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ABSTRACT

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

Wan Mohd Faizal Wan Mahmood, 2011

The investigation reported in this thesis is concerned with the topic of soot
formation and soot particle motion in the cylinder of a light duty automotive diesel
engine. CFD has been employed to simulate in-cylinder conditions and to investigate the
source of particles which are transferred to the oil. The accumulation of soot in the
lubricating oil of diesel engines is one of the factors limiting the interval between oil
changes and hence service interval. Soot particles can be transferred to oil film on the
cylinder wall layers through the complex motion of the fluid flow in the cylinder. The
paths of soot particles from specific in-cylinder locations and crank angle instants have
been explored using the results for cylinder charge motion predicted by the Kiva-3v CFD
code. Using the velocity fields from the simulation data, massless tracking of the in-
cylinder soot particles in space and time is carried out employing a particle tracking with
trilinear interpolation technique. From this investigation, new computational codes for
the prediction of soot particle paths and soot particle size change along a specific path in
a diesel engine have been developed. This investigation is the first numerical study into
soot particle trajectories within an engine and thus opens up a novel branch of research of

soot formation within internal combustion engines.

Computed soot paths from the investigation show that soot particles formed just
below the fuel spray axis inside the middle bowl area during early injection period are

more likely sources of soot particles on the cylinder wall layers than those formed later.
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Soot particles that are formed above the fuel axis have less tendency to be transported to
the cylinder wall layers thus are not likely to be the main source of soot at the cylinder
walls. Soot particles that are from the bowl rim area are found to be another source of
soot transfer to the boundary layer, as they are directly exposed to reverse squish motion
during the expansion stroke. Soot particles that are formed near the cylinder jet axis
during fuel injection tend to move into the bowl. These soot particles are found to be
from the relatively less concentrated area. In contrast, particles from the most
concentrated areas tend to be moving into the bowl and pose least risk of contaminating

oil films on the liner.

Sensitivity studies of soot particle paths to swirl show that engine operating with
low swirl ratios are more vulnerable to soot in oil problem as low swirls cause the bulk
fluid flow to be moving closer to the cylinder walls due to fuel jet velocity and reverse
squish motions.  Decreasing the spray angle lessens the possibilities of soot particles
from being transported close the cylinder wall layers while increasing the spray angle
increases the possibilities of soot from the bowl region to be transported close to the

cylinder wall layers.

The temporal and spatial evolution of soot particle size can be predicted by using
the history of temperature, pressure and gas species along the paths. An explorative
investigation has been carried out to determine the most suitable method to tackle this
soot particle evolution.  With proper multipliers, all approaches perform quite
satisfactorily in terms of predicting the trend of size change. Soot particles that are likely
to be transferred to the cylinder wall layers are predicted to change in size parallel to the
average mass profile in the whole cylinder where they quickly peak 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 off-road vehicles, sea
vessels and power generation units due to their fuel efficiency and long service life. In
recent decades, diesel engines have been used in light-duty automotive applications. In
some European countries, more than 50% of new passenger cars and light duty
commercial vehicles have diesel engines. The negative aspects about diesel engines are

their high nitrogen oxides (NOy), particulate matter (PM) and noise emissions.

PM from diesel exhaust contains solid soot particulates that are harmful to the
environment [1-3] and human health [4-6]. It has also been well-known, see [7-9] for
example, that in-cylinder soot produced during combustion in a diesel engine can
accumulate in the lubricating oil, causing changes in oil quality which can limit the
interval between oil changes and hence service interval. To extend service interval of a
diesel engine, oil contamination by soot must be reduced. One of the ways to reduce this
oil contamination is to minimise the transfer of soot particles to the cylinder wall layers
which is a major contributor to the soot in oil as the soot is carried into the oil by the
scraping action of the piston rings [10]. To achieve this, further understanding of in-

cylinder soot particle movement is necessary.

This thesis will partly deal with the problem of soot contaminating the lubricating
oil. This is done through investigation of the movement and evolution of in-cylinder soot
particles during a part of engine cycle. The investigation particularly focuses on the soot

particles that are likely to be transferred to the cylinder wall layers. The investigation
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was carried out computationally employing computational fluid dynamics (CFD) code
and a range of Matlab programming routines which will be explained in greater details in
this thesis.

These new computational codes and routines are used to investigate the sources of
soot particles near the cylinder wall by predicting the trajectories of soot particles from
the point they are formed or any point within the engine cylinder. 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 particle movement in a diesel engine, it is
envisaged that the findings of this investigation should be useful to improve the
understanding of soot dynamics and soot formation process within internal combustion
engines. This numerical study can be a new platform for further research on soot

formation process in the internal combustion engine field.

The following sections outline the nature and current status of research in the area
of diesel combustion. This chapter also highlights the objective 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 for energy from fossil fuels has
resulted in worsened environmental pollution and global warming problems [11]. The
current level of oil production also increases our anxieties over the impending fossil fuel
depletion [12]. With these concerns, ongoing research on reducing pollutions, developing
energy-efficient systems and developing renewable fuel technologies are considered

equally important.

By Rio Convention’s definition [13], sustainable development is “the
development that meets the needs of the present without compromising 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 develop renewable fuel technologies
will help future generation in two ways. Firstly, the energy resources we conserve and
the ecological habitat that we protect now can be spared to be used by them in the future.
Secondly, the renewable fuel technologies that are being developed will be the basis for
the new fuel infrastructures for the future. In the spirit of this definition, the present

investigation of soot in oil problem was carried out.

1.3 Combustion Research

As the combustion of fossil fuel is still likely to continue as one of the main
sources of energy well into the 21% century [11], combustion research will remain vital.
Studies and investigations of the correlations of operating conditions with combustion
and emission characteristics must constantly be pursued to improve our understanding of

various combustion systems.

Recent years have seen many improvements in the way combustion investigations
are carried out. Advances in instrumentation and modern computer allow researchers to
gather combustion data which are more comprehensive and detailed [14]. To obtain
further details of fuel and gas dynamics inside a combustion chamber, researchers have
non-intrusive optical and laser diagnostic tools at their disposal. The implementation of
these various advanced methods have actually increased our understanding of the
characteristics of combustion, flow field and emission characteristics, both quantitatively
and qualitatively, in many combustion systems. Yet, the experimental measurements are

sometimes invasive, complicated to set up and fairly costly.

Notwithstanding the advances of experimental techniques, understanding of
combustion and emission processes is far from complete. Even with probing or imaging
capabilities, intrusive or non-intrusive, the experiments on internal combustion engines
can only provide information of properties at restricted volumes in the combustion
chamber. These are among the issues that are encountered by experimentalists. To a

certain extent, these issues can be addressed by computational studies.
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CFD is capable of overcoming some of the limitations in experimental techniques
and can provide reasonable prediction of the actual combustion process and the
interactions of species inside the combustion chamber. The accuracy of the prediction,
however, depends on the complexity of the sub-models used in the code and the capacity

of the computer in use.

