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ABSTRACT

COMPUTATIONAL STUDIES OF SOOT PATHS TO CYLINDER
WALL LAYERS OF A DIRECT INJECTION DIESEL ENGINE

Wan Mohd Faizal Wan Mahmood, 2011

The investigation reported in this thesis is concerned with topic of soot
formation and soot particle motion in the cylinder of ghtli duty automotive diesel
engine. CFD has been employed to simulate in-cylindetitons and to investigate the
source of particles which are transferred to the dihe accumulation of soot in the
lubricating oil of diesel engines is one of the fastbmiting the interval between oll
changes and hence service interval. Soot particles canarnsderred to oil film on the
cylinder wall layers through the complex motion of theadfltiow in the cylinder. The
paths of soot particles from specific in-cylinder locasiaand crank angle instants have
been explored using the results for cylinder charge mgtiedicted by the Kiva-3v CFD
code. Using the velocity fields from the simulationajanassless tracking of the in-
cylinder soot particles in space and time is carried opiayimg a particle tracking with
trilinear interpolation technique From this investigation, new computational codes for
the prediction of soot particle paths and soot particke dimnge along a specific path in
a diesel engine have been developed. This investigatibe ifrst numerical study into
soot particle trajectories within an engine and thus opeasnagvel branch of research of

soot formation within internal combustion engines.

Computed soot paths from the investigation show that soatlparformed just
below the fuel spray axis inside the middle bowl area dwramnly injection period are

more likely sources of soot particles on the cylinder Veg#rs than those formed later.




Abstract

Soot particles that are formed above the fuel axis hageténdency to be transported to
the cylinder wall layers thus are not likely to be the mamrse of soot at the cylinder
walls. Soot particles that are from the bowl rim aaea found to be another source of
soot transfer to the boundary layer, as they are diregppsed to reverse squish motion
during the expansion stroke. Soot particles that are forread the cylinder jet axis
during fuel injection tend to move into the bowl. Theset particles are found to be
from the relatively less concentrated area. In cehtrparticles from the most
concentrated areas tend to be moving into the bowl andlgasierisk of contaminating

oil films on the liner.

Sensitivity studies of soot particle paths to swirl shbat £ngine operating with
low swirl ratios are more vulnerable to soot in oil problesnlow swirls cause the bulk
fluid flow to be moving closer to the cylinder walls due to fig¢lvelocity and reverse
squish motions. Decreasing the spray angle lessergotstilities of soot particles
from being transported close the cylinder wall layers whileemsing the spray angle
increases the possibilities of soot from the bowl redgmrbe transported close to the

cylinder wall layers.

The temporal and spatial evolution of soot particle ssaele predicted by using
the history of temperature, pressure and gas species tengaths. An explorative
investigation has been carried out to determine the masbEumethod to tackle this
soot particle evolution. With proper multipliers, all apmtoes perform quite
satisfactorily in terms of predicting the trend of sihamge. Soot particles that are likely
to be transferred to the cylinder wall layers are preditiathange in size parallel to the
average mass profile in the whole cylinder where they quipkbk to maximum at

around 18 CA ATDC, and gradually decrease in size through EVO.
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CHAPTER 1

INTRODUCTION

1.1 Background

Diesel engines are widely used in heavy-duty road and odf-@hicles, sea
vessels and power generation units due to their fuel effigiand long service life. In
recent decades, diesel engines have been used in lighitdoiyotive applications. In
some European countries, more than 50% of new passengeracd light duty
commercial vehicles have diesel engines. The negasipects about diesel engines are
their high nitrogen oxides (NQ) particulate matter (PM) and noise emissions.

PM from diesel exhaust contains solid soot particulates @ratharmful to the
environment1-3] and human healtl{4-6]. It has also been well-known, sge9] for
example, that in-cylinder soot produced during combustion ineaeld engine can
accumulate in the lubricating oil, causing changes iingaality which can limit the
interval between oil changes and hence service intefMalextend service interval of a
diesel engine, oil contamination by soot must be redu@se of the ways to reduce this
oil contamination is to minimise the transfer of soottipkes to the cylinder wall layers
which is a major contributor to the soot in oil as the ssatarried into the oil by the
scraping action of the piston rings [10JTo achieve thisfurther understanding ah-

cylinder soot particle movement is necessary.

This thesis will partly deal with the problem of soot @minating the lubricating
oil. This is done through investigation of the movementewolution of in-cylinder soot
particles during a part of engine cycle. The investiggtamicularly focuses on the soot

particles that are likely to be transferred to the cylindall layers. The investigation
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was carried out computationally employing computationabfldynamics (CFD) code
and a range of Matlab programming routines which will bdagxed in greater details in
this thesis.

These new computational codes and routines are used togavegtie sources of
soot particles near the cylinder wall by predicting the ttajges of soot particles from
the point they are formed or any point within the engiylender. These new codes also
predict size change of soot particle on a specific path. As to the author’s knowledge this
investigation is the first numerical study of soot partiolevement in a diesel engine, it is
envisaged that the findings of this investigation should befull to improve the
understanding of soot dynamics and soot formation procébks wnternal combustion
engines. This numerical study can be a new platform for furthesearch on soot

formation process in the internal combustion endjeid.

The following sections outline the nature and current sttussearch in the area
of diesel combustion. This chapter also highlights thectibg of the thesis and ends

with the thesis layout.

1.2  Energy and Environment

As the world population grows and people’s lifestyles change, the global demand
for energy increases. The ever-increasing demand fagyerieom fossil fuels has
resulted in worsened environmental pollution and global warmioglegms [11]. The
current level of oil production also increases our anxatieer the impending fossil fuel
depletion [12] With these concerns, ongoing research on reducing pollutiensloping
energy-efficient systems and developing renewable fugintdogies are considered

equally important.

By Rio Convention’s definition [13], sustainable development iSthe
development that meets the needs of the present wittmmpromising the ability of

future generations to meet their own needs”. This definition can be interpreted that our

2
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efforts to improve the existing technologies and to deveémewable fuel technologies
will help future generation in two ways. Firstly, the eryergsources we conserve and
the ecological habitat that we protect now can be spareel tisddl by them in the future.
Secondly, the renewable fuel technologies that are lukmgloped will be the basis for
the new fuel infrastructures for the futurén the spirit of this definition, the present

investigationof soot in oil problem was carried out.

1.3 Combustion Research

As the combustion of fossil fuel is still likely to dimue as one of the main
sources of energy well into the 2dentury [11], combustion research will remain vital.
Studies and investigations of the correlations of operatimglitons with combustion
and emission characteristics must constantly be putsuietprove our understanding of

various combustion systems.

Recent years have seen many improvements in the wayusbion investigations
are carried out. Advances in instrumentation and modenputer allow researchers to
gather combustion data which are more comprehensive andeddittd]. To obtain
further details of fuel and gas dynamics inside a combustiamber, researchers have
non-intrusive optical and laser diagnostic tools air tthsposal. The implementation of
these various advanced methods have actually increasedinderstanding of the
characteristics of combustion, flow field and emissioarelteristics, both quantitatively
and qualitatively, in many combustion systems. Yet, ¥peemental measurements are

sometimes invasive, complicated to set up and fairly costly.

Notwithstanding the advances of experimental techniques, tadeirsy of
combustion and emission processes is far from complEven with probing or imaging
capabilities, intrusive or noimtrusive, the experiments on internal combustion engines
can only provide information of properties at restrictedunas in the combustion
chamber. These are among the issues that are encountered by exp@ilists. To a

certain extent, these issues can be addressed by coomaitatudies
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CFD is capable of overcoming some of the limitationsxipeeimental techniques
and can provide reasonable prediction of the actual cdmbugrocess and the
interactions of species inside the combustion chambbée accuracy of the predictipn
however, depends on the complexity of the sub-models ndbeé icode and the capacity

of the computer in use.

Although some organisations have developed their own CFD ,comesnercially
available CFD codes such as FLUENT, STAR-CD, CFX, PHOENIG&ENMKIN-PRO
and FLOW-3D are widely used. h& usage of thesm universities is relatively restricted
due to high cost of licensing and limited availability of code aatapt and development
prospect to the researchers. Unlike the commercials¢cd€lea CFD code, which was
first developed by a fluid dynamics group at Los Alamos Malih.aboratory (LANL) in
the early 1980s [15] has open architecture that allows researchers to wadéss
investigate and amend the codes with minimal initial co$his thesis reports the

findings obtained from the use of a relatively recent Kivde; Kiva-3v Release 2.

14 Pollutions from Combustion Process

Combustion systems burning fossil fuels in general enfiifamts which include
particulate matters (PM) such as soot, fly ash, metale§, various aerosols; sulfur
oxides, unburned and partially burned hydrocarbons (HC), oxidestrofjen (NQ),
carbon monoxide, and greenhouse gases (GHG) suchasn@@®O [16].

In the transport sector, the combustion products emittad &€xhaust tailpipes of
diesel and gasoline engines become a major source of airbpmollution. The problem
with simultaneous reduction of soot and nitrogen oxidesaoich diesel engines are
infamous is a hot topic pursued by engine researchersh PNgemission is one of the
problems that deter the widespread use of diesel engirteangportation sectorSoot
which forms a major part of PM emitted from diesel argipollutes the environment

and may have caused the exacerbation of diseaseglrldtee respiratory system. &n
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more immediate effect, soot particles formed in the engiaaseasily find their way into
engine oil, change the properties of the oll, and timesease the engine wear and shorten

engines service interval.

1.5 The Future of Diesel Engines

In transport applications, diesel engines account &zemable share of the engine
market. In the European Union (EU) for example, diesel palveassenger cars have
surpassed the market performance of gasoline powered chrsoanaccount for more
than half (53%) of the EU new car market share in 2007 [Ifiis rapid growth is due to
advantages of modern high-speed diesel engine in termgeb&éonomy, remarkable
low-end torque and overall performance [18]. Other fadteasmay have contributed to
the growths are more well-informed consumers abouativantages of diesel engines,
unequal taxation system and increasing fuel prices. Witkineong improvement and
progress in the designs of overall combustion systemseldengines would remain as
one of the main prime movers in the medium term and bapetential to be used in

hybrid vehicles to achieve lower emission target in the lotegen

1.6  The Importance of Soot Particle Size and Numbers

The knowledge of soot particle size and its number Higidn is important in
both areas, environmental and diesel engine maintenafide importance of this is
demonstrated in the legislation implementation drawfo 5/6, where a particle number
emission limit of 5 x 18 km™ has been proposed [19T.he key reason for going from
mass to number limit is the health hazard posed by theeshplrticles which contribute
little to mass emitted [7]. However, with current measurement technology, smaller
particles could pass through measuring equipment undetectedjithog rise to the

concern of meaningless soot emission legislations.

Soot particle size and number distribution also influeneebhavior of particles

in the environment and within the engine itself. Particlee sinfluences the
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environmental impacts of engine exhaust particles in seveagb:wt influences the

atmospheric residence time of the particles, the @ppcoperties of the particles, the
particle surface area and ability to participate in atmagpledemistry, and the health
effects of the particles [7]. In the engine environmesupt particle size and its
distribution influence how the soot particles grow from aatibn, how they coagulate,
agglomerate and oxidize, and finally how the soot partiatestransferred to the liner
before they are scraped into the engine oil. Theamkdistribution of in-cylinder soot
particles, during the engine cycles, influence the size of particles at the exhaust
tailpipe. It also affects the interactions between itivcylinder soot particles and the
cylinder wall which may in turn influences the amount of sty into the engine oil.

Due to these, the investigation of in-cylinder soot particle simé distribution is

valuable.

1.7  Soot Modelling Studies

Numerous experimental studies reported in [20-26] have bagied out to
measure in-cylinder and engine-out primary soot particeea its distribution in diesel
engines. However, due to experimental limitations, thernmdbion from these
investigations is not temporally and spatially completeod®lling studies have also been
carried out extensively to overcome the shortcomingsxpérimental studies. However,
the results of most modelling studies have been comtedton the soot mass and
concentration inside the combustion chamber [27-30]. eMecently, soot modelling
studies that estimatot particle size distribution and soot particle numbersdg have
been reported [31-35].

Several soot models that have been used in diesel engesigations shall be
reviewed in more detailed in the next chapter. In the wonkechout by the author, a
two-step soot formation model has been used. This was previoyslymented in the
Kiva-3v CFD code used within the Engine Research Group (ERG) of Uitiveof
Nottingham [36]. Soot formation and oxidation was representied astwo-step model

which combined Hiroyasu’s soot formation [37] and Nagle and Strickland-Constable

6
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[38] and Neoh’s soot oxidation [39] rate expressions. This allowed prediatibonly
soot mass distribution throughout the cylinder as funabiocrank angle.In this model
soot formation rate varies only with fuel vapour concmn, in-cylinder pressure and
temperature It shows no influence of the type, composition and strecof fuel used.
In addition, the soot oxidation depends only on oxygenggstessure and soot mass.
Nor are the intermediate chemical and physical procegsesot particle formation such
as pyrolysis, nucleation, surface growth, coagulatiaheayglomeration considered. As a
consequence, it lacks the capability of providing informatinrsize and numbers of in-
cylinder soot particles and other intermediate chemicalisgpe Moreover, the graphical
results obtained from the simulation only show the soaidclat different instants and
locations without clear indication of the soot particlesvement in the cylinder.

The overall objective of the present study is to addegtievious mass-based in-
cylinder soot distribution study, the additional capabilityoddicting the paths travelled
by soot particles and their changes in size along thes pathout modifying its mass-
based simulation prediction. This approach is believduetess complex than detailed
chemical models or stochastic numerical methods studienthgys. Furthermore, this
approach provides the continuity in the ongoing soot fdomatesearch in this group

without altering the previous modelling results.

1.8  Nature of Investigation and Thesis Objectives

The objective of this PhD is to gain a deeper understgrafithe in-cylinder soot
behaviour that comprises of soot movements, and soot evoiatterms of size, by a

computational investigation Specific objectives are listed as:

a) To analyse the global characteristics of in-cylinder @@ and examine how
these conditions contribute to the overall processoot formation and its in-
cylinder distribution with the aid of Kiva-3v Release IFI@ code and EnSight

post-processing techniques.
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1.9

b)

d)

To further analyse the mass-based in-cylinder soot distribatiatained from
CFD simulations with regard to the influence of local prapernto the local soot
formation process. This was achieved by fragmentingcyliader into smaller
fractional volumes and averaging the local in-cylinder gtiestin the volumes.

To investigate the spatial and temporal movement-oflinder soot particles. In
particular, the movement of soot particles from spedsid@tions in the cylinder
at specific instants is investigated, assessing the lilagilod those particles being
transported to the cylinder wall layerghis objective represents a first step into a
complex analysis that aims to track soot particles asasetheir evolution along
the paths during the combustion process. For this reasonteouse MATLAB
code was developed and exercised.

To predict the soot particle size and its distributiontlie engine cylinder,
particularly near the cylinder boundary layer. Thisasried out by estimating
soot formation and oxidation rates using the quantitieairdd from the soot

particle paths history.

To study the influence of changing initial swirl ratioglaspray angles on the soot
particle paths and to investigate the possibility of soostea to the cylinder wall
layers with the changed parameters.

Layout of Thesis

Following this chapter, a literature review on soot fornmatand oxidation

processes, soot models, soot particle tracking, in-cylifidier motion, soot in oil and

soot movement is presented in Chapter 2. Chapter 3 tenvti describe the computing

facilities and modelling setups of the present study. Assangptised in this study are

assessed and discussed in this chapter. Comparisonbaf ghd fractional volume in-

cylinder characteristics are carried out and discugsé&thapter 4. The investigation of

8
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convergence of soot particle paths is reported in Chapté&urther results of the analysis
of soot particle paths behaviour can be found in ChapteB@ot particle evolution is
described next in Chapter 7 where several approachessatsskd on the prediction of
the size of soot particles along specific paths. Selqmaeametric studies have also been
carried out and reported in Chapter 8. Chapter 9 will ersdth@sis with discussion,

suggestion for further works and conclusions.




CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Air pollution greatly affects human health, vegetatiosg-systems and building
materials. One of the major sources of air pollui®won-road vehicles which include
light and heavy duty vehicles. The air pollutants thatrycahe most serious
environmental and health problems are nitrogen oxides,)(ld@d particulate matters
(PM). Carbon monoxide (CO), hydrocarbon (HC) and sulfaxide (SQ) are also of
concern despite being so to a lesser extent. Soatistiss stated in the following

paragraph are of use to appreciate the gravity of the preblem

In Europe, it was reported that N®mission from mobile sources (road, air and
water) was as high as 57% of the totalNnission [40], PNy (particulate matters with
size less that 1@um) from road transport was 25%][41], and ;S€mnission from road
transport was 3% [42]In the USA’s 1999 National Emissions report, on-road vehicles
produced 34% of total NQ10% of total PMs(particulate matters with size less than 2.5
um) , 51% of total CO and 29% of total HC [43]. From thesessikzd] it is apparent that

the transportation sector is one of the major cauttoits of air pollution.

2.2 Emission Legislations

Various agencies and bodies have been trusted to mangmgslaiion in each of
the above regions. They are responsible in forrmgathe emission regulations and
legislations. The most stringent emission regulations are practicdelinope, USA and

Japan, and followed accordingly by other countries. In EutbpeEuropean Union (EU)
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has been using Euro Emission Standards since 1B8fails of Euro emission standards
are shown in Table 2.1With imminent Euro 5 standards coming into force, car
manufacturers are required to redi®, and PM limit for diesel engines, by 28% and
80% respectively. Consequently, research to reduceN®ttand PM simultaneously is
being carried out rigorously by car manufacturers and res@asttutions alike.

2.3  Strategies to Reduc&lOyxand PM Emissions in Diesel Engines

The problem of reducing both N@nd PM is complicated in diesel engines due
to the general N@soot trade-off relation. Simultaneous N&nd PM reduction can be
achieved to some extent by the improvement in engine te&dies, such as
homogeneous charge compression ignition (HCCI), but to fhesduture emission
legislations, the requirement of aftertreatment deviseds be expected [44]. A diesel
particulate trap may be used to limit PM emission, ancaa MO, trap may be used to
limit NOx emissions. Both require intermittent regenerationgsses which incur a fuel
consumption penalty on top of the cost of the comporieisiselves and any service
requirements. Thus, the efforts to reduce emissionsighreamprovement of engine

design and combustion technologies are essential.

Exhaust gas recirculation (EGR) is another common tdogpdhat can reduce
the emissions of NQeffectively. However, the use of EGR results in amease in PM,
hence soot emissions [44]. The investigations by modedlimdy experiments on EGR
influence on soot emissions have been done by manyrchees [27-30]. Another
method to reduce NQwhich has been given much attention, is delaying stamjeaition
(SOI). However, this method, like EGR, causes an inclieas®sot emissions [27, 28, 30,
35, 45].

Other techniques to reduce soot emissions pursued by reseaneh@rsreasing
injection pressure [29, 30, 45], increasing boost pressureifg®gasing air to fuel ratio
[35], and controlling mixing and swirl ratio [30]. In addiioHsu [45] outlines several

other factors that influence the emission of soot, whichban&l shape, location of
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injection spray, injection flow rate which is normallgused by manufacturing variation,
secondary injection, injector sac volume and injectde kength to diameter (L/D) ratio.

Hsu [45] also mentions that lowering inlet air temperatuteibocharging diesel engines
and using higher engine compression ratio can redugei@sion and minimize loss in

fuel efficiency.

Shayler et al. [46] investigated a split main with a piloeatipn fuel injection
strategy to optimize emissions and fuel consumptiore vEmiables investigated are ratio
of first to second part of the main injection, the sapan between injections, the timing
of the start of main injection and rate of EGR whil®pihjection quantity and timing
were fixed. This multiple injections strategy is capaifleeducing both soot and NO

but with higher fuel consumption, hence further optimizaisorequired.

Kawatani et al. [47], as illustrated in Figure 2.1, speaily stated that the
strategy to reduce soot is by improving the diffusion combustyomay of optimizing air
motion in cylinder as well as injection timing and rate. Kilaaret al. [48] also specified
that three main combustion concepts to reduce soot wereoliogtrcombustion
temperature, improving fuel charge mixture, and reformulatihdquel composition.
These combustion strategies and concepts, which encapsailla the techniques
mentioned in the previous section, becomes the basidufthrer research in spray

combustion with regard to soot formation in diesel engines

2.4 Diesel Particulate Matters

Diesel particulate matter is a complex mixture of orgaand inorganic
compounds and gas, liquid and solid phase materials [49]. ©rgarfiydrocarbon
compounds include aldehydes, alkanes and alkenes and aroamfpiounds. Inorganic
compounds include sulfur, oxygen, carbon monoxide, eleaheatbon, and oxides of
nitrogen (NQ). The gas phase emissions include,NCO, and S@ The solid phase
emissions are made up of small spherical carbon par{etet) while the liquid phase

emissions are composed of the organic or hydrocarbon ce@mpand sulphate. Some of
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the hydrocarbons may be found adsorbed onto the spheadadn particle and some
may be in the gas phase [49]. Figure 2.2 shows the diesalgxixture more clearly.

In measurements of heavy-duty diesel vehicle emissiqustesl by Lowenthal et
al. [50], particulate matter was found to be comprisaivate (0.9%), sulphate (9.2%),
ammonium (0.31%), organic carbon (29.6%) and elemental ma{@®4%). This is
comparable to the data obtained by Kawatani et al. [47] whkietwed that soot
component (or elemental carbon) made up 43% and 64% of totahRoi cases that
they investigated as displayed in Figure 2.3. In Tree ardsSen review paper [51], the
density of soot is reported to be in the range 0f-1280 g/cni and primary soot particle
sizes range from 20 to 70 nm.

2.5 Soot Formation and Oxidation

Soot is formed in the fuel-rich region [16] as a resulhigh-temperature liquid
fuel pyrolysis and by accumulation of oxygen depleted ftegdour due to improper
mixing [52]. To model the soot process in a diesel enginderstanding of how the
process actually takes place during the combustion is edselmt simple steps, the soot
process can be divided into soot formation and soot oxidati®Review of a few
literatures on soot basics [51, 53-55], its formation poces be further divided into i)
pyrolysis, ii) formation of precursors iii) particle rdeation, iv) particle condensatipw)

particle surface growth, vi) particle coagulation, andpaijticle agglomeration.

2.5.1 Pyrolysis

Pyrolysis is the process of fuels changing their mdécstructure in the presence
of high temperature without significant oxidation eveouijh oxygen species may be
present [51]. This process produces unsaturated hydrocapodyes;etylenes and other
aromatic compounds such as benzene and phenyl. Thesalle®d®en grow into two-

dimensional poly-aromatic hydrocarbons (PAH) [55].
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2.5.2 Formation of Precursors

At this stage PAH with molecular weight of 500-1000 amu arenéd. These
larger PAH molecules are formed through reactions of 2% and the addition of
acetylenes onto PAH molecules [54fCombination of larger PAH molecules then form
two-dimensional PAH which will be the precursors for sootleat@n.

2.5.3 Soot Particle Nucleation/ Inception of Particles

The topic on soot particle inception is still debatableiddly accepted by people
in the field, particle inception is a process where thé piesticle arises from the smaller
fuel molecules after the fuel is oxidized and/or pyrety$53]. It is when the two-
dimensional PAH merge into three-dimensional particle \wBgre mass is converted
from molecular to particulate system [54]. Details of cicahreactions at this stage are
still poorly understood.

According to Amann et al. [56], there were at least eigbories that have been
advanced about soot nucleation. Theories such as thera@king, condensation
reactions and polymerization, and dehydrogenization canobedfin other review
papers. Amann et al. [56] also stated that the productieoaifdepends on formation
temperature. It is reported that the soot nucleation begyimsnd 1400 K while soot
burnout stops below 1300 K [51]. At the lowest temperatures, aniyatics or highly
unsaturated aliphatics of high molecular weight are eéfigctive in forming solid carbon
through pyrolysis. At intermediate temperatures betwiel)0 K and 1750 K, different
chemical paths are followed for producing soot. At extrenmidyn temperatures, soot
nucleation process involves carbon vapour. A reactiechanism proposed by Graham
et al. [57] supports the production of soot in the low andrimteliate formation
temperature region which is more relevant in the studgomt formation in diesel

engines. Figure 2.4 shows the proposed reaction mechamishe foroduction of soot.

