Though, as the name of the chapter implies, and as explained in the introduction, the
three main characteristic parameters investigated in the present chapter are: droplet
puffing, subdroplet dynamics, and droplet mieeaplosion. These parameters are
discussed according to the sequence of occurrence with respect to the overall droplet
lifetime, starting with droplet puffing and ending with miegplosion, but first, the
puffing behaviour in the singleomponent fuel droplets is highlighted.
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Figure 5-2: Two shadowgraph images of the same droplet (a) before combustion, (b) during combustion,

distinguished by the appearance of the flame.

Additionally, it is worthy to emphasise here that the majority aiges implemented
in the current chapter are numbered from time (t = 0) which represents the start of the
event or process described by the images. This believed to be beneficial in giving a better
description of the complete real time required by the m®abscussed in the images.
However, some images are numbered with respect to the overall droplet combustion time,
since it is believed that describing these images and the corresponding processes with
respect to the droplet lifetime is more beneficialntithe above described numbering

method.

5.3.1SingleeComponentDroplets

Generally, the singleomponentfuel droplets did not experience puffing and
secondary atomization occurrences during their lifetimes. However, some odd puffing
incidents took place dhe end of both neat biodiesel and neat didegblets as shown in
Figure 5-3 and Figure 5-4 respectively. These puffing events are attributed to the
heterogeneous nucleation inside the diesel and biodiesel droplets. This heterogeneous
nucleation could be initiated by many reasons, such as trapped gas pockets and unexpected
contaminating particles on the Siré section covered by the drop]@R3,155] or the
effect of the fibre itself. However, the effect of the fibre itself is excluded because this
puffing incident dd not occur with the neat ethanol droplets. Therefore, the particles or gas

pocket effect is more likely to be the reason behind this puffing rather than the SiC fibre.
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This is supported by the fact that this puff is the only one occurred in the casatof ne

biodiesel.

Vapour Jet

Figure 5-3: Biodiesel droplet puffingequencat the end of its lifetiméhe time starts from puffing

initiation).

Although, a slightly higher number of puffs have occurred during thebemtion of
the neat diesel dropketompared to theorresponding nedtiodiesel droplet which can
be linked to the fact that the neat diesel is not a pure substance, rather it is a mixture of
different hydrocarbon fuels and additiyd8]. Each of these additivdgs its own boiling
point, even if they are comparable to each other. Therefore, puffing occurrence within the
diesel droplet is reasonably higher than that of the biodiesel drdjtpire 5-3 also
illustrates the effectiveness of the shadowgraph imaginop tracking the vapour jets
emerging from the droplet in the form of puffs. The boundaries of the jets are clearly
distinguishable from other objects in the imagduding the droplet. However, the images
shown in the figure are enhanced by 30% brightness reddotipnoper visualization

Figure 5-4 on the other hand, showbe diesel droplet recoiling after puffing
occurrence. This recoiling is a result of the interaction between the droplet liquid surface
tension (that is pulling the liquid towards the droplet centre) and the reaction force
generated by the vapour jet ejeat (which is pushing the liquid downwards). Therefore,
the diesel droplet is rotating clockwise starting from the right hand side of the image to the
left hand side. This movement leads to the gradual disappearance of the bump shown in
images 0 ms to 1.81s that is initiated originally due to the vapour jet ejection by puffing.

And, because the liquids are naturally incompressible, the inward movement of the bump
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from the right produced a new bulge in the droplet surface on the left as shown in images
3.2ms to 6.4 ms, which in turn is pulled inwards by the liquid surface tension. This action
and reaction continues until the droplet retains its original circular shape that it has before

puffing. The overall time required by the droplet to retain its shage albout 12 ms as
shown inFigure5-4.

Figure 5-4: Diesel droplet recoiling sequence after puffitize time starts at the end of puffing)

Furthermore, as it is mentioned abous heat ethanol droplet did not experience
any vapour ejectiomuring its overall lifetime. Instead, it suffered from very small size

subdroplet ejections on th@nnectiompointwith the SiC fibre as shown Figure5-5.

Figure 5-5: Subdroplets emitted from a neat ethanol droplet.

These suldroplet ejections are noticed to occur for diesel and biodiesel droplets, and
are taking place only on the fibre side (right hand side of the image) rather than the free
side (left side of the image). As discusse€iapterThree andChapter Bur, the effect of
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the fibre on the overall droplet burning rate is negligibly small, especially for the large size
droplets[281,282] So, this small effect is appearing on the contact between the droplet
and the fibre, since theébfe temperature at that point is relatively higher than that of the
droplet surface, causing higher droplet heating and evaporation rates at that point
compared to the other regions of the droplet surface. Local boiling of the droplet surface at
that poirt may also take place. This is because the droplet surface is already slightly below
the boiling point of the fugl267], so with thelocal heat gain from the fibre at that point,
the droplet may experience local film boiling or the Leidenfrost effect. This is in
agreement with the microonvection and vortelike soot flow in the dropletibre
connection zone described by Liu et. #81]. However, these micresize subdroplets
are very tiny in size compared to the parent droplet, and occurring at a relatively low rate
compared to the overall fuel dropléetime, therefore, it is believed that the effect of these
subdroplets, and in a broader sense, the effect of the fibre on the overall droplet
combustion is negligibly small.

With the puffing behaviour of the neat fuels being clarified and disdugsis time
now to continue the discussions with the puffing occurrence within the multicomponent

fuel droplets.

5.3.2Multicomponent Fuel Droplet Puffing Dynamics

Generally, the droplets of ali¢ multicomponent fuel mixturestudied in the present
work have experienced puffing and secondary atomizatidre puffing incidentsare
shown tooccur over the entire droplifetime. The number andntensity of these puffare
variable for each type of the multicomponent fuel mix$uiiéhe biodiesetiesel blerds
have shown the least number of puffs compared to the other mittatesererelatively
comparableto each otherFurthermore some of the watefin-diesel and dieseh-water
emulsion dropletfiave suffered microexplosion before undergoing complete pawation
as it is discussed i€hapterFour. This in turn have resultedn the emulsiondroplets
experiencing high number of puffs along a shpatiod oftime, resulting inhigher puffing
rates compared to the droplet of the biodielsesel and ethanoldiesel blends.
Additionally, despite the type of fuehixture almostall the dropletsshared the same
sequence of events before and during puffing. These events are shbignrm5-6 for
puffing from an E20 fuel droplet.
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Figure 5-6: Temporal sequence of an ED20 drogigechang beforeand duringouffing.

The first sign of puffing occurrence is the dropé&te increase as shown in the
images corresponding to time periods 74 to 747ms in Figure 5-6 compared to time
periods 739ms and 740ns. This increase diameer is evaluated to be from 1.5 mm on
739 ms to 1.8 mm on 74Ms, which means about 20% of the droplet instantaneous
diameter This droplet size increase is attributed to the bubble growth inside the droplet
prior to puffing [125,130] This bubble continigpushing the thin layerfahe droplet
surface outwards from inside until the moment when the droplet surface cannot withstand
this force, so the droplet raptsri®cally and the vapoutontained in théubble emerge
outside in the form of a jet as showwy the white spray emeryy from the dropletn
Figure 5-6 images 748ms to 750ms respectively. The release of the vapour from the
droplet causes sudden simeductionand shape deformationf the burning droplet as
shown in images 74fs to 756ms compared to images 741s to 747ms. To this point,
vapour ejection by puffing is complete. However, different processes will take place within
the droplet subsequent to theffing incident according to the puffing strengflb8]. If the
puff is weak, the droplet will retain its original shape and size after a short period of
recoiling ashappened tohe diesel dropleshownin Figure5-4. But, if the puff is strong,
ligamentdetachment from the droplet surface leading to-dnalplet generation will take
place as showm images 75Ins to 756msin Figure 5-6 for the ED20 fuel droplet, and
Figure 5-7 for the WD10 fuel dropletln the former, the puffing occurrence gave rise to
four subdroplets that are ejected from the droplet subsequently, whereas in the latter,
many subkdroplets are generated and emitted away from the droplet as a result of a strong
puff.

The mechanism by vith ligament detachment takes place will be further discussed
in ChapterSix. But, it should be emphasised here that prior todvalplet ejection, the

parent droplet is found to encounter a certain shape change that may be linked to the
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strength of the gfifiand in turn, to the size of the bubble triggering that puff. An example
of this shape variation is shownkngure5-7 (image 0.8ns and the followings). As shown

in these images, droplet necking takes place on the droplet/fibre contact region, this
necking occurred just after the vapour release. This implies that this necking is a result of
the vacuum created on the droplet section near its surface due to \&pase by puffing.

To fill up this vacuum and to compensate for the released vapour, droplet edges moved
inwards creating this neck. This necking and inward movement may enhardeplgh
evolution from the parent droplet by the impact of the oppositelying droplet edges in

one hand, and the decrease in-dutiplet ejection area and the resulting increase in the
ejection velocity in the other hand. The effect of this necking can be shown by the
relatively large number of sulfroples emerged from thegrent droplet during the same

puffing incident.