Although some organisations have developed their own CFD codes, commercially
available CFD codes such as FLUENT, STAR-CD, CFX, PHOENICS, CHEMKIN-PRO
and FLOW-3D are widely used. The usage of these in universities is relatively restricted
due to high cost of licensing and limited availability of code adaptation and development
prospect to the researchers. Unlike the commercial codes, Kiva CFD code, which was
first developed by a fluid dynamics group at Los Alamos National Laboratory (LANL) in
the early 1980s [15], has open architecture that allows researchers to understand,
investigate and amend the codes with minimal initial cost. This thesis reports the

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

1.4 Pollutions from Combustion Process

Combustion systems burning fossil fuels in general emit pollutants which include
particulate matters (PM) such as soot, fly ash, metal fumes, various aerosols; sulfur
oxides, unburned and partially burned hydrocarbons (HC), oxides of nitrogen (NOy),

carbon monoxide, and greenhouse gases (GHG) such as CO, and N,O [16].

In the transport sector, the combustion products emitted from exhaust tailpipes of
diesel and gasoline engines become a major source of urban air pollution. The problem
with simultaneous reduction of soot and nitrogen oxides for which diesel engines are
infamous is a hot topic pursued by engine researchers. High PM emission is one of the
problems that deter the widespread use of diesel engines in transportation sector. Soot
which forms a major part of PM emitted from diesel engines pollutes the environment

and may have caused the exacerbation of diseases related to the respiratory system. In a
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more immediate effect, soot particles formed in the engines can easily find their way into
engine oil, change the properties of the oil, and thus, increase the engine wear and shorten

engine’s service interval.

1.5  The Future of Diesel Engines

In transport applications, diesel engines account for a sizeable share of the engine
market. In the European Union (EU) for example, diesel powered passenger cars have
surpassed the market performance of gasoline powered cars and now account for more
than half (53%) of the EU new car market share in 2007 [17]. This rapid growth is due to
advantages of modern high-speed diesel engine in terms of fuel economy, remarkable
low-end torque and overall performance [18]. Other factors that may have contributed to
the growths are more well-informed consumers about the advantages of diesel engines,
unequal taxation system and increasing fuel prices. With continuing improvement and
progress in the designs of overall combustion systems, diesel engines would remain as
one of the main prime movers in the medium term and have a potential to be used in

hybrid vehicles to achieve lower emission target in the longer term.

1.6 The Importance of Soot Particle Size and Numbers

The knowledge of soot particle size and its number distribution is important in
both areas, environmental and diesel engine maintenance. The importance of this is
demonstrated in the legislation implementation draft of Euro 5/6, where a particle number
emission limit of 5 x 10'* km™ has been proposed [19]. The key reason for going from
mass to number limit is the health hazard posed by the smallest particles which contribute
little to mass emitted [7]. However, with current measurement technology, smaller
particles could pass through measuring equipment undetected thus giving rise to the

concern of meaningless soot emission legislations.

Soot particle size and number distribution also influence the behavior of particles

in the environment and within the engine itself. Particle size influences the
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environmental impacts of engine exhaust particles in several ways: it influences the
atmospheric residence time of the particles, the optical properties of the particles, the
particle surface area and ability to participate in atmospheric chemistry, and the health
effects of the particles [7]. In the engine environment, soot particle size and its
distribution influence how the soot particles grow from nucleation, how they coagulate,
agglomerate and oxidize, and finally how the soot particles are transferred to the liner
before they are scraped into the engine oil. The size and distribution of in-cylinder soot
particles, during the engine cycles, influence the size of soot particles at the exhaust
tailpipe. It also affects the interactions between the in-cylinder soot particles and the
cylinder wall which may in turn influences the amount of soot entry into the engine oil.
Due to these, the investigation of in-cylinder soot particle size and distribution is
valuable.

1.7 Soot Modelling Studies

Numerous experimental studies reported in [20-26] have been carried out to
measure in-cylinder and engine-out primary soot particle size and its distribution in diesel
engines. However, due to experimental limitations, the information from these
investigations is not temporally and spatially complete. Modelling studies have also been
carried out extensively to overcome the shortcomings of experimental studies. However,
the results of most modelling studies have been concentrated on the soot mass and
concentration inside the combustion chamber [27-30]. More recently, soot modelling
studies that estimate soot particle size distribution and soot particle number density have
been reported [31-35].

Several soot models that have been used in diesel engine investigations shall be
reviewed in more detailed in the next chapter. In the work carried out by the author, a
two-step soot formation model has been used. This was previously implemented in the
Kiva-3v CFD code used within the Engine Research Group (ERG) of University of
Nottingham [36]. Soot formation and oxidation was represented using a two-step model

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

6



Chapter 1 Introduction

[38] and Neoh’s soot oxidation [39] rate expressions. This allowed prediction of only
soot mass distribution throughout the cylinder as function of crank angle. In this model
soot formation rate varies only with fuel vapour concentration, in-cylinder pressure and
temperature. It shows no influence of the type, composition and structure of fuel used.
In addition, the soot oxidation depends only on oxygen partial pressure and soot mass.
Nor are the intermediate chemical and physical processes of soot particle formation such
as pyrolysis, nucleation, surface growth, coagulation and agglomeration considered. As a
consequence, it lacks the capability of providing information on size and numbers of in-
cylinder soot particles and other intermediate chemical species. Moreover, the graphical
results obtained from the simulation only show the soot cloud at different instants and
locations without clear indication of the soot particles movement in the cylinder.

The overall objective of the present study is to add to the previous mass-based in-
cylinder soot distribution study, the additional capability of predicting the paths travelled
by soot particles and their changes in size along the paths without modifying its mass-
based simulation prediction. This approach is believed to be less complex than detailed
chemical models or stochastic numerical methods studied by others. Furthermore, this
approach provides the continuity in the ongoing soot formation research 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 understanding of the in-cylinder soot
behaviour that comprises of soot movements, and soot evolution in terms of size, by a

computational investigation. Specific objectives are listed as:

a) To analyse the global characteristics of in-cylinder conditions and examine how
these conditions contribute to the overall process of soot formation and its in-
cylinder distribution with the aid of Kiva-3v Release 1l CFD code and EnSight

post-processing techniques.
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1.9

b)

d)

To further analyse the mass-based in-cylinder soot distribution obtained from
CFD simulations with regard to the influence of local properties to the local soot
formation process. This was achieved by fragmenting the cylinder into smaller

fractional volumes and averaging the local in-cylinder quantities in the volumes.

To investigate the spatial and temporal movement of in-cylinder soot particles. In
particular, the movement of soot particles from specific locations in the cylinder
at specific instants is investigated, assessing the likelihood of those particles being
transported to the cylinder wall layers. This objective represents a first step into a
complex analysis that aims to track soot particles as well as their evolution along
the paths during the combustion process. For this reason an in-house MATLAB
code was developed and exercised.