Similarly, at least in the lower temperature region, Kelgngs8] illustrates the

soot nucleation process very clearly in the following vesyhydrocarbons pyrolyse, they
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produce primarily smaller hydrocarbons (aliphatic hydrocanhomgparticular acetylene.
Then, the first aromatic species is formed from eéhaphatic hydrocarbons, which
marks the initial step of the production of soot. Thée,dromatic species grow by the
addition of other aromatic and smaller alkyl speciefotm larger polycyclic aromatic
hydrocarbons (PAH). Continued growth of PAH leads evemntutdl the smallest
identifiable soot particle with diametef the order of 1 nm with the mass of around 1000

amu.

Haynes and Wagner [53] described the soot particle nuateatsothe first
condensed phase material that arises from the fuedemlels via their oxidation and/or
pyrolysis products. Such products typically include varioustureted hydrocarbons,
particularly acetylene and its higher analoguesHg&,); and polycyclic aromatic
hydrocarbons (PAH). These two types of molecules are otiesidered the most likely
precursors of soot in flames. The condensation reactbrgas phase species such as
these lead to appearance of the first recognizable soot @aifsclot nuclei) with size of d

<2nm.

2.5.4 Condensation

This stage is similar to the surface growth stage wherdesmaolecules of two-
dimensional PAH condense on newly-fadrthree-dimensional soot particles to form
bigger soot particles [55] This condensation process is a process where a chemical
species from the gas phase sticks to the surfaceobfpsoticles not through chemical

reaction but through the weaker van der Waals force [59].

2.5.5 Soot Particle Surface Growth

The majority of soot mass is generated by this processvdlves the attachment
of gas phase species to the surface of the particlesheidincorporation into the
particulate phase. Surface growth occurs when gas phatriah is added through
chemical reactions with active sites on the soot pagtiahd it is generally agreed that the

major growth species in hydrocarbon flames is acety(€sid,) [58].
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2.5.6 Soot Particle Coagulation

During soot particle growth process, surface growth occurgnjuoction with
coagulation. When particles are small and surface grealative, collisions between
particles generally lead to the formation of a largerespld via the physical process of
coagulation [58] Soot particle coagulation is a physical process that redibeesimbers

of soot particles but maintains the total of soot mass

2.5.7 Soot Particle Agglomeration

Soot particle agglomeration is the extension of soot partichgulation process.
In the early stage when the soot particles are stil] sofision of two soot particles may
result in their combination into a single bigger sphénuzaticle. This process can be
regarded as soot particle coagulation. At a later stage, sdwparticles start to solidify
before collision, the collision may cause these gadito form a cluster of soot which
may not be spherical. At a final stage, the soot pestimay form a chain of discrete

spherules which is likely to be due to electrostatic actisi6y.|

2.5.8 Soot Particle Oxidation

Soot oxidation can occur at anytime during soot formation pspdesm fuel
pyrolysis to agglomeration processSoot particle oxidation takes place when the
temperature is above 1300 K [51]. Oxidation is a two stageepsowhere chemical
attachment of the oxygen to the surface (absorption) gcadssecond, desorption of the
oxygen with the attached fuel component from the surdaca product [51]. Under lean
conditions, oxidation of soot occurs as a result aickttoy molecular oxygen, HHand
OH radical, and under fuel-rich and stoichiometric caood#, OH is likely to dominate
the soot oxidation process [51However, Haynes and Wagner [53] state that only about
10-20% of all OH collisions with soot are effective at fy@sgg a carbon atom. Under
some conditions, other oxygenated species such as Olt@nand CQ may play roles

in the soot oxidation [58].
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2.5.9 Summary of Soot Process

All of these processes involve a complex series of chénaind physical
processes which may occur concurrently in a given elexhemkture packet within the
diesel combustion space [56]. To make it even more lBxnmlue to both the
heterogeneous nature of the mixture and the duration oihfeetion, different processes

are in progress in different packets at any given in$5&jt

Figure 2.5 displays a qualitative indication of the charnbasoccur as a function
of time in a premixed flame especially during nucleation anfhseirgrowth. Taking all
processes into consideration, the elementary sooiclpartfrom various combustion
processes such as furnace flames, piston engines, eutbimbustors and premixed
flames under normal operating conditions do not show madhation and they exhibit a
log-normal distribution with the size range of 20-40 rG8][ Table 2.2 shows size of
primary and agglomerated soot particles from different bzetion systems with

different measuring methods.

2.6  Soot in Diesel Engines and Factors Influencing Its Formation

Haynes and Wagner [53] explained that the soot emissiomstfrese engines are
influenced by many factors: spray atomization and configamathir motion, state of
turbulence, pressure etc., similar with continuous sprayneffa Timeresolved
measurements of the soot concentration made using UValigairption showed that soot
formation commences in the region of the spray cone dvatedy after ignition. The
soot concentration increased rapidly to its maximum (44@n/cnd) just SCA later, or
14°CA after SOI. Turbulent mixing due mostly to swirling aipply, ensures an even
soot distribution at ZICA after SOI. Later in the cycle, the soot comes gdntact with
oxygen-containing regions, and it burns out. An individudlesical unit of soot is
typically 30 nm in diameter. The agglomeration of the primparticles begins within
the combustion chamber within B8TDC, and further agglomeration is likely to occur in

the exhaust and sampling system. This explanation wad basexperimental results by
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Greeves and Meehan [6@®ut it was not clearly shown how the soot particles fand

grow during the combustion in the engine.

The conceptual model of soot formation in direct injecttidiesel engines
proposed by Dec [61], which is based on laser-sheet imagasgbeen widely cited as
improving understanding of soot formation mechanism in dessgihes. This model is
based on experimental results on a Cummins DI diesel eagareengine speed of 1200
rpm. Start of injection was 1X.%efore top-dead centre (BTDC) and injection duration

was around 20crank angles.

In the illustration of the conceptual model as shown guig 2.6, ignition starts
at around 4.Dafter start of injection (ASI) and soot formation oxat 6.0 ASI with the
existence of small particles throughout the large pastafrthe downstream region ofeth
fuel jet. These soot particles are formed from the-ffiedl premixed burn. By 6°5ASI,
soot is found throughout the cross section of the dowmstregion of the jet. At this
point, larger soot particles are also observed at thphaey of the fuel jet. This suggests
that the effect of the diffusion flame is at play éném the soot formation process at this

region.

Between 7.0-9.(0° ASI, that is, during the last part of premixed burn spike, t
soot concentration continues to increase throughout thes csection of the sooting
region with the greatest increase being toward therlgaglige where the head vortex is
forming. Whereas, presumably due to turbulent mixing, thgdrisoot particles at the
jet periphery become distributed inward without spreaditg the central region where
smaller soot particles exist. The soot particles in éiggon of head vortex are found to
be even larger than the ones at the periphery. Towaedsnd of the premixed burn as
the last of the premixed air is consumed, the small satitlpa present throughout the

cross section extending to the jet upstream.

From 9.0 ASI to the end of injection at about 18.ASI, where the combustion

transitions to being purely mixing-controlled, the overall @paece of the jet shows only
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moderate changes. The soot concentration is highethanparticles have grown much
larger throughout the head vortex. Smaller soot pastiate still present at the upstream
and the central regions. The soot particles caused yiftheion flame at the periphery,
which are bigger than the ones in the central regionrbatler than the ones in the head
vortex, are still present. This distribution also suggeshistory to the soot formation
with the soot initially forming as small particles at sompstream location, and
additional formation and particle growth continuing lzs $oot moves down the jet in the
head vortex. This soot distribution pattern continues tgutyh the end of fuel injection

until about midway through the mixing-controlled burning regio

At the latter part of the mixing controlled burn, thathe region following the
end of injection, images show a higher soot concentratiohlarger particles in the
upstream region of the jet. By 21ASI, the new soot distribution pattern is well
developed with high concentration and larger soot particlése upstream region as well
as in the head vortex. This distribution pattern persigh the soot concentration slowly
decreasing until the heat release is nearly completaldoait 27 ASI. This suggests that

the oxidation process starts to dominate in the whadé fermation-oxidation process.

Soot particles are expected to be oxidized at the jethmegi@and at the outside of
head vortex at which diffusion flame occurs and at which OH and oxygen are arople f
soot oxidation. The oxidation process occurs in thesengdiwoughout the combustion

process.

2.7 Soot Models

The emission of soot from a combustor is determined égdmpetition between
soot formation and oxidation and a comprehensive model eofsttot process must

include both phenomena [58].

Various models of soot formation and oxidation have beenestuay engine

researchers. These models can be grouped into thegmuas; (i) empirical models that
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use correlations of experimental data to predict trendsowmt loadings, (i) semi-
empirical models that solve rate equations for soot foomavith some input from
experimental data and (iii) detailed models that seek togbrédi concentration of all the
species in a flame, from fuel to polyaromatic hydrocasbmnsoot by solving the rate
equations for elementary reactions that lead to soot [E8hnedy [58] and Haynes and
Wagner [53] reviewed several soot formation models that baen studied. Apparently,
only a few models were applied extensively on practicaktliesgines and mostly they
fall within the second category. A few soot models thaeh@een recently used to study

diesel engine combustion shall be described in the foitpwsections.

2.7.1 Two-Step Empirical Soot Model

The two-step soot formation model that has been used bynaben of
investigators [31, 36, 62-6%kgan with Hiroyasu’s soot model [37]. In this model, the
soot formation process is considered to have only twoiosasteps, which are, i) the
formation step, in which soot is linked directly to fuel vaponolecules, and ii) the
oxidation step, which describes the destruction of soot particie the attack of

molecular oxygen [66].

The net rate of change in soot mass is the differdoateveen the rates of

formation and oxidation, as identified by the following eipra

dme, _ dmy,|  dm, (2.1)
dt dt |f0rm dt |

oxid

where the soot formation and oxidation rates are exprasgedhenius form as:

dnl;t 0.5 Ef

—=oot =Am exp ——— 2.2
at | AMye P =T (2.2)
dm,, 18 p( on

—=0 =Am__X exp ——= 2.3
dt oid Ab soot qp RT ( )
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where, Mooy Muel, Xo, and p are soot mass, fuel vapour mass, oxygen molaoiractd
the gas pressure, respectively. The activation energy8ex 1d (J/mol), B=12 x 1d
(J/mol) were used. The pre-exponential factar,ahd A are adjustable with measured
data [66].

Patterson et al. [67/pund out that Hiroyasu et al.’s model or its revision [65] has
under-predicted the peak in-cylinder soot concentration. éMmniaintaining the soot
formation step, Patterson et al. made use of the sepirieal formula for pyrolytic
graphite oxidation proposed by Nagle and Strickland-Consté¥®C) [38] by
incorporating it into a new soot oxidation rate formulahm following form [67];

dnloot _ 6rT"soot M R

- ¢’ "NSC

(2.4)
dt oxid P soot D soot

where M, psoos Dsoot@re the molecular weight of a carbon atom (12.011 g/irible)soot
particle density (2 g/c), and the diameter of a soot particle (30 nm), respectiaaly

Rcis the overall pyrolytic graphite oxidation rate whichwsitten in the following

form:

: k
Rusc = 1+Akpp X+ Kgp1— %) (2.5)

pA

This formula of NSC is based on the assumption that Hrerawo types of site on
the carbon surface, namely A, a more reactive, aral&ss reactive type. By letting x be
the fraction of surface covered by A, and 1-x the fractiovered by B, the following

processes are assumed possible.

€) Reaction of oxygen with A sites to give a further A siteCO, the

rate being between the first and zero order.
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A+0O,> A+2CO (2.5)
Ratezﬂ X
1+Kk,p
(b) Oxygen reacts with B sites in a first order reaction ¥@ gin A site
+ 2CO.
B+O,> A+2CO (2.6)
Rate= k [f1- %
(© A sites undergo a process of thermal rearrangement tdBgsies
at a rate Kx
A—>B Rate= k x (2.7)

For a stationary value of x, the rates of (b) an)dr{ust be equal
ke X = kg p(1-X)
which gives,

1
X=—
1+ (kr /ks) P

According to this mechanism, the surface will be entirelsttAow temperatures,
the reaction being of the first order at low pressures pptoaching zero order at
atmospheric pressure. As the temperature increasesialh@arrangement produces an
increasing proportion of B in the surface: since B sies less reactive than A, the
reaction rate ceases to rise and then begins to fllstill higher temperatures, the
surface is wholly covered with B, the reaction is @ finst order at all pressures, and the
reaction rate rises with temperature at a rate detednby the activation energy of

reaction (b).
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To fit the known experimental results, the followindues are adopted by Nagle
and Strickland-Constable [38] for the constants, and wath 887 cal/molek:

ka=20xe300%RT g/cnf.s.atm
ke=4.46<10°xe™52RT g/cnf.s.atm
kr=1.51x10°xe®" %R g/cnt.s

ky=21.3<e*10RT gtpit

This modified version of the two-step soot model is widely leygul by workers
in multi-dimensional diesel engine simulations due to sisplicity. Despite its
widespread acceptance, it is not without limitations. The K&@ula is based on lower
oxygen partial pressures than the ones usually found in diegéles. More accurate
data taken from more appropriate diesel engine condit@wasclearly necessary to
improve the prediction of the model. Furthermore, theation of soot by OH attack is
not properly accounted [58]. Ladommatos et al.[68] medstiesel soot oxidation rates
and compared with NSC [38Ind Lee’s [69] oxidation model. Their measurements
showed that die$esoot oxidation rates were lower than NSC but higher than Lee’s
models. They also argued that by using their modified NSC and Lee’s formula, improved
predictive capability in soot models could be obtained.e TWodified formula could
readily be applied by adjusting the four rate constantdS& model as proposed by

Ladommatos et al. [68].

As can be noticed, this two-step model does not take into actbertdetail steps
of soot particle formation as described in the precedintjoseof the review. It neither
provides information regarding the size of soot particlElsis deficiency has been dealt
with by the model proposed by Fusco et al. [32] and it stellibcussed in the next

section.

2.7.2 Multi-Step Phenomenological Soot Model

This soot model is a phenomenological model which incatpsrvia global rate

expressions the physical processes of pyrolysis, irmgpsurface growth, coagulation
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and oxidation [32]. These physical processes are showfabeltedin Figure 2.7. By
pyrolysis, a portion of fuel is converted into soot preourradicals (represented by
process (1)), and growth species, assumed toHe (2). A portion of soot precursors is
oxidized (3), and the rest is converted to soot particles {H)e growth species can
increase the mass of soot particles (6) and they canxibzed into inert products (4).
Soot particles in turn, undergo oxidation (7) and coagulation (8).

Reactions (1) through (8) are used to provide a balance omddables predicted
by the model. The variables are particle number densiypt precursor radicals,
acetylene (assumed to be the soot growth species), ahdadome fraction [32]. The
resulting four governing differential equations solved by ritwdel are given in Table
2.3. When the equations are solved, the particle numbsitgend volume fraction can
be used to estimate an average particle diameter umelassumption of monodispersed
spherical soot particle [32]. The rate constants for eathe global kinetic expressions
are given in Table 2.4. The rate constants of proces$2)1)3), (4) and (5) are in the
form of global Arrhenius expressions. The rate of sadiase growth in process (6) is
adopted from Leung et al. [70]. For the kinetic ratsait surface oxidation in process

(7), the Nagle and Strickland-Constable oxidation modetlilized.

Kazakov and Foster [33] modified the Fusco model by ineudinother process
into the kinetic model which is direct deposition of quesor species onto the soot
particle surface, as shown in Figure 2.8, and introducingvacn@gulation rate constant
that is valid from the free-molecular regime to tkamcontinuum regimes. Kazakov and
Foster’s model was successfully applied by Sung et al. [31] and Lee et al. [35] to study

soot distribution in a diesel engine by changing start oftilgje timing and air/fuel ratio.

Tao et al.[71]revised the Foster’s model by neglecting the process of direct
deposition of soot precursors species in the model, but addwotfper oxidation process
of soot particles which is oxidation by OH. Neoh [39] oxidationdel was used to
provide the OH-attack oxidation rate constants. The studyabyet al. [71] shows that

the prediction by the model is similar to Dec’s [61] diesel conceptual model in many
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aspects. The study also exhibits the agreement betiveenadel prediction and engine-

out soot emission.

A comparison of Foster model, Belardini’s and a combination of Hiroyasu and
NSC model were carried out by Kim and Sung [62], and they wised that the soot
mass at EVO predicted by the combination of Hiroyasu and N&2isywas empirically
matched.

2.7.3 Complex-Chemistry Coupled Phenomenological Soot Model

A chemical mechanism that couples a phenomenological swatel with
complex chemistry mechanism was proposed by Tao et al. J[3®g.mechanism consists
of 65 species and 273 elementary reactions. The mechangsoombustion mechanism
that consists of four parts: the n-heptane auto-igniti@mastry (reactions 1-41); the low
hydrocarbon oxidation chemistry (reactions-4249); the formation reactions of PAHs
(up to two aromatic rings) (reactions 150-264); and the NOXx dtom chemistry

(reactions 26%-73), with all the reactions listed in the appendix of Tao et al.’s paper [34].

The soot formation model in this mechanism includes all itapd steps: particle
inception, in which naphthalene {§Es) and diacetylene (El,) grow irreversibly to form
soot; surface growth via the addition of acetylengH(; and surface oxidation via OH
and Q attack. The n-heptane ignition chemistry and small hyatbmn oxidation
chemistry are added to form the overall combustion ar@sim. The soot model in this
whole mechanism is in parallel with Fusco et al. [32] andaKav et al. [33] models but
with some modification. The modification is done bplaeing the precursor formation
steps by the detailed gas-phase kinetics of PAH (naghmialGoHs) and polyyne
(diacetylene, gH,).

Further work has been done by Tao and coworkers [72]tieceFhe nucleation
of soot particles is based on the idea of Lindstedt €7@]. 73] but it is assumed that
nucleation takes place at sites where diacetylen@aplkithalene exists. The soot surface

growth & described using Frenklach and Wang’s active site model with some
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modification, and the oxidation mechanism includes both &aghd Strickland-
Constable’s (NSC) molecular oxygen oxidation and Neoh’s hydroxyl oxidation models
[72]. For particle coagulation process, a monodisperee dstribution is assumed and
the process is described by the Smoluchowski equation Wwihrdvised rate from
Graham [72]. This model has been applied to n-heptane spragustion, and the
prediction of the spatial and temporal soot distributionsniggood agreement with
experimental results. The studies also support thatlditi@n to its important role in
soot surface oxidation, OH radical also plays a role gr®ath agent crucial for the soot
surface growth.However, sensitivity studies have shown that the spat@lt@amporal
predictions of soot concentrations were significanthe@#d by inception rates, the
surface reaction schemes, grid size and turbulence ma@gls

2.7.4 Other soot models

Other models have also been studied to simulate the cHeamdaphysical
process of soot formation in flames. The followingmples are models that usually

include a detailed chemistry mechanism for soot formation.

Kraft [59] reviewed population balance models which include lgameous gas
phase reaction mechanism, particle inception, particleoawgghtion, surface reactions,
condensation and sintering, of organic and inorganic nanclearti The numerical
methods such as method of moments, sectional, fireteexit and Monte Carlo methods
that are associated with the population balance modets alsrs reviewed. The method
of moments has been identified as a suitable methodfitaertly simulate laminar

flame.

Balthasar and Frenklach [74] used the method of momeitks imterpolative
closure (MOMIC) which was coupled with a detailed chemical tideemechanism of
soot formation aggregation in laminar premixed flames. Thé/sisaf the modeling
results showed a complex interaction of particle nuiceatsurface growth and
coagulation. In this model, soot volume fraction, soatigda size and soot particle

number density were plotted against the distance from burner
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Morgan et al. [75] used a population balance model, whighvsrned by particle
nucleation, coagulation and surface growth; and stochastherical methods to simulate
the particle size distributions of soot particles in l@amipremixed flames. The model is
able to capture the evolution of mass and surface andafull structural details of the
particles. In this model, soot particle size and soot pamiember density were plotted

against time.

As opposed to the studies mentioned above which have beendagplapen
flames, Hong et al.[76] developed a model for diesel esgihat included the broad
scope of the physical and chemical mechanisms. The nianethod was used in this
study to describe the soot formation process. The mwoded compared with
experimental results but the model did not yield similaukte due to the difficulties in
optimizing three main parameters, which were, the corredtiotor used in nucleation
submodel, the rate coefficient of the surface reactand the size of primary soot
particles. As an example, increasing the nucleatiten carrection factor increases the
number density of soot particles but decreases the avpeagele size similar to the

effect of decreasing the size of primary soot particles.

2.8  Soot particle tracking

Computational studies on in-cylinder soot particle size distidiouthas been
carried out by a number researchers [31-34, 77], but previod®s on lagrangian soot
particle tracking in a diesel engine are difficult toatec The most similar study has been
carried out by Hessel et al. [78] which analyses pathsakigps of intake charge in time
and space in a HCCI engine by employing EnSight 8.2 post phogessitware [79]
Another computational study in combustion engineering apjitavas carried out by
Apte et al.[80] in which movements of large number ofsgfparticles in coaxial-jet

combustor were predicted with large-eddy simulation (L&Synstructured grids.
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Several other studies on soot particle tracking in open wiffuflames have also
been carried out by Katta et al.[81], Barve et al.[82] Ementes et al.[83]. Katta et al.
found that soot particles closely follow the gas flow, whilen® et al. tracked fluid
particle flow to understand soot particle evolution whicho atmplies soot particles
following the fluid flow. Fuentes et al. tracked thestbry of soot particles from
nucleation to oxidation along their simulated trajeetar Particle tracking studies in
different fields using interpolated velocity vector eaecently been carried out by others
[84-91].

2.9 In-cylinder Fluid Motion

Fluid motion within a combustion chamber is important toedpep evaporation
of the fuel, to enhance air-fuel mixing, and to increasalustion speed and efficiency.
Besides the desired turbulent flows in the cylinder, ottiditianal motions generated are
swirl, squish and tumble motions. Swirl is generated duaingntake where the intake
system gives a tangential component to the intake flotveaders the cylinder. Squish is
the radial inward motion of the gas mixture from theeowtdius of the cylinder as the
piston approaches TDC and compresses thesgas¥vhen combustion starts and the
piston moves away from TDC, reverse squish occurs wheebtirning gases are
propelled radially outward to fill the now-increasing outerumaé¢ along the cylinder
walls. This reverse squish helps to spread the flanm @oring the latter part of the
combustion. Tumble is a secondary rotational flow geteer by the squish motion that
occurs about a circumferential axis near the outer edgbeopiston bowl. Tumble
motions are becoming important in achieving air-fuel mixatratification. Contouring
of the piston face and variable timing and lift of the ketaalves are subjects of on-going

research to achieve stratified combustion [14].

As engine speed increasas;cylinder motion increases, with a corresponding
increase in swirl, squish and turbulence. This incretheesate of fuel evaporation due to
air-fuel mixing and combustion. When the flow is turbulgrarticles experience random

fluctuations in all directions. This makes it impossilie predict the exact flow
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conditions at any given time and position. Turbulenceayliader is high during intake,
and then decreases as the flow rates slow near BDC.ncréases again during

compression as swirl, squish and tumble increase near TDC.

However, there are fluid motions that are detrimerdalhe engine condition.
These motions are crevice flow and blowby. Crevice flothésflow where gases enter
and get trapped in tiny crevices in the clearance betweepiston and cylinder walls,
imperfect fit in the threads of the fuel injector, gapsthie gasket between head and
block, and unrounded corners at the edge of the combudtamber and around the
edges of valve faces. It accounts only 1-3% of the tdéarance volume, but it can
reach as much as 20% of the total mass at peak pressurd fid]is due to high density
of trapped gases in the crevice as pressure is high buertaiuge is as low as the wall
temperature. These trapped gases contribute to hydrocaHion gmissions, and
lowering combustion and engine thermal efficiencies.wBlpis a flow of gases past the
compression rings through the ring grooves as the pistmesrtowards and reverse from
TDC. It is also contributed by the leak through the gaps evtier ends meet in piston

rings.

The complexity of the fluid motion in a cylinder illustratéise difficulties
involved in investigating the movement and behaviour of soticfgs inside a cylinder
of an engine. With additional soot chemical kineticsl guinysical processes to be

accounted for, the study of in-cylinder soot particles is qudaunting task.