Figure 5-7: WD10 droplethecking prior to puffing and theesuled multiple subdroplets subsequeah
intense puffing incident.
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Figure 5-8 gives another>ample on the effect of the fastotion of the droplebn
thegeneration and ejection of tkabdroples subsequent to puffin@he figureshows the
temporal segence of vapour puffing from a BD10 fuel droplet during combusteading
to sub-droplet ejection as eesult of the droplet recoiling by the thrust force of phsf.

The emerging vapour downwards caused the droplet to move upwards in a reaction to the
sudden thrust force of the vapas shown by the images corresponding to timesr3.6

and 0.9ms compared to images (s and 0.3ns Due to its suspension on the SiC fibre,

the droplet upward motioturned into rotation about the fibre, which in turereased its

effect on the droplet surfacéherefore, tis upwarddroplet movement exceeded the liquid
surface tension force and resulted in a local disruption of the droplet surface leading to
ligament detachment and sdioplet generatioras shown by inge 1.2ms and the
following images Additionally, images a and b ifigure 5-8 show the droplet size
increasd although slightlyi before puffing. This droplet sizacrease is attributed to the
bubble growth inside the droplet as discussed previously.

Figure 5-8: BD10 droplet secondary atomization upwards as a reaction to the puffing occurrence downwards

(time is set from the start of puffing)

Moreover, the flame blowff phenomenon presented and discussedhiapterFour
has been clearly revealed using shadowgrapigyrre5-9 shows the temporal sequence of
flame blowoff during the combustion aGtDW10 fuel dropletFirstly, the flame is close to
the droplet as shown Irigure5-9 (images 361.6ns to 362.2ns), then, due to the effect of
the vapour jet released by puffing from the droplet surface, the visible flame (or soot)
segment that is the nearest to the droplet moves away from the droplet creating a gap with
the latteras shown in image362.6msto 366.2ms The height of this gap depends on the
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intensity and penetration of the vapour, gatd it has been evaluated for the case shown in
Figure5-9 and found to be 2.5 mm from the position of the fidreis gap decreadegain

and soot accumulation resudhence the effect of the vapour v&nished as shown in
images 368.0ns to 369.8ns. This visible flame blowoff phenomenon has bedound to

occur during the combustion of the waberdiesel and dieseh-water emulsion droplets

rather than the biodiesel/diesel and ethanol/diesel blends. This suggests that the intensity of
the puffs resulting from the emulsion droplets is highen ttiese of the corresponding

blend droplets.

Figure 5-9: Flame blowoff subsequent to vapour jet puffing fronD&V10 droplet.

Furthermore, the maximum penetration of the vapour jet is found to be variable, and
is a function of the size of the growing bubble within the drgi/®8]. This penetratin is
expressed in terms of the droplet instantaneous radius prior to puffing, and is found to
range from a fraction of the droplet radius, as showfignre5-7, to several droplet radii,
as shown irFigure5-10. The figure shows the tip penetration and shape of the vapour jet
emerged from an ED10 fuel droplet during combustide shown by the figure, the
maximum tip penetration of the vapour jet is more than five times the instantaneous droplet
radius prior to puffing. However, this value of the jet penetration is not the average range

of the vapour jets emerging from the EDdf@plets; rather it is the maximum value. For
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that reason, and for characterizing the puffing intensity of the multicomponent fuel
mixtures during droplet combustion, the average penetration distance of the vapour jet
emerged by droplet puffing is calctédd. Another advantage of the vapour penetration
calculation is that it describes more the puffing intensity rather than the number of puffs
per droplet lifetime. This is because as mentioned earlier, the difference in droplet lifetime
between the blendsnd emulsions due to emulsion droplets microexplosiorand the
difference in droplet instantaneous diameter will result in arealhistic description of the

puffing rate.

4.4 ms 5.6 ms

Figure 5-10: Puffing occurrene during the ED10 droplet combustion with an illustration to the shape of the

vapour(time is set from the start of puffing)

Additionally, the calculated puffing rate will not be practically worthwhile because,

the real droplets in the liquid fuel sprays are order of magnitudes less than the ones studied
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in the present work, in addition to the lifetime of the real droplet ishnhegs than that of

the one studied #ab. Hence, it is more practically beneficial to evaluate the effect of
these puffs firstly, on the neighbouring droplets, and secondly, on the overall spray
configuration.Hence the average effective distaricer penetrationi of these puffs and

the average vapour jet velocity have been evaluatedll the multicomponent fueland
shown inFigure5-11 against the concentratiai the added componex(water, biodiesel,

and ethanoljo the overall mixture volume. Thepourjet penetration is normalizéwy the
droplet instantaneousadiusto give a nordimensional characterization of the distance.
The presente@enetrationin Figure5-11is the average value of all the puffs for each fuel
droplet The average puffing velocity, on the other hand, has been evaluated by dividing
the max penettionin millimetre by the total time requireth millisecond The average of

all the velocity values calculated from every puffing incident Heen evaluated and

presented for evemypulticomponentuel.
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Figure 5-11: The effect of water, biodiesel, and ethanol concentrations on the average (epmrmalized

vapour penetration, (lpuffing velocity from the burning multicomponent fuel droplets.

As shown inFigure 5-11(a), the average normalized penetration is proportional to the
concentration of the added component (whether it is water, biodiesel, or ethanol), so it is
increasing by the increaf additive concentration in the fuel mixture for both blends and
emulsions. However, this penetration distribution needs to be further comprehended
because from the first look it does not interpret the real conditions of the multicomponent
fuel droplets From the figure it may be implied that the BD blend droplets are the ones

with the highest penetration and the DW emulsion droplets are the ones with the lowest. In
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fact, the BD droplets are shown to have the lowest puffing rate among all the
multicomporent fuels. But, what is shown l&igure 5-11(a) is the vapour penetration
normalized by the droplet instantaneous diameter as mentioned earlier. So, in the case of
the BD droplets, firstly the droplet undergoes complete evaporation, and secondly, the
puffs take place at the final stages of the droplet lifetime when the droplet diameter is
relatively small. Therefore, the resulting penetration to droplet diameter igacatively

high. This is exactly the opposite scenario in the case of the DW droplets. The DW droplet
consistently explodes before complete evaporation, and the puffing takes place with the
droplet instantaneous diameter is relatively large, so that theltingg normalized
penetration is slightly small. The WD emulsions and ED blends on the other hand, have
experienced both situations, where complete evaporation takes place in both mixture
droplets, and puffing rate is higher and it occurs slightly eattian that of the BD
droplets.

Additionally, it is worthy to mention that the shadowgraph imaging method
implemented in the present work provides -® Zrather than 3D) visualization of the
testing section; and the depth of the testing section ipassble. Therefore, the vapour
penetration is only tracked in the xy axes without ttaxiz. Hence, any inclination in the
direction of the puff cannot be detected. This in turn, may have an effect on the net values
of the vapour penetration distance whiclowdd be divided by the sine of the inclination
angle in the direction for obtaining the true value. This inclination angle could be any
value from 1° to8% resulting in awide range ofanglesine values. Thus, the obtained
penetration values are more in the qualitativather than quantitativiedenomination.

Figure5-11(b) on the other hand, infaets well the real puffing condition, where the
WD and B puffs are faster than those resulting from the DW and BD droplets. As shown
by the figure, the average vapour ejection velocity is also increasing with the increase of
additive concentration in theulticomponent fuel mixture for all the fuel&s mentioned
earlier, this velocity is evaluated according to the total time required by the vapour jet to
reach its maximum penetratiohlowever, theinitial discharge velocity has also been
evaluated and st values are found to be ten times the average velocity shown in
Figure5-11(b). These calculated velocity ranges are in agreement with the 5 m/s discharge
velocity reported by Miglani, Basu, and Kum@b3] for waterethanol mixtures, but less
than the predicted valuéy Shinjo et. al.[158] for the velocity of a vapour emerging from
a decane/ethanol droplet. The obtained values foettieolbiesel droplets which are

the most comparable mixtures to the decane/ethanol mix@anein the range of 0.5 to 0.6
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m/s whereas the reported value is about 2anfsthe discharge velocity is 20 mihis
discrepancy in valuebetween what is pdicted and what is calculated experimentally
could be attributed to the penetration true value issue raised above, since the evaluated
penetration values should be divided by the sine of the inclination angle for obtaining the

true values of the puffinggmetration distance.

5.3.3Sub-Droplet Emission by Secondary Atomization

As discussed in the previous sectian,intensepuffing processs usually bllowed
by subdroplet ejection from the droplet surface. This-glubplet ejectiori often termed
as secondary atomizatiantakes place either due to the intensive puffing process itself or
due the consequent droplet recoiling after puffilgespite the reason of secondary
atomization, its occurrence is beneficial for the overall combustion efficiehtye fuel
spray because it enhances liquid fuel evaporation by increasing the surface area and
enhances aifuel mixing as discussed i€hapter Two. Therefore, it is important to
examine the tendency of the multicomponent fmetture to secondary atonadon and

evaluate the effect of different proportions of the mixture on that tendency.