To predict the soot particle size and its distribution in the engine cylinder,
particularly near the cylinder boundary layer. This is carried out by estimating
soot formation and oxidation rates using the quantities obtained from the soot

particle paths history.

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

Layout of Thesis

Following this chapter, a literature review on soot formation and oxidation

processes, soot models, soot particle tracking, in-cylinder fluid motion, soot in oil and

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

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

assessed and discussed in this chapter. Comparison of global and fractional volume in-

cylinder characteristics are carried out and discussed in Chapter 4. The investigation of

8
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convergence of soot particle paths is reported in Chapter 5. Further results of the analysis
of soot particle paths behaviour can be found in Chapter 6. Soot particle evolution is
described next in Chapter 7 where several approaches are discussed on the prediction of
the size of soot particles along specific paths. Selected parametric studies have also been
carried out and reported in Chapter 8. Chapter 9 will end this thesis with discussion,

suggestion for further works and conclusions.




CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Air pollution greatly affects human health, vegetation, eco-systems and building
materials. One of the major sources of air pollution is on-road vehicles which include
light and heavy duty vehicles. The air pollutants that carry the most serious
environmental and health problems are nitrogen oxides (NOx) and particulate matters
(PM). Carbon monoxide (CO), hydrocarbon (HC) and sulfur dioxide (SO,) are also of
concern despite being so to a lesser extent. Some statistics stated in the following

paragraph are of use to appreciate the gravity of the problems.

In Europe, it was reported that NOx emission from mobile sources (road, air and
water) was as high as 57% of the total NOy emission [40], PMy, (particulate matters with
size less that 10 um) from road transport was 25%[41], and SO, emission from road
transport was 3% [42]. In the USA’s 1999 National Emissions report, on-road vehicles
produced 34% of total NOy, 10% of total PM; s (particulate matters with size less than 2.5
um) , 51% of total CO and 29% of total HC [43]. From these statistics, it is apparent that

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

2.2 Emission Legislations

Various agencies and bodies have been trusted to manage air pollution in each of
the above regions. They are responsible in formulating the emission regulations and
legislations. The most stringent emission regulations are practiced in Europe, USA and

Japan, and followed accordingly by other countries. In Europe, the European Union (EU)
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has been using Euro Emission Standards since 1992. Details of Euro emission standards
are shown in Table 2.1. With imminent Euro 5 standards coming into force, car
manufacturers are required to reduce NOy and PM limit for diesel engines, by 28% and
80% respectively. Consequently, research to reduce both NOx and PM simultaneously is
being carried out rigorously by car manufacturers and research institutions alike.

2.3 Strategies to Reduce NOyand PM Emissions in Diesel Engines

The problem of reducing both NOy and PM is complicated in diesel engines due
to the general NOy-soot trade-off relation. Simultaneous NOx and PM reduction can be
achieved to some extent by the improvement in engine technologies, such as
homogeneous charge compression ignition (HCCI), but to pass the future emission
legislations, the requirement of aftertreatment devices is to be expected [44]. A diesel
particulate trap may be used to limit PM emission, and a lean NOy trap may be used to
limit NOy emissions. Both require intermittent regeneration processes which incur a fuel
consumption penalty on top of the cost of the components themselves and any service
requirements. Thus, the efforts to reduce emissions through improvement of engine

design and combustion technologies are essential.

Exhaust gas recirculation (EGR) is another common technology that can reduce
the emissions of NOy effectively. However, the use of EGR results in an increase in PM,
hence soot emissions [44]. The investigations by modelling and experiments on EGR
influence on soot emissions have been done by many researchers [27-30]. Another
method to reduce NOy, which has been given much attention, is delaying start of injection
(SOI). However, this method, like EGR, causes an increase in soot emissions [27, 28, 30,
35, 45].

Other techniques to reduce soot emissions pursued by researchers are increasing
injection pressure [29, 30, 45], increasing boost pressure [30], increasing air to fuel ratio
[35], and controlling mixing and swirl ratio [30]. In addition, Hsu [45] outlines several

other factors that influence the emission of soot, which are bowl shape, location of
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injection spray, injection flow rate which is normally caused by manufacturing variation,
secondary injection, injector sac volume and injector hole length to diameter (L/D) ratio.
Hsu [45] also mentions that lowering inlet air temperature in turbocharging diesel engines
and using higher engine compression ratio can reduce NOy emission and minimize loss in

fuel efficiency.

Shayler et al. [46] investigated a split main with a pilot injection fuel injection
strategy to optimize emissions and fuel consumption. The variables investigated are ratio
of first to second part of the main injection, the separation between injections, the timing
of the start of main injection and rate of EGR while pilot injection quantity and timing
were fixed. This multiple injections strategy is capable of reducing both soot and NOy

but with higher fuel consumption, hence further optimization is required.

Kawatani et al. [47], as illustrated in Figure 2.1, specifically stated that the
strategy to reduce soot is by improving the diffusion combustion by way of optimizing air
motion in cylinder as well as injection timing and rate. Kitamura et al. [48] also specified
that three main combustion concepts to reduce soot were controlling combustion
temperature, improving fuel charge mixture, and reformulating of fuel composition.
These combustion strategies and concepts, which encapsulate all the techniques
mentioned in the previous section, becomes the basis for further 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 organic and inorganic
compounds and gas, liquid and solid phase materials [49]. Organic or hydrocarbon
compounds include aldehydes, alkanes and alkenes and aromatic compounds. Inorganic
compounds include sulfur, oxygen, carbon monoxide, elemental carbon, and oxides of
nitrogen (NOy). The gas phase emissions include NOy, CO, and SO,. The solid phase
emissions are made up of small spherical carbon particles (soot) while the liquid phase

emissions are composed of the organic or hydrocarbon component and sulphate. Some of
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the hydrocarbons may be found adsorbed onto the spherical carbon particle and some
may be in the gas phase [49]. Figure 2.2 shows the diesel exhaust mixture more clearly.

In measurements of heavy-duty diesel vehicle emissions reported by Lowenthal et
al. [50], particulate matter was found to be comprise of nitrate (0.9%), sulphate (9.2%),
ammonium (0.31%), organic carbon (29.6%) and elemental carbon (53.4%). This is
comparable to the data obtained by Kawatani et al. [47] which showed that soot
component (or elemental carbon) made up 43% and 64% of total PM in two cases that
they investigated as displayed in Figure 2.3. In Tree and Svensson review paper [51], the
density of soot is reported to be in the range of 1.8 — 2.0 g/cm® 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 result of high-temperature liquid
fuel pyrolysis and by accumulation of oxygen depleted fuel vapour due to improper
mixing [52]. To model the soot process in a diesel engine, understanding of how the
process actually takes place during the combustion is essential. In simple steps, the soot
process can be divided into soot formation and soot oxidation. Review of a few
literatures on soot basics [51, 53-55], its formation process can be further divided into i)
pyrolysis, ii) formation of precursors iii) particle nucleation, iv) particle condensation, v)

particle surface growth, vi) particle coagulation, and vii) particle agglomeration.