2.10 Soot inQil

The accumulation of soot in the lubricating oil ofli@sel engine is one of the
factors limiting the interval between oil changes and éesavice interval. The soot is
formed in the cylinder and transferred to the oil film ba liner [8, 9]. It causes wear to
the engine component when it gets into the lubricatingystem. It has not been known
clearly at which region of the cylinder and at what insthatdoot came from, and how

the soot distribution and particle size influence soot transfdre liner
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2.10.1 The Effects of Soot on Engine Oil

The effects of soot in oil have been investigated by nmasgarchers. Wear to
the engine component caused by soot in oil has beendtoglifounds [92] about thirty
years ago. Through their studies, Gautam et al. [93] slswved that wear increased
with higher soot concentration, and the wear mechanismviedalould be inferred as an
abrasive wear mechanism. Kim et al. [94] also observedvibar increased as the

concentration of soot in the used oil increased.

In his study, Mainwaring [95] found that soot has a direct inftéeon wear, and
the overall rate of wear depends on the balance betraessof film formation and film
attrition, which in turn, depends on the oil film thicknetb& soot particle size and soot
concentration. In terms of the effect of soot terthal performance of engine oils,
Lockwood & Zhang [96] observed that soot caused a slight pegtifect on the oil

where the heat transfer coefficient of oil improved.

2.10.2 Soot Pathways into Oil System

Recent developments in emission regulations that requorgdNIO, emissions
exacerbate the oil contamination problem due to increasenission of soot caused by
EGR, injection timing retardation, high piston rings and highndgr pressure. As soot
generated in the combustion chamber increases, anddifiaation in engine designs
such piston bowl shape, is made, it is fair to say shhigher amount of soot will enter
the engine oil through the narrow clearance betweewmiand the liner [10]. The
amount of soot entry into the oil is not known exachyt present day diesel engines

could possibly experience more than 5% of it [10]

Dahlen [97] says that soot in oil is believed to be caused bysitiepoof soot in
the oil film on the liner and the subsequent scrapingofaminated oil to the crank case
by the piston ring. He further postulates that the ohtbe deposition depends on i) the
soot concentration in the outer regions of the combustimmber; ii) thermophoresis,

which is the dominating transport mechanism within the viscabslas/er; and iii) the
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topland height which influences the fraction of oil hetiee mass of soot that will be

scraped down to the crank case. The theory of thermopbaas the main transport

mechanism in transporting particles to the cylinder wallalso espoused by Eastwood
[10].

2.103 Mechanisms of Soot Deposition onto In-cylinder Walls

Several mechanisms have been assumed to be the nsechariisoot deposition
on combustion chamber walls in diesel engines. The possiptesiien mechanisms are
thermophoresis, Brownian diffusion, turbulent diffusiomertial impingement,
electrophoresis and gravitational sedimentation. Thraeations of these mechanism

can be found in reference [8] and are summarized here

2.10.3.1 Thermophoresis

Thermophoresis is the mechanism that causes partglepended in a gas, to
travel down a temperature gradient. In a diesel engiedgethperature of chamber walls
is typically 400K to 500K, while that of bulk gas temperatwae be greater than 2500K.
Therefore, there exist a thermal boundary layer betvieerwalls and the bulk gases.
During combustion, soot is produced and distributed througheubttk gas by the
turbulent motion, but as the soot comes in contact thé@lthermal boundary layer, it may

be transported to the wall by thermophoresis mechanism.

2.10.3.2 Brownian Diffusion

Brownian diffusion is a mechanism whereby a suspended lpami@ves down a
concentration gradient, as opposed to temperature gradigwermophoresis mechanism.
It follows Fick’s law which states that the mass flux of a constituent per unit area is
proportional to the concentration gradient. Browni#fusion could take place within

the laminar sublayer where the concentration graeeists.
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2.10.3.3 Turbulent Diffusion

Turbulent diffusion is convection in a turbulent field which also follow Fick’s law
and usually presented as an enhancement to Brownian diffuBiotiesel combustion,
turbulent diffusion would take place during the early stagesiwbet is being produced
at the turbulent flame front. Concentration gradiezxist between the flame regions and
the rest of the chamber. Turbulent diffusion may le ghedominant soot transport
mechanism up to the laminar sublayer, at which point sohex atechanism would take

over to deliver the soot to the wall.

2.10.3.4 Inertial Impingement

If the soot particle has large enough mass to aerodynaagcratio to be thrown
out of the turbulent eddy and travel to the wall, it dobé transferred to the wall by
inertial deposition mechanism. However, if mass to drag mtsmall, the particles will

follow the flow very closely and will not be able to breakag from an eddy.

2.10.3.5 Electrophoresis

Electrophoresis is the process by which a particle cagrgn unbalanced charge
is transported in an electric field. This process wouldiire that the particles acquire an
uneven charge when they are formed and that the combustamber walls carry a
static charge distribution. The soot particles might cwably be charged through a

thermal ionization process.

2.10.3.6 Gravitational Sedimentation

This mechanism is almost unlikely to occur in a combustiomblea due to small
particle size and high turbulence. The sedimentatioa drticle this size and density

take minutes or even hours, whereas time scales invm\sidsel engines are very short.
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Thus, this mechanism is not taken into account in the stfdgoot deposition

mechanisms.

Models were constructed for four of these mechanisras,thermophoresis,
Brownian diffusion, electrophoresis and inertial impingensam they were compared.
Thermophoresis was found to be the significant conwibubd soot deposition on
combustion chamber walls [8]. However, how the mechaniser® compared and

studied is not clearly stated in the article.

Suhre and Foster [8] then carried out an experiment teghat thermophoresis
mechanism was the significant deposition mechanism inldesgnes. They used an
engine with optical window with temperature-controlled fegtoretop of the cylinder.
What they found out was when the window is cool, more sodéposited while when
the window is hot, less soot is transferred to the optigatlow. The results were

consistent with the finding of model comparison.

Kittelson and Ambs [9] also compared the thermophoresis Imaae
experimental results. The results agreed well. The depbsited onto the wall is
between 20 to 45% of the exhaust mass, and possible reemrdai during exhaust
blowdown could be detrimental to soot control strategy thabased on in-cylinder
oxidation. Kittelson and Ambs [9] also noticed that oifiteanination is another problem
that was caused by soot deposition on walls by thermophor&sgynificant amount of
soot (10-20% of the mass deposited in chamber) is depositegindec walls. These
soot particles would be incorporated in the oil film and softkeam would end up in the
sump. A combustion model with a submodel of thermoi®ravas studied by
Abraham[98]. He did a comparison between model without aadrbdel with the
thermophoresis model. He found out that when thermophosabisiodel was used,

higher mass of soot is observed at the walls.
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2.11 Conclusions

Review of soot phenomenon, regulations, investigatiodspaoblems associated
with it has been briefly carried out in this chapter. view of the importance of soot
particle size and how it evolves in time, soot formapoocess and its development in a
conceptual diesel flame was discussed in a great detaliéw recent soot models that
have been used to study diesel engine combustion waesvesl. The chapter finishes
with a review of soot in oil problem and the possible ma@ism of soot transfer to the

liner.

Studies that deal with in-cylinder soot movement andvitdugion, particularly
with regard to soot in oil problem, can hardly be found m literature. The present
investigation was carried out to shed some light into this sybgspecially the
connection between location and instant the soot is fbyraad its possibility to be
transferred to the cylinder wall layers

As mentioned in the previous chapter, a step semi-empirical soot model has
been used in this study. While other soot models (mulpi-abel complex-chemistry) are
closer to the soot physical process and able to provide sddatlepaize information
directly from CFD simulation, their uses entail redaly high computational costs and
are so much dependent on the physical and chemical wsed in the models
formulations. Using a simple and a relatively low-comporel-cost two-step mass-
based soot model, the present study accomplishes furthigsianaf the soot particle
through post-processing of CFD simulation data, thus decwmuptie problem of soot
mass and soot particle diameter and its movement. Codhflate fields were used to
track the paths of soot particle movement in the cylinddris @pproach is a Lagrangian
approach by which the history of soot and other specieg a@f@npaths can be recorded
and analysed. This approach also allows more flexibilityraoce prospects for future

improvement while preserving the CFD simulation results.
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CHAPTER 3
MODEL SETUP AND DATA MANAGEMENT

3.1 Introduction

The investigation of in-cylinder soot formation and movemesing CFD and
particle tracking requires an understanding of the codettnd/arious simplifications
and assumptions to characterise the actual physical amicdi phenomena. These
simplifications and assumptions have to be evaluatethéar appropriateness so that the
results of the study are reliable.

This chapter describes the computer setup, data creation,nm@datagement,
computer programmes created and modified, and cylinder vomodel setup. Sub-
models that are used in Kiva-3v CFD code are also explamérief with references
given to assist the readersApproaches taken to perform desired calculations are
explained in full. At the end of the chapter, simplificat made and assumptions

considered are assessed and discussed.

3.2  PC Setup for Kiva-3v Simulation

A newly built desktop PC was used for Kiva-3v CFD simulationt-poscessing
and data analysis. A dual-booting configuration was set wpisfC to allow Kiva-3v
to be run ona Linux platform, and related softwares, namely EnSiglatjpoocesser
Matlab and other word-processers and spreadsheets to ben rWindows platform.
While it was possible to work on only one platform (i.e.ux) it was a matter of

preference of the author to carry out data processing anadumkisis works on Windows
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platform. The specifications of the computer hardwauck software are shown in Table
3.1 and Table 3.2, respectivelyRedhat Linux distribution was used due to its
performance as the most competent operating system torslia-3v application onto
personal computer [36]. In this investigation, Redhat LiBuwas used due to its
compatibility with recent computer hardware, in place eflRat Linux 6.1 and Redhat
Linux 8 that were used in previous investigations [27, 30, 36].

3.3 Kiva-3v CFD Code and Sub-models

The CFD code useid Kiva-3v Release 1l This is made up of three main parts
preprocessor or grid generator (K3PREP), main solkévA3V) and postprocessor
(K3POST). Each contains a set of one main program driuberpstines, user-defined
functions, common block, block data and external subpnogjthat are referenced by the
main driver. K3PREP was used to generate computational grid which codteireefile
called by a generic file name itapel7. This file containghallgrid coordinates, x, vy, z,
flags F and FV, six connectivity arrays, three cell-facendary condition arrays, and a
region identifier array [99].KIVA3V, which reads file itapel7, was then used to run the
simulation from which data on combustion and pollutanissions in various formats
were produced. In place of K3POST, a translation prograroatied K2E is currently
used to convert KIVA3V data in binary form into EnSight-rddddormat.

Kiva-3v main solver generates data in a few types of &smvhere some can
readily be used in a spreadsheet, namely dd¢g, while others are in forms that require
another process of conversion. The most importantsfilape9 in which all simulation
results are contained. This file is in binary form whielquires K2E programme to
translate it into a postscript file that will be readablé&bgight post-processing software.
EnSight is used to illustrate the simulation results gpgical forms and can also be

exploited to display the results in many perspectives.

To extend the usage of these simulation data beyond grapycakentation by

EnSight software, namely soot particle tracking and gootvth modelling, these data
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need to be formatted in an appropriate structure. Tongah this, K2E programme is
modified to translate itape9 data into a format thetemsily accessible and readable by
soot particle tracking and soot growth modelling programmede rlinning sequence

and the associated input/output files are shown in Figure @.Table 3.3.

The original version of Kiva-3v Release Il was ported ontBCaplatform in
previous investigation [36nd employed Surovikin’s soot model [77] in its soot
calculation. In subsequent investigations [27, 30, 100], mcatibn was made to the
code whereSurovikin’s soot model was replaced with a two-step soot model thde ma

use of Hiroyasu’s soot formation, and NSC and Neoh’s soot oxidation expressions.

The two-step soot formation model gathwidespread use in combustion
community due to its simplicity and its robustness to umgd#ies in user-defined
parameters [51, 62, 66]. In this model, the soot formaitocess is considered to have
only two reaction steps, which are, i) the formaticaapsin which soot is linked directly
to fuel vapour molecules, and ii) the oxidation step, whicdtidlees the destruction of

soot particles via the attack of molecular oxygen [66] and xytlradicals, OH [39].

The net rate of change in soot mass is the differdsateveen the rates of

formation and oxidation, as identified by the following eipra

dm,, _dm,,|  dmy, _ dmy,,
dt dt | dt | dt

0O, _oxd

OH _oxid (3 1)

where the soot formation and oxidation rates are exprasgedhenius forms as:

dnl t 0.5 Ef
—%4 =Am vexp ——— 3.2
at |, Amge P =T (3.2)
drrLoot — Ab Moot M RNSC
dt O, _oxid ’ psooleoot ¢ (33)

37



Chapter 3 Model Setup and Data Management

dm My
00 — A) oot M RNeo
dt OH _oxid sooleoot " (34)
where
R =—2P ik p- x) (3.5)
1+Kk,p

as previously explained in Section 2.7.1.

The net rate of OH oxidatiorR,is defined as follows [30];

N, RT
MWo | MW, - 272 (3.6)

RNeoh chH

Here, M, is the molecular weight of a carbon atom (12.0 g/melg); the soot particle
density (20 g/cnt) [67, 101],and By, the diameter of a soot particle (30 nm) [53,.67]
The diameter of soot of 30 nm is selected as this i@tbeage diameter ah-cylinder
soot particle as referred in the cited articles abowejtas in the right range of measured
in-cylinder soot particle size shown in Table 2.2. This vaduased in this Kiva-3v
simulation to calculate the rate of soot formatiow axidation to obtain the net rate of

in-cylinder soot mass formation at each time step.

A;, A, and A, are calibration parameters that can be adjusted f@rtacular

application to obtain accurate predictiohhese calibration parameters partly compensate
for uncertainties in values of the average soot partiemeter, Qoo [30]. The values

of A;, A, and A, that have been used in the study are 65, 20 and @’5respectively.

The soot mass calculated at EVO using these values \ilastal against measured soot

mass at the engine exhaust in the previous study [30].

As these soot formation and oxidation rates are repgesbéry Arrhenius type of

expressions, the rates are highly dependent on temperafline. formation rate is
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proportional to the fuel vapour concentration while oxidatiate is proportional to the
soot mass, oxygen partial pressure and number of OH moleculdsnce soot
concentrations found to be the highest in the fuel rich region and bigHation rates at
high concentration of oxygen and OH. Changing operatingliton will affect thein-
cylinder gas motion hence fuel distribution, mixing and healease patterns.
Consequently, local concentrations of fuel, oxygen and @étiss and temperature
distribution are affected thus influence local soot fdiomarates. A total amount of soot
at each crank angle can be predicted as the summatiah of local soot formation

processes.

Sub-models that represent spray dynamics also play vergiatrroles in
influencing the fuel distribution as well as gas flow pattennthe cylinder due to mass,
momentum and energy exchange between fuel spray dropkttha@rsurrounding in-
cylinder gas. Fuel droplet oscillation and breakup, droplgctiaries, droplet collision
and coalescence, droplet evaporatanoplet turbulent dispersion and wall film dynamics
are represented with various sub-models and subroutitless ibode. Droplet breakup is
represented by Taylor Analogy Breakup (TAB) model [10d8foplet collision
coalescence, dispersion and evapordby Monte Carlo-based discrete particle technique
[102] and wall fiim dynamics by particle-based liquid wall filmodel [103, 104]
Droplet radius at injection in terms of Sauter mean ra@MR) was set at 74.610°m
with monodisperse distribution. This SMR value of tieplet radius follows the radius
of the injector hole. The governing equations in these mamled other models are
discretised both in time and space and are solvedfinite-difference approximations
which is based on arbitrary Lagrangian-Eulerian (ALE)tdinvolume method [102]

These sub-models were used without modification instudy.

Since soot formation depends heavily on the local fuatewotration which in
turn depends on fuel droplet distribution and in-cylinder fi@s, familiarity with the
operation as well as the limitations of these spray dyrsasib-models are necessary.
The treatment of fuel droplet-gas and droplet-droplet aat@ns in this Kiva-3v code

was found to be prone to errors as it is strongly mesh depejidib-107] The inherent
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problems lie in prediction of the droplet-gas relativeoggy through inaccurate two-way
momentum coupling and fuel droplet size through droplet-dropldiisica and
coalescence processes. It was shown by Abani et al. [106k¥ka with adequate
resolution, drop sizes are predicted poorly and spray péoatris over-predicted.
However, modification of these spray sub-models haseeh the focus in the present
study thus these sub-models have been used without nadidific Keeping this inherent
weakness of these spray models in mind, the results of tiMason have been used for

further treatment of soot particle movement

The above sub-models and other important sub-modelsiuskid Kiva version
are listed in Table 3.4Detailed discussions on these sub-models could be foy@d]in

3.4  Setup of Computational Model

Simulations were carried out for a combustion systednigector arrangement of
a diesel engine. The combustion system has a lmepiston and flat cylinder head face
configuration, with a seven-hole injector installed waity and centrally. The
compression ratio was 18.2:1 and the swept volume was 500hecsciiematic diagram
of the engine and piston crown configuration is showirigure 3.2. The initial and
boundary conditions of the simulation were based opeaific case of an experimental
engine with specific test conditions. The simulatioyaovered the closed part of the
engine cyte, that is, from inlet valve closing (IVC) to exhaustwalopening (EVQ)
Initial and boundary conditions for the simulation adl we model validation were based
on real data from experimental tests [100]. In-cylinderqunes heat release rate, and
soot and NQ@concentration at engine exhaugtre used for calibration purpose3able
3.5, Table 3.6 and Table 3.7 show the specifications ofettgerimental engine,
specifications of the fuel injector and the test coodgj respectively. These test
conditions have been selected to represent a high $pgledoad operating condition
which is one of the cases to test engine emissions digd Fotor company and

experimental results of the emissions are provided intamal report [108].
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Computational domain of full combustion chamber volume wanerated with
K3PREP to represent the cylinder volume of the experimhesrigine. Baseline mesh
configuration of 150 divisions in azimuthal direction, threé TDC) to 22 (at BDC)
divisions in vertical direction, and 37 divisions in @ddlirection, was used to produce a
maximum number of mesh of 200,000 cells. This number of cedl®d®n found to give
sufficient grid independent in-cylinder pressure, temperatutecamulative heat release
as obtained for this combustion system in previous stufls 36]. Grid size is
approximately 1.16 mm in the radial direction, 0.6 to 3.1 fabove the bowl) and 1.1
mm (within the piston bowl) in the axial direction withet azimuthal grid spacing of
2.4°. The mesh configuration is shown in Figure 3Gther input variables in the input
file itape5 were set to closely follow the setting in thevipus study [30]. The squish
volume was adjusted to account for the absence of acersuibmodel and match the

compression ratio of the experimental engine [30].

A need for the use of full combustion chamber volumetf@ computational
model was identified to accomplish correct calculatiohsomt particle tracking. This
was realised during the course of the initial investigatiben one-seventh of the volume
was used. With the setup of one-seventh of the voldeagtivated or dummy cells were
created at the two faces in the angular direction byREP programme. With modified
K2E programme, these dummy cells could be detected anddiblgtét produced gaps
when the sector was replicated. When they were not delefgroduced overlapping of
sectors. Both were found to cause irregular soot papatles and discontinuities in the
species and condition history along the paths. To owerdhis problem and generate
smooth paths without discontinuities, a full cylinderwoé setup was found to be the

solution but at the expense of computational resources.
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3.6  Data Storage and Runtime Requirements

In this investigation, the amount of output data (otape9) getkint each Kiva-
3v simulation depends on mesh configuration (spatial resnjutiod the frequency of
data recording (temporal resolution)lhe higher the spatial resolution and recording
frequency the larger the computer storage required.

For instance, increasing the spatial resolution from 150,8@0s per
computational volume to 200,000 and 250,000 cells at temporal iesofit0.25 CA
will increase computer storage from 25 GB to 40 GB and 50 GBectsply.
Accordingly, actual runtime time also increases fromh22irs to 38 and 70 hours,
respectively. Figure 3.4 summarises the storage and rurgqueements for these mesh

configurations.

With the mesh configuration of 200,000 cells, 14 gigaby&®) (s required when
recording with 2CA resolution. Increasing temporal resolution to 928 and 0.2 CA
increases the storage requirement to 40 GB and 110 GB, respechwue to the heavy
use of computer storage and the limitation of interactiva decording capability of the
PC in use, the recording of the data is carried out fohka, and Kiva-3v simulation
needs to stop and restarted when file size reaches xisora storage capacity in each
batch.

While the actual runtime of a particular mesh size witke temporal resolutions
does not differ, file management tasks carried out in-lEwetermediate stops and
restarts of Kiva-3v also increase the overall timin average, increasing temporal
resolution from 31CA to 0.2% CA and 0.2 CA increases these file management time
from 1 hour to 2 and 4 hours, respectively. Time requirgab&t-process the simulation
data into final structure for particle tracking calculatialso increases immensely. It

increases from 3 hours to 9 and 20 hours, respectively. tBgagh it is not quantified,
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idling time that associates with restarts of Kiva-3v sirtnoites and batch post-processing
will also increase as temporal and spatial resolutioesrereased. Figure 3.5 and 3.6
show the cost of increasing temporal resolution to th® déorage and total time

requirements.

3.7 Soot Particle Tracking with Trilinear Interpolation Technique

Soot particle paths have been obtained by tracking an dhdivor a parcel of
soot particles from a specific location and instant uglo pre-computed flow field
calculated by KivaBv in time and spaceThese pre-computed Kiva-3v data are arranged
into proper structures/formats and used by a particlkibggprogramme written in
Matlab routine. In this section, the basics of particle tracking anterpolation
techniques are laid down and explained.

A soot particle at the start of tracking location and insim@issumed to take on
the velocity vector of the flow field at the same ppat its velocity. The velocity vector

of a soot particle at a given positionvdthin an element can then be written as
ds
ues,.t,)=— 3.7
S m (3.7)

where §is the current particle position angtle current time step. The position oéth
soot particle at the next time step is obtained by approxighdlhe time derivative by

one-step forward difference as described by the equatiowbel
Sp =S, + U@,,t,)At (3.9

where At =t_ , —t,, which is the time interval between the current to & time steps.

The nanoscalesoot particle is assumed massless which means that thesfeuch as

gravitational and drag, that normally act on a moving particla moving body of fluid
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are considered to have negligible effect on the soot [estid herefore, the particle is

expected to follow the bulk gas flow in the cylinde€onsequently, the soot particle
position at the next time step is only the outcome of Bgu&5. This assumption will

be further justified in Section 3.9.

The simplest form to calculate the new position of ghet particle is through
Euler’s method which is also called first order Runge-Kutta method. this
investigation, Euler’s method directly takes the velocity at a given point as itoeiy
estimae to calculate the distance travelled by the soot partidlbis method does not
give sufficiently accurate results if the underlyingdtion, in this case soot path, is non-
linear in the time step. The accuracy of the pathbeamcreased by using higher order
one-step forward difference methods. All one-steps metbaade represented by the
general form of Equation 3.5, with higher order methdiffers onlyin the manner the
velocity is estimated. Further discussion and compardd the firsterder Runge-Kutta
method with higher order methods will be presented in @ndpt

Locations of the soot particles at each time step deperte velocity vectors in
the previous time steps. These locations lmaanywhere in the computational domain
ard most of the time they do not fall on the cell nodeswever, the velocity vector and
other species scalars are discrete and known onlylatockds. The nearest-node method
has been used in the early stage of the study only to gfeiwsoot particle paths are
plagued with discontinuities. To use the nearest-nodéhadeto obtain continuous
particle paths, spatial resolution of the computatiad@inain needs to be increased
greatly. Without having to increase spatial resolytaanaccurate velocity vectors at the
actual particle locations can be interpolated by consigiethe velocity vectors from

surrounding cell nodes. For this purpose, a trilinear inteiipaléechniquas considered.

Trilinear interpolation is a technique of spatial integpion on a 3-dimensional
regular grid. It approximates the value of an intermedpatint (X,y,z) within the local
hexahedral cell linearly, using data on the surrounding celésnowith this technique,

velocity vector at any location in the domain can lereded. A typical cell used in the
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simulation is shown in Figure 3.7. However, cells in thengutational domain have
nonuniformed cell shapes and sizes at different locat@gond change quantity and sizes
with time in the region above the bowTherefore, identification of eight corners of the
cells surrounding the interpolated point is accomplished Matlab subroutine which is
able to perform in any region in the computational domaidfter finding the eight
points, the subroutine finds four interpolated valuesalowlirection (light red-circles).
These four values are then interpolated along radisfamtte, §) to obtain two
interpolated values (blue circles). Finally, these talies are interpolated along angular
direction, @) to obtain the final interpolated value (red-circle)tta¢ point of interest.
This subroutine is included in the particle tracking programrreaddition to velocity
vectors, soot, fuel, temperature, pressure, oxygen and OHbsarmterpolated to be used
later in soot growth model.