Figure 5-12 Temporal sequence of salbopletemissionfrom aburningBD10 droplet.
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Figure5-12 shows the temporal sequence of-slubplet emission from a BD10 fuel
droplet during combustion. This swlooplet is produced subsequent to droplet recoiling
after puffing. The size athe subdroplet is found to be 0.2 mm whereas the size of the
parent droplet prior to secondary atomization is 0.42 mm. The trajectory of tuuecgplbt
is tracked by the aid of image processing using Matlab. This trajectory is reconstructed and
shown inFigure5-13(a). Using the length of this trajectory and the time required for the
subdroplet to pass it, the flow velocity of the sdioplet is evaluated and fouial be 0.26

m/s which isin the same range with theuffing velocity of the vapour jet shown in
Figure5-11(b) for BD10.

»
"

.

L]

.

’
L]
L]
L}
»
4
L ]
L]
L
L
-

Figure 5-13: Samples ofhereconstructedrajectoiesof single((a) and(b)) and three (c) suldroplets

ejected from differenburningfuel droplet undergoingsecondary atomization

Additionally, as shown irFigure 5-13(c), sometimse multiple subdroplets are ejected

from the droplet surface at the same time. However, the size and velocity of the emerging
subdroplets are not necessarily the sa®@metims, the emerging sudiroplet is entirely

small so that it will evaporate completely once ejected from the droplet surface, such as the
subdroplets emerging from the WD10 fuel droplet showrkFigure 5-7. While, in some
instants, the subroplet is quitelarge in sizeso that it may ignite before undergoing
complete evaporation, and in some extreme cases, it may withstand its own surrounding
flame for a period of timesuch as the suttroplet shown irFigure5-14. The subdroplet

shown inFigure 5-14 is initially large in size, and once it left the parent droplet, heating
and ignition took place as shown in image 6.9 ms. Due to the motion of tuecgpiét, the
flame takes the form of aglongated wake behind the sdioplet. Another evidence of the

subdroplet large size is its relatively heavy weight that exceeded the buoyancy force
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making the suldgroplet to fall by the effect of gravity as shown in images 16.1 ms and the

followings.

Figure 5-14: Subdroplet combustion after ejéah from a BD10 fuel dropleftime is set from the sub

droplet detachment from the parent droplet)

Likewise the size of the stdiroplets ejected by secondary atomization, the number
of these sufdroplets is also important. Despite the fact that the parent droplets under
investigation are larger than the real spray droplets. The number-dfcpibts gies an
indication of the tendency of the fuel to secondary atomizafiberefore, an algorithm
has been developed for counting the number ofdsaplets emitted per incident and the
occurrence time, and then the total number of thesadsailets from tk shadowgraph
images of the droplets undergoing combustion. The flowchart of this algorithm is sown in
Appendix (E), and its execution has been carried out using Matlab.

Figure5-15 shows the total number of salooplets ejected during the overall droplet
lifetime for the wateiin-diesel and dieseh-water emulsions, in addition to the
biodiesel/diesel and ethanol/diesel blends at all the three proportions 10%, 20%, and 30%
additive concentration in the overall mixture volum&s the figure shows, a relatively
large variation of the total stdiroplets number is obtained between the four fuel mixtures.
Therefore, a logarithmic scale is used for presenting the idaamore comparable
configuration. It can be seen from the figure that the number efisafdets generated by
secondary atomization is proportional to the concentration of both water and biodiesel in
the cases of WD emulsions and BD blends, while it is inversely propdrtmtize water
and ethanol concentrations for the DW emulsions and ED blends respectively. This

secondary atomization is an indirect consequence of the nucleation inside the droplet
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[158]. Bubble nucleation inside the droplet leads to puffing, and puffing is often followed
by secondary atomization. Hence, thbkamge in the mixtures trend for secondary
atomization may be associated to the bubble nucleation and growth rates within the
droplet. It can be noticed also, that despite the differenealuesbetween the mixtures,
some similarity in trends is obtaindmbtweeneachtwo pairs of them. The swudiroplets
number in the WD emulsions and the BD blends is shown to increase by increasing the
concentrations of both water and biodiesel respectively in the mixture. Exactly the opposite
is noticed to occur for the DWmulsions and the ED blends. These different behaviours

are sequentially explained.
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Figure 5-15: The effect of additive (water, biodiesel, and ethanol) concentration on the number of sub

droplets emittd during the overall droplet lifetimaf the multicomponent fuel mixtures

Firstly, regarding the BD blends, both diesel and biodiesel have relatively high
boiling points and these boiling points are close to each other despite that of the biodiesel
is higher than the boiling point of the diess shown in AppendixB). This low boiling
point difference between the BD blend components is not available for the ED, WD, and
DW fuel mixtures; therefore, they have experienced higher rates of secondary atomizat
compared to the BD blendH. is established on the other hand, that the nucleation and
bubble growth rate within the ligudhase of the multicomponent fuel mixture is a
function of the boiling point difference between the different components ohitttare
[123]. Therefore, this low boiling point difference resulted in lower nucleation rates within

the BD fuel droplets and in turn, lower secondary atomization ratditionally, the
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nucleation rate inside the multicomponent fuel droplet is influenced by théydeats

between the dispersed phase and the continuous phase. The bubble nucleation and growth
rate within the droplets of the multicomponefutel mixturesdepends on the densities of

the constituents forming the mixtuf260]. This is because bubble grdwfrom a higher

density liquid to a lower density liquig certainly different from bubble growth from

lower density component to a higher density component. Bubble growth towards the lower
density component suggests higher nucleation and growth ratés tiheeless resistance to

the bubble growth, while bubble growth towards the higher density components is
suggesting a decrease in the nucleation rate because of the increased resistance to the
bubble growth due to the high density of the liquitius forthe BD blends, biodiesel is

the higher density and higher boiling point component, while diesel is the lower density
and lower boiling point component as shown in Appen8ix Hence,it is expected that

the diesel is the constituent undergoing superhdaigilg and nucleation, and that bubble
growth will take place from diesel to biodiesel. This means bubble growth towards a
higher density liquid, suggesting a relatively low rate of nucleatitmwever, increasing

the biodiesel concentration in the blandreased the secondary atomization rate, implying

a higher nucleation rate, whichtisie, but this increased rate of secondary atomization is
attributed to increasing the nucleation sites within the droplet by increasing the biodiesel

concentration duto the increase in the interference regions between diesel and biodiesel.

Figure 5-16: Sample images of the large sdioplets ejected from the ED fuel droplets.

Secondly, regarding the secondary atomization in the ED blends, the scenario is
slightly different from that of the BD blends. The boiling point of ethanol is much less than
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that of diesel, and the density also is slightly lower. Therefore, in the caseuohing ED

fuel droplet, it is expected that ethanol will ignite first due to its higher volatility and lower
boiling point, resulting that the diesel will suffer the superheated boiling as in the case of
the BD blends. But, the density of ethanol issléean that of the diesel; therefore,
nucleation and bubble growth is higher due to the lower resistance of the ethanol to bubble
nucleation. This high growth rate within the ED droplets is reflected on the size of the sub
droplets ejected from the pareairbplet, the majority of these suboplets are of relatively

large size§ in fact they are the largest among the other fuel mixiusgsthey are more in

the form of large ligaments rather than small-duiplets as shown iRigure5-16.

Moreover, it is noticed that increasing the ethanol concentration in the blend resulted
in a slight change in the swvoplet ejection behaviour of the droplet. For the ED10
dropets, multiple suldroplets are ejected per single incident. The number of these sub
droplets is shown to decrease and their sizes increase when the ethanol concentration is
increased. Therefore, in the ED30 case, a single, largdreplet is ejected pencident
rather than multiple, small stdroplets. Thus, the number of sdipplets is shown to be
inversely proportional to the ethanol concentratiorigure5-15.

Thirdly, regarding the WD and DW emulsions, both of the emulsions have
experienced a significant increase in the-dudplet ejection processes. This suggests
higher nucleation rateompared to the BD and ED blend#is high nucleation rate of the
emukions compared to the blends has also been described by Lasheras, Fétedodez
and Dryer[123] and is attributed to the largeexific volume change of water in the
emulsion droplet compared tihe components of the blends, in addition to the wide
dispersion of water droplets in the emulsion mixture compared to the blends, this in turn,
results in higher number of nucleation sitegiation within the emulsion mixture at the
same time compared to the blends. These two main parameters led to higher nucleation
rates and consequently higher secondary atomization rates from thenadiesel and
diesetin-water emulsion droplets cqrared to the biodiesel/diesel and ethanol/diesel
blends.Nevertheless, increasing the water concentration in the emulsiondiffexent
effectson the rate of suldroplet generation from botthe WD and DW emulsionas
shown inFigure 5-15. The subdroplet emission rate is shown to increase in th® W
emulsions and decrease in the DW enauisiwth increasing the water concentrati@ub
droplet generation rateescalationdue to increasing the water concentration is expected
because odugmening the nucleation sites by increasing water droplets in the emulsion.