2.5.1 Pyrolysis

Pyrolysis is the process of fuels changing their molecular structure in the presence
of high temperature without significant oxidation even though oxygen species may be
present [51]. This process produces unsaturated hydrocarbons, polyacetylenes and other
aromatic compounds such as benzene and phenyl. These molecules then 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 are formed. These
larger PAH molecules are formed through reactions of PAH-PAH and the addition of
acetylenes onto PAH molecules [54]. Combination of larger PAH molecules then form
two-dimensional PAH which will be the precursors for soot nucleation.

2.5.3 Soot Particle Nucleation/ Inception of Particles

The topic on soot particle inception is still debatable. Widely accepted by people
in the field, particle inception is a process where the first particle arises from the smaller
fuel molecules after the fuel is oxidized and/or pyrolysed [53]. It is when the two-
dimensional PAH merge into three-dimensional particle [55] where mass is converted
from molecular to particulate system [54]. Details of chemical reactions at this stage are
still poorly understood.

According to Amann et al. [56], there were at least eight theories that have been
advanced about soot nucleation. Theories such as thermal cracking, condensation
reactions and polymerization, and dehydrogenization can be found in other review
papers. Amann et al. [56] also stated that the production of soot depends on formation
temperature. It is reported that the soot nucleation begins around 1400 K while soot
burnout stops below 1300 K [51]. At the lowest temperatures, only aromatics or highly
unsaturated aliphatics of high molecular weight are very effective in forming solid carbon
through pyrolysis. At intermediate temperatures between 1400 K and 1750 K, different
chemical paths are followed for producing soot. At extremely high temperatures, soot
nucleation process involves carbon vapour. A reaction mechanism proposed by Graham
et al. [57] supports the production of soot in the low and intermediate formation
temperature region which is more relevant in the study of soot formation in diesel

engines. Figure 2.4 shows the proposed reaction mechanism for the production of soot.

Similarly, at least in the lower temperature region, Kennedy [58] illustrates the

soot nucleation process very clearly in the following way; as hydrocarbons pyrolyse, they
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produce primarily smaller hydrocarbons (aliphatic hydrocarbons), in particular acetylene.
Then, the first aromatic species is formed from these aliphatic hydrocarbons, which
marks the initial step of the production of soot. Then, the aromatic species grow by the
addition of other aromatic and smaller alkyl species to form larger polycyclic aromatic
hydrocarbons (PAH). Continued growth of PAH leads eventually to the smallest
identifiable soot particle with diameter of the order of 1 nm with the mass of around 1000

amu.

Haynes and Wagner [53] described the soot particle nucleation as the first
condensed phase material that arises from the fuel-molecules via their oxidation and/or
pyrolysis products. Such products typically include various unsaturated hydrocarbons,
particularly acetylene and its higher analogues (CnH2n); and polycyclic aromatic
hydrocarbons (PAH). These two types of molecules are often considered the most likely
precursors of soot in flames. The condensation reactions of gas phase species such as
these lead to appearance of the first recognizable soot particles (soot nuclei) with size of d

<2nm.

2.5.4 Condensation

This stage is similar to the surface growth stage where smaller molecules of two-
dimensional PAH condense on newly-formed three-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 surface of soot particles 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 process. It involves the attachment
of gas phase species to the surface of the particles and their incorporation into the
particulate phase. Surface growth occurs when gas phase material is added through
chemical reactions with active sites on the soot particles and it is generally agreed that the

major growth species in hydrocarbon flames is acetylene (C,H>) [58].
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2.5.6 Soot Particle Coagulation

During soot particle growth process, surface growth occurs in conjunction with
coagulation. When particles are small and surface growth is active, collisions between
particles generally lead to the formation of a larger spheroid via the physical process of
coagulation [58]. Soot particle coagulation is a physical process that reduces the numbers

of soot particles but maintains the total of soot mass.

2.5.7 Soot Particle Agglomeration

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

spherules which is likely to be due to electrostatic activity [56].

2.5.8 Soot Particle Oxidation

Soot oxidation can occur at anytime during soot formation process, from fuel
pyrolysis to agglomeration process. Soot particle oxidation takes place when the
temperature is above 1300 K [51]. Oxidation is a two stage process where chemical
attachment of the oxygen to the surface (absorption) occurs, and second, desorption of the
oxygen with the attached fuel component from the surface as a product [51]. Under lean
conditions, oxidation of soot occurs as a result of attack by molecular oxygen, O,, and
OH radical, and under fuel-rich and stoichiometric conditions, OH is likely to dominate
the soot oxidation process [51]. However, Haynes and Wagner [53] state that only about
10-20% of all OH collisions with soot are effective at gasifying a carbon atom. Under
some conditions, other oxygenated species such as O atom, H,O and CO, 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 chemical and physical
processes which may occur concurrently in a given elemental mixture packet within the
diesel combustion space [56]. To make it even more complex, due to both the
heterogeneous nature of the mixture and the duration of fuel injection, different processes
are in progress in different packets at any given instant [56].

Figure 2.5 displays a qualitative indication of the changes that occur as a function
of time in a premixed flame especially during nucleation and surface growth. Taking all
processes into consideration, the elementary soot particles from various combustion
processes such as furnace flames, piston engines, turbine combustors and premixed
flames under normal operating conditions do not show much variation and they exhibit a
log-normal distribution with the size range of 20-40 nm [53]. Table 2.2 shows size of
primary and agglomerated soot particles from different combustion systems with

different measuring methods.

2.6 Soot in Diesel Engines and Factors Influencing Its Formation

Haynes and Wagner [53] explained that the soot emissions from these engines are
influenced by many factors: spray atomization and configuration, air motion, state of
turbulence, pressure etc., similar with continuous spray flames. Time-resolved
measurements of the soot concentration made using UV-light absorption showed that soot
formation commences in the region of the spray cone immediately after ignition. The
soot concentration increased rapidly to its maximum (>10-7 gm/cm3) just 5°CA later, or
14°CA after SOI. Turbulent mixing due mostly to swirling air supply, ensures an even
soot distribution at 21°CA after SOI. Later in the cycle, the soot comes into contact with
oxygen-containing regions, and it burns out. An individual spherical unit of soot is
typically 30 nm in diameter. The agglomeration of the primary particles begins within
the combustion chamber within 50°ATDC, and further agglomeration is likely to occur in

the exhaust and sampling system. This explanation was based on experimental results by
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Greeves and Meehan [60], but it was not clearly shown how the soot particles form and

grow during the combustion in the engine.