This particle tracking programme with trilinear interpaatcan basically be used
to track soot particles from any location and instanthi ¢ylinder. From Kiva-3v
simulation, soot is identified to start forming at amd CA ATDC. Therefore, soot
particle tracking in this thesis is started out at avalthis crank angle. The soot particle
can normally be tra@d until EVO, but in some cases, the tracking stop earliehe
early stopping of the tracking occurs when soot particesdmeyond the computational
domain due to very high velocity it experience in the previtme step. This normally
happens when the soot is tracked inside the fuel jet duringnfaetion period where the
velocity of the fuel is very high (up to 15 m/s). Currenthe soot particle is assumed to
impinge on the bowl walls without further treatment of whall happen next to the
particle. Besides depositing to the walls, other posgibjsical phenomena that would
happen to the particle could be rebounding from the walligirrplling along the wall.
Treatment of the soot particle during these possible phywicaksses requires other sub

models which at this point are not dealt with in this #hesi
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3.8 Soot Growth Model

History of flow fields and species along soot particlehpas collected by soot
particle tracking programme. This history indicates tlwall@ondition of the cylinder
and species concentrations e soot particle traverses through the path. Another
Matlab routine is written to predict the size evolutminsoot particles along the paths
using these local condition and species concentratieream now on, this Matlab routine

shall be called soot growth model.

This soot growth model specifically makes use of temperapressure, fuel,
soot, Q and OH concentrations history to predict the size elwmudf soot particles
along the paths. Soot particle size at a particular itotand instant depends on the
amount of soot formed and soot oxidized. In this soot gromddel calculation, the soot
particle is assumed spherical in shape and the emiers of soot formed is assumed to
contribute to the growth of soot particle sizes andiseibuted equally onto the surface
of available soot particles. This assumption seems tdectethe contribution of
nucleation process to the amount of soot formed. Yé,atpractical assumption since
many published works agreed that soot growth process contributes majority of the
soot formed in flames [10, 53]. Nonetheless, this assumpties dot discount the
importance of nucleation process to provide nucleus fahdursoot growth, and its
significance in controlling the soot particle number densitgt directly influence
physical processes of coagulation and agglomeratiothis model however, coagulation

and agglomeration processes are not taken into accoumdiotsoot particle sizes.

The amount of formed and oxidized soot experienced by apsotitle along a
path are calculated using the same Hiroyasu soot formatiwh Nagle-Constable
Strickland and Neoh’s soot oxidation rate expressions as the ones used in Kiva-3
simulation as described earlier in Section 3.3. To oltte rate of size change of a soot
particle, an appropriate multiplicatiofactor needs to be introduced in the equations.
Several possibilities have been explored and assessedvhattis the best way to model
soot particle growth along the paths. This exploratiwail $e discussed and explained

in greater details in Chapt@r
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3.9  Evaluations of Assumptions

In the present investigation, soot particles have besated as massless when
tracking and mono-disperse unaffected by the processegowith and coagulation
According to Dec’s report [61], soot particles continue to nucleate until theé eh
injection in the upstream region of the fuel jet and ginvgize as they move to the
downstream region. Haynes and Wagner ,[E&)orted that agglomeration starts late at
around 50° CA ATDC but current studies [109] suggest that agglaore@bcess may
start earlier during soot formation process as soot s&ghulition during soot formation
does not differ much with that of later crank angles ahthe exhaust. The average
measured engine-out primary soot particles range between700nm and agglomerated
soot canbe in the range of 100 to 300 nm as shown in Table Zaot agglomerate
which has a fractal dimension;,»f about 1.8 [110, 111], behave dynamically different
from and has smaller drag coefficient than the idelgiza of a spherical soot particle by
a factor of 0.8 [111]. This fact however does not significantly influence thetso

movement in the engine studied in this thesis as shalden later.

In addition to assuming soot particles are massless wiaekirtg individual
particles, in the Kiva simulations used to define gas stadevelocity fields which dictate
the particle path, soot is assumed to be a continuous-pipesées. These fields are
computed taking into account interactions of continuousepbégas and discrete phase
of fuel droplets. When tracking particle paths throughehislds, the effect of the
particle on the field is assumed to be negligible. heowords, in the tracking the soot
particle with the post-processed data, it is also asduhat the particle movement has no
effect on the fluid flow field and the fluid flow has naofluence on the particle
movement. Another assumption is that soot particleg lsasgufficiently low number
density for particle-particle interactions to be negléeted each particle to be considered
as an independent bodylhis assumption is important as particle-particle int@vas
would produce other forces which may affect the particle mewenThe soot particle is

assumed spherical for the reason stated in sectioar®l&his spherical assumption is
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used to justify the overall assumption that the soot pestiollow the in-cylinder bulk

gas flow.

To justify that soot particles follow tha-cylinder bulk gas flow field, soot
particle motion in the cylinder can be described with Newton’s second law of motion
taking only drag force into consideration. A soot partick wadius r travels through a
continuous gas phase with dengityfrom a static position or after changing direction at
a right angle during a motion to reach velocity is considered.The soot particle
experiences drag force due to its shape and the differenedocity with the continuous
phase. An equation to determine the time taken by a patticieach the velocity,
which is also the average piston velocity is obtainedquation 3.8 from the force

balance equation.

F, =ma (3.9
1 2 Vi =V,
Epgvp c:D'Ap = ppvp( fAt ) (310)

wherevs =v, andv;=0, thus,

At=8[ Lo | T (3.11)
3\ py )V,Co

where
soot densityp, = 2000 kg.rT; gas densitypg ~ 20.0 kg.m*> [112]
v = average piston velocity = 7.1 Thgv = 2LN) where
N is the speed of engine in revolutions per seconds (250044pG¥Erps)
L is the of engine stroke in meter (0.086 m)
Cp = 0.5 for spherical object (smaller by a factor of 0.8sfwot agglomerates)

A, = cross-sectional area of the soot particle

The maximum size of soot particle that can be considexskless can then be

obtained by equalising Equation 3.9 to the crank angle step uskid study, which is
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0.25 CA. At the engine speed of 2500 rpm, this crank angfe ist equivalent to
1.6710° seconds. The maximum diameter of soot particle caalbalated to be about
400 nm. This means that soot particle with the diametewb&0 nm will reach piston
velocity and follow the fluid flow within the specifiedre step.As the in-cylinder soot
particles or agglomerates are mostly around 100 nm, thie psoticles tracked in the
present study are shown to behave as massless parttl®llow the in-cylinder bulk
fluid flow. This is also supported by the work of Abraham [98] which shdwas t
distribution in-cylinder soot outside of the boundary layermainly influenced by
turbulent eddy and bulk fluid convectio@ue to minimal effect of agglomerated soot on
the soot particle drag [111], the shape of soot consideréukeiparticle tracking model
can also be simplified as sphericdh their studies of diffusion flame, Katta et al.[81]
and Roquemore et al.[113] also found that nanoscale soticlgm follow the

surrounding gas flow.

Another approach that can be used to demonstrate thain-thdinder soot
particles behave as massless particles and follow the floid flow is by applying
particle relaxation time equation. Particle relaxatiore, 1y, is the characteristic time for
a particle velocity to respond to changes in the surrogngas and can be defined as
follows [114],

Cep d,’
7, _ Pt (3.12)
18y,

where ¢ is the Cunningham slip correction factor ands the dynamic viscosity of the

carrier fluid. The Cunningham slip correction factor barestimated by the expression

C, =1+ Kn{1.257+ 0.4e>go(— %ﬂ (3.13)

where the Knudsen number, Kn, is
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Kn=22 (3.14)

From the relaxation timeg, equation, it can be illustrated that tiny particles
possess a very short relaxation time so that thegpwothe continuous flow without
delay, whereas, owing to inertia, large particles neeertain time to adjust themselves
to changes in the flow field [115]. With Knudsen numbers, ik range of around one
[24, 116] and viscosity of carrier fluigy, at 1500°C aroundxd0° kgmi's™ [117] in a
typical diesel engine conditions, can be calculated. Yet the usetpfis restricted to
particle motion in the Stokes region where the Reynoldgfganumber is less than unity
[118]. Reynolds particle number is given by the equatioovbel

d
Re=2"% (3.15)

Hi

where the variables and their values are the samep&sred above.

To satisfy the condition of Re < 1, & calculated to be less than 387 nm. Since in-
cylinder soot particles are around 100 nm, the use of relaxatie is justified. With this
value of diameter, maximuny is calculated to be around 75107 s, which illustrates
that a soot particle with the size less than 387 nm wdllire less than 7.5 10" s to
follow the continuous flow around it, and this length ofdim much less than the time
step used, hence the assumption of in-cylinder soot pamiaéady follow the bulk fluid

flow is justified.

The usage of these two approaches to justify the assumfiteormassless
characteristics of soot particles that allows the desgtito follow the in-cylinder bulk
fluid flow is still not acceptable if the time step usedhis study is too large to produce
numerical stability in resolving the flow field in continuocerier gas phase [119]. To
show numerical stability is achieved in this stu@ourantFriedrichsLewy (CFL)

criterion is used. The CFL number requires that the distance travelled biserete
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particle during one time step is not larger than one speitmément (an element).
Mathematically, for one dimensional case, the CFL moiteis given by

VAL _crL (3.16)
AX

where CFL must be between 0 and 1 for numerical stabiligwerage linear velocityt
incremental time step antik nodal spacing. In this study,is 7.1 m/sAt 1.6%10° s
and Ax 6x10° m (the smallest nodal spacing in the computational domdiioh gives
CFL a value of 0.198 that satisfies the CFL criteribence reinforces the above

assumptions.

As mentioned in Section 3.7, soot particles that are tracedinside the fuel jet
are most likely to impinge on the bowl walls due to the higloaity of the jet. In the
present study, the processes that take place aftepah&le impingement are not
considered. At this point, it is assumed that these garticles are deposited onto the
bowl walls by inertial impingement and could be involved in soet reentrainment
during exhaust blowdown or soot oxidation by subsequent flame .frariiese
assumption was made based on experimental findings by Kiitetsal.[9], Dec & Tree
[120] and Tree & Dec [121] about the deposition of soot ontboknd walls.

The consideration then continues to deal with the satitles that travel close to
cylinder walls. The discussions about possibility of sootigl@st making contact with
the cylinder wall layers that will follow in the next fewaapters, depends on how close
they are to the cylinder walls. To suppose that these so@igmthat travel close to the
walls will end up on the cylinder wall layers requires further disicus on the thickness
of boundary layer of the in-cylinder walls. The boundaser is the layer of fluid in the
immediate vicinity of a solid surface as a body ofdlpasses through it. It is assumed to
consist of a thin film layer immediately adjacent to the cylinder wall and a “buffer zone”
between this and the turbulent bulk flow [122]. Experimefitalings by Heywood
[123] and Hultqvist et al. [124] show that the thickness obthendary layer in an engine
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iIs between 1-3 mm, depending on the combustion chamber design their
computational studies of inhomogeneities effects in H&4ine, Maigaard et al. [122]
used 3 mm as the thickness of the boundary layer. Inthegs, the discussions of
possible soot transfers to the cylinder wall layers will beetbasn a boundary layer
thickness of 3 mm parallel to the above findings and study.

3.10 Conclusions

Computer setup, computational model, Kiva-3v CFD codes and pladt
processing methods described above form the basic strdotuties study. From this
structure, fundamental understanding of in-cylinder soot foomaand distribution
process through Eulerian and mass-based anaystcomplished. An extensiari this
basic structure to offer further insight of the soot fation phenomena through
Lagrangian and particle-based analysis is achieved bgswdasoot particle tracking and
soot growth programmes that exploit the post-processed daflow of work outlined
above is a unique way to undertake to gain further insightti@astudy of in-cylinder

soot particle movement and distribution.

Several challenges have been met during the setting the offhole structure,
thus various options and possibilities have been explorddesaluated to overcome
them. The two main challenges are related to partictkitrg model whose correct
functioning depends heavily on the simulation data. Onéhefn lies in the basic
structure itself, namely, in computational model setup, inclwhiull cylinder volume
must be used as opposed to one-seventh sector despite higmgutational effort.
Another is found in the extension work, namely, in the padktion technique that is
used in the particle tracking model. The interpolati@méue is found to be the more
correct approach to generate soot particle paths without dieadi@s in them. The
overcoming of these two main challenges commences a neehbodmesearch in soot
formation, soot oxidation, soot travel and soot evoludong a soot path in a diesel

engine.
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Evaluations of the assumptions made in this study whieregplained at length
in this chapter are carried out to rationalise the appraoaken in this computational
study. These assumptions will serve as foundations #&amalysis and discussions of

the results in the next few chapters.
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CHAPTER 4

KIVA-3V MASS-BASED IN-CYLINDER SOOT
MOVEMENT AND DISTRIBUTION

4.1 Introduction

Outputs from Kiva-3v simulation are in two main formatshwvihe first data files
give averaged temporal in-cylinder combustion and pollutafitsmation and second,
detailed spatial and temporal data with information on eatlhnodes. With the aid of
EnSight post-processing software, temporal and spatielinder conditions and soot
and other species concentrations are visualised. Locditimons and emissions are
analysed by fragmenting the cylinder volume into smallestivaal volumes to gather
more information on the influence of lodatcylinder conditions to soot formation and
distribution.

In this chapter, soot formation and its distribution e ttylinder is the main
focus. Where required, the influence of temperature, pressxygen and fuel vapour
concentration on soot formation process are discussedoloured cut planes from
EnSight that display species concentrations and cylinoledittons are used to explain
the soot formation, movement and distribution. Thedeured planes however do not
clearly show the local variations of in-cylinder condisoand species concentrations in
time. Local in-cylinder conditions and species concentrations are eattarom
fractional volumes to further explain the in-cylinder sfootmation process. The overall
characteristics of average in-cylinder temperature, pressutesoot concentration are
then compared with the local ones to obtain further @taeding of the in-cylinder soot

formation process.
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4.2 Global Characteristics

This section shows and discusses the global charaicterief in-cylinder

combustion and soot emission and distribution.

4.2.1 In-cylinder Global Conditions

Crank-angle resolved profiles of in-cylinder pressure, peature; and fuel
vapour, oxygen and soot concentrations are shown in Figurewdlil operating
conditions listed in Table 3.7. These profiles show $bat formation process dominates
during the fuel injection period where average in-cylinder teatpee (>1200K) and fuel
vapour concentration are high. This continues until arod®fd ATDC where soot
oxidation process begins to take over thus reduce the ambnoet soot in the cylinder as
shown in Figure 4.1. The total soot concentration guié 4.1(d) is also seen to reduce
in time, due to oxidation procesk these figures, only the average of soot concentration
in the cylinder is shown and it does not tell us about it&ilolision throughout the
cylinder. The use of EnSight post-processing softwareblemathe in-cylinder

distribution to be studied and analysed in more detailed.

4.2.2 In-cylinder Soot Distribution

The development of in-cylinder soot distribution from adyeas CA ATDC
until 120°CA ATDC at EVO is shown in Figure 4.2These soot distribution maps were
captured on a plane passing through the axis of the fuak jdte representation of in-
cylinder soot distribution. Two-dimensional slice can belally misleading as it does
not show the movement of soot into and out of the sle¢he soot can virtually move
anywhere in the cylinder volume-or the purpose of explaining the movement of soot in
a simpler manner, these coloured planes are sufficidmbund CA ATDC, soot is
observed to reach the impingement point on the bovlsvaad starts to split into two
main directions, upwards into the squish region, and downwatashie bowl region. As

early as 30CA ATDC, soot can already be seen to progress towardstreali the upper
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part of the squish region. From°@A ATDC to EVO, soot continues to move into the
upper part of the squish region, and an increasing amouabbissseen to move into the
lower squish region. The soot that moves and maintarexistence in the upper squish
region early in expansion stroke is observed to movhinB mm cylinder boundary

layer and thus have higher likelihood to be transferredediner.

Figures 4.3-4.5 show in-cylinder distributions of fuel, oxygew temperature,
respectively. These distributions can be used to furtt@aia the development of soot
distribution, as follows.In-cylinder fuel in Figure 4.3 shows similar distribution to that
of soot up to 30CA ATDC, thus demonstrating the significant influence ofhhig
concentration of fuel to the formation of soot. Bey@WCA ATDC, soot starts to move
away from high fuel concentration region suggesting that detribution is now not
only influenced by the regional soot formation processatsat by the soot transporin-
cylinder oxygen distribution in Figure 4.4 shows a reversepatb the fuel distribution
where it is low at high fuel concentration such as insige fuel jet, inside the bowl
piston and the middle of squish region, and high neartleder axis and the cylinder
wall layers. This distribution demonstrates that the fpedy has displaced the oxygen
during its injection. It also suggests that the combustiatgss has consumed the
oxygen in the high concentration fuel region. Temperatiggilmition in Figure 4.5
shows similar spatial distribution to that of soot demotisgahe significant influence of
temperature on soot formation. Maximum temperature decrdasa around 2400 K in
the earlier crank angles to about 1500 K at EVO. Highptrature and high fuel
concentration region provides more opportunity for soot tonfowhile high oxygen
concentration region influence the soot oxidation proceshis relationship between

oxygen, temperature and soot oxidation shall be discussedfmiltveing sections.

By looking at all these graphical results, it is siiliclear how soot moves during
combustion and expansion strokes, and how part of it endsamthe liner in the squish
region and another in the bowl. It is useful to kneanf which location and at what
instants the soot near the liner is coming from, so tiwtonly can the soot be prevented

from coming close to the liner at the later stage, lsd ahn be avoided from forming
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and progress to the liner in the early stage of soot fawmatocess. It is also beneficial
to know how this soot gets transferred to the squish ragitre early part of expansion
stroke. These graphical representations of soot, fuapdmture, oxygen distributions
alone could not provide the desired information, so furiieestigation was carried out.
The next sub-section covers another set of graplasalts that could answer some of the

guestions posed above.

4.2.3 In-cylinder Soot Transport/Diffusion

To further investigate where the soot that travels éauhper squish region comes
from, another Kiva-3v simulation was carried out. In thaticular simulation, soot
formation and oxidation processes were stopped°@A2ATDC by terminating the
simulation at the crank angle. The simulation was tesumed with the soot formation
and oxidation process in the input file (itapeb) is kept destetivleaving the transport of
soot and other combustion and emission formation procassesi on. This allowed us
to follow the movement of soot that had been formed ug@AATDC. This particular
soot distribution is shown in Figure 4.6. In this figure, ¥b@city vector map is also

included to further relate the soot movement to the fluid makidhe cylinder.

As shown in Figure 4.6, soot is observed to impinge on thd Wwals around
5°CA ATDC. This batch of soot is then observed to bd splithe high velocity of the
fuel jet into two regions, squish and bowad follow the bulk fluid flow as can clearly be
seen at 1TCA ATDC. As in this version of Kiva-3v, soot is modelled as a dispe
continuous species like oxygen and OH, and no soot depositidelns included, soot
that seems to impinge on the bowl walls is actually onlioilong the fluid flow.
Movement of soot at this point not only depends on flowadyics due to swirl and
piston movement, but also on the flow perturbation cabgekigh velocity fuel jet. As
piston moves down in the expansion stroke, more sooteis &e be moving into the
squish region. This movement of soot is most likelygatbributed to the reverse-squish
flow as the piston moves down where the velocity vectomsodstrating the squish flow

activity in the bowl can still be seen at°@A ATDC.
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As the piston moves further down, it is evident in the fgtirat starting from
40°CA ATDC, the majority of the soot that was formed early (bef@A ATDC) is in
the squish region and travels close to the liner. Rtumobservation, it appears that
fluid motion during the early part of injection caushe soot particles that are formed
during this period to move into the squish regiomhese are then more likely to be
transferred to the liner than soot that are formed lathe combustion processn other
words, the soot particles that travel close to the lar have high possibility to be
transferred to the liner are most likely to be originagtedn the soot particles that are
formed during early injection period.

4.3 Local Characteristics

Further investigation of locah-cylinder soot distribution and local characteristics
of combustion and emissions is necessary to add to thesteming of in-cylinder soot
formation phenomenon. To that end, the cylinder volisnaivided into smaller volumes
that expand as the whole cylinder volume expands. Theseneslare here called
fractional volumes. There are three sets of cylindactivnal volumes starting with

bigger to smaller volumes.

The purpose of this exercise is to investigate the Idstilalition of soot and the
characteristics of fractional volumes of the cylindérhen, it is important to evaluate
whether the profiles of fuel, soot, oxygen, pressure and tampe of the whole cylinder
volume are preserved in smaller fractional volumes. Id®king at smaller fractional
volumes, the investigation of the influence of tempe®t pressure, oxygen and fuel
concentrations on soot formation and oxidation processesal cylinder areas are made
possible. The final aim is to observe the consistericgoot, temperature and oxygen
profiles along the soot paths (obtained with trackinghowt as they pass through the
fractional volumes with the profiles obtained as thegsgarough much smaller Kiva-3v

computational cells. This final aim will be discussed furiheChapter 6.
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The first set is the cylinder volume with four anguthree axial and three radial
divisions in the volume above the piston bowl. Thstgmn bowl is divided into four
angular, two axial and two radial divisions. In total there 52 fractional volumes. The
second set have eight angular, three axial and sixl rdigiaions above the bowl, and
eight angular, two axial and two radial divisions in thstgn bowl. The second set
comprises of 176 fractional volumes. Further divisiots W6 angular, three axial and
12 radial above the bowl region, and 16 angular, two ar@tao radial divisions in the

piston bow! give the third set of 640 fractional volumes.

This number of fractional volumes is relatively smatien compared with the
number of cells used in Kiva-3v simulation, which amounts toG@¢ells. The biggest
volume of cells used in the simulation is about 0.008 wirich is 0.0012% of the total
cylinder volume. Whereas, the biggest fractional voluntéaerfirst, second and third sets
represent only 5%, 1.2% and 0.3% of the total cylinder voluespectively. These three
sets of fractional volumes and Kiva cells are shownrealieally in Figure 4.7.

4.3.1 Conditions in Fractional Volumes

The profiles of fuel, soot and temperature of fractiomalumes in time are
significantly different from the global profiles obtath from thein-cylinder average
profile previously shown in Figure 4.1 Characteristics of fractional volumes differ
according to the location of the volume in the cylindérhe soot is found in high
concentration in the middle of the squish region antthetwall side of the piston bowl.
These are also the areas where the fuel concentratiigh, allowing more combustion
to occur, hence high temperatures of above 1200 K candegveld. In other areas such
as inside and outside squish area, and upper bowl near theepjghe fuel concentration
is low, less combustion occurs, thus low temperature eand sloot concentration is
observed in these area®xygen concentration is observed to be almost consistexi
regions except where the fuel concentration is veri,hig. inside the piston bowl and
the middle of the squish regions, where fuel displate®kygen and combustion process

consumes the oxygen. These trends can be observeddiatiiam of fractional volumes
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shown in Figure 4.8. In this particular figure, temporatributions of soot, temperature
and oxygen of only the first set of fractional volunaes displayed.This first set is to be
an example of the other sets with which similar yet mefiaed profiles could be seen.

While oxygen plays important roles in soot oxidation pracéssconcentration
profiles do not significantly influence the net soot peofilRather, the concentration of
fuel and temperature strongly determines the shapkeohét soot profile in fractional
volumes. This observation corresponds to the reldtiprsf soot particle burnout with
temperature and pressure put forward by Haynes and Wagner b8jrineview paper.
They stated that below 1800 K, soot burnout lifetime igeyr insensitive to the oxygen
concentration, and totally depends on temperature. Fij@reshows the relationship
between soot burnout lifetime with temperature and pressWvdat it means in this
particular casés that soot oxidation rates in these fractional voluméwere temperature
ranges from 1200 K to 2000 K during most of the time except deanly combustion
where temperature reaches 2400 K, are significantly infegenby temperature

variations, and only slightly by oxygen partial pressure.