But, the decrease in swvoplet generation shown in the DW emulsions is the unexpected
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behaviour. Ths could be attributed to the effect of surfactant used for emulsion
preparation. Because the type of surfactant is the only difference betvee@fD and DW
emulsions, especially with the volume fractions of the constituents are theT@redffect
of sufactant weakens with the increase of the emulsion tempergtdig Therefore,
water/diesel gearation, and in turn, water coagulation in the centre of the droplet will take
place making the droplet to burn in a singtemponerdike mode rather than
multicomponent combustiofhis water coagulation is expectedescalatedy increasing
the water oncentration in the emulsions because the same quantity of surfactant is used for
all the emulsions, hence, its effect is decreasing with the increase of water volume because
of the increased interfacial regions within the emulsion droplet by the incoéasater
concentrationThis water coagulation, then, is the effective parameter in asoge the
number of sukdroplet generation due to nucleation rate decref#]. This water
coagulation is more revealeduring the droplet microexplosion analysis in the next
section.However, explosive boiling in the heart of the droplet will continue to occur due to
the availability of water.

The same trendsf Figure5-15 are shown irFigure5-17 which illustratesthe effect
of added liquid (water, biodiesel, and ethanol) concentrations omeheportion of

secondary atomization time compared to the overall droplet lifetime.

WD EDW ABD @ED

10.00 T -----------

———————
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Log(Portion of Droplet Lifetime (%))

0.01 -

Additive Content (%)

Figure 5-17: The effect of additive (water, biodiesel, and ethanol) concentration on the net portion of the

secondary atomization withggect to the werall droplet lifetime.
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Figure 5-17 represents the ratio of the total period of time (evaluated in us) where
secondary atomization takes place to the total droplet lifetime (also evaluated in us), to
compare the subroplet ejection portion with respect to the overall droplet lifetime. The
figure has also been presented in the logarithmic form due to the broad difference in
magnitudes between the emulsion droplets and those of the bfentise figure shows,
the secondy atomization portion of the droplet lifetime for the BD arfd Eends is quite
small; in fact it is in the order of O(Din the case of the BD blends and OtLth the
case of the ED blends compared to the overall droplet lifetime. Whereas, it is in the order
of O(1) in the cases of WD and DW emulsions. This suggests that the secondary
atomization portion of time represents an infinitesimally small percentages asverall
droplet lifetime. However, this small percentage is important for enhancing fuel
evaporation and increasing feal mixing. Thus, increasing this portion of time is
important as well. Additionally, as it is discussed above, the figure shawshis portion
of time is proportional with the volume fractions of both water and biodiesel in the WD
emulsions and BD blends respectively, and is inversely proportional to the volume
fractions of water and ethanol in the DW emulsions and ED blendsctesgy.

Furthermore, in spite of its small percentage in the droplet lifetime, secondary
atomization of the multicomponent fuel droplet is found to occur at certain intervals of this
lifetime. Hence, these intervals may represent the best occurren@bifitplior droplet
secondary atomization of each fuel. ThEgure 5-18 shows the secondary atomization
occurrence probability with respect to the droplet lifetiimeall the multicomponent fuel
mixtures under investigation. Generally, the figure shows that each of the four mixtures is
following a certain atomization trend that is different from the other mixtures. And that this
trend is responsive to the increadée¢he additive in that mixture.

For the biodiesel/diesel blends shown in the fiost of Figure5-18, it can be seen
that the droplet secondary atomization is enbkely to start after the first 20% of the
droplet lifetime after the heating up period describedChapter Four. And that its
maximum occurrence probability is shifting from the early 30% for BD10 forwards to
midterm the dromt lifetime for the BD20 rad BD30 blends. This suggests that the peak
subdroplet population is increasing with increasing the biodiesel concentration in the
blends. This suldroplets proportionality with concentration is shown also in the case of
the ethanol/diesel blends in thecend ow of Figure5-18. For these blendshe secondary
atomization is shown to take place after the first 10% of the droplet lifetime, so it is

slightly earlier tlan that othe BD blends.
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Figure 5-18 Subdroplet ejection probabilit{?6) i y-axisi with respect to the normalized droplet lifetiihe




This trend is in agreement with what is found by Miglani, Basu, and K{ib%&] for
bubble generation within the ethanol multicomponent mixtures.

The third ow of Figure 5-18 shows the secondary atomization occurrence
probabilty for the watefin-diesel emulsions. Secondary atomization in this mixture is
slightly different from those of the BD and ED blends. It starts after the first 10% of the
droplet lifetime and continues to increase with time until reaching its peak gliggfre
the end of the droplet lifetime. This is the same trend as those of the-idiesskr
emulsion droplets shown in the fourtlobw. This continuous increase in secondary
atomization indicates the high degree of nucleation within the Hgase ofthe droplet
compared to the blends. Especially, when the droplet diameter decreases willhisnie.
in agreement with the onset rate distribution of secondary atomization obtained by Tsue et.
al.,[171] for n-dodecane/water andtatradecan/water emulsions.

Figure 5-18 shows also that except the probability shift shown in the blends, the
concentration of the additive (water, biodiesel, and ethanol) have no effect on the
secondary atomization occurrence probability along the droplet lifetimeever, for the
samples analysed, the starting time of secondary atomization is shown to be responsive to
the concentrations. This is illustrated clearlyFigure 5-19 which demonstrates the total
interval of time between the first and final occurrences of droplet secondary atomization
for all the multicomponent fuel mixtures under investigatidiis figure gives an

overview about the suttroplet emission trend for every fuel.
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Figure 5-19: The portion of the total secondary atomization period with respect to the overall droplet lifetime

for all the multicanponent fuel mixtures under investigation.
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FromFigure5-19it can be seen that the emulsion fuel droplets are experiencing secondary
atomization along almost the whole period of their lifetimes, whereas secondary
atomization of the blend fuel dropdetonstitutes half of that period in averageis is
attributed to the higher nucleation rate within the ligpithse of the emulsion droplets
compared to that of the blend droplets. Furthermore, it can be noticed~fgome 5-19

that the secondary atomization in the emulsion droplets almost lasts to the end of the
droplet lifetime. This isbecausehe emulsion droplstusually do not undergo complete
evaporation;instead droplet mroexplosiontakes place fragmenting the droplet into
smaller size suldroplets This phenomenon did not occur during the combustion of the
biodiesel/diesel and ethanol/diesel blends, so that secondary atomization from the droplets
of these mixtures does not last to the end of the droplet lifetime. This emulsion droplet
microexplosion has been further investigated in the next section for acquiring more insight
information to help comprehending this phenomenon that is associated to thestomb

of the emulsion fuel droplets.

5.3.4Emulsion Droplet Microexplosion
Most of the emulsion dropkeprepared and tested in the present work eancirel
microexplosion before complete evaporation of the ligphdse. Thisexplosion is
attributed to thexplosive boiling of the water droplets inside the emulsion dr@pde].
Although, it is reported that the time scaéguired for this explosion is longer than
the time scale available for the real spray combusfidiil,161] But, as shown by
Figure 5-20, the ejected subroplet have experienced microexplosion causing its
fragmentation and evaporation after 4.33 ms of ejecfidve sukdroplet initial diameter
and explosion diameter are calculated to be 45 pum and 31 pm respectively. These
diameters are comparable to the diameter range of the real spray droplets. Thus, comparing
the combustion time values evaluatedrable 2-2 in Chapter Two with the time required
by the subkdroplet shown inFigure 5-20 it can be inferred that in the real combustion
applicationsi such as the internal combustion enginthere is enough time for the real
spray droplets to undergo heating, phase separandnza@nplete microexplosion, even at
low possibilities. Therefore, further investigation of droplet microexplosion is required for

comprehending the current understanding of this phenomenon.
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Figure 5-20: The temporal evolution of sutiroplet ejection from a WD10 emulsion droplet illustrating the

sub-droplet microexplosiomftera period of timgtime is set from the suiroplet detachment)

However, in spite of the enhanced visualization of the droplefase and the
associated processes such as puffing and secondary atomizasigmown in the previous
sectionsi the shadowgraph imaging method implemented in the present investigation d
not provide the proper tracking images of the explogieen withthe high framing rate
used during experimentation. Therefore, the same shadowgraph setup has been modified
and turned intdSchlierensystem by the introduction of a sharp knife edge between the
second mirror and the condensing lens as showkigare 5-1. Accordingly, a density
difference is created across the knife edge increasing the possibility of visualizing the flow
of air within the imaging section. This in turn, gave the privilege of tracking the effect of

droplet microexplosion on the surroundigig as shown ifrigure5-21.
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Figure 5-21: Comparison of the WD10 droplet microexplosion images obtained by sgaashy and
Schlierenrmethods.