The conceptual model of soot formation in direct injection diesel engines
proposed by Dec [61], which is based on laser-sheet imaging, has been widely cited as
improving understanding of soot formation mechanism in diesel engines. This model is
based on experimental results on a Cummins DI diesel engine at an engine speed of 1200
rpm. Start of injection was 11.5° before top-dead centre (BTDC) and injection duration

was around 20° crank angles.

In the illustration of the conceptual model as shown in Figure 2.6, ignition starts
at around 4.0° after start of injection (ASI) and soot formation occurs at 6.0° ASI with the
existence of small particles throughout the large portions of the downstream region of the
fuel jet. These soot particles are formed from the fuel-rich premixed burn. By 6.5° ASI,
soot is found throughout the cross section of the downstream region of the jet. At this
point, larger soot particles are also observed at the periphery of the fuel jet. This suggests
that the effect of the diffusion flame is at play here in the soot formation process at this

region.

Between 7.0°-9.0° ASI, that is, during the last part of premixed burn spike, the
soot concentration continues to increase throughout the cross section of the sooting
region with the greatest increase being toward the leading edge where the head vortex is
forming. Whereas, presumably due to turbulent mixing, the bigger soot particles at the
jet periphery become distributed inward without spreading into the central region where
smaller soot particles exist. The soot particles in the region of head vortex are found to
be even larger than the ones at the periphery. Towards the end of the premixed burn as
the last of the premixed air is consumed, the small soot particles present throughout the

cross section extending to the jet upstream.

From 9.0° ASI to the end of injection at about 18.5° ASI, where the combustion

transitions to being purely mixing-controlled, the overall appearance of the jet shows only
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moderate changes. The soot concentration is higher and the particles have grown much
larger throughout the head vortex. Smaller soot particles are still present at the upstream
and the central regions. The soot particles caused by the diffusion flame at the periphery,
which are bigger than the ones in the central region but smaller than the ones in the head
vortex, are still present. This distribution also suggests a history to the soot formation
with the soot initially forming as small particles at some upstream location, and
additional formation and particle growth continuing as the soot moves down the jet in the
head vortex. This soot distribution pattern continues up through the end of fuel injection
until about midway through the mixing-controlled burning region.

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

the oxidation process starts to dominate in the whole soot formation-oxidation process.

Soot particles are expected to be oxidized at the jet periphery and at the outside of
head vortex at which a diffusion flame occurs and at which OH and oxygen are ample for
soot oxidation. The oxidation process occurs in these regions throughout the combustion

process.

2.7 Soot Models

The emission of soot from a combustor is determined by the competition between
soot formation and oxidation and a comprehensive model of the soot process must

include both phenomena [58].

Various models of soot formation and oxidation have been studied by engine

researchers. These models can be grouped into three categories; (i) empirical models that
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use correlations of experimental data to predict trends in soot loadings, (ii) semi-
empirical models that solve rate equations for soot formation with some input from
experimental data and (iii) detailed models that seek to predict the concentration of all the
species in a flame, from fuel to polyaromatic hydrocarbons to soot by solving the rate
equations for elementary reactions that lead to soot [58]. Kennedy [58] and Haynes and
Wagner [53] reviewed several soot formation models that have been studied. Apparently,
only a few models were applied extensively on practical diesel engines and mostly they
fall within the second category. A few soot models that have been recently used to study
diesel engine combustion shall be described in the following sections.

2.7.1 Two-Step Empirical Soot Model

The two-step soot formation model that has been used by a number of
investigators [31, 36, 62-65] began with Hiroyasu’s soot model [37]. In this model, the
soot formation process is considered to have only two reaction steps, which are, i) the
formation step, in which soot is linked directly to fuel vapour molecules, and ii) the
oxidation step, which describes the destruction of soot particles via the attack of

molecular oxygen [66].

The net rate of change in soot mass is the difference between the rates of

formation and oxidation, as identified by the following equation,

dmsoot _ dmsoot|
dt dt

dm,,,, |
_ SO0 2.1
ot (2.1)

form oxid

where the soot formation and oxidation rates are expressed in Arrhenius form as:

dm t 0.5 Ef

—sot =Am Cexp| ——— 2.2
dt o f fuel p p RT ( )

dmg,y, 18 E

—soot. = m._ X Sexp| ——<= 23
dt » % soot /N0, p p( RT j ( )
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where, Msoot, Mryel, Xo, and p are soot mass, fuel vapour mass, oxygen molar fraction and
the gas pressure, respectively. The activation energy Es= 8 x 10* (J/mol), Eo=12 x 10*
(J/mol) were used. The pre-exponential factor, As, and A, are adjustable with measured
data [66].

Patterson et al. [67] found out that Hiroyasu et al.’s model or its revision [65] has
under-predicted the peak in-cylinder soot concentration. While maintaining the soot
formation step, Patterson et al. made use of the semi empirical formula for pyrolytic
graphite oxidation proposed by Nagle and Strickland-Constable (NSC) [38] by
incorporating it into a new soot oxidation rate formula in the following form [67];

dmsoot — 6msoot MCRNSC (24)

dt oxid P soot Dsoot

where M, psoot, Dsoot are the molecular weight of a carbon atom (12.011 g/mole), the soot

particle density (2 g/cm®), and the diameter of a soot particle (30 nm), respectively, and

Rysc IS the overall pyrolytic graphite oxidation rate which is written in the following

form:

1+k

Ruce =P x ke, p-x) @5)
P

This formula of NSC is based on the assumption that there are two types of site on
the carbon surface, namely A, a more reactive, and B, a less reactive type. By letting x be
the fraction of surface covered by A, and 1-x the fraction covered by B, the following

processes are assumed possible.

@) Reaction of oxygen with A sites to give a further A site + 2CO, the

rate being between the first and zero order.
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A+0;,> A+2CO (2.5)
Rate = M X
1+k,p
(b) Oxygen reacts with B sites in a first order reaction to give an A site
+2CO.
B+0,>A+2CO (2.6)

Rate =k, p(1—x)

(c) A sites undergo a process of thermal rearrangement to give B sites
at a rate Krx

A->B Rate=kx (2.7)

For a stationary value of x, the rates of (b) and (c) must be equal
kr X =kg p(1—X)
which gives,

1
X=——"——
1+ (k /Kg) P

According to this mechanism, the surface will be entirely A at low temperatures,
the reaction being of the first order at low pressures but approaching zero order at
atmospheric pressure. As the temperature increases, thermal rearrangement produces an
increasing proportion of B in the surface: since B sites are less reactive than A, the
reaction rate ceases to rise and then begins to fall. At still higher temperatures, the
surface is wholly covered with B, the reaction is of the first order at all pressures, and the
reaction rate rises with temperature at a rate determined by the activation energy of

reaction (b).
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To fit the known experimental results, the following values are adopted by Nagle
and Strickland-Constable [38] for the constants, and with R=1.987 cal/mole-K:

ka=20xe*00RT g/cm? s.atm
ks=4.46x10°xe™>?%RT g/cm? s.atm
kr=1.51x10%e " %RT g/eml.s

k;=21.3xe*1%RT gtm?