4.3.2 Soot Transportin Fractional Volumes

As mentioned in the earlier section (4.2.2), soot is @mosported homogeneously
to the whole cylinder volume, but rather concentrates indidepiston bowl and the
upper and lower region in the middle of squish area. Sobeipiston bowl is observed
to be constituted in greater part from the soot that isndd there. This fact is
demonstrated by the occurrence of high concentration bafgehigh temperature in the

bowl which cause high soot production

Combining Figure 4.2-4.5 and Figure 4.8, it can be observeddbattsat exists
in the lower part of the middle of the squish region irieracrank angle (i.e. before
20°CA ATDC) is the soot that is formed there due to the hiyicentration of fuel and
high temperature similar to the soot inside the bowl. Howélvean be observed that,

after 20CA ATDC, a significant fraction of the soot mass fronhighly concentrated
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piston bowl area in the earlier crank angle is cotee to the squish region through

reverse squish flow motion.

In the upper region of the squish area, it is also irdpiet majority of soot is
convected to this region from high concentrated soot megivhe earlier crank angles as
soot formation process is low in this area since the foletentration is lower than the
other parts of the cylinder. Soot that remains in this argih EVO can be said to be
transported from the soot that is formed during the exaplart of injection period as
demonstrated by graphical soot representation in Figure 4.3.

4.4  Conclusions

For the conditions defined in Table 3.7, with swirl rdti®, temporally, global in-
cylinder soot concentration is observed to reach it& pearound 18 CA ATDC and
gradually decrease towards EVO. However, this global trensl mimerepresent the soot
profile of each local zone in the cylinder. By looking @tsprofiles in smaller fractional
volumes, it can be observed that soot peaks at diffémaet depending on the local
zones. These fractional volumes not only demorestthe local process of soot
formations as the source of soot, but also transporepsothat carry soot around from
neighbouring zones. Spatially, soot is observed to be igpdittwo regions of high
concentration, that is, in the piston bowl and in ltwer region of the middle squish
region starting from 10CA ATDC to EVO. By isolating soot that is formed bef@e
CA ATDC, it is demonstrated that the soot that presdntiseaupper squish region is the

soot that is transported from soot formation region énftiel jet at 2 CA ATDC.

Kiva-3v global data can only show the average tempordilgsf in-cylinder
conditions and species concentrations. The use 8igBhpost-processor however, can
provide both temporal and spatial information of the cdmat and species
concentrations. With a little manipulation, EnSigharics can also be used to follow
the progress of soot from the time it is formed. Howeivas still not possible to follow

a soot particle from a specific location in the cylinbgrusing these graphics, thus the
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location from which the soot near the liner comes cahaotlentified. The soot particle
can be followed by a Lagrangian particle tracking metthad was described in Section
3.7, and shall be explained and discussed further in nextHapters.
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CHAPTER 5

INFLUENCE OF MESH CONFIGURATIONS, TIME STEP S
AND NUMERICAL METHODS ON
PREDICTED SOOT PATHS

51 Introduction

Accuracy of any simulation results depends on seveibifs. These include
mesh configuration, time step used in the simulation wemmk, the method of numerical

analysis to solve the desired equation.

In the present study of particle motion, Eulerian vé&jodields and other
combustion and emission quantities were pre-computed andleecosing Kiva-3v CFD
code. Spatial resolution for this CFD data depends on nwe¥lguration defined by the
user, and the temporal resolution set internally by thea®v programme itself.
Increasing the mesh density, recording simulation data dtehidrequency and

employing higher order numerical methods increases thpwational cost and storage.

In this chapter, the effects of different mesh configarast time step intervals
and numerical methods on the predicted soot particle pathdismussed. It is also the
aim to demonstrate that the grid configuration, time stepnanterical method which has
been used throughout this thesis is an optimum combingttigenerate accurate results

of the in-cylinder soot particle paths.
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5.2 Influence of Mesh Configuration to Soot Particle Paths

In previous studies [30, 36d4 mesh resolution of 200,000 cells was shown to be
adequate to give grid-independent results. The resultbam®d on the studies which
considered in-cylinder pressuretire grid independence study. However, the sensitivity
of mesh configuration to the velocity fields hence soatigl@ paths has not been
investigated in the previous studies. Therefore, threé c@sfigurations which contain
150,000, 200, 000 and 250,000 cells have been selected to demohstiateience of
different spatial resolutions to the flow fields and ¢eesoot particle paths. Figure 5.1
shows the comparison of the average in-cylinder pressurehef three mesh
configurations and that of the experimental. It is evidéat the average in-cylinder
pressure among the three different meshes and the expaimesult only varies as
much as 10%. Yet, it is still not clear how much influetioe differences in mesh
configurations have on the predicted soot particle pathss ifftuence shall be analysed

and discussed in this section.

Sufficiently small time steps must also be used to mininaieg temporal
discretisation errors, thus any error in the resultingt paths can be attributed to
inadequate spatial discretisation [125]. Four temporalugsos of 0.2, 0.2, 0.5 and
1° CA steps at engine speed of 2500 rpm have been used to studflubnce of time
steps to then-cylinder soot particle paths. The influence of time steptherpredicted
soot particle paths shall be discussed in Section 5.3. A8 &r@bk-angle step has been
found to be the acceptable resolution to give accuraticpiom of soot particle paths,

this mesh configuration study was carried out with this cramgteastep.

Velocity fields created by these three mesh configuratimmsbe first compared
using Eulerian representation. A few fixed points ingltke cylinder were selected and
the changes of fluid velocity at these fixed pointgrmetwere recorded. The points were
selected to represent the velocities of differenioregyin the cylinder, namely, piston
bowl, bowl rim, inside of spray and squish regions. Figu&to Figure 5.7 show the

location of these points relative to the spray and bpadition, the time history of
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velocity components at these selected points, andetagve velocity errors at selected
instants. Soot distribution is represented by four scdlgsey which refer to different
concentration ranged.ight grey indicates cells with soot concentration gretttan zero.
Grey represent those cells that have a soot condentgreater than 1x1®/cnt while
the dark grey clouds show those cells having a soot concentgréater than 1x10
g/cnt. Black clouds indicate regions where the soot condionrés greater than 1x10
g/cnt. Higher concentrations, or darker clouds, would overlayléks concentrated one.

The same scales are used throughout the thesis.

Velocities at earlier crank angles between 8-C@ ATDC especially inside the
piston bowl, are observed to vary rapidly in time astbsee mesh configurations and the
variations are not consistent with the differentsmeonfiguration. These rapid and
inconsistent variations contribute to high percentageslative velocity errors for these
different mesh configurations. At later crank anglesydoral variations of velocities
dissipate and almost reach a steady state at EVO. ostaapically, the profiles of these
Eulerian velocities demonstrate that the flow fieldshef three mesh configurations are

fairly consistent.

A quantitative comparison of velocity profiles fronifdient mesh configurations
under investigation are carried out to obtain the relaiver of the velocities at different
instants. Plots of relative velocity errors, which ahl®wn in Figure 5.3(b) to Figure
5.7(b), demonstrate that the relative errors mostly athin 20% margin.  When
considering Lagrangian representation of velocity msfithese errors may become local
errors that can accumulate and be amplified as the iuracked along its path. These
errors could be reduced by increasing spatial resolution dutvithout a cost. To
increase spatial resolution, say, to 350,000 cells, will signifizaincrease computer
storage and computational time, as has been shown in Cl3aptéowever, increasing
the spatial resolution improves the non-convergencelo€ita fields to only an extent as
spray formulation in Kiva-3v code is known to be strongigsh dependent and it does
not yield grid independent results for the spray structuneetpation length and drop
sizes [106, 107, 126] due to spray dynamics models used in the Spd=y structure,
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penetration length and drop sizes directly influence thesgnding gas phase hence the

liquid-gas relative velocity.

Consequently, on the ground of the results of previous estudielative
consistency of Eulerian velocities and consideratinrcomputational cost and inherent
Kiva-3v spray modelling weaknegtie second mesh configuration of 200,000 cells shall
be used in the next sensitivity studieI.he Lagrangian representation of soot particle

paths for different mesh configurations are shown in Appeid

5.3  Selection of Time step

In Kiva-3v code, time step is selected automatically ellengh the user can set
the maximum time step in the input file. The time stepnadly used in Kiva3v is in the
order of one microsecond. The gas-phase solution procedbased on ALE finite
volume method which divides each cycle in two phasesgeabgian phase and a rezone
phase [102]. In the Lagrangian phase, the vertices makiehe fluid velocity and there
is no convection across cell boundaries [102]. In tlz®me phase, the flow field is
frozen, the vertices are moved to new user-specifiedigositand the flow field is
remapped onto the new computational mesh. In this phaseilat@ins of material
convection are done explicitly and can be subscycledlatraay number of times and
submultiplied of the main computational time steps [102]. r8fbee, Kiva-3v code can
carry out calculations of gas-phase convection and menenin smaller time steps than
the fluid velocity calculation. To correctly followhe paths of in-cylinder fluid flow,
hence soot particles, temporally using Lagrangian appradaehiva-3v simulation data
must be recorded at the same time step used for itslatadouin a Lagrangian phase.
However, recording data at such small time step is considengsctical as Kiva-3v
calculations are done at every microsecond which is aroued/ €.025 CA at the
engine speed of 2500 rpm used in this study, and this would takgeaamount of

computer storage.
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Thus, the right selection of time step to record the ivalata which are used in
the particle tracking exercise is crucial in obtainingcad¢e prediction ofn-cylinder
soot particle paths. Data recording with large time steggire less computational effort
but more prone to error when the flow fields are compl®ata recording with small
time step close to Kiva-3v time step is ideally required t@ giecurate soot particle
paths, yet it requires more computational effort. the reason, recording of a few sets
of simulation data at much larger time steps than Kiva{3e teps have been carried
out. The different sets of recorded data with differeémie steps are used and

investigated to demonstrate the convergence of the soot @auitls.

In the present study, three sets of data have beestiemll at everyl 0.25CA
and 0.2 with the second mesh configuration of 200,000 cells. \fiballer time step
than these, not only computer storage constraint nedms ¢oped with, but further post-
processing and data management would be highly resourceametensVith these
limitations in mind, time step effects on the predicted guanticle paths and their

convergence have been investigated.

Qualitative analysis of soot particle paths is carried @sed on Figure 5.8 to
Figure 5.10. Figure 5.8 shows eight cases of predicted soati@adihs with different
time steps and calculated with first-order Runge-Kuttaarioal method. In half of the
cases (Case 1-3, and Case 7), the us€é@A Xime step and first-order Runge-Kutta is
shown to be sufficient to accurately predict the paths. Case 6 and Case 8, the
convergence of the paths can be obtained by decreasninté steps. However, as
demonstrated by Case 4 and Case 5, a mere time step redsigi@mt sufficient to give
particle paths convergence. In these last cases, thdenriflow fields that exist inside
piston bowl (as shown in Figure 4.6) which possess rapidtiaar of velocity in space
and time cannot be adequately solved by first-order nuatemethod at the smallest
time step under studyi-urther reduction of time step can finally solve theserdences
but at much higher computational costnother way to solve this turbulent flow fields is

by using higher-order numerical methods which can improve timaagés of velocity at
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each point thus increase the accuracy of the path picedic The sensitivity of different
numerical methods on soot particle paths is discussé@ inetxt section.

54 Numerical Methods

Different numerical methods produce results with diffiér@accuracies and
precisions. A low-accuracy method may use less compuoghtieffort than a high-
accuracy one but may pose more difficulties in reachinyye@gence even with very
small time step. In this present study, three diffeogre-step methods have been used to
solve an ordinary differential equation in the fornEofuation 3.7:

gs_ u@s,.t,)

dt (5.1)

as described in Chapter 3.

The three methods are different only in terms of hbev\velocity is identified.
The first method is first-order Rund@itta method or more commonly known as Euler’s
method. In this method, the velocity at the beginninghef interval is taken as an
approximation of the average velocity over the wholervialg 127] to give the estimated

distance. The equation is as simple as follows,
Spa =S, + U@, .t,)At (5.2)

The second method used is Heun’s method, which is a variation of second-order
Runge-Kutta method. With this method, the velocity iedrined by taking the average
of two velocities, one at the beginning and anotheéhetend of the interval. The Heun
method is a predictor-corrector approach and can provide inpbestenate of the slope.

The equation is shown below.

s 4 U(Sn,tn)"' u(sn+l’tn+1) At (53)

n+1 n
2
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The third method used in the present study is classicaiforder Runge-Kutta
method. This method uses multiple estimates to deterthmmeaverage velocity and
entails the use of mid-point data to obtain the interatecslope. The equation in use is

as the following:

1
Sn+1 = Sn +6(k1 + 2k2 + 2k3 + k4)At (54)

where

kl = u(sn’tn)
k, = L(Sn +lAt,tn +1klAtj
2 2

k, = Us, + At,t, — kAt + 2k,At)

k, = Us, +At,t_+kAt)

Figure 5.9 shows the same eight cases with second-oundgeRutta method. It
can be observed that with this method, accuracy o$dbé paths improves substantially
where predicted soot paths with different time steps aneeroloser to each other. It also
improves the divergence problem in Case 4. However, Case éspiftat this method is
not sufficient to produce path convergence in every case \whien the time step is made
very small, i.e. 0.9CA. As previously shown in Figure 5.8, the paths with difietene
steps diverge during the expansion stroke where fuelilisingected and when soot
particles are still inside the piston bowl. During thisdj the variation of velocity in this
areais too rapid to be resolved by this method. higher accuracy method is clearly

necessary.

Figure 5.10 compares the predicted soot paths calculatedheitlassical fourth-
order Runge-Kutta method. This figure demonstrates thatprticular method is
sufficient to give soot path convergence in every caskerustudy. The benchmark

display of path convergence in this figure is Case 5, iclwvloiwer order methods are not
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sufficient to produce even with smaller time steps. e oot paths with time step
0.25 and 0.@ CA are very close to convergence. In the next ectijuantitative

analysis of soot paths and the convergence criteriatshdilscussed.

5.5 Quantitative Analysis and Convergence Criteria

While the comparison of predicted soot paths with differeme steps and
numerical methods has been done qualitatively in the prevéection, it is also
important to show it quantitatilye in which the convergence criteria are demonstrated.
As the classical fourth-order method is previously showrbdgothe most favourable
method, only the analysis for this method is shown andused. A few cases of
different difficulty levels in reaching the convergenceeveelected to be analysed.

Figure 5.11- 5.14 show the predicted paths for the selected cases, ltwtye
components along the paths, and relative errors of-p@pbint velocities and of point-
to-origin distances. From these figures it can be denwtestithat the relative error of
distance from selected points to the origin between twiespgenerated with 0.25%and
0.1°CA time steps is well within 5%. While it was realised ttied type of relative error
alone was not adequate to prove convergence, fmint comparison of velocity
profiles along the paths were also carried out. The bighadative velocity errors
obtained were 9% and 12% at°8@nd 120 CA ATDC, respectively, which can be
observed in Case 5. This difference in velocity howeees not significantly change the
location of the final destination of the soot partitience, is considered acceptable.
Other cases have shown that the velocity relativer®mwere within 5%. With previously
discussed qualitative figures, and these quantitative reshiésclassical fourth-order
Runge-Kutta method with 0.26A time stepis regarded as a sufficient and optimum
combination, as smaller time step of @A does not yield significant difference in the

predicted soot paths.
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5.6 Conclusions

The main aim in this sensitivity study was to demonsttaeecbnvergence of soot
paths calculated with different mesh configurations, tsteps and numerical methods.
Results of in-cylinder velocity profiles with different ste configurations under
investigation show that the velocities at different po@re consistent. However, rapid
variations of velocity at early crank angles mayehawpact on the soot particle paths
when the soot particle passes through this period. Relahigiyvariation of velocity in
all cases presented may also contribute to overalisemoot particle paths.

First-order Runge-Kutta method is highly vulnerable to locedre especially
when the time step is large. Reducing the time step redbeeerrorsn estimating the
velocity and predicting the position of the particWith higher order numerical methods,
the erroris decreased at a faster rate with decreasing time step.fa$ter rate of error
decrease means the faster rate of convergence of soeteppaths thus reducing the
high computer storage requirement. In their particle ingckxercise, Cheng et al. [128]
also demonstrated that average-velocity approachesdsheulised to trace fictitious

particles both accurately and efficiently.

Based on the sensitivity study in this chapter, the seowmegh configuration of
200,000 cells, 0.2%A time step and the fourth-order Runge-Kutta numericahotkare

used in all the analysis throughout the remaining chaptehe dhesis.
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CHAPTER 6

PREDICTION OF SOOT PARTICLE PATHS

6.1 Introduction

To investigate where a soot particle located at a spdedation at a given time
travels to, tracking of the in-cylinder soot particles incgpand time is required. Results
of a Kiva-3v simulation that contain in-cylinder combustiomdaemission data
(including pressure, temperature, soot mass and in-cylinelecity field) were post-
processed. The technique developed in the present studthegae-computed velocity
field and the assumption of massless soot particlesbtairo paths of soot particles
movement in a modern design of a DI diesel cylindBrilinear interpolation technique
was used to interpolate the velocity at each particlégiposn the cylinder volume as the
function of velocities at the surrounding cell verticéghe positions of the injector and
fuel spray inside the cylinder from top and side views are showigure 6.1. The spray
angle for the baseline case is Tlom the cylinder axis and spray cone angle i5With
solid cone type. Lines indicating the angular positib®%and 50 are also drawn to
indicate the position of the fuel spray and soot plumeé;the angular range in which the
soot particle tracking were carried out. The actual vafumne-seventh sector of cylinder
is 51.43, namely 360 divided by seven injector holesThe thickness of the boundary
layer at the cylinder wall, assumed to be 3 mm, is als&edarThe position of the piston
and the soot distribution shown in this figure is alCA ATDC instant. Side viewsf
half of the cylinder and top views of the whole domain whibbws different soot
concentrations at a range of crank angle instants e 30 CA ATDC, in relation to

spray and piston positions, are shown in Figure 6.2.
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6.2 In-Cylinder Flow Patterns

As seen from top views in Figure 6.2, soot distribution is imibeel by the swirl
motion in the cylinder. At 6°- 10° CA ATDC, it can atéy be seen that the swirl motion
moves the soot mass in the bowl and in the squishmregidhe clockwise direction.
These swirl motion affects not only the soot distributiant also fuel spray positions
hence fuel distribution. Fuel sprays which are initiatigcted at 30° (as shown in Figure
6.1) are affected by the swirl motion so that the axeéseosprays after a few crank angle
degrees are no more at 30°. This fact is recognised sohthatarting point of soot
particle tracking can be properly selected, as the vededit the fuel sprays reduce with
the distance from the spray axes. Selecting a startimg giotracking at these modified
fuel spray axes will produce a short soot particle path whehats the bowl wall
immediately after tracking as the velocity at the pantery high. In this instance, the
soot particle is assumed deposited on the bowl wall as sdisduin Section 3.9.
Therefore, the starting points of the tracking in thislg are selected more towards the

periphery of the fuel sprays.

Figure 4.6 shows the velocity vectors of the in-cylinder fluidiomoon a plane of
near the axis of a fuel spray. From 1°- 10° CA ATDC, faedeen being injected, as it
produces very high velocity vectors near the spray axms fAigh velocity fuel injection
affects the surrounding gas by creating vortices abodebaiow the spray. With the
swirl motion and reversed squish in action, it also geree chaotic velocity distribution
inside the cylinder especially at the bowl! rim and nearattie of the cylinder as can be
seen in the figure at 5° CA ATDCAs the piston moves away from TD@mplified by
the reversed squish motion as the volume increases sythish region, the high velocity
of the fuel injection pushes and splits the surroundirgy gance the soot cloud into two
main regions, inside the piston bowl and the squistonegs can be seen in the figure at
10° CA ATDC. As the fuel injection stops, vortices and resgrsquish motion persist to
transport part of the soot into the squish region, whilether part of soot is maintained
inside the bowl as seen at 20° CA ATDC. After 30° CA ATDE, telocity profile is
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relatively uniform and soot clouds are already distributew st evenly in the squish and
the bowl region as can also be seen in Figure 6.2.

As the exercise of soot particle tracking in this studyetels a great deal on the
in-cylinder velocity vectors during the fuel injection, promelection of the starting
points of the tracking during fuel injection duration is @ldo obtain meaningful
results. More importantly is the understanding ofgghgsical phenomena in the cylinder
so that assumptions made during the study are justifigdaring this in mind, soot

particle tracking exercise was carried out.

The following few sections discuss the results oft@icle tracking exercise that
was carried out at different starting instants in diffemegions of the cylinder volume.
This exercise was carried out in an effort to identifygbarces of the soot particles that
transported near the cylinder boundary layer. This exeisig® give more insight and

understanding of in-cylinder soot particle movement.

6.3  Soot Particle Paths from Different Starting Instants

The movements of soot particles from above, below sathéls of the spray are
followed with the particle tracking programme. Theskigknt locations are selected
preliminary studies have shown that soot particles fromethegions are likely to move
towards the cylinder walls. Soot concentrations in thesgitots are relatively high and
exposed to the surrounding fluid motions thus merit furthersiyation. Velocities at
these regions are not extremely high (as opposed tortée at the spray axis), so
tracking of soot particle can be continued until EVO altfftosome paths stopped earlier
as soot particles impinge on the bowl walls. Soot concenmtratside the spray head is
the highest and soot particles from this area have losilplities to move to the cylinder
wall boundary layer as shall be shown later, thus poseilEsto the oil on the cylinder

wall layers
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The movement of soot particles from these selectednegs investigated with
different starting instants (in crank angle degrees)d to a certain extent, with the
changing of angular positions of the starting locatioDgferent paths are generated with
the range of starting instants froni & 30 CA ATDC, and the range of angular
positions from 8 to 45, at a few fixed positions in the cylinder. Summary of Bigrt
points are shown in Table 6.1n each particle tracking exercise, care has bdemtto
ensure that soot is present at the starting locationsdiyng the Matlab soot particle
tracking routines to detect soot presence at these Insafitnerefore, the paths obtained
can be considered soot particle paths, not fluid paths.

Figure 6.3 to Figure 6.8 show different paths from differesgians in the
cylinder. The cylinder schematics on the left hand side&aah figure show the locations
of starting points of particle tracking relative to fhel spray. The schematics only show
the position of piston top and soot distribution &tCA ATDC. Similarly, soot particle
paths plotted in the schematics on the right hand aidie show the positions of piston
top at crank angle instant of £ZA ATDC (at 10.0 cm axial distance) and at EVO, which
isat 120 CA ATDC (at 3.0 cm axial distance).

Figure 6.3 shows the soot paths from the region abovetaheé downstream of
the fuel spray. Relatively near the spray in angularipasit(20® and 25), soot particles
from all crank angle instants have no tendency to bepoated to the cylinder boundary
layer. Most of the soot particles are observed to being around in the top region of
the cylinder and may have some possibilities to alsthaicylinder roof, while some of
them which come from 6-24CA ATDC move into the middle of squish region and
move downwards following the piston motion. However, sootighest which are
relatively farther away from the spray axis in angular tpos (10 and 40) are more
likely to travel close to the cylinder boundary layer. Ehssot particles are specifically

the ones from the starting crank angle instants od A0 ATDC.
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In Figure 6.4, the soot paths from the region below ambdeatlownstream of the
fuel spray are plotted. Soot particles below the sprawy 8 to 12 CA ATDC are
observed to show consistent behaviour of moving closeaimedary layer of the cylinder
wall. Combination of swirl motion, vortices in the bowl arel/eérse squish motion is
responsible to carry the soot particles close to thendary layer. Angular positions
have very small influence on the movement of soot@estifrom these regions, as most
soot from this region are likely to end up near the cylindér lasgers. Interestingly, soot
particles from later instants (i.e. 2 28 CA ATDC) are also seen to move relatively
close to the cylinder wall boundary layer. The remaimmajions of swirl, vortex and
reverse squish together with lower position of bowl rahghese instants allow more soot

to move close to the boundary layer at later crank angtarits.

Tracking soot particles from the upstream of fuel sprayaiged out to study the
effect of changing starting radial positions on the gaoticle paths. At the upstream of
fuel spray, there is no soot present at angular posifidd° until 16 CA ATDC, as soot
is not convected towards that direction in the earlylcargle instants. Consequently,
soot particle paths can only be started & @A ATDC in that angular position for dot
cases. Figure 6.5 and Figure 6.6 show soot patrticle paths bhove and below of the
spray axis at the upstream of fuel spray respectivelyt Barticles from these regions
have very low likelihood to be transported near the cylindait boundary layer and

most of soot particles travel downwards in helical fashidiowing the piston motion.