Thus, using this imaging method, the temporal evolution of the explosion wave and
its effective diameter in addition to the droplet explosion diameter have all been studied for
the watetin-diesel and dieseh-water emulsia droplets of 10%, 20%, and 30% water
concentrations in the emulsion. Every fuel mixture has been téstedimes, and the

average results of theseals are presented in the current section.

0.0 ms 0.1 ms 0.2 ms 0.3 ms 0.4 ms

0.6 ms 0.7 ms 0.8 ms 0.9 ms

1.1 ms 1.4 ms

Figure 5-22: Temporal sequence of microexplosion initiation on the surface of a WD10 emulsion droplet

(time is set from the start of microexplosion).
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Generally, droplet microexplosion is shown to initiate locally in a single site on the
droplet surface as shown gure5-22. This has happened for all the tested droplets and
for all mixture proportions, proving that droplet microexplosion is basically the result of a
catastrphic burst of a single bubble inside the droplet. This bubble pushes the droplet
surface outside under the action of the high pressure of the bubble interior causing the
droplet to completely disintegrate into smaller size-dudplets.

Figure 5-23 shows the effect of water concentration in the emulsion on the droplet
explosion diameter normalized by the initial droplet diameter for both the-matiezsel
and dieseln-water emulsion droplets. The explosion diameter is meant to be the droplet
diameter at the instant of explosion initiation. First of all, the range of swplaiameter
for both emulsiosis the same, which is between 0.8 and 1.2 of the droplet iditiadeter.

Then, this diameter is shown to be susceptible to the variation in water concentration in the
emulsion. It is proportional to this concentration in the case of the WD emulsions and
inversely proportional in the case of DW emulsions. This prapwlity variation between

the WD and DW emulsions can be explained in the sameFigaye5-15 andFigure5-17

were explained. The increased nucleation rate with increasing water concentration in the
case of the WD emulsion droplets causes the instantaneous droplet size to increase as a
consequent of the bubble growth inside the droplet. While, increasing the wate
concentration in the DW emulsion droplet increases the water/diesel separation and in turn
water coagulation, leading to the decrease in the rate of nucleation within the DW

emulsion droplet, and relatively supresses the droplet size increase by ancleati
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Figure 5-23: The effect of water content on the normalized fragmentation diameter whtbein-

diesel and dieseh-wateremulsion droplets.
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Figure5-24 shows the effect of water concentration on the effective diameter of the
explosion wave for the watém-diesel and dieseh-water emulsions. The effective
diameter has been evaluated as the equivalent diameter of the circle having the same area
of the e&plosion wave. This method of diameter calculation is the same method
implemented in the present work for droplet diameter evaluation as discussed in Chapter
Four and Appendix (C).

WD 24 -
21 -

18 -

215 -

Water Content (%) Water Content (%)

Figure 5-24: Theeffect of water content on tlexplosion waveffective diameter normalized with respect to

the droplet initial diametefor both the watein-diesel and dieseh-water emulsions

The effective diameter is then normalized by the explosion diameter dfdpketi that is
the instantaneous diameter of the droplet at the start of explosion as defined eattier
than the droplet initial diameter because of its direct relevance on the explosion wave than
the latter diameter. Hence, a more practical]isgc, nondimensional description of the
explosion wave effective diameter is obtained regardless the droplet size variation. As the
figure shows, the effective diameter of the explosion wave resulting from the WD
emulsion is higher than that of the D&hulsions. The effective diameter of the former is
ranging between 18.1 in the case of WD10 and 14.6 for WD30, whereas the effective
diameter of the latter ranges between 11.1 for DW10 and 13.6 for DW30. This suggests
that higher internal pressure in thebbles is produced in the case of the WD emulsions
compared to the DW emulsions.

Additionally, increasing the water concentration in the emulsions is shown to
decrease the effective diameter in the case of WD emulsiong)agdses it in the case of

DW emulsions.Regarding the WD emulsions, the effective diametelnasva to be almost
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constant for all the watatiesel proportions, and that the decrease in diameter is merely
because of the increase in explosion diameter shoviangume 5-23. While, for the DW
emulsions, in addition to the decrease in the droplet explosion diamdtgguoé 5-23,
increasing the water concentration in the emulsion indeed causes a certain increase in the
effective diameter of the explosion wavehig could be attributed to thdepth of the
bursting bubles inside the droplet, where the intensity of explosion is proportional to the
depth of the bubble initiating the explosigi51]. Hence, mcreasing the water
concentration results in increased water coagulation in the DW emukssoegplained
earlier in this seatin. This in turn, causes the water tocaenulate in the centre of the
droplet, which is the furthest distance from the droplet surface. Then, due to explosive
boiling, the water vapour bubbles will burst from the centre of the droplet causing the
catastophic explosion of the droplefThen, the effective diameter of this explosion is
increased by the increase in the quantity of water in the centre of the droplet.

The rate of development of thermalizedeffective diameter has been used for

evaluating the xplosion wave spread rate that is showFRigure5-25.
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Figure 5-25: The effect of water conteon the fragmentation effective diameter spread rate for

waterin-diesel and diesaéh-water emulsion droplets.

As shown in the figure, the explosion wave may spread to up to the diameter of
exploding droplet within 1 ms in both emulsions, which nseEh ms for reaching 10 times
the droplet diameter. Therefore, with the aidTable 2-2, it may be inferred that the
explosion wave from a single realistic dropleli Wwave the time and strength to affect the
surrounding neighbouring droplets in the spray. Additionally, it can be seen from the figure

that the standard deviation of the tested samples in the case of the WD emulsions is quite
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low suggesting highly reptable values of the spread rate for that emulsions, whereas the
standard deviation for the DW emulsion is relatively high, especially for the DW30.

5.4 Summary

In the present chapter, detailedperimental analyseof the puffing, sudroplet
generation, andnicroexplosion processes occurring in the burning multicomponent fuel
dropletsareperformed

Isolated droplet experiments are carried out for investigating the above processes
during the combustion of biodiesel/diesel and ethdreslel blends, waten-dieseland
dieselin-water emulsions in addition to the three sirgbeponent diesel, biodiesel, and
ethanol fuels.

The results have revealed that the droplets of the whole multicomponent fuel
mixtures have experienced puffing and secondary atomizattbrvariable intensities, but
only the emulsion droplets have undergone microexplosion. The biodiesel/diesel blends
have shown the least puffing and secondary atomization tendemdieseas the other
three mixtures have experienced comparable tendentlhes. effect of puffing and
secondary atomization on both the burning droplet and the surrounding flame has also been
revealed. Emulsion droplet microexplosion has been investigated and some quantitative
analyses have been carried out.

Furthermore, as itsiestablished, all of the studied processes are driven or triggered
by the processes taking place in the ligpichse of the burning droplet. These processes
include nucleation, bubble generation and growth, internal circulation, and bubble burst.
Therefoe, a localized comprehensive experimental investigation of these processes is
demanded. Hence, in the next chaptiee, results of magnified high speed investigation
of the droplet liquidbhase during the combustion of multicomponent fuel droplets are

presented and discussed.
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Chapter 6. Liquid -PhaseMonitoring during the
Combustion of Multicomponent Fuel

Droplet

6.1 Introduction

Nucleation and bubble generation are occuriirggde theburning multicomponent
fuel droplet in the course of its lifetime. The initiation, development, and effect of these
processes onthe multicomponent fueldroplet combustionneed to be further
comprehendedConsidering the microscopic size of the fuel droplets in the real spray,
studyng these processes during the real spray combustion is quite challenging.
Accordingly, the investigation of these processes is only affordable during the combustion
of an isolated fuel droplet undergoing combustion. However, even with the isolated liquid
fuel droplet, obtaining a clear vieof the droplet liquigphase is not easily attainable.
Therefore, magniéd imagingof the droplet liquid phase during combustisressential for
more in depth investigatiord these processes

Furthermore,as it is shown in ChapterFive, high speed imaging isequired for
tracking suchprocessesConsequentlymagnified high speed imaging is implemented in
the presenthapterfor investigatirg the liquid-phasedynamics during the combustion of
isolated multicomponentfuel droples. Backlighting imaging techniqguehas been
implemented for studyinthe liquidphase dynamicduring droplet combustion.