This modified version of the two-step soot model is widely employed by workers
in multi-dimensional diesel engine simulations due to its simplicity. Despite its
widespread acceptance, it is not without limitations. The NSC formula is based on lower
oxygen partial pressures than the ones usually found in diesel engines. More accurate
data taken from more appropriate diesel engine conditions are clearly necessary to
improve the prediction of the model. Furthermore, the oxidation of soot by OH attack is
not properly accounted [58]. Ladommatos et al.[68] measured diesel soot oxidation rates
and compared with NSC [38] and Lee’s [69] oxidation model. Their measurements
showed that diesel soot 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. The modified formula could
readily be applied by adjusting the four rate constants in NSC model as proposed by

Ladommatos et al. [68].

As can be noticed, this two-step model does not take into account the detail steps
of soot particle formation as described in the preceding section of the review. It neither
provides information regarding the size of soot particles. This deficiency has been dealt
with by the model proposed by Fusco et al. [32] and it shall be discussed in the next

section.

2.7.2 Multi-Step Phenomenological Soot Model

This soot model is a phenomenological model which incorporates via global rate

expressions the physical processes of pyrolysis, inception, surface growth, coagulation
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and oxidation [32]. These physical processes are shown and labelled in Figure 2.7. By
pyrolysis, a portion of fuel is converted into soot precursor radicals (represented by
process (1)), and growth species, assumed to be C,H, (2). A portion of soot precursors is
oxidized (3), and the rest is converted to soot particles (5). The growth species can
increase the mass of soot particles (6) and they can be oxidized into inert products (4).
Soot particles in turn, undergo oxidation (7) and coagulation (8).

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

(7), the Nagle and Strickland-Constable oxidation model is utilized.

Kazakov and Foster [33] modified the Fusco model by including another process
into the kinetic model which is direct deposition of precursor species onto the soot
particle surface, as shown in Figure 2.8, and introducing a new coagulation rate constant
that is valid from the free-molecular regime to the near-continuum 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 of injection 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 adding another oxidation process
of soot particles which is oxidation by OH. Neoh [39] oxidation model was used to
provide the OH-attack oxidation rate constants. The study by Tao et al. [71] shows that

the prediction by the model is similar to Dec’s [61] diesel conceptual model in many

24



Chapter 2 Literature Review

aspects. The study also exhibits the agreement between the model 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 discovered that the soot
mass at EVO predicted by the combination of Hiroyasu and NSC models was empirically
matched.

2.7.3 Complex-Chemistry Coupled Phenomenological Soot Model

A chemical mechanism that couples a phenomenological soot model with
complex chemistry mechanism was proposed by Tao et al. [34]. The mechanism consists
of 65 species and 273 elementary reactions. The mechanism is a combustion mechanism
that consists of four parts: the n-heptane auto-ignition chemistry (reactions 1-41); the low
hydrocarbon oxidation chemistry (reactions 42 — 149); the formation reactions of PAHs
(up to two aromatic rings) (reactions 150-264); and the NOx formation chemistry

(reactions 265-273), with all the reactions listed in the appendix of Tao et al.’s paper [34].

The soot formation model in this mechanism includes all important steps: particle
inception, in which naphthalene (C1oHs) and diacetylene (C4H>) grow irreversibly to form
soot; surface growth via the addition of acetylene (C,H,); and surface oxidation via OH
and O, attack. The n-heptane ignition chemistry and small hydrocarbon oxidation
chemistry are added to form the overall combustion mechanism. The soot model in this
whole mechanism is in parallel with Fusco et al. [32] and Kazakov et al. [33] models but
with some modification. The modification is done by replacing the precursor formation
steps by the detailed gas-phase kinetics of PAH (naphthalene, CioHg) and polyyne
(diacetylene, C4Hy).

Further work has been done by Tao and coworkers [72] recently. The nucleation
of soot particles is based on the idea of Lindstedt et al. [70, 73] but it is assumed that
nucleation takes place at sites where diacetylene and naphthalene exists. The soot surface

growth is described using Frenklach and Wang’s active site model with some
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modification, and the oxidation mechanism includes both Nagle and Strickland-
Constable’s (NSC) molecular oxygen oxidation and Neoh’s hydroxyl oxidation models
[72]. For particle coagulation process, a monodisperse size distribution is assumed and
the process is described by the Smoluchowski equation with the revised rate from
Graham [72]. This model has been applied to n-heptane spray combustion, and the
prediction of the spatial and temporal soot distributions is in good agreement with
experimental results. The studies also support that, in addition to its important role in
soot surface oxidation, OH radical also plays a role as a growth agent crucial for the soot
surface growth. However, sensitivity studies have shown that the spatial and temporal
predictions of soot concentrations were significantly affected by inception rates, the
surface reaction schemes, grid size and turbulence models [72].

2.7.4 Other soot models

Other models have also been studied to simulate the chemical and physical
process of soot formation in flames. The following examples are models that usually

include a detailed chemistry mechanism for soot formation.

Kraft [59] reviewed population balance models which include homogeneous gas
phase reaction mechanism, particle inception, particle agglomeration, surface reactions,
condensation and sintering, of organic and inorganic nanoparticles. The numerical
methods such as method of moments, sectional, finite element and Monte Carlo methods
that are associated with the population balance models were also reviewed. The method
of moments has been identified as a suitable method to efficiently simulate laminar

flame.

Balthasar and Frenklach [74] used the method of moments with interpolative
closure (MOMIC) which was coupled with a detailed chemical kinetics mechanism of
soot formation aggregation in laminar premixed flames. The analysis of the modeling
results showed a complex interaction of particle nucleation, surface growth and
coagulation. In this model, soot volume fraction, soot particle 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, which is governed by particle
nucleation, coagulation and surface growth; and stochastic numerical methods to simulate
the particle size distributions of soot particles in laminar premixed flames. The model is
able to capture the evolution of mass and surface area, and full structural details of the
particles. In this model, soot particle size and soot particle number density were plotted

against time.