Figure 6.7 shows soot particle paths calculated from idhes sof the spray.
Farther away from the spray axis (i.e. &tadnd 438) soot is not present at the early
starting instants. As swirl motion is clockwise, set@rts to be present at £A ATDC
at B angular position. At 45angular position, it takes some time for soot to diffuses th
soot is found to start to be present aC ATDC. It is observed that soot particles from
14° to 18 CA ATDC have the highest possibilities to be transmbtte the cylinder
boundary layer. Soot particles at later crank angle its{@2 to 26 CA ATDC) also
have relatively high possibilities to move close to bwundary layer, especially at

angular positions of 35and 45 from the spray axis. Soot particles from other crank

76



Chapter 6 Prediction of Soot Particle Paths

angle instants tend to stay inside the bowl and the miat$quish region thus have less
likelihood to be transported to the boundary layer.

As early as at 8CA ATDC as shown in Figure 6.2, soot is observed to move over
the bowl rim. It is also worthwhile to track the movemehsoot particles from this
region. Figure 6.8 shows soot particle paths tracked from difteangular positions with
varying crank angle instants as done with other casesult’ show that soot particles
from the ranges of crank angle instants oft& 10 ATDC and 20 to 26 ATDC are

most likely to reach the 3 mm cylinder boundary layer.

These observations especially the cases in which sootlgmai@ likely to reach
the cylinder wall boundary layer is tabulated in the ladiron in Table 6.1.From the
above observations and the tabulated summary, it caortuded that there are three
main ranges of crank angle instants that soot particlélsealiner boundary layer are
likely to come from. The first range is from & 100 CA ATDC during which the high
velocity of the fuel spray is mainly responsible toateehigh vortices in the bowl area
that force the soot particles towards the cylinder wall wihsclobserved in all cases
discussed above. The second range is fromda48 CA ATDC during which only soot
particles from the sides of the spray are observedveltcése to the cylinder wall. This
may be due to later effects of sprayspray interaction that changes the fluid flow in
these regions. The third range is between2dnd 26 CA ATDC. At these instants, the
remaining vortices inside the bowl and the lower positibthe piston top relative to the
starting positions permit the movement of soot partictesatds the cylinder walls.
Spatially, sources of soot at the liner are most likelynftbe soot that present inside the
bowl (below the spray), at both sides of the spray, ab@t relatively far from spray

axis, and above the bowl rims.
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6.4 Soot Particle Paths with Different Radial and Axial Distances

The above analysis alone is insufficient to conclud¢henregions of sources of
soot particles transfer to the cylinder wall layers. Furémalysis of soot particle paths
from different radial and axial distances in the cramgl@ instants of interest is
necessary.Three crank angle instants 6f 8A, 16 CA and 24 CA ATDC have been
selected to represent the ranges of crank angles thiaatsthe cylinder wall are most
likely to come from. At 8 CA ATDC, soot particle paths from inside the bowl and
above the spray are obtained with different radial andl a¥stances. The radial and
axial soot path analysis at the bowl rim at the cramjleainstant of 8CA ATDC
cannot be carried out because at this crank angle instattjs not distributed farther

into the squish region and the squish region is stilstricted.

Figure 6.9(a) and 6.9)brespectivelystow different radial and axial initial
tracking locations, and soot particle paths of soot abb&espray axis. The angular
position is set at Y0 From this figure, it is demonstrated that soot partithes are
between radial distance of 1.6 to 2.0 cm, and axial distaf 9.5 to 9.8 cm are more
likely to travel into the squish region with a few caséshe paths extend close to the 3
mm boundary layer. More cases of different axial ditanare also carried out at
angular position of 25and 40 which is shown in Figure 6.9 (c). This figure shows that
the closer the soot particles to the spray axis angukamty,the more distant axially, the
higher the possibility of soot to be transferred to the cytivdal layers. Figure 6.10
shows soot particle paths from inside the bowl! with daffierradial and axial distances. It
is clear in this figure that, soot between the radidhdte of 1.6 and 1.8 cm, and the

axial distance of 8.6 and 9.2 cm, are most likely to réaelboundary layer.

Figure 6.11 shows soot particle paths from the crank angleninef 16 CA
ATDC at one side of the spray, namely at angular posiio5°. It is demonstrated in
this figure that soot particles between the radial distafide6 and 2.0 cm at this instant
are most likely to reach the boundary layer, while athedow radial distance of 1.6 cm

stay inside the bowl.
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Soot particle paths from the crank angle instant 6f@A ATDC with different
axial and radial starting positions are shown in Figut@ @nd Figure 6.13. Figure 6.12
demonstrates that soot particles from inside the bowl! betiveeradial distance of 1.6
and 1.8 cm, and axial distance of 9.0 and 9.4 cm are ikebt to travel close to the to
the boundary layer. In Figure 6.13, it can be seen &ld#lrand axial positions of the
soot in the bowl rim region do not have significant @ffen the soot paths, and most of
the soot particles from this region at this instant eyl to be transported to the wall

layers.

From all of these observations of the sensitivity @dtsparticle paths to crank
angle instants and angular, axial and radial positiomg@snof regions of soot that are
most likely to be the source of soot at tlylinder wall layers can be drawn. These maps
are illustrated in Figure 6.14 to 6.16. Figure 6.14 shows then®gibpossible sources
of soot transfer to the cylinder wall from the crank angt 8CA ATDC. This map
represents the map for possible sources of soot at timelerywall during the middle
duration of fuel injection period, namelyy@A ATDC to 10CA ATDC. Similarly,
Figure 6.15 shows the regions of possible sources of sowffdrao the cylinder wall
from the crank angle of 2&A ATDC which represents the map for possible sources of
soot from instants of a few degrees after the end oftinjg namely 14CA ATDC to
18°CA ATDC. Figure 6.16 shows a representation map of possibleeas of soot from
22°CA ATDC to 28CA ATDC. The regions are marked with different colountydo
distinguish the regions when viewed from top and side vievihe colours do not
necessarily represent the degree of possibilities of sdo¢ toansferred to the cylinder
wall. An illustrative figure will be shown in Figure 9.1 imetdiscussion and conclusions

chapter.

6.5 Paths of Soot Particles from the Highest Concentration Region

In this section, points with the highest soot concerdrate tracked for different
swirl ratios of 1.3, 1.6, 1.9, 2.1 and 2.4 at the three tmstaimts §°, 18° and 35 CA
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ATDC). The aim of this exercise is to investigate whether sodicfes from the highest
concentration regions, if any at all, get close therliThe effects of different swirl rago
are also investigated.

Figure 6.17 shows soot paths from 20 highest concentrationlscations at
different swirl ratios. At 8° CA ATDC, the highest soaincentration occurs inside the
piston bowl. Points in this area were selected and gtitle tracking were carried out
with five different swirl ratios. It can be seenttliae particles have no tendency to get
close to the cylinder wall layers to contaminate the dgikcah also be seen that the paths
are very varied in spite of the starting points beimy eose together.

Similarly, soot particle tracking with the highest sootammration was carried
out at starting instants of 18° CA ATDC and 35° CA AT.DEigure 6.18 and 6.19 show
the soot paths tracked from 20 highest concentration soatidos from crank angle
instants of 18° CA ATDC and 35° CA ATDC, respectively. At 18R ATDC, the
highest soot concentration occurs in the piston bowlendtilCA 35° ATDC, at the bowl
rim. Again, with both starting instants, not a single paiteen to move close to the wall
layers. The soot particles from these regions temdawee helically downwards into the

piston bowl area.

From this exercise, it is evident that soot particlestisgy from points with the
highest soot concentration do not get close to the cylind#riayers. This suggests that
the probability of particles getting close to the wallelesydoes not depend on the soot
concentration but on its position relative to the fgpray jet, which significantly
influences the velocity of the fluid. The paths & #oot particles are extremely sensitive

to in-cylinder location at earlier crank angles.

6.6  Soot Particle Paths through Fractional Volumes

It was mentioned in Chapter 4 that one of the aims ofifnaal volume exercise

was to study the consistency of soot, temperature and oxywdites along the soot
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paths as they pass through the fractional volumesthiprofiles extracted as they pass

through Kiva-3v computational cells.

In this section, the soot particle paths that were oéthusing velocity vectors
from Kiva-3v simulation with second mesh configuration of 200, cells, were used to
record the average profiles of soot as they pass throdfginedi sizes of fractional
volumes. It is expected that the soot profiles throughidna&l volumes are consistent
with the ones obtained through Kiva-3v computational cellEhe idea is to gain

consistency as the fractional volumes are made snaaitesmaller.

From Figure 6.20 (a)-(d), it is demonstrated that the stemsly is not reached
with the current configuration of fractional volume. Haee the soot profiles with the
current size of fractional volumes have shown good trendsach consistency. It is
apparent that current configuration of fractional voluimenot adequate to show the
consistency of soot concentration along the paths. Muadller volumes need to be
created to approach consistency but the high computatiomalat this point does not
allow the analysis of smaller volumes. For example,simallest of fractional volumes
with 640 small volumes takes more than 60 hours to beetised and to calculate the
average concentration of each species. With Matlab, giocess needs to be done in

batches to avoid maximum usage of computer memory.

One point that could be drawn from this exercise is dhedient of soot
concentration is very steep even in a fractionaln® of 0.3% of the total cylinder
volume. Consequently, assuming that soot concentratidw ipiston bowl, for example,
is homogeneous, can be misleading. This information is waportant to be
acknowledged while pursuing the study of in-cylinder soot parside evolutions for
different paths from the same region as small vamatiin soot paths may lead to

different profiles of species concentrations.
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6.7 Conclusions

In the simulation study reported in this chapter, soot pestiare assumed
massless and other forces are considered negligibléodilne dominant turbulent fluid
force. Paths that were obtained at various instants and geoahdtv@ations of the
cylinder show shat the sources of soot transfer to the cyhmdi layers are most likely
to be from three ranges of crank angle instants, whelao 100 CA ATDC, 14 to 18
CA ATDC and 22 to 28 CA ATDC. The paths from the first range of crank angle

instants, however, display the highest possibilitiesoot transfer to the liner.

The occurrence of multiple ranges of time instantthasources of soot particles
travel to the cylinder wall layers makes the controllingib€entamination by soot at the
liner more complicated. Advanced injection timing may redine possibilities of soot
transfer to the liner as when fuel injection is stoppadier, soot particles are less likely
to be influenced by the high shear velocity of the fae¢ltp be pushed closer to the
cylinder wall as the piston moves down in the expansiaketr As the first range of
crank angle instants is observed to be the most censisburce of soot transfer to the
cylinder walls, split or multiple injections strategieghwvearly injection supplied with
oxygenated fuel may also reduce the possibility of early tsansfer to the liner.These

suggestions need to be investigated further to come to a debtnitéusion.

Several regions in the cylinder have been identified @sdlrces of soot transfer
to the liner with the soot from below the spray axis inrtddle of bowl are the most
likely source. The paths from this indicated region disptapsistent trends of soot
particle paths reaching the 3 mm cylinder boundary layer. Q#ggons which have
relatively high possibilities to be the source of sodthat cylinder walls, based on soot
paths that go beyond the middle of the squish regiothareegion above the fuel spray,
above the bowl rim and each sides of the spray. Thesehe regions where soot
concentration is relatively lower and outside of fymly plume. Soot particles that are
present at the locations below 1.6 cm radial distance fr@ cylinder axis are observed

to mostly stay inside the bowl
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Bowl shape and swirl-generating apparatus are designedviodg@moper mixing
hence improved combustion and less pollutant formatidhe type of bowl shape and
swirl ratio used under current investigation are obsergatbtjust that by creating high
turbulent motion especially inside the bov@ptimising the bowl shape and swirl ratio to
reduce the problem of soot transfer to the liner may daritle but may cause reduced
engine performance and increased pollutant formatBnorities need to be carefully
considered when dealing with this issue. It is also suggdsaédhe upper part of the
liner should not be lubricated, for example by increadimg topland height. Non-
lubrication would reduce oil contamination by soot but would tmiely increase
scuffing and friction between the piston crown and the .linétowever, advanced
materials such as nickel and silicon carbide matrix coatamgl improved surface

engineering could help dealing with that.

Investigation of soot paths through fractional volumev@sdhat the gradient of
soot concentration is so steep that consistency ofcemaentration along a path can only
be obtained with very small fractional volumeBhus, average profiles of soot and other
species along the paths that pass through the fractiohahgs may not be sufficient to
show the trends along the paths. This demonstrateshibdiest way to accurately track
the soot and other species concentration along a trackledsplay tracking it using the
volume of cell size used in the simulation which alsowshthat the smaller the cell size
the better the accuracy should be. It is also impor@anacknowledge that small
variations in the predicted soot paths of the same ragmylead to different profiles of
species concentration history along the paths, so the sdimigaize prediction maybe

significantly different.
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CHAPTER 7

SIZE CHANGE OF SOOT PARTICLE ON A SPECIFIC
PATH DUE TO SURFACE GROWTH

7.1 Introduction

In Chapter 6the analysis of soot particle paths was presentedn Rumdreds of
paths generated, a few paths have been selected to bepthsentative paths for the

regions and instants previously discussed.

The next objective is to model soot particle evolution. (§2e change) by
employing Hiroyasu soot formation and Nagle and Stricki@onstable soot oxidation
expressions along the pathBleoh’s soot oxidation expression is not considered in this
exercise as it contributes to around only 10% of the totidltion which is consistent
with [53]. Soot size evolution investigation at this poiohsiders only surface growth
and surface oxidation processes without taking into accthentphysical process of
particleto-particle coagulation. The initial expectation was soottigga diamete
profiles along the tracked paths would follow the trend shbyihe overall net soot in
the whole cylinder as shown in Figure 4.1. This expectationanayay not be the case
since the soot particle paths that have been obtainedsietected starting regions follow
different paths and pass through different conditions dipgnon starting tracking
positions hence soot diameter profile might evolve difily than the initial expectation.
However, consideration on overall high rates of soot foonatiuring early crank angles
and domination of oxidation process at later crank angéshmave the dominant effect

on all soot particle paths. This will be investigated i thapter.
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The evolution of soot particle along the paths is infleeiny the state/conditions
along the paths. In-cylinder properties along paths arevet by using the same
trilinear interpolation method. The properties are fweincentration, pressure,
temperature, oxygen and OH concentration. These properies then used in soot
formation and oxidation equations to get the soot partietdugon along the paths.
Depending on the method used, history of soot along the gatiz®d to normalise the

rate of soot formation and oxidation.

Several approaches of soot evolution due to surface gramdhoxidation have
been explored. The main aim is to predict the sizexgd® as the soot particles pass
through the conditions in the cylinder volume following thejectories obtained from
particle tracking technique. Different methods produced éifiteresults. Each method
explored is explained in detail in the following few s&ts.

7.2 Approach 1: Direct Association with Net Soot and Conserving Initial Soot

Particle Number

This is the simplest approach explored in this investigatibhe soot particle size
evolution is directly associated with the net sootrpaé@ted along the path. The initial
soot particle size was set to 4 nm as in other approachesinifial interpolated net soot
value at the starting of the path was used to calculatenitial soot particle number
density. In the next time step, this number density wasdapgtant when new diameter
was calculated. This was continued until the end of thie. pdt simple algorithm is

shown below.

i) Initial soot diameter, P= 4 x 10° m (4 nm)

Initial netsoo{(Ms; ) ( # )

jy SoomumbedensityN, )= Massof sooparticleof D, diamete(Msp; )

cm®

(7.1)
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lif) Mass of the soot particle in the next time step;

Ms
Msp,, = — (7.2)
Iv) Diameter of the soot particle in the next time step
%
3 Ms
D, = 2x| S-2ha (7.3)
4 pgm

This approach produces a diameter profile that replicagegritfile of net soot
along the path. It also depends heavily on the initiabaet mass which determines the
number density, hence the diameter of the soot parfidiés simple approach is
acceptable when accompanied by the assumption that aletrsoot mass interpolated
along the path until the end point comes from the impiwant or region. Yet, physically,
the net soot mass along the path are the outcome of @opation process at the
interpolated cell and net soot transport or diffusion intio/oti the cell from/to
surrounding cells. With current Kiva-3v code setup, it was impractical to défeiate

between the two sources of soot in a particular cell.

7.3 Approach 2: Association with In-cylinder Conditions along the Path

To avoid heavy dependence on the initial net soot, this appwashexplored.
The in-cylinder properties, namely temperature, pressurkafageoxygen concentrations
were used to calculate the rates of soot formationsad oxidation. The rates were
calculated using the Hiroyasu’s soot formation and NSC soot oxidation equations exactly
as they were used in Kiva-3v cod@.he soot formation calculated is the rate of soot
conversion from the amount of soot contains in £ ofrtylinder volume. Similarly, the
oxidation rate is the rate obtained from the existefie®at in 1 cm of cylinder volume.
Therefore, these rates do not represent rates fosamiegparticle under consideration. To

find the average rate for a soot particle, the rates n@mmalised with the concentration
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of soot along the pathFrom these rates, fractional mass changeioFa soot particle

was calculated. Finally, the diameter of the soot gartn the currentime step can be

calculated. The steps of the calculation are showawbe

i)

NormalisedHiroyasu’s soot formation
_Esf

dM, A M P%e™

= (7.4)
M sni'cIt M sni
NormalisedNSC’s soot oxidation
MW .
dM Ab Dc M sni RNSG
soi _ ps s (75)
M sni'dt M sni

F = [(7.4)-(7.9] x dt (F is the net formation rate at each time step)
(7.6)

M, =M +(M X F.) where M, is mass of a soot particle
(7.7)

%
D, = 2x[§ MS”J (7.8)
4 Pt

The results of soot diameter in Figure 7.2 to Figure 7.6 gshatvin majority of

the cases, oxidation process dominates, thus causing sticiepao be disappearing as

they travel along the pathsWith this approach, the influence of soot concentration

included in the calculation especially in the soot oxidatimtess, is significant. High

soot concentration which may be caused by soot transpotthatvolume of interest has

been seen to cause over-prediction of soot oxidation, aderyprediction of soot

formation rates in that volume.
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7.4  Approach 3: Association with In-cylinder Conditions along the Path with

Modified Hiroyasu’s Equation

This approach was formulated to overcome the weakness in @gpr@
particularly on the normalising effect of soot formati@tes to the soot concentration.
Hiroyasu’s equation was modified to consider the contribution of freglour to growth
process of a soot particle. In this approach, soot oxidatamcalculated the same way
as the previous approach whe¥8C’s equation was normalised with net soot in the

volume.

In this approach, the assumption was that for a partisolatr particle, there was
cloud of fuel vapour that was responsible for the growtth@fsoot particle. The amount
of fuel vapour can be specified in two ways, by volumdiameter. In this section, fuel
vapour by volume is explainediroyasu’s soot formation equation needs to be rewritten
in terms of soot particle and fuel vapour mass. The oel&ietween a soot particle and a

cloud of fuel vapour is shown in Figurel?

Again, Hiroyasu’s soot formation equation is shown below.

dMsf 05 _:TSf
- AMPTe (7.9)

From this figure, the following expressions were obtained.

Mass of fuel vapour, M, =MV (My, : concentration of fuel vapour, g/é&mn

Mass of particle, M b= MV (My : concentration of soot formed, g/&m

Then, normalisation to get a fractional change for @t garticle is carried out as

follows;
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dM_ M, B
L P2 RT
VARV (7.10)
dM M, S
S — F)O.Se RT
dtM_ # (7.11)

Then the increment of mass in a cubic centimetressrased to be equal to that of one
particle.

dMy _ dMm, 712
dtMy  dtM
dM =
P _ _VPO-Se RT
M, M, (7:13)

= ' 7.14
dtM, ppiAﬂTSi (7.14)

dM el
P Py 05
=A [—J(X)P eRm (7.15)
dtM P

With the current data,

pv = My

The final modified Hiroyasu’s soot formation equation is as follows, where x represents

the multiplication factor of fuel vapour volume withspect to soot particle volume.

dMm M 5
" Mp = A [p—N](X)PO'Se RT (7.16)
' p

p

89



Chapter 7 Changes of Soot Size on Paths

The NSC’s oxidation equation was used as in the previous approach where it was
normalised with the concentration of soot. A multation factor, y, was introduced in
this equation

dM MW,
dtso =A B DC M Rnsa (7.17)

dM,, MW,

atm, YD, (7.18)

Then, the calculation of soot particle diameter was dane the previous approach.

In this approach, fractional mass increment by growthoistied with the net
soot in the volume and the soot formation and oxidatios e solely dependent on the
conditions along the paths. However, multiplicationtdes of x and y need to be
introduced order to get comparable soot formation and oxideties. In this exercise x
was set to be 107 and y, 10x10% These multiplication factors were chosen based on
trial and error approach in which many attempts were caougdo obtain profiles of
soot formation and soot oxidation rates that closely rekethe overall soot formation

rates in Kiva-3v simulation data.

The results from this approach are different from tfgtrevious methods in a
sense that none of the soot particles of intereapgdear as they follow the paths. This is
partly attributed to the independence of the equatimrithe soot concentration along the

paths, and partly by the introduction of multiplicatiootéa x and .
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7.5 Approach 4: Association with In-cylinder Conditions along the Path with
the Use of NSC’s Pyrographite Surface Mass Oxidation Rate, w

This approach is similar to Approach 3 in which cylinder coow$ along the
paths were used. One of the differencasthat, the Hiroyasu’s soot formation equation
was used in its original form with the introduction of tiplication factor of 210 as
shown below. The method of selection of the multiplication faci®the same as in the

previous approach.

dM fi 05 ;ESf
0t = (2x10%)A M ,R*%e™ (7.19)

Another difference was, instead of using a derived NSC’s soot oxidation equation for
diesel engine, the original NSC equation for pyrographitdaseir mass oxidation
equation was used. The equation which was shown in Chaptenigustg is again

shown below.

- _ kAp
RNSC_1+k p

Z

X+ Kz p(1- X) (7.20)

The formulation gives a surface mass oxidation rate thieh unit of g/cris. This
equation was used to find the mass loss due to oxidatiod bassurface area available

from a soot particle.

The advantage of this approach is the mass loss pécig@a@n be calculated
easily using the above equation and the conditions alengdot paths. Unlike approach
3, the only multiplication factor 020" in the Hiroyasu’s soot formation equation can
easily be changed without the need to change any other.fdte factor can be implied
to be the inverse value of soot particle number densityi¢fedcnT) despite on the lower

side. Heywood [123] reported that cylinder average pamigtaeber density in an IDI
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diesel engine was betweer1D’-3x10° particle/cni while Tree and Foster [129] in their

article mentioned that the value wasl0'*-1x10" particle/cni for a DI diesel engine.

All of these approaches are summarised in Table 7.1 in gbitle more remarks
are detailed out to explain about the assumptions of eacheapithese approaches are
different in terms of their association with the @pe concentration along the paths.
These approaches are attempted in different ways in ordeissen the numbers of
variables the equations be influenced by. The first amprdnas direct association with
the soot concentration along the path such that sodtlpasize profile duplicates the
profile of the soot concentration. The second andl #ygproaches have indirect link to
the soot concentration as the formation and oxidaab@srare normalised with it, thus
variations in the soot concentration tend to have dnein€e on the particle size profiles.
The fourth approach is not linked with the soot concentrati@nyway as the others, but
only with responsible species for soot formation and okidgbrocesses, and the local
cylinder conditions along the paths. However, each appreagiires the introduction of
multiplication factors in each soot formation and ox@atates to obtain a comparable
soot size profile. These multiplication factors are kemstant for each path under

investigation.

7.6 Results and Discussion of Various Approaches

The above approaches are implemented to predict soot paitelgrofile for
several paths that are most likely to reach the cylinddl lagers. Three paths
considered are the ones from the instant®°o€8 ATDC and two others from 24and
24° CA ATDC. History of species concentration and local conditlmat are used in soot
formation and oxidation calculations are extracted frowheaath and are shown in

Figure 7.2 to Figure 7.6.