Hence, after describing the experimental work and procedurssction6.2), the
achievedresults are presented and discussedection 6.3). Firstly, the liquidphase
dynamics of the singleomponent fuel droplets are reviewed, followed by the ligundse
dynamics of the multicomponent fuel droplets. Then, the nucleation astalebgrowth
analysis are presented and discussed. The effect of these processes on the puffing,
secondary atomization and microexplosian then covered. And finally, the phase
separation and component accumulation in the core of the droplet-plyjase is
discussedThe overall findings of the present chapter are then outlined and summarized in

section 6.4).
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6.2 Experimental Setup

Generally, the same experimendatup used i€hapterFourhas been utilized in this
chapter.The schematic drawing of this setup is recalledrigure 7-1. Some simple but
essential changes havedm made. The high speed camera i$0s40000 fps framing rate,

25 us exposure time, and 384x288 pixels image resoluftoalDT 19-LED high intensity
illuminator is used in the present test instead of M2LED domesticilluminator to
provide the adequate lighting for the high imaging rate area covered by the camesa
3.84x2.88 mm giving a spatial resolution of 10 pmi/pixel for each image. The
magnification rate achieved using this setugthigty timesthe physichsize. Therefore, a
detailed investigation of the instantaneous droplet size and shape change during its overall
lifetime is performegdin addition to the full tracking of the physical processes occurring in

the liquidphase

Light Diffuser LED Light Sorce

Droplet

High Speed
Camera .\\

<~

Figure 6-1: Experimental setupf the droplet combustion with backlighting imaging

The investigated fuels are waierdiesel and dieseh-water emulsions,
biodiesel/diesel and ethanol/diesel blends, in addition to the neat diesel, biodiesel, and
ethanol as singleomponent base fuelés it is mentioned in the previous chapters, the
biodiesel/diesel blends and diegelwater emulsions are characterised by the higher
boiling point of the dispersed phase that is biodiesel in the case of the blends and diesel in
the case of emulsions compared to the continuous phase which is diesetasets the
former and water in the case of the lattarthe ethanol/diesel blends and waitediesel

emulsionson the other handhe continuous phagethe diesel in both caséshas a higher
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boiling point compared to both ethanol and water in botktures. Additionally, the
miscibility of the constituents is variable for each multicomponent fuel mixture. Biodiesel
is completely miscible in diesel, ethanol is partially miscible, and water is immiscible.
Therefore, quite variable droplet liquphasebehaviour is expected for each of these
multicomponent fuel mixturehree samples have been tested for each of the neat diesel
fuel, waterin-diesel, and dieseh-water emulsions, while two samples have been tested
for the rest of the fuels.

The imagse have been stored in the (TIFF) format and processed according to the
procedurs described in Chapter Three. Besides, intensity transformation of the grayscale
images is performed for image enhancement. This intensity transformation is carried out
using he imadjustfunction in the Image Processing Toolbox in Matlab, that maps the
intensity values of an image between two certain limits and neglects the values beyond
these limitg303]. Accordingly, proper and effient droplet liquidphase visualization and
tracking is performeds shown inFigure 6-2. In turn, a variety of processes have been

tracked and investigated@hese processes are presented and discussed in the next section.

(B)

Figure 6-2: Theeffect of image intensity enhancement on highlighting the bubble growing inside a diesel

fuel droplet.(a) the raw image, (kdheintensity enhanced image.

6.3 Results and Discussion

The results section has been arranged according to the sequence of events occurring
within the droplet. Therefore, nucleation sites and nucleation rate in the multicomponent
fuel droplet are discussed firstnd therthe dynamics otthe growing bubbles amvered.

The effect of nucleation and bubble generation on the puffing and secondary atomization
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from the multicomponent fuel droplétes also beerdiscussedAdditionally, water and

diesel agglomeration has been noticed to occur during the combustibesefin-water
emulsions and ethanol/diesel blends. This phenomenon has been discussed at the final part
of the present sectioifthese discussions are preceded by general descriptions of the liquid

phase characteristics of both the singdenponent and niicomponent fuel droplets.

6.3.1Liquid -Phase of the Singl&Component FuelDroplets

Despite the present work is devoted for studying the liph@se dynamics of the
multicomponent fuel droplets, thiropletliquid-phase of the single compondrgsefuels
has also beeimvestigated. Tis is for twomainreasonsthe first is to compare thaurning
behaviours ofhese fuelsvith their multicomponent mixtures, and the second is to estimate
the effect of the SiC fibre on the droplet combustion, exploiting tleearcstructure

appearance of these neat fuels compared to the multicomponent mixtures.

0000
ror'{'F'r g

Figure 6-3: Temporal sequence of the droplet combustion of the neat diesel, biodiesel, and ethanol.

Figure6-3 shows the droplet liquipphase of theliesel,biodiesel,andethanolsingle
component fuels at various periods of the droplet lifetime. Image (a) for feath
represents the initial droplet diameter, whereas image (f) represents the droplet prior to
complete evaporation at the end of its lifetime. Images (b), (c), (d), and (e) are selected so
that they represent the droplet after 20%, 40%, 60%, and 808 |dé&iime for each fuel.

As the figure showghe droplets of all the fuels havdransparent structure thiatrelevant
for droplet interiormonitoring Furthermore, the droplet interior remaiokear with no
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bubble appearanaturing the majority of tedroplet lifetime for all the fuelsndicatinga
steady and undisturbed combustion of the droplBtss clear appearance suggests also
that the SiC fibre has nb or negligibly smalli effect on the droplet when its size is
relatively large. However, theffect of the fibrebecomes more obvious when the droplet
size is relatively small and is comparable to the fibre size as shown in image (f) for each
row. This effect on the liquigphase takes place in the form of heterogeneous nucleation
and bubble genation on the interface between the fibre and the droplet lifL68].
Hence, bubble generation due to nucleation arises at the final stages of taelifetime

for all the singlecomponentfuels. The time of the bubbles early appearance has been
evaluated with respect to the droplet lifetime and presentegjine6-4. As shown by the
figure, bubble generation in tltkesel fuel droplets the latesby an average starting time
after the first 79% of the droplet lifetim@&nd it is preceded by bubble geagon in the
biodiesel and ethanol by 77% and 69% of the droplet lifetime respectivedypresented
values are the average values of three samples for each fuel, with the error bars represent
the standard deviation of these values. As shown by the sthiddsiation, a relatively

high repeatabilityis obtained. This in turn, proves that the effect of the SiC fioréhe
combustion of the suspended fuel drofednly dominant on the final 280% stageof

the droplet lifetime, and that for the earligaiges, this effect is negligibly small.
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Figure 6-4: Heterogeneous nucleation occurrence time with respect to overall droplet lifetime for the neat

diesel, biodiesel, and ethanol fuels

However, few buble generation incidents have been noticed wigome ofthe
diesel and ethanol dropléiar from the fibre such as that shownFigure6-5 for a diesel

fuel droplet As shown in the figure, the nucleation site is far away from the fibre thus
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eliminating the heterogeneous nucleation probability and implying either the superheat
boiling of one of the diesel base constituents or because of some trapped gas pockets in the
fuel [123,155] Additionally, the transparent nature of the diesel fueplbt made it easy

to visualize and track the temporal evolution of the growing buldiie. bubblefirstly
initiated at the periphery of the droplet interior far from thgpsosionfibre as shown in

the image corresponding tone 0 ms of Figure 6-5. Bubble growththen proceeded in
conjunction withcirculation around the dropl@eriphery as shown in images 2.2 to

11.25 ms. This circulatioms attributed to théemperature gradient between the droplet
surface and centri804]. Then, as the bubble diameter increases, it moves towards the
centreof the dropletas shown in images 13.%0s to 38.25ms. Then, the bubble bursts
causing droplet puffing as shown in image 42m%. The bubble growth rate hdmeen
evaluated as the time required by the bubble to reach its maximum volume. This volume is
calculated using the maximum bubble diameter that is estimated by means of the
equivalent circle diameter of the projected area algorithm that is implemented and

described in the previous chapters.

0.00 ms : S 4.50 ms 6.75 ms 9.00 ms

11.25 ms 13.50 ms 15.75 ms 18.00 ms 20.25 ms

24.75 ms 27.00 ms 29.25 ms 31.50 ms

36.00 ms 38.25ms 40.5 X 42.73

Figure 6-5: Temporal sequence of bubble growth inside a diesel fuel dr@péetime is set from the
initiation of the bubble)

Hence, the maximum diameter of thebble is the one that is in image 40186 in

Figure6-5, and is found to be 0.46 mm. Thus, the bubble growth rate is found to be about
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1.28 pn¥/ps. This rate willthen be compared with the bubble growth rates obtained from
the multicomponent fuels. The bubble circulation velocity has also been evaluated as the
time required for crossing half the circumference of the droplet. This time is estimated
from the images tbe 6.8ms and the droplet diameter is 0.74 mm, therefore, the distance
Is 0.5*0.74*"° and is found to be 1.16 mm,
mm/s which is in agreement with the-200 mm/s circulation velocity estimated by
Miglani, Basu,and Kumarf153]. Eventually, it can be said that the nucleation and bubble
generation within the singleomponent fuel droplets is mostly infrequent, and that the
scarce incidents are either because of dissolved gases or low boiling components as in the
diesel. Howeverthese rare occurrences were useful in estimating the circulation velocity
and bubble growth rate due to the clear and transparent structure of thecsmglenent

fuel droplets.

6.3.2Liquid -Phase of the Multicomponent Fuel Droplets
In contrast to the singleomponent fuel droplets, the multicomponent fuel droplets

have a less transparent structure as showigure6-6.