As opposed to the studies mentioned above which have been applied to open
flames, Hong et al.[76] developed a model for diesel engines that included the broad
scope of the physical and chemical mechanisms. The moment method was used in this
study to describe the soot formation process. The model was compared with
experimental results but the model did not yield similar results due to the difficulties in
optimizing three main parameters, which were, the correction factor used in nucleation
submodel, the rate coefficient of the surface reaction, and the size of primary soot
particles. As an example, increasing the nucleation rate correction factor increases the
number density of soot particles but decreases the average particle 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 distribution has been
carried out by a number researchers [31-34, 77], but previous studies on lagrangian soot
particle tracking in a diesel engine are difficult to locate. The most similar study has been
carried out by Hessel et al. [78] which analyses paths of packets of intake charge in time
and space in a HCCI engine by employing EnSight 8.2 post processing software [79].
Another computational study in combustion engineering application was carried out by
Apte et al.[80] in which movements of large number of glass-particles in coaxial-jet

combustor were predicted with large-eddy simulation (LES) on unstructured grids.
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Several other studies on soot particle tracking in open diffusion flames have also
been carried out by Katta et al.[81], Barve et al.[82] and Fuentes et al.[83]. Katta et al.
found that soot particles closely follow the gas flow, while Barve et al. tracked fluid
particle flow to understand soot particle evolution which also implies soot particles
following the fluid flow. Fuentes et al. tracked the history of soot particles from
nucleation to oxidation along their simulated trajectories. Particle tracking studies in
different fields using interpolated velocity vector have recently been carried out by others
[84-91].

2.9  In-cylinder Fluid Motion

Fluid motion within a combustion chamber is important to speed up evaporation
of the fuel, to enhance air-fuel mixing, and to increase combustion speed and efficiency.
Besides the desired turbulent flows in the cylinder, other additional motions generated are
swirl, squish and tumble motions. Swirl is generated during air intake where the intake
system gives a tangential component to the intake flow as it enters the cylinder. Squish is
the radial inward motion of the gas mixture from the outer radius of the cylinder as the
piston approaches TDC and compresses the gases. When combustion starts and the
piston moves away from TDC, reverse squish occurs where the burning gases are
propelled radially outward to fill the now-increasing outer volume along the cylinder
walls. This reverse squish helps to spread the flame front during the latter part of the
combustion. Tumble is a secondary rotational flow generated by the squish motion that
occurs about a circumferential axis near the outer edge of the piston bowl. Tumble
motions are becoming important in achieving air-fuel mixture stratification. Contouring
of the piston face and variable timing and lift of the intake valves are subjects of on-going

research to achieve stratified combustion [14].

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

fluctuations in all directions. This makes it impossible to predict the exact flow
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conditions at any given time and position. Turbulence in a cylinder is high during intake,
and then decreases as the flow rates slow near BDC. It increases again during

compression as swirl, squish and tumble increase near TDC.

However, there are fluid motions that are detrimental to the engine condition.
These motions are crevice flow and blowby. Crevice flow is the flow where gases enter
and get trapped in tiny crevices in the clearance between the piston and cylinder walls,
imperfect fit in the threads of the fuel injector, gaps in the gasket between head and
block, and unrounded corners at the edge of the combustion chamber and around the
edges of valve faces. It accounts only 1-3% of the total clearance volume, but it can
reach as much as 20% of the total mass at peak pressure [14]. This is due to high density
of trapped gases in the crevice as pressure is high but temperature is as low as the wall
temperature. These trapped gases contribute to hydrocarbon (HC) emissions, and
lowering combustion and engine thermal efficiencies. Blowby is a flow of gases past the
compression rings through the ring grooves as the piston moves towards and reverse from
TDC. It is also contributed by the leak through the gaps where the ends meet in piston

rings.

The complexity of the fluid motion in a cylinder illustrates the difficulties
involved in investigating the movement and behaviour of soot particles inside a cylinder
of an engine. With additional soot chemical kinetics and physical processes to be

accounted for, the study of in-cylinder soot particles is quite a daunting task.

2.10 Sootin Oil

The accumulation of soot in the lubricating oil of a diesel engine is one of the
factors limiting the interval between oil changes and hence service interval. The soot is
formed in the cylinder and transferred to the oil film on the liner [8, 9]. It causes wear to
the engine component when it gets into the lubricating oil system. It has not been known
clearly at which region of the cylinder and at what instant the soot came from, and how

the soot distribution and particle size influence soot transfer to the 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 many researchers. Wear to
the engine component caused by soot in oil has been studied by Rounds [92] about thirty
years ago. Through their studies, Gautam et al. [93] also showed that wear increased
with higher soot concentration, and the wear mechanism involved could be inferred as an
abrasive wear mechanism. Kim et al. [94] also observed that wear increased as the
concentration of soot in the used oil increased.

In his study, Mainwaring [95] found that soot has a direct influence on wear, and
the overall rate of wear depends on the balance between rates of film formation and film
attrition, which in turn, depends on the oil film thickness, the soot particle size and soot
concentration.  In terms of the effect of soot to thermal performance of engine oils,
Lockwood & Zhang [96] observed that soot caused a slight positive effect 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 required low NOy emissions
exacerbate the oil contamination problem due to increase in emission of soot caused by
EGR, injection timing retardation, high piston rings and high cylinder pressure. As soot
generated in the combustion chamber increases, and no modification in engine designs
such piston bowl shape, is made, it is fair to say that a higher amount of soot will enter
the engine oil through the narrow clearance between piston and the liner [10]. The
amount of soot entry into the oil is not known exactly, but 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 by deposition of soot in
the oil film on the liner and the subsequent scraping of contaminated oil to the crank case
by the piston ring. He further postulates that the rate of the deposition depends on i) the
soot concentration in the outer regions of the combustion chamber; ii) thermophoresis,

which is the dominating transport mechanism within the viscous sub-layer; and iii) the
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topland height which influences the fraction of oil hence the mass of soot that will be
scraped down to the crank case. The theory of thermophoresis as the main transport
mechanism in transporting particles to the cylinder walls is also espoused by Eastwood
[10].

2.10.3 Mechanisms of Soot Deposition onto In-cylinder Walls

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

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

2.10.3.1 Thermophoresis

Thermophoresis is the mechanism that causes particles, suspended in a gas, to
travel down a temperature gradient. In a diesel engine, the temperature of chamber walls
is typically 400K to 500K, while that of bulk gas temperature can be greater than 2500K.
Therefore, there exist a thermal boundary layer between the walls and the bulk gases.
During combustion, soot is produced and distributed throughout the bulk gas by the
turbulent motion, but as the soot comes in contact with the thermal 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 particle moves down a
concentration gradient, as opposed to temperature gradient in thermophoresis mechanism.
It follows Fick’s law which states that the mass flux of a constituent per unit area is
proportional to the concentration gradient. Brownian diffusion could take place within

the laminar sublayer where the concentration gradient exists.
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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 diffusion. In diesel combustion,
turbulent diffusion would take place during the early stages when soot is being produced
at the turbulent flame front. Concentration gradients exist between the flame regions and
the rest of the chamber. Turbulent diffusion may be the predominant soot transport
mechanism up to the laminar sublayer, at which point some other mechanism 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 aerodynamic drag ratio to be thrown
out of the turbulent eddy and travel to the wall, it could be transferred to the wall by
inertial deposition mechanism. However, if mass to drag ratio is small, the particles will

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

2.10.3.5 Electrophoresis

Electrophoresis is the process by which a particle carrying an unbalanced charge
is transported in an electric field. This process would require that the particles acquire an
uneven charge when they are formed and that the combustion chamber walls carry a
static charge distribution. The soot particles might conceivably be charged through a

thermal ionization process.