At the bottom of each figure, comparisons of soot partsite profiles along
each path with different approaches are displayed. bgaki the diameter profiles as a

whole, all the approaches show similar trends which showstwtt particles that move
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close to the cylinder wall layers reduce in size as theghr&/O. Soot particles from
earlier crank angle (i.e.°8CA ATDC) are observed to sharply increase in size ¢o th
maximum at around P8CA ATDC and gradually decrease in size as it moves to droun
60° CA ATDC, after which the size remains almost constafihese trends meet the
initial expectation of the general soot size profile Wwhiollows soot concentration
profile. Soot particles from later crank angles (i.€> add 24 CA ATDC) are observed
to immediately but gradually decrease in size right aftetrdeking. This happened as
the soot particles from later crank angle do not expeeilemuch of surface groiwt
process as soot formation process has slowed down atitisésets. This result is in
agreement with experimental results reported by Hayne$\Vagpher [53] that show soot
concentration is at the maximum at°1@A after start of injection, and with Dec [61]
who, by laser-sheet imaging, showed that soot concentrai@ots $0 decrease after
21°CA after start of injection. This emphasises that ¢kerall soot formation process
starts to be dominated by soot oxidation process very @arlje expansion stroke.
There are significant differences in maximum predictedt size with the different
approaches with the fourth approach are observed to proadkigh side of the size

prediction in most cases.

The size changes in the second to the fourth approaahéeavily influenced by
the multiplication factors introduced. Given that thghti multiplication factors are
employed, any of these approaches may be tsqatedict the size changes of soot

particles along the paths.

7.7 Conclusions

Up to this point, all of the approaches were carried &kihg) into account only
soot surface growth and soot surface oxidation processkesutvitonsideration to other
important physical processthat contributes to size and shape changescaoagulation
and agglomeration. The overall trend of soot partiade along paths can be observed to
preserve the average in-cylinder soot concentration pradilsshown in Figure 4.1(d)

where the curve peaks at around@A ATDC, after which it gradually decreases before

93



Chapter 7 Changes of Soot Size on Paths

becoming almost constant after°@® ATDC. Along predicted paths, this trend is
expected as oxidation process is observed to be domindtengleat crank angle as the
overall in-cylinder temperature decreases thus reduces ohdosmation rates, and the
soot particles are also observed to move away fromaheefplume and enters the region
where more oxygen and hydroxyl molecules are available dgiehisoot oxidation rates.
Thus, it can be seen that the soot particle size aloedigbed paths decreases more
sharply than average in-cylinder soot concentration profilm@st of the soot particles

tracked in this study are observed to be moving away froftetime plume.

If coagulation and agglomeration processes were torigdered in the model
the particle size would increase rapidly as the procesaesto develop as illustrated in
Figure 2.5. It is useful to note that to charactehsesize of soot agglomerate, radius of
gyration, which refers to the square of the distanoenfthe centre of each primary
particle to the geometric center of the agglomerate [B0}jsed. With these two
processes, the soot particle size across a path is edgedbe about 10 times bigger than
the one predicted in this study ascylinder measurement with scanning mobility
particle analyser (SMPS) by Pungs et al. [109] shows twdtrticle sizes range from
30 to 110 nm, whereas in this study soot particle sizes adecie@ to be mostly from 4
to 10 nm. However, as far as the trend of size change is coedertme trend of
increasing to a peak size and decreasing towards laek @ngle is expected to be
preserved.However, when coagulation and agglomeration are included|dpe of the
size decrease after the peak would not be as sharp bsdraseen in the present study,
as when these processes are taken into account, thpasticle surface areas available
for oxidation process are reduced as a result of thesegses, thus the soot oxidation

rates are expected to be reduced.

With further refinement and inclusion of coagulation agdlomeration factors
these approa@scan be used to predict soot particle size changes alotigtked paths.
Nevertheless, with current settings, these approacheabbrdo show that the trends of
soot particle size changes along the predicted pathssobthearticles that move close to

the cylinder walls are most likely to reduce in size to aB0@b of the size at the peak.
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The second to the fourth approaches produce smooth sootepside profiles.
However, the second and the third approaches are stildlittkkéhe soot concentration
thus might be vulnerable to its variations due to sootp@hso/from neighbouring cells.
The fourth approach however, has no dependency on sooht@tiom thus has one less
variable of the sources of instability in the predictioWith further optimization of the
multiplication factors, this approach would be a morausplapproach to predict the soot

particle size along any path.
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CHAPTER 8

INFLUENCE OF PARAMETER CHANGES
TO PARTICLE PATHS

8.1 Introduction

Soot formation and oxidation processare affected by numerous parameters.
From the review of soot processes by Tree and Svenssonn®Xeywood’s engine
fundamentals [123], it can be concluded that these paresmede be categorized into
four groups, engine operating parameters, engine design gtaranfuel structures and

fuel composition.

The following explanation can be found in Tree and Svanasticle [51]. Due to
their relevance to the work, the explanations ardudtedl here. Engine operating
parameters are engine load and speed. Engine design pasametude combustion
chamber shape and geometry, fuel injection related panenseteh as injector type, size
and number of injector holes, injection timing, multipigections, air swirl, intake
temperature and pressure, auxiliary air injection and watefséied fuel. Differen
types of diesel fuels contain different fuel compositand have different fuel molecular
structures. The amount of different elements in the fuel determitsesomposition and
the location and type of bond making up the moleculefenfiel determines the fuel
structure [51]. The important fuel components in soot ggees are carbon, oxygen,
hydrogen and sulfur. Higher carbon content would cause rigbet production,
whereas higher oxygen content reduce the production of dael that contains more
ring or aromatic structure has higher sooting tendeaay, fuel with more branched

chain molecules soots more than the one with morigistrehain molecules [51].
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Changing the above parameters would affect the fuehiaing, combustion and
thus soot formation. The fundamental physical propeatimsare influenced by changing
the above parameters are local in-cylinder temperaturesymeeand stoichiometry which
determine the overall soot formation and oxidation praes3emperature is the most
important factor in affecting the soot formation and obti@taprocess by increasing all
the reaction rates in the process [5Iij-cylinder temperature increase would result in a
decrease in exhaust gas particulate because at higher aeimpgr even though the soot
formation rate increases, soot oxidation rates of sothdrflame as well as in the post
injection also increases and dominates the overall sooegs [51] Similarly, higher in-
cylinder pressure reduces in-cylinder soot and exhaust partEuigtencreasing the
amount of entrained air into the fuel jet and shortenihggaetration and liquid length
that minimizes the problem of fuel impingement to wall gateet interactions that were
known to cause high soot emissions [51]. Fuel-air mixtuo&elsbmetry affects the
overall soot processes through the oxygen amount irutHeof in the premixing of fuel
and air, where in general, increased oxygen amount infuglewould reduce soot
formation, while increased in fuel-air mixture tends toréase soot formation due to

increased reaction zone temperature on the fuel side [51].

Details partially presented above demonstrate the corpleithe influences of
changing the parameters to the in-cylinder soot processesre Hne also numerous
parameters that influence the processes either indiwdoalfointly. Thus, it is not
possible to address the influence of each parameter inhhest Nevertheless, a few
engine design parameters, namely air swirl and spray,aagg selected for parametric
studies. These parameters are selected not so mutieifoinfluences on the amount of
soot generated per se, but more for their significant influemcsoot transfer to the

cylinder wall layers which is more specific to the object¥¢his thesis.

8.2  Swirl

Swirl is one of the in-cylinder fluid motions that infllenthe rates of air-fuel

mixing, fuel evaporation and combustion. It is generated stoacting the intake
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system to give a tangential component to the intake dls it enters the cylinder through
shaping and contouring the intake manifold, valve ports andnpiste [14], and through
masking off or shrouding part of the peripheral inlet vadyen area [123]. As swirl
increases, it shortens the overall duration of combugtiocess and influences the fuel-
air equivalence ratio as fuel-air mixing rate changexdéeaffects emissions level [123]
It shown that as swirl increases, fuel consumption, qdatie and CO emissisn
decrease; antlOy emission increases [123]. Bonatesta et al. [100] howdwerugh
their computational study, found out that at differentdo@and engine speeds, over-
swirling increases soot production in the cylindédther studies [130, 131] have also
shown that increasing swirl reduces soot emissions ugxtairt extent beyond which the

SO0t emissions start to increase.
Swirl ratio (SR) is defined as the angular velocity gbld-body rotating flowe,

which has equal angular momentum to the actual flow, divigetthe crankshaft angular

rotational speed

SR=_ (8.1)

In this thesis, a range of initial swirl ratios of 12.4 with an increment of 0.3
were used in the simulations to study their influences aylinder soot particle paths.
For each initial swirl ratios, a different Kiva-3v sitation was carried out. Each initial

swirl ratio wasset in the input file (itapg5

8.2.1 Effects of Changing Swirls on Soot Paths

Figure 8.1 shows the predicted path of the points startidgme 1, 2 and 3 at CA
8° ATDC for various swirl ratios. It can be observedt tbanging the swirl ratio in
these three zones has insignificant impact on the diestination of the soot particles. In
all cases, soot particles end up very close to the cylinddayers. Significant impact

of swirl ratio in these zones is on the axial dsition of the soot particles where it can
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be observed that as swirl ratio is increased, soot [@mtiend to move closer to the
cylinder roof. This shows that the higher swirl ratio, #teonger is its influence in
holding back the downward motion of the fluid induced by tiseop movement. With
higher swirl ratios, soot particles tend to move fasban the ones with lower swirl
ratios. An important observation is that most offiheticles that move very close to the
liner move up towards the top of the cylinder initially, someigas stay close to the top
of the cylinder and the rest move downwards as the strokessses.

Figure 8.2 shows the paths of the points starting in Zone 4Qd56a The
sensitivity to the swirl ratio on the predicted patltiearly evident in these caseSoot
particle paths with lower swirl ratio, namely 1.3, 1.6 ar8 &re inclined to move closer
to the cylinder wall layers. On the other hand, higher sairbs of 2.1 and 2.4 are more
likely to send the soot patrticle to the cylinder centralbomeg It can also be concluded that
the soot particles initiating in the bowl region aresiaffected by the different swirl
ratios. It is clear that the particles formed in tlesvbregion initially move upwards

because of the upward facing vortices in the bowl.

At the starting instants of CA 18° ATDC, influence ofidwatio to the soot
particle paths is not significant. Except for the patcstarting in Zone 4, the soot
particle paths do not change the radial distance wétswirl ratios. In general, similar
axial trend of soot paths of CA 8° ATDC is observed hetggre the higher the swirl
ratios, the closer the paths are to the cylinder rdofZone 4, where tumble and reverse
squish motions are high, soot particles with lower Isvatios of 1.3-1.9 have higher

tendency to move closer to the linérhese trends are shown in Figure 8.3.

The influence of swirl ratios to the soot particle pathskied at CA 35° ATDC is
not significant to the problem of soot in oil as all soottipler paths are not leading
towards the cylinder wall layers as shown by the paths with ©.9 swirl ratio. The

paths are shown in Figure 8.4.
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From the point by point comparison it can be concludatl depending on when
and where the soot particles are formed during the strbkeswirl ratio has different
effects on the path of the particles. At differemtations and instants the particles get

close to the liner at different swirl ratios.

8.3  Spray Angle

Spray angle is an important parameter in a sense thariggions can change the
fuel jet impingement point, thus changing the distributainfuel, hence soot, and
influence the gases motions in the cylinder. Its vanegtican also influences the mixing
rate of fuel and air in the cylinder. In a computatiostaldy by Abraham and Khan
[132], it is shown that as the angle of the fuel jet eefitte with the cylinder axis
decreases, the mixing rate decreases and vice veraas Hlso found that there was an

optimum spray angle that maximises mixing under the tondistudied.

In the present study, spray angle is varied to investigatinfluence on soot
processes as a whole, and to study the possibility oftsamdfer to the liner. Two
different spray angles with the spray axis of &@ad 79 measured from the cylinder axis
are used in the simulations. The soot particle pathsnastdiom the post processing of
simulation data are compared with the ones with thelibaseaseof 74° spray angle.
Soot particle paths from two regions of interest, below above the spray axis, are

calculated.

8.3.1 Effects of Changing Spray Angles on Soot Paths

Figure 8.5 and 8.6 show soot particle paths from above and bedogptay axis
with the setting of spray angé 69°. Soot particles from different instants and angular
locations are tracked to study the effect of startingirtstand positions to the soot paths,
as previously done in Chapter 6. From these figures, it eaterved that lowering the
spray angle from 74to 69 reduces the likelihood of soot particles from above and

below the spray regions to be transferred close tdirtee This fact can be seen across
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all starting points and instants, with only a few pathswslsome likelihood to hit the

cylinder wall.

Lowering spray angle would reduce the turbulence level enbdwl| area, thus
reduces the mixing rate as pointed above. While it seeahdothering the spray angle
might reduce soot particle numbers that come close to tineleywall layers, the overall
effect of it in reducing the mixing rate might increase sbot formation rate thus end up

with more soot at the liner.

Figure 8.7 and 8.8 shows the same paths from the sam@tscaith the setting
of spray angle at 79 Soot particles from above the spray (Figure &r&)observed to
behave in a similar fashion as the soot particles withysangle 74. Most of the soot
particles travel into the middle of squish region aoche are observed to travel close to
the liner sporadically. Soot particle paths tracked froravbe¢he spray, shown in Figure
8.8 demonstrate that increasing the spray angle fromo/49 increases the possibility
of soot particles from inside the bowl to travel vergsel to the boundary layer of the
cylinder wall. Starting locations and instants almost donmatter with this spray angle.
This is very interesting observation when the norenglectation of increasing the spray
angle would be that the soot particles from above thayspre more prone to be

transferred to the cylinder wall layers, yet the reveesmphans.

It can also be concluded that increasing the spraydrmin 74 to 79 increases
the turbulence level with stronger vortices inside tbwllregion thus produces higher
forces to carry more soot particles very close toothendary layer of the cylinder. The
results also give the impression that Bpray angle is the optimum angle to provide

good mixing rate but lower likelihood of oil contamination byfsparticles.

8.4  Conclusions

Swirl ratios are found to be less significant in influenciig already high

tendency of soot in the early injection duration to tralese the cylinder wall layers
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Neither lowering nor increasing swirl ratios does reduedikielihood of soot from early
instants to reach the cylinder wall layers. However, dependingpcation and time,
lower swirl ratios are more likely to cause soot to be tearesd close to the liner. This
finding demonstrates that lower angular momentum providddvagr swirl is overcome
by the radial momentum produced by the high velocity fuetgetarry soot particles
closer to the liner.

Spray angles have significant influence on the liloelth of soot particle transfer
to the cylinder wall layers. Reducing the spray angle decréadéslihood, but causes
mixing rate to be lower. Increasing the spray angle as@e the likelihood of soot
particles from inside the bowl to be transferred to tynder wall layers without
affecting much on soot particles above the spray. Howdéweher increase in spray
angle may significantly increase soot particle tranatethe liner, as the fuel spray may
pass the bowl rim and impinge directly on the cylinder wall wischot beneficial for
good combustion.
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CHAPTER 9
DISCUSSION AND CONCLUSIONS

9.1 Introduction

The work reported in this thesis is concerned with computdt&indies of in-
cylinder soot, its distribution, temporal and spatial chamgehis and the evolution of
particle size during the expansion stroke. The main aitn iavestigate the possible
sources of soot particles at the cylinder wall layers and ito fgether insight of the
overall in-cylinder soot behaviour. CFD simulation progranmdiva-3v Release I
EnSight post-processing software and various Matlab mesithave been used in the

investigation.

Throughout the investigation, new computational codes artthesuthat can be
employed to make predictions of soot particle trajeesoand soot particle size change of
on a specific path have been developéthe predictions of soot trajectories and size
changes along the trajectories would be helpful to engisgmirs to improve their
understanding of soot particle behaviour within an engine. imhéstigation would also
serve as a new juncture for a new branch of researtteifield of soot formation within

internal combustion engines.

This chapter is divided into three sections beginning diskcussion section that
reviews the techniques and methods employed in this work. Vélperepriate, the aims
and the results of the investigation and their implicegtion the subject are reiterated and
discussed. Limitations and weaknesses of the currenttigaten are also addressed
and further improvements to overcome them are coverdgrtiner work section. The

main conclusions drawn from the work are stated at the et @hapter.
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9.2 Discussion

Kiva-3v CFD code with two-step soot model has been employdarnesh the
investigation with simulated in-cylinder combustion and pofitgadata which is post-
processed to accomplish the objectives of the thesishileWdifferent soot models
employed by others are capable to predict in-cylindet particle size distribution, the
tracking of a particle or a parcel of soot in an enginendgl during the running of the
simulation has not been carried out, thus the sourcesaifparticles at the wall layers
have not been investigated by others. Post-processing sintlulated data is seen as one
of the practical methods to investigate the sourcesaifa wall layers.

The approach of post-processing of CFD simulation databeatime and cost-
saving in the investigation for an optimised engine debiginassumptions have to be
made and justified when accurate sub-models and detailesiiczieand physical
processes are not included. As with any code, sub-modets wighin Kiva have
weaknesses and limitations as discussed in Section 3.3, Iset were considered to
sufficiently minor to use the sub-models without amendmanthis study. More
challenging problems were faced in the way the setup ofaimputational combustion
chamber modelDespite the fact that using one seventh sector ofyiiveer volume can
save computational resources and can reach grid independéném example, in-
cylinder pressure with higher mesh resolution, it was foundthmtt this setup caused
discontinuities in the soot paths as well as in the ihyisbd species concentrations and
conditions along the paths when the sector was replicztéen times to make up a whole

cylinder volume

Another factor found to cause irregularities in the sodiglampaths was the way
the velocity at each point was estimated. Nearest-modthod was used in the
beginning, believing that the cell vertices were suffidjealose together thus velocities
at those vertices were not significantly differenpAarently, this was not the case, as the
in-cylinder motions were random due to complex combinatidtuaf motions caused by

turbulence, swirl, tumble and squish motions. A space ifumcto interpolate and
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estimate the velocity was recognised to alleviate this enobband a simple trilinear

interpolation technique was used in this study.

Computational studies always have concerns about mesh tiared step
independence and the accuracy of numerical method useda c&dain extent, all of
these issues are addressed in Chapter 5. Flow fields insidglitder were observed to
be in turbulent state, highly dynamics and in steep velapitgient between different
fluid phases (i.e. fuel jet and surrounding gas) withdirections highly spread outhe
regions inside the cylinder with these flow fields could dentified as the region inside
the bowl, the central axis of the fuel jet, the boundsetyveen high-velocity fuel jet and
the surrounding gas and the region near the bowl rim.séelhee the areas that need
careful investigation of the soot particle paths. Setitsitistudy of paths to small
difference in starting locations in these regions Itessn carried out. Efforts haveen
made to use the smallest time step and the highest messlution when dealing with
these regions. In the present study, the mesh dasditgsically fixed and it does not
accommodate the needs of different mesh densityfireht regions in time. Other
meshing method such as zonal meshing or adaptive meshing iageivi® be able to

solve some of the accuracy problem in soot particle path posdic

The accuracy of the path prediction can also be isecedy a small fraction by
using higher order numerical methods and to a large extéghtsmaller time step
nearing the time step used in Kiva calculations. Bottailerhigh computational
resources. To continue improving the accuracy of the patilysis through post-
processing analysiard saving computational runtime, automated data recording at the
desired time steps coupled with higher computer specifitatieould be deemed to be
one of the solutions. The application of cluster and gpmputing may also be useful in
this situation. A long term solution can be the inclusibthe tracking procedures inside
Kiva code so that the time step used in the tracking is dguivi the time step used in
Kiva calculations, thus avoiding errors due to larger tirep 8t post-processing tracking

technique.
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Recognising the CFD sub-models and computational settingations, the
findings from this study are the first steps towards wtdading the movement of in-
cylinder soot particles and the possible sources of soot aylihder wall layers. With
this tracking technique, it is possible to pinpoint theargiand instants from which the
sources of soot particles at the wall layers are. Sotatlparfrom the periphery of the
fuel jet especially the ones inside the bowl during eajBction period are found to be
the most likely sources of the soot at the cylinder wadlsthey are predicted to be
transported close to the cylinder wall from those locatam instants. Soot from later
crank angles are also susceptible to forces carryingtlitetovall layers, as the piston top
moves down while turbulence and reverse squish motionstidirpresent in the bowl.
These findings are difficult to obtain through experimesntgl not easy to be traced
internally during a CFD simulationFor a bowlin-piston cylinder configuration, these
findings can be assertex$ a general description of in-cylinder soot particles, as when
looking at overall view of the predicted path resultss tact does not depend so much on
the mesh configurations or time steps used in the stidfferent mesh configurations
and different time stepdo not demonstrate much difference in the positions ofolo¢
particles relative to the cylinder walls but only demonetrdhe differences in the exact

coordinates of the final positions of the soot particles

Load, speed, fuel injection parameters, air swirl antbpitop design influence
the performance, efficiency and emissions of a compnesgiotion engine [123]. In this
study, load and speed is fixed and a fuel injection paeairsiat is, fuel spray angle, and
air swirl ratio are the parameters investigated feirtmfluence on the in-cylinder soot

movement.

The effect of high velogjtof fuel jet injection on the surrounding gas during fuel
injection period is one of the main driving forces to transgne soot particles to the
nearest region to the cylinder wall layer$he soot particles that are involved are the
ones that are formed within diffusion combustion atftie jet periphery and these soot
particles are able to get away from the flame and travebwards the cylinder wall
layers following the in-cylinder gas flow as they are maiatffected by the high shear

region around the fuel jet. Soot particles from the reeat the fuel jet which formed
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from premixed combustion tend to impinge and most probabtepesited on the bowl

walls, or/and dwell inside the bowl region until EVO.

The shape of the bowl on the piston top is also obddr/@lay important role in
directing the soot particles to get affected in the tumini¢ions in the middle of bowl
and then pushed away more strongly into the squish régitine reverse squish motion.
Different bowl shape will create different kind of mat®othus affect the movement of
soot particles in the cylinder. However, the effect ofed#ht bowl shapes to soot

particle paths are not investigated here.

Swirls are found to affect the amount of in-cylinder samthlin soot formation
and soot oxidation processes. Some intermediate legglidf which depends on engine
operating condition has been found to produce lower emmihsoot [10, 100]. In tersn
of preventing soot particles from moving close to the cylindais, higher swirl is more
desirable as the tangential force provided by the swinegmts the soot particles from
being convected to the region near the cylinder walls. iBlasconflict of interest. As
engine-out soot can be reduced with intermediate lev@bof, it may cause more soot at
the cylinder wall layers thus more oil contamination by sobterefore, it is important
that in the pursuit of low particulate emissions, thet-#ooil problem is not to be
neglected. Of course swirl is not the only method to redaog both engine-out and in
oil, other methods such as spray angle, spray cone andléjection timing should be
optimised to obtain benefits in both areas. Swirl ratid injection timing were predicted
to have the strongest influence on the transport of isoahd around the combustion
chamber when compare to EGR, rail pressure and boosupegga one of the studies of
in-cylinder soot distribution. EGR, rail pressure and boostqure only affect the bulk

soot content and have a much weaker influence on in-cylindedstigbution [30].

Spray angle plays an important part on the possibilitgooft to be transported
near the cylinder wall. It was expected thanore horizontally positioned fuel spray
would risk direct impingement of soot particles that arened above the spray onto the
cylinder wall. However, the results from additional studyvehdhat at higher spray

angle soot particles from below the spray have more likelihtmode transferred to the
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cylinder wall. Soot particles are carried into squish medpyp the effect of fuel injection
on the bowl surface that creates higher vortex obtemmotion, and then strengthened by
the reversed squish motion as the piston travels dowswal he spray that is positioned
more vertically is observed to cause less soot partictas inside the bowl to be
transported to the squish region. It is to be noted,th@atwo spray angles used in this
parametric study are only Slifferent in both directions from the base line spaagle

which is 74 from the horizontal line as shown in Figure 6.1.

The injector used in this study has seven holes.edsang the number of holes
with hole diameter and pump capacity left unchanged will redijection pressure and
duration, and consequently will decrease velocity of noexieand penetration length
[133]. As the velocity of fuel jet is decreased, sootdpant to the near cylinder wall
region can be implied to be reduced. Conversely, decretfsngole numbers with
unchanged hole diameter and pump capacity would induce mor@aioctes reaching
near the cylinder wall as higher fuel jet velocity mayateestronger vortex in the bowl
that pushes the soot farther into the squish regionweMer, if injection pressure and
duration are to be maintained, hole diameter needs teduced. By doing so, fuel-air
mixing rate would be increased as atomisation is increagbdsmaller hole diameter.
The overall effect would be less amount of soot generatete cylinder thus lesser

amount of soot particles would likely to be transferred to ytinder wall.