Agglomeration

BD Blend ED Blend WD_Emulsion

Figure 6-6: Liquid-phase appearance of the biodiesel/diesel and ethanol/diesel blends and the water/diesel
emulsionsThe upper ow represents the initial dropgetand the lowerow represents the droplets after a

certain time of combustion.

This transparency is variable between the different multicomponent mixtures utilized in the
present work. The biodiesel/diesel blends have the highest transparency compared to the

other mixtures, then, it comes the ethanol/diesel mixtures, and finakiyrtaksions of both
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types the watem-diesel and dieseh-water. This is related to the miscibility of biodiesel,
ethanol, and water in diesel, where, the biodiesel that is the most miscible liquid in diesel
among the three have the most homogenéoaad in turn most transparerit mixture
when blended with diesel compared to ethanol and water as shown in the first column of
Figure 6-6. Ethanol, on the other hand, iarpally miscible as formerly explained. Hence,
the resulting ethanol/diesel mixture is less homogeneous and less transparent compared to
biodiesel, as shown in the second columiriglire6-6. While, the water/diesel emulsions
shown in the third column dfigure6-6 have a relatively opaque structure compared to the
biodiesel ad ethanol blends, that is due to the immiscible nature of water in diesel, even
with the use of the emulsifying agent. The second rowigfire 6-6 shows that the ED
blend, WD and DW emulsions may experience some sort of agglomeration due to the
separation of components. This phenomenon will be discussed at the end of this chapter.
In addition to the difference in transparency, the multicomponent fuel mixtures differ
from each otherin the nucleation rate and subsequent liephdse dynamicsThe
biodiesel/diesel l@nd droplets are characterized bieady undisturbed combustion, with
the least nucleation and bubble generation incidents among all the mixtlimereasthe
other mixtures including ethanol/diesel blends, watetieselemulsions, and diesét-
water emulsions are characterized by chaotic combustion behaviours due to the high
nucleation and bubble generation incidents leading to increased puffing laddoplet
generation values as discussed in the previous chaftese chaotic behaviours are
reflected on the shape of the burning droplet as showigire 6-7. The droplet in the
figure endures high deformations in shape subsequent to the puffing incitdsfitionally,
it experiences all the possible processes subsequent to bubble growth and burst, therefore,
it serves as an ideal model for describing thesegss®sThe droplet is initially spherical
and contains a large bubble with a diameter equa% of the dropletinstantaneous
diameter so that it is occupying a large space inside the droplet as shown in the image
corresponding to time 0.@s inFigure 6-7. When the bubble bursts, the droplet starts to
flatten on the right side as shown in the images corresponding to timesQ30.9ms
respectively. This flatt@ng is a result of the droplet reaction to the thrust force generated
during the water vapour release by puffing. The puffing vapour could not be visualized in
the tests corresponding to the present chapter because of the high intensity illumination
light used for the backlighting imaging. This illumination light is required to compensate
for the high speed imaging, but, unfortunately, the too bright background generated by

illumination obscures the visualization of the low intensity vapour emitted binguff
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Figure 6-7: Temporal sequence of the droplet shape variation consequent to bubble burst and puffing within
a WD20 fuel droplef(the time is set from the start of puff)

Subsequent to puffing, some of the liquid is ejected outside the droplet accompanied
by the detachment of different size ligaments in the form ofdsaplets as shown in
images 1.2 ms to 2.4 ms respectively. The thrust force resulting from puffing thleaspu
the droplet to the left side so that it takes a plum shape rather than its original spherical (or
semispherical) shape, as shown in times 2.7 ms to 3.3 ms in the figure. The droplet then
continues to move towards the left side under the puffing ttHiowse, but, the surface
tension of the liquid will resist this movement and keep the droplet suspended in the fibre,
causing the droplet to elongate at its far end as shown in times 3.6 ms to 5.7 ms
respectively. This droplet elongation continues uihi@ surface tension force exceeds the
thrust force and brings the droplet back to its normal position (times 6.0 ms to 7.2 ms
respectively) and shape (times 7.5 ms to 11.7 ms).
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This sequence of events occurs almost after every bubble growth and burssgsoce
but with varying intensity, because not all bubble burst processes end up with ligament or
subdroplet detachment as it is postulated in Chapter Five.

Furthermoreas shown in image 1/ms and thdollowing images, another bubble is
generated in thejection location subsequent to ligamheand sulbdroplets detachment.
Direct connection between the ejection site and the evolution of the new bubble could not
be confirmedDespite the reasons behind this bubble generation, it gives an indication of
the rucleation and bubble growth rates in the emulsion droplets. MoreBigire 6-7
shows the variety of shapes taken by the droplet during a single occurrence of secondary
atomization. Hence, keeping in mind the repeatability of such process, especially for the
emulsion droplets, it can be inferred how dominant is the irregular shagpe dfoplet

compared to the regular spherical configuration.

6.3.3Nucleation Rate

In spite ofthe sizei andthe resulting time scalé differencebetween the tested
droplets in the present work and those on the real sprays, the nuclestismnour ofthe
different multicomponent fuels under investigation could be estimathce, the
nucleationratesduring the droplet combustion of these fublve been evaluatemhd
presented ifrigure 6-8 with respect to the concentration of the added substance (biodiesel,
ethanol, or water)These nucleation rates have been evaluated for the overall droplet
lifetime and normalized by 100 ms time interval for procuring mowmdistec results
comparable to the real spray droplet lifetirdelditionally, the nucleation rate has been
presented in the logarithmic form due to the large difference in the order of magnitude of
the compued values for the different multicomponent fuelkiares. Bubble nucleation
around the fibre region inside the droplet is neglected to eliminate the probability of adding
any bubble generated by heterogeneous nucleation due to the presence of the fibre. Hence,
the presented results are only for homogesawucleation away from the fibr&s shown
in the figure, the nucleation ratesaif theinvestigated mixtureare inversely proportional
to the concentration ofhe additive in that mixtureHowever, the degree otis
proportionality is variable among those mixtures. Where, the wadiesel emulsions
showsteepline behaviour with increasing the concentration of the water in the emulsions,

whereas this behaviour is less for the other mixtures.
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Figure 6-8: Average nucleation rate variation with the content of the substance added to diesel.

Additionally, the nucleation rate in the WD emulsions is the highest among all
mixtures, while that of the BD blends is the leastis could be a reflection to the
miscibility of these liquids to diesel, where biodiesel is completely miscible and water is

completely immiscible.

422.9 ms

485.1 ms 9.1 ms 544.9 ms 549.5 ms

Figure 6-9: Different nucleation sites inside therning fuel droplet.

Figure 6-9 shows the various nucleation sites inside a WD10 emulsion droplet. The
figure shows that the nuclei could initiate at any location inside the droplet, whether this
location is the droplet céme as in image 4891hs, or any of the peripheries, as it is shown
in the other images. All these nucleation sites are away from the suspension fibre, which

gives certainty about the occurrence of homogeneous nucleation within the burning
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multicomponent del droplet. Furthermore, the figure shows that more than one nucleus
may develop at the same time, as it is revealed in images#228d 544.ns.

6.3.4Bubble Dynamics

Once the nucleation rate hdeen evaluated, the resulting bubble growth and
dynamics are investigate#&igure 6-10 shows the bubble growth rate inside the burning
droplets of the multicomponeritiels under investigation presented with respect to the
concentration of the substance added to diesel (biodiesel, etandwlater). The growth
rate is expressed in the logarithmic form due to the big difference between the different
mixtures. AsFigure 6-10 shows, the bubble growth rate of ethanol/diesel blends is
proportional to the increase of ethanol concentration in the blend, while, those growth rates
of both biodiesel/diesel blends and watediesel emulsions are inversely proportional to
the increas in both biodiesel and water concentrations in the mixture. The bubble growth
rate of the dieseh-water emulsions on the other hand is found to be unaffected by the

increase of water concentration in the emulsion.
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Figure 6-10: The effect of additive content on the average bubble growth rate inside the multicomponent fuel

droplet.

Furthermore, as mentioned in sect®&.3 more than one bubble could be initiated
at the samé or relatively closé time. Hence, some of these bubbles are shown to merge
into asingle large bubble as shownHRigure6-11. In this figure, two different size bubbles
generated during the combustion of ED10 fuel droplet are united in one large bubble
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occupying the whole droplet interior. The time periods shown in the figure are set to start
from the instant when the two bubbles are attaching each other. However, the first two
images in the first row of the figure are before that time, but they have dubed to

illustrate the change in bubble locations inside the droplet. As the figure shows, the smaller

bubble is contained by the lardarbble
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Figure 6-11: The temporal sequence of two bubbles nreggiccurrencenside an ED10 fuel droplétime is
set from the instant of bubbles attachment)

This bubble merging process has occurred in many occasions and within different
fuel droplets including the neat diesel fuel droplet as shoviigare 6-12. In this figure,
both bubbles are circulating inside the droplet and approaching each other in the centre of
the droplet.These merging incidents are playing a crucidé in the dynamics of the
droplet surface since these processes unite multiple small bubbles in one large bubble; the
explosion of this large bubble is expected to be more effective than the initial smaller ones.
However, the larger bubble size will niécessarily generate the sufficient disturbance for
disintegrating the droplet. Since the bubble size is not the only effective parameter in
droplet disintegration and stdyoplet generation, the other factors are droplet size, bubble

location prior to bust, and droplet liquid surface tension.
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Figure 6-12 Temporal sequence of two bubbles merging process inside a neat diesel fuel droplet.
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Figure 6-13: Temporal sequence of bubble growth inside a burning BD10 fuel droplet.