From this study it was found soot particles from earjgation period are more
likely to move near the cylinder wall. Spray angle, swirjection velocity and bowl
design have been observed to play active roles intoigethe movement of gas motion,
hence soot particles in the cylinder. Lower spray anglenayidswirl should be used to
prevent soot from reaching the cylinder wall but not at theresg of soot at the exhaust.
Thus, spray angle and swirl should be optimised to not cedpiae soot particle
propensity to move to the cylinder but also reduce wall sotbteaexhaust. By lowering
the injection pressure, hence injection velocity, lesst snoving towards the cylinder
wall can be expected, but it causes poor air-fuel mixing heoce soot formation during
the injection which probably results in more soot availablbe transported towards the

cylinder wall. Controlling soot formation process during irgactperiod is also a key to
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reduce soot at the cylinder wall. This can be achievedxémple, with the introduction
of oxygenated diesel [134] fuel during early injection thus dess is generated, thus less
probability of soot to be transferred to the cylinder wall. iiddal air injection during
fuel injection to prevent soot from moving towards the cylingall, and also to promote
turbulence thus promotes air-fuel mixing leading to less $mwbation, and soot-air
mixing leading to more soot oxidation [10] could also be carriedto reduce soot
transfer at the cylinder wall. Split injections with pesly optimised cessation length to
provide sufficient time to provide leaner and sufficieritigh-temperature environment
for the next injection [10] is also another strategy twauld reduce the overall soot
formation and consequently the amount soot transfer tayireder wall. All of these
injection parameters have complex interactions andowitHurther investigationsa
clear-cut strategy to reduce soot at the cylinder wall coulbaatated. Another direct
measure to prevent soot particles from reaching the cylimdgr is through the
introduction of cylinder wall coated with thermal barrierazaics [135]. Increasing the
topland height [97] can also help in preventing soot partitias already transferred to

the wall from being scraped into the oil system by thwpisings.

Several other Matlab routines have also been wriibteprovide the means to
predict the soot particle size changes along the trackitxd pat with limited success.
Difficulties arose in obtaining the right multiplicatidactors that work in each and every
case. One approach was found to be more robust tharihies to be improved further
as a predictive tool for soot particle size changes alomgrétked paths.Soot particle
size prediction along the paths is important as the gifedican be utilised to model soot
transfer mechanism from the main flow to the cylinder watugh the thermal boundary
layer. Thus the inclusion of the effects of coagulation andcaggration processes to the
soot particle along a path is crucially required for furihgestigation. As of now, the
predicted soot path and the trends of soot size along thecga be used to understand

the possible movement and soot size profile with only sudemeth process.

The whole approach is not only useful in the current gettfrthe engine, but can
also be employed to study particle tracking in any othginenconfigurations and engine

with different fuels. This approach can also be appledny fluid/particle tracking in
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other fields as mentioned briefly in Chapter 2. As tpigraach is developed in-house,
further development and investigation will always be possil@emparison studies can
also be carried out when new subroutines are developed.

9.3  Further Works

The work in the present study answers some important queabons in-cylinder
soot particle movements, especially the ones that rd@atesoot in oil problem.
Nevertheless, more works are necessary to fully undersi@ot particle behaviours in an
engine cylinder. The possibilities arexhaustive, but among other works that can be
pursued to complement this work in the near future shall lsestied below.

The present work is limited to the tracking of soot partiflem its formation
instant until exhaust valve opening (EVO). The possibilitiesoot transfer to the liner
were discussed only based on this duration. Possibilityatftsansfer to the liner could
also be contributed to the soot particles that move gluha exhaust stroke. Thus, soot
particle tracking can be extended to include soot paths duméngxhaust stroke. To be
able to do this, a new cylinder volume and valve computatiotap seeds to be carried

out as current model only simulate the combustion insedi@art of the cycle.

To address the issue of mesh dependence, sensitivitgobfparticle paths to
mesh configuration should be carried out with either adoptitagpptive meshing method
or creating denser meshing at the high turbulence regimt, @&s in the piston bowl.
Parallel investigation of modified spray sub-models caldd be carried out to further
study the spray dynamics. Considering that many referdraes been found in other
fields which reported particle tracking as a sub-modehérhain CFD code, a logical
step forward would be to include soot particle tracking technigtoethe main Kiva-3v

code.

This particle tracking technique can also be extended to inoliee forces such

gravitational, buoyancy, surface and drag forces to bepamed with massless tracking
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technique. Thermophoresis and other transfer mechagemalso be included to study

the soot transfer to the liner through the boundary layer.

The model of soot evolution can be further fine-tuned to prede changes in
soot particle sizes along the tracked paths. Other physioaksses of soot particle
coagulation and agglomeration will impose further diffi@dtin predicting in-cylinder
soot particle sizes, yet preliminary studies with simple oeslcould prove to be useful

in solving the soot in oil issue.

Investigation on the size of soot particles on the cytingdall should also be
carried out by taking soot particle samples at the cylinder witlis experimental data

can be used for the validation of the soot growth model.

9.4 Conclusions

The investigations reported in this thesis have beenedaaut for a range of
conditions representative of high-load, high engine spgedation, that is at the engine
speed of 2500 rpm and load of 1200 kPa brake mean effective pre¥giinerespect to
the soot particles approaching the cylinder walls and posing a sofusoet transferred

to oil, the following conclusions are drawn:

Soot particles that are formed early in the fuel injecgieriod and are located just
below the fuel spray in the small region in the middlehef bowl are most likely to be
the sources of soot particles at the cylinder wall lay&wot particles that are already at
the bowl rim during early injection duration and laterthe expansion stroke are also

likely to be transferred close to the wall layers.

Soot particles that are formed immediately after injecbat are located farther
from fuel jet axis, namely in-between fuel jets, are dilsaly to be transported close to
the cylinder wall layers. This is thought to be the laffaces of high velocity fuel jet,
swirl and jetto-jet interactions. Soot patrticles from other regioasehlesser likelihood

to be transferred to the wall layers as they only transgonto the middle of the squish

111



Chapter 9 Discussion and Conclusions

region during the expansion stroke. lllustrations of likelihood of soot particle
transfers to the cylinder wall layer during fuel injectionipeérare shown in Figure 9.1 to

summarise the findings.

In addition, these soot particles are mostly fromtreddy low soot concentration
region as the soot particles from the most concesdre¢gions at various crank angle
instants were shown to have the least likelihood to bepoatexi close cylinder wall

layers, and all of them stay inside the piston bowl.

The movements of these soot patrticles close to theifindgre squish region are
caused by high reverse squish and tumble motions when pmstees down during early
part of the expansion stroke. These motions are inteshdify the high velocity fuel jets
that impinge on the bowl walls and split into two fordehotions along the bowl walls
and the bowl rims. The intensity of these motions grhddaminishes as piston moves
down, and soot particles that are formed later, especitily fuel injection duration, are

found to have less likelihood to be transferred close taribe |

Soot concentration gradient is very steep in the cylindes ahsmall difference in
soot particle paths translates to substantial differenceoot concentration along the
paths. This fact shows that the evolution of soot diamaibng similar paths could be
difference. Consequently, meticulous particle tragkath various locations of interest
should be done to gather more information on the possilae particle size distribution
at EVO.

Sensitivity studies of soot particle paths to swirl shbat £ngine operating with
low swirl ratios are more vulnerable to soot in oil promnle Low swirls are seen to be
relatively weak in opposing the fluid motions caused by hidbcity fuel jet, reverse

squish and tumble motion during the early expansion stroke.

Decreasing the spray angle from°7tb 69 lessens the possibilities of soot

particles from being transported close the cylinder wgdiria  Increasing the spray angle
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from 7£ to 79 increases the possibilities of soot from the bowl! regabe transported

close to the cylinder wall layers.
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TABLES

Table 2.1 EU Emission Standards for Diesel Passengel(@iang [19]

Tier Date CcO HC+NO, NO, PM
Euro 1 1992.07 2.72 0.97 - 0.14
Euro 2, IDI  1996.01 1.0 0.7 - 0.08
Euro 2, DI 1996.01 1.0 0.9 - 0.10
Euro 3 2000.01 0.64 0.56 0.50 0.05
Euro 4 2005.01  0.50 0.30 0.25 0.025
Euro 5 2009.09 0.50 0.23 0.18 0.005
Euro 6 2014.09  0.50 0.17 0.08 0.005
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Table 2.2 Primary and agglomerated soot particle size fewious combustion sources
with different measuring methods

Soot

Primary Agglomerated Soot Method of Reference
. size (nm) Measurement

Size (nm)

17.5-32.5nm Transmission Electron Mathis et al. (2005)
Microscopy (TEM) [20]

10-400 nm Scanning Mobility Mathis et al. (2005)
Peaks around 50-60m Particle Analyzer (SMPS) [20]
7-250 nm Scanning Mobility Kolodziej, C. et al.
. Peaks around 50-90 nm Particle Analyzer (SMPS) (2007)21]
Engine "35-45nm Scanning Electron Furuhata et al.
out (SMD) microscope (SEM) (2007]22]
120 nm Centrifugal sedimentatior Furuhata et al
analysis (2007)22]
10-500 nm Scanning Mobility Furuhata et al.
Particle Analyzer (SMPS) (2007)22]
10-45nm Transmission Electron Lapuerta et al.

(mean 25 nm) Microscopy TEM) (2007)23]

10 -120 nm Scanning Mobility Collings & Graskow
Particle Analyzer $MPS (2000)[136]

10-50 nm Transmission Electron Kock et al. (2006)24]
Microscopy TEM)

10-40 nm Optical diagnostic Kazakov & Foster
(scattering/extinction, & (1998)33]
radiation./scattering

10-40 nm Optical diagnostic Tree & Foster
(scattering/extinction, & (1994]129]

I_n B radiation./scattering
cylinder ~30-100 nm Laser-induced Bougie et al. (200726]
incandescent (LII)

25-80nm Time-resolved laser- Kock et al (2006)[24]
induced incandescent
(TR-LII

5-28 nm Time-resolved laser light Naydenova et al.
extinction-scattering (2007]137]
technique

34.7-53.6 nm Transmission Electron Crookes & Sivalingam

Burner/ Microscopy (TEM) (2006)[138]
Open 5-45nm Scanning Electron di Stasio et al.
Flame/ microscope (SEM) (2002]139]
Shock 25-350 nm Light Scattering di Stasio et al.
T Technique (2002)J139]

3-50 nm 2-70 nm Scanning Mobility Zhao et al. (200%}40]
Particle Analyzer (SMPS)

15-40 nm Transmission Electron  Xu et al. (1997) [141]

Microscopy TEM)
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Table 2.3 Soot Model variables and Differential Equations

Variable Rate Equation
N N Densi
, Soot Number Density dN N (- ,)
3 dt
(cm)
R, precursor radical density dR
il (R E Rl
(mol cm®) dt
C,H,, growth species density dCH,] f_r—r
(mol cni®) dt S
fy, soot volume fraction d(f,)

*x N o = Avogadros Number
M. = molecular weight of Carbon
Mg = molecular weight of radical precursor
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Table 2.4 Processes, Chemical reactions, Rates ofiegadhctivation Energies and
Preexponential Factors used in Fusco’s Soot Model [32]

acliaten ex l;rr1ee-ntial
Process (i) Chemical Reaction Rate of reaction, r Energy, E FSctor A
(cal/mol) (mol cm s)
(1) Radical — CE/RT 120,000 0.7 x 10°
formation CnHy > % R h= % Ae [ fuel
(2) GH, _ —E,/RT 49,000 2x10
formation CnHy > % CH, ;= % Ag [ fuel
(3) Radical R+ — product: — —Es/RT 40,000 1 x 107
oxidation OZ P ;= Ag [RIC]

(4) GH, oxidation  C_H,+ O, —2CO+ H, r, = Ale’E“’RT[CZHz][ o) 50,000 6 x 10°
(5) Particle R— P _ ApE/RT 50,000 1x10°
inception s = A [R
(6) Particle growth p4 C,H, —» P r,= A ®/F[C,H] ¥? 12,000 4.2 x1d

where S=pBN, D=25nm
(7) Particle P+O > P K
oxidation = r,= [1+’L pp X+ kg pL— x)}

Where

X= 1+£x+ ks p(1- X

ks P

k, = 20xe =/ 30,000

kg =4.46x 10°¢ ®/F 15,200

k- =1.51x 10e &/RT 97,000

k, =21.3xe%'" 4,100
(8) Particle xP—>P 1/2 1
coagulation fg = Keoagl ~ f JN %

where Kqa@1.05x10" (cn

mix s* K™?)
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Table 3.1: Specifications of computer hardware

Processor Intel Pentium 4, 3.40 GHz Processor CPU with he
sink fan

Motherboard ASUS P5LD2-VM Motherboard

System memory 2 x 1GB DDR2 memory

Graphics setup  Integrated Intel Graphics Media Accelerator 950

Hard disk 2 x 200 GB Seagate Barracuda ATA Hard disk

Table 3.2: Configurations of computer system software

BIOS AMIBIOS Version 0508

Operating Systerr Microsoft Windows XP Professional, Version 200z
Service Pack 3
Red Hat Linux 9.0

System Built-in Automatic Partitioning tools included in the

Partitioning installation programmes in Redhat Linux 9 CD is
used to partition the hard disk to allow separate
operations of two operating systems and their
respective files.

Dual-booting GRUB (GRand Unifed Bootloader) included in the

configuration installation programmes in Redhat Linux 9 CD is
used to load a variety of operating systems on a P
Either Microsoft Windows XP or Redhat Linux 9,
can be selected each time the computer is turned

Datafile transfers DiskInternals Linux Reader 1.1 which is installed ¢
Microsoft Windows platform is used to extract the
data from Linux partition into Windows patrtition.

Table 3.3: Kiva-3v running sequence and the associated I/O files

Input Files Tools Output Files
iprep Pre-processor: k3prep otapell, otapel7
itapel? (renamed from Main code: kiva3v dat.* files,
otapel?), otape9 (graphics post-
itape5 (engine conditions) processing file)

otapel? (general

alphanumeric simulation

information file)

itape9 (renamed from Post processor: k2e Postscript files
otape9), (translator from Kiva3v to

enspec EnSight)

Postscript files EnSight 8.2 Graphics
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Table 3.4: Sub-models used for the simulation

Sub-models of Kiva-3v Release Il

Combustion Arrhenius (at auto-ignition point)
Mixing-controlled turbulent combustion

Soot model Two-step Soot model

Intake flow Assumed initial in-cylinder flow

Heat transfer

Modified law-of-the-wall

Fuel mockl

CioH2s

Wall film dynamics

Particle-based with splash models

Dynamics of evapourating spray Monte Carlo-based discrete particle technic

Turbulence model

Modified RNG«k-¢

NO, model

Extended Zeldovich

Fuel vapourization

Single component

Drop breakup/distortion/oscillatio Taylor Analogy Breakup model

Drop drag Distorting spherical drop
Table 3.5: Specifications of the Engine
Parameters Specifications
Engine Type 4 valve DI diesel (Puma)
Bore x Stroke 86.0 x 86.0 mm
Compression Ratio 18.2:1
Displacement 500 cni

Piston Geometry

Bowl-in-piston

Table 3.6: Specifications of the Fuel Injector

Parameters Specifications
Injector type

Diameter of nozzle hole  0.15 mm

Number of nozzle hole 7, uniformly spaced
Start of Injection (SOI) -2.00 CAATDC

Duration of injection pulse 13° CA

Spray Mean Cone Angle 14°

Angle of fuel jet axis (from 74°

cylinder axis)
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Table 3.7: Test conditions

Parameters Conditions
Engine speed 2500 rpm

BMEP 1180 kPa

Boost Pressure 101.7 kPa

Air Mass 248 kg/h

Fuel 10.894 kg/h

Fuel 36.311 mg/stroke
Intake Temperature 60.2C

EGR % 3.5%

Swirl Ratio 1.3,1.9 24

132



Tables

Table 6.1 Starting positions of soot particle paths tracked @rank angle instants of 2
to 30 ATDC

Above the 10 1.7 9.8 6-10
spray axis 20 1.7 9.8 - (the closest middle squish)
(spray 25 1.7 9.8 - (the closest middle squish)
downstream) 40 1.7 9.8 6-10
6-12
10 1.7 9.1 24— 28
Below the 612
spray axis 20 1.7 9.1 2428
(spray 6-12
downstream) 25 1.7 9.1 24 - 28
6-12
40 1.7 9.1 24— 28
Above the 10 1.0 9.85 - (bowl)
spray axis 20 1.0 9.85 - (bowl)
(spray 25 1.0 9.85 - (bowl)
upstream) 40 1.0 9.85 - (bowl)
Below the 10 1.0 9.45 - (bowl)
spray axis 20 1.0 9.45 - (bowl)
(spray 25 1.0 9.45 - (bowl)
upstream) 40 1.0 9.45 - (bowl)
5 1.6 9.5 14-18
20 1.6 9.5 14-18
Sides of the 14-18
spray 35 1.6 9.5 22-26
14-18
45 1.6 9.5 22— 26
6-10
10 2.3 10.1 20- 26
6-10
Above the 20 2.3 10.1 20- 26
bowl rim 6-10
30 2.3 10.1 20- 26
6-10
40 2.3 10.1 20— 26
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Table 7.1 Comparison of Different Approaches of Soot &arize Evolution

No Approach Formulation Assumptions Notes
1 Direct association Ms , -Number of sob -Soot diameter profiles
with net soot and Msp,, = N particles does not exactly follow the net soot
i : ;
conserving the soot change along the pat profile along the paths
particle numbers -All soot amount in
from initial point IA the volume
D —ox|3MsR. contributes to particle
i Pt growth
-Soot diffusion is not
considered
2 Association with the —Ey -All amount of soot  -In majority of the cases,
cylinder conditions dM, AM, pio-se R, in the volume oxidation process dominates
along the path, and = (a) involves in the thus leaving soot particles tc
use normalised M.dt Mo growth process be very small
Hiroyasu’s and MW, M Ruec -Soot diffusion is not -This could be explained by
NSC’s with net soot, dM,, A p.D, e (b) considered the fact that most of tracked
to find the net soot M dt M particles are out of fuel _
growth sni sni plume and pass through hig
oxygen and temperature
Fract. mass change, (F)= [(a)-(b)].dt regions.
Msp,, =Msp +(Msp xF.,)
be
Ms
Di+1 =2x §¢
4 pgr
3 Association with the - A certain amount of -The factorials of x and y are

cylinder conditions
along the path.
Hiroyasu’s is
modified to consider
the contribution of
fuel vapour to soot
particle growth.
NSC’s is normalised
with net soot in the
volume

dtM, Py

dMm MW _ -
so _ R (b)
am_ e, p, e

S |

,Esf
au, =xA{M'vao-sem(a>

Fract. mass change, (F)=[(a)-(b)].dt

Msp,, =Msp +(MSp x Fi+1)

§ Mspﬂ J}é

Di+1 =2x
4 pgr

fuel vapour is
responsible for soot
surface growth on a
particle

-By doing this way,
fractional mass
increment by growth
is not tied with the
net soot in the
volume

-However, the soot
oxidation process is
still linked to the net
soot in the volume

selected in order to get
comparable soot formation
and oxidation rates
(x=1.0x10%, y=1.0x10?
-Soot diameter profiles are
different from other methods
but they are all depend on
the values of x and y which
their combinations can be
changed infinitely (?)

134



Tables

Table 7.1 Comparison of Different Approaches of Soot &ardlize Evolution (Cont.)

No Approach Formulation Assumptions Notes
4 Association with the dM ~Eg -soot particle surface x = 2e-10

cylinder conditions s _ ( )A M. P O.Se RT, is smooth thus all The results from this

along the path. A dt UL computed surface approach show similar trend

multiplication factor area is involved in with Approach 3. However,

(which implied the the oxidation when the soot particles

average particle : kAp -as in all cases, soot undergo soot growth, the ca

number density, w = RNSC = X+ kB p(l— X) where  particles are assumer reach over 120 nm at the

particle/cr, in the kz monodispersed peak.

cylinder) is the unitis in g/crhs locally, but can be

introduced in different at different  This approach is deemed to

Hiroyasu’s equation Multiplying by the surface area of a location in the be the most robust among a

to obtain mass particle, mass oxidation rate per particle ¢ cylinder the approaches, because:

formed per particle.  pe obtained. -All mass formed 1) Surface oxidation rate, w,

NSC’s equation in contributes to the obtained from the equation

terms of surface mas surface growth and data along the paths, is

oxidation rate, w, is dMnet = —w- S'Ab ).dt process in the right range when

used particle f art compare to the original
NSC’s experimental data

SP(i+1) = M SP(i) + AM net

2) The multiplication factor
used implies the average
3 Msp; % particle number density
2 on reported by Heywood (10°
Psi* #/cnt) and Tree & Foster
(1x10'2 -1x10" #/cn?)

Di+l = ZX[
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Nucleation ends here due to enough disperse surface area
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Figure 3.3 Mesh configuration of computational domain efdabmbustion chamber volume
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Figure 4.3 In-cylinder fuel distribution on a plane of d fataxis as the cylinder volume expands
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Figure 5.8 Predicted soot paths with different time steipg tisst-order RK method (Euler’s
method)
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Figure 5.10 Predicted soot paths with different time steipg efassical fourth-order RK method
(RK4)
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position of 0 and 50 lines are also shown between which soot particle pathsaateed. In
(b), the piston position shown is at crank angl&2DC

(~ >0glcr, ® > 1x107 g/cnt, ® > 1x10° g/ent, ® > 1x10° g/cnt)
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Figure 6.6 Paths of soot particles tracked from below and upstrietdua spray at
different angular positions with varying crank angle ingarit2 CA to 30 CA ATDC
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Figure 6.9 Soot particle paths from the region aboveptay sxis at 8 CA ATDC
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crank angle instant of 268CA ATDC
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Figure 6.11 Soot particle paths from one side of the sprayasitine crank angle instant ofPIGA
ATDC
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Figure 6.12 Soot particle paths from inside the bowl atridmekcangle instant of 24CA ATDC
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Figure 6.13 Soot particle paths from the region near theé fim at the crank angle instant of 2€¢A
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(a) Side view of soot distribution and the markings gfaes in half of the cylinder volume

Figure 6.14 Regions of possible sources of soot transfer trylihder wall layers at the crank angle
instant of 8 CA ATDC
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Figure 6.15 Regions of possible sources of soot transfer trylihder wall layers at the crank angle
instant of 16 CA ATDC
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(a) Side view of soot distribution and the markings gfaes in half of the cylinder volume

Figure 6.16 Regions of possible sources of soot transfer tylihder wall layers at the crank angle
instant of 24 CA ATDC
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Figure 6.17Paths from 20 most concentrated points tracked at CA 8° ATDC
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(e) Swirl ratio 2.4
Figure 6.18Paths from 20 most concentrated points tracked at CA 18° ATDC
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Figure 7.1 Schematic of a soot particle surrounded by a cfdudlosapour
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Figure 8.3 Paths of particle formed in Zone 1, 2, 3 amdcked from CA 8° ATDC
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Figure 8.4 Paths of particle formed in Zone 1, 2, 3 aindcked from CA 35° ATDC
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CAto 30 CAATDC

Figure 8.5 Paths of soot particles tracked from above and treansof the spray with
spray angle 69at different angular positions with varying crank angkants of 2
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CAto 30 CAATDC

Figure 8.6 Paths of soot particles tracked from below and doeanstof the spray with
spray angle 69at different angular positions with varying crank angkants of 2
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CAto 3¢ CAATDC

Figure 8.8 Paths of soot particles tracked from below and deanstof the spray with
spray angle 79at different angular positions with varying crank angkants of 2
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(a) Immediately after soot is formed (k2° CA ATDC)
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(b) Early phase of fuel injection (i-e4° CA ATDC)

(d) Late phase of fuel injection (i-€12° CA ATDC)

Figure 9.1 Subijective illustrations of the likelihood of soatiples transfers to cylinder wall layer with
progressively wider line widths of red arrows suggest inargdielihood of soot transfers, and grey and
black colour scales show relative in-cylinder soot conceoirat
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Figure A1.1 Soot particle paths from different starting gowith three mesh configurations
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