Figure 6-13 shows the temporal sequence of bubble growth inside a burning BD10

fuel droplet.The presented bubble has initiated near the droplet surface and developed in
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the same location as shown in image 3.50 ms and the followings. Its diameter on image
52.50 ms prior to explosion is measured to be 0.73 of the dishplatter However, when
expoded, its effect on the droplet is only shown in the form of vapour ejection by puffing
without detachment of any portion of the liquid droplet as shown in image 53.40 ms and
following images. This suggests that the thrust force resulted from bubblesiexpénd

the subsequent puffing was not sufficiently high to overcome the surface tension of the
liquid droplet. Especially, the surface tension of the biodiesel fuels is higher than that of
the regular diesel fuel805]. So that its only effect appeared in the form of droplet shape

change followed by restitution to the normal shape.
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Figure 6-14: Short bubble growth time during the combustion of WD20 fuel droplet.

In contrast,Figure 6-14 shows bubble evolution and explasimside a WD20 fuel
droplet, in which this explosion led to sdboplet detachment from the parent droplet
surface. The bubble is also initiated near the surface of the droplet as shown in image 50
ps, and developed adjacent to the surface as shown igegma00 ps to 550 ps
respectively. Its maximum diameter prior to burst is estimated from image 550 ps to be
0.28 of the dropletdiameter, and its evolution time is 1/95 of the evolution time for that

bubble shown irFigure 6-13. However, its explosion led to the generation of small size
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subdroplet as shown in image 750 ps. Thus, it can be inferred that the size of the bubble is

not always the major factor in deciditige occurrence of droplet secondary atomization.

6.3.5The Effect of Bubbles on Puffing, Secondary Atomization, and
Microexplosion

Figure 6-15 shows the effect of bubblburst on the subroplet ejection from the

surface of an ED20 fuel droplet undergoing combustion.

0.00 ms E 0.05 ms
0.25 ms 6 0.30 ms

|

0.55 ms

0.75 ms E 0.80 ms
©
1.00 ms 61.05 ms
e Ef,j
1.25 ms| 1.30 ms

P

5

0.10 ms

2
e

0.15 ms 0.20 ms

aa
by

3

N

0.40 ms 0.45 ms

)
N
3

0.50 ms 0.65 ms 0.70 ms

&

&
A

0.85 ms 0.95 ms

©

-

2,

1.10 ms

?

3
9

1.50 ms

@

1.55 ms

©

1.60 ms|

= ! \

';' )

g
= N 3 o g
g B g B B

-

1.95 ms

9
X

1.75 ms 1.80 ms 1.85 ms

Figure 6-15. Temporal sequence of the effect of a growing bubble on themydbet ejection from aurning
ED20 fuel droplet

Prior to burst, the bubblé bounded by the red box in the first rawis adjacent to the
droplet surface. Hence, it is forcing the frontal thin liquid layer of the liquid until it is in
contact with the gaseous environment. So, the pressure differenss e bubble causes

its rapture releasing all the content vapour outside. The release of this vapour created a low

pressure spot on the droplet surface causing the surrounding liquid on the droplet to flow

170



towards this spot as shown in images 0.05 m8.46 ms inFigure 6-15. These images
illustrate the inward movement of the droplet surface subsequent to vapour release by
bubble rapture. This inward motion of thiguid edges results in a reflective outward
motion of part of the liquid due to the impact of the liquid edges in the low pressure spot as
shown in image 0.45 ms and the followings. If the force resulting from this reflective
motion is high enough, the miog liquid portion will continue forward with a decrease in
the crosssectional area and flattening in the upstream side as shown in images 0.85 ms to
0.95 ms.With the increase of outward motion of the liquid, the cisedional area
decrease and upstreaface increase will initiate nicking in the liquid portion structure
behind the flattened face as shown in the red circles of imagesnisO® 1.20ms.
Disintegration of the liquid from this nick then occurs causing a small ligament of liquid to
escapen the form of sukdroplet as shown in images 1.8% to 1.95ms respectively.
Otherwise, if the force produced by the impact is not sufficiently enough, liquid nicking
will not take place, and the resulting effect will be limited to instantaneous detiemnoo&
the droplet surface for a certain time after which the droplet will retain its original shape as
it is previously shown ifrigure6-13.

The above describedysopsis occurs for all the growing bubbles inside the fuel
droplets, but with varying degree. Wheogecasionallythe impact force is relatively small
due to the small size of the exploding bubble and in turn the low pressure difference.
Hence, smaller ption of the liquid is forced outside as showrFigure6-16. This figure
illustrates the temporal sequence of bubble growth inside a WD20 fuel droplet. As it is
shown by tracking the bubble bounded by the red box in each image, the buibitikstésl
at time B1.1 ms near the droplet surface. Then, it contirtoegrow up with time until
reaching the itant 183.1 ms where it reachiged maximum size andttache the droplet
surface from inside. Since, the liquid layer at the droplet surface is ithoid not
withstand the force exerted by the bubble. Therefore, droplet surface layer nquiumesd
bringing the bubble in contact with the surrounding gasesnvironmenfThis attachment
with the environment led to the rapture of the bubble itsedf tduthe pressure difference
across the bubble boundaries. Because of this rapture, a small portion of the liquid from the
droplet surface is ejected according to the same mechanism described formerly. However,
this liquid portion is relatively small as@ln in images 183.5 ms to 183.8 ms.
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Figure 6-16: Temporal sequence of the effect of a growing bubble on themydbet ejection from a burning
WD10 fuel droplet.

Figure 6-17 on the other hand, shows the secondary atomization andreplet
emission from a WDZ20 fuel droplet. The sditoplet is bounded by the white rectangle for
tracking purposes. It is emitted agesult of the parent droplet puffing shown in images at
0 ms and 0.1 ms. Although the exact composition of thedspflet is not currently
affordable; its burning characteristics are compared to the parent droplet that is WD20. The
initial diameter ofthe subdroplet is found to be 40 um. It has experienced explosion at
about 1.9 ms after its ejection. Therefore, its burning rate constant is calculated as (0.84
mnv/s), which is slightlylower than that of th&vVD20 fuel dropletevaluated in Chapter
Four, thatis (1.18 mm?s). Though, in the case of sdboplet, this value represents the
vaporization rate constant rather than the burning rate constant since tbeodeb
experienced explosion before leaving the vaporization zone of the parent dropettHsi
radial distance of the stdroplet centre from the parent droplet centre in image 1.8 ms is
evaluated to be 1.8 of the parent droplet instantaneous radius. Whereas, the flara# stand
ratio for that droplet is found to be ~ 4. Thus, the-dudpld is more likely to explode
during vaporization rather than combustion. This implies that the actual secondary
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atomization from the emulsion droplet is higher than that estimated from the regular
droplet and flame observations.

Figure 6-17: Temporal sequence of the ejected-dutiplet lifetime during the combustion of a WD20 fuel

droplet.

Figure 6-18 WD20 emulsionfuel droplet nicroexplosionduringcombustion thetime difference between

images is 25us)
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Figure 6-18 shows the temporal sequence of WD20 emulsion fuel droplet
microexplosion during combustion. Theages have been inverted using Matlab for
proper visualization of the explosion initiation point. The use of high intensity backlight
during imaging resulted in the tracking of the explosion point inside the droplet is quiet
challenging As the figure reeals, the micre@xplosion of the droplet took place due to the
explosion of one of the bubbles inside the droplet. This bubbtainded by the red bax
exploded inside the droplet in a point relatively far away from the droplet surface. Hence,
due to itslocation inside the droplet, the effect of this explosion on the droplet was more
intensive than the bubble explosions on the droplet surface. This form of microexplosion
has been noticed to occur during the combustion of the majority of the inwatieel and

diesetin-water emulsion droplets and for some of the ethanol/diesel blends

6.3.6 Accumulation within the Burning Multicomponent Fuel Droplet

During the liquid-phase magnified monitoring during the combustion of the
multicomponent fuel droplets, some of the droplets belonging to the ethanol/diesel blends,
waterin-diesel and dieseh-water emulsions have experienced a kind of component
separation. This is followed yccumulation of one of these components in the form of a

sphericamassmoving in the entre of the droplet as shown kigure6-19.

Figure 6-19: The temporal sequence aédel fuelaccumulatiorduring the combustion of ED30 fuel droplet.
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