2.10.3.6 Gravitational Sedimentation

This mechanism is almost unlikely to occur in a combustion chamber due to small
particle size and high turbulence. The sedimentation of a particle this size and density

take minutes or even hours, whereas time scales involved in diesel engines are very short.
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Thus, this mechanism is not taken into account in the study of soot deposition

mechanisms.

Models were constructed for four of these mechanisms, i.e. thermophoresis,
Brownian diffusion, electrophoresis and inertial impingement and they were compared.
Thermophoresis was found to be the significant contributor to soot deposition on
combustion chamber walls [8]. However, how the mechanisms were compared and

studied is not clearly stated in the article.

Suhre and Foster [8] then carried out an experiment to prove that thermophoresis
mechanism was the significant deposition mechanism in diesel engines. They used an
engine with optical window with temperature-controlled feature, on top of the cylinder.
What they found out was when the window is cool, more soot is deposited while when
the window is hot, less soot is transferred to the optical window. The results were

consistent with the finding of model comparison.

Kittelson and Ambs [9] also compared the thermophoresis model and
experimental results. The results agreed well. The soot deposited onto the wall is
between 20 to 45% of the exhaust mass, and possible reentrainment during exhaust
blowdown could be detrimental to soot control strategy that is based on in-cylinder
oxidation. Kittelson and Ambs [9] also noticed that oil contamination is another problem
that was caused by soot deposition on walls by thermophoresis. A significant amount of
soot (10-20% of the mass deposited in chamber) is deposited on cylinder walls. These
soot particles would be incorporated in the oil film and some of them would end up in the
sump. A combustion model with a submodel of thermophoresis was studied by
Abraham[98]. He did a comparison between model without and the model with the
thermophoresis model. He found out that when thermophoresis submodel was used,

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

Review of soot phenomenon, regulations, investigations and problems associated
with it has been briefly carried out in this chapter. In view of the importance of soot
particle size and how it evolves in time, soot formation process and its development in a
conceptual diesel flame was discussed in a great detail. A few recent soot models that
have been used to study diesel engine combustion were reviewed. The chapter finishes
with a review of soot in oil problem and the possible mechanism of soot transfer to the

liner.

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

As mentioned in the previous chapter, a two-step semi-empirical soot model has
been used in this study. While other soot models (multi-step and complex-chemistry) are
closer to the soot physical process and able to provide soot particle size information
directly from CFD simulation, their uses entail relatively high computational costs and
are so much dependent on the physical and chemical rates used in the models
formulations. Using a simple and a relatively low-computational-cost two-step mass-
based soot model, the present study accomplishes further analysis of the soot particle
through post-processing of CFD simulation data, thus decoupling the problem of soot
mass and soot particle diameter and its movement. Computed flow fields were used to
track the paths of soot particle movement in the cylinder. This approach is a Lagrangian
approach by which the history of soot and other species along the paths can be recorded
and analysed. This approach also allows more flexibility and more 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 movement using CFD and
particle tracking requires an understanding of the code and the various simplifications
and assumptions to characterise the actual physical and chemical phenomena. These
simplifications and assumptions have to be evaluated for their appropriateness so that the
results of the study are reliable.

This chapter describes the computer setup, data creation, data management,
computer programmes created and modified, and cylinder volume model setup. Sub-
models that are used in Kiva-3v CFD code are also explained in brief with references
given to assist the readers. Approaches taken to perform desired calculations are
explained in full. At the end of the chapter, simplifications 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 simulation, post-processing
and data analysis. A dual-booting configuration was set up on this PC to allow Kiva-3v
to be run on a Linux platform, and related softwares, namely EnSight post-processer,
Matlab and other word-processers and spreadsheets to be run on Windows platform.
While it was possible to work on only one platform (i.e. Linux), it was a matter of

preference of the author to carry out data processing and data analysis works on Windows
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platform. The specifications of the computer hardware and software are shown in Table
3.1 and Table 3.2, respectively. Redhat Linux distribution was used due to its
performance as the most competent operating system to support Kiva-3v application onto
personal computer [36]. In this investigation, Redhat Linux 9 was used due to its
compatibility with recent computer hardware, in place of Redhat 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 used is Kiva-3v Release 1. This is made up of three main parts;
preprocessor or grid generator (K3PREP), main solver (KIVA3V) and postprocessor
(K3POST). Each contains a set of one main program driver, subroutines, user-defined
functions, common block, block data and external subprograms that are referenced by the
main driver. K3PREP was used to generate computational grid which contained in a file
called by a generic file name itapel7. This file contains all the grid coordinates, X, V, z,
flags F and FV, six connectivity arrays, three cell-face boundary 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 pollutant emissions in various formats
were produced. In place of K3POST, a translation programme, called K2E is currently

used to convert KIVA3V data in binary form into EnSight-readable format.

Kiva-3v main solver generates data in a few types of formats where some can
readily be used in a spreadsheet, namely dat.* files, while others are in forms that require
another process of conversion. The most important file is itape9 in which all simulation
results are contained. This file is in binary form which requires K2E programme to
translate it into a postscript file that will be readable by EnSight post-processing software.
EnSight is used to illustrate the simulation results in graphical forms and can also be

exploited to display the results in many perspectives.

To extend the usage of these simulation data beyond graphical representation by

EnSight software, namely soot particle tracking and soot growth modelling, these data
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need to be formatted in an appropriate structure. To accomplish this, K2E programme is
modified to translate itape9 data into a format that are easily accessible and readable by
soot particle tracking and soot growth modelling programmes.  The running sequence

and the associated input/output files are shown in Figure 3.1 and Table 3.3.

The original version of Kiva-3v Release Il was ported onto a PC platform in
previous investigation [36] and employed Surovikin’s soot model [77] in its soot
calculation. In subsequent investigations [27, 30, 100], modification was made to the
code where Surovikin’s soot model was replaced with a two-step soot model that made

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

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

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

The net rate of change in soot mass is the difference between the rates of

formation and oxidation, as identified by the following equation,

dmsoot _ dmsoot| dmsoot

B _ dm
dt  dt | dt

soot

dt

OH _ oxid (3 1)

O, _oxid

where the soot formation and oxidation rates are expressed in Arrhenius forms as:

dm t 0.5 Ef
— =Am Cexp| ——— 3.2
dt o 70 fuel p p RT ( )
dmg,,, m )
s00 — A02 soot MCR
dt O, _oxid psootDsoot ne (33)
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dmg,,, m )
S00 — Ab soot M . R e
dt OH _ oxid " psootDsoot heeh (34)
where
RNSC zﬂx"'ks p—x) (3.5)

1+k,p

as previously explained in Section 2.7.1.

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

R —Wp N, [ RT
Neoh c/~OH MWOH MWOH 272_ (36)

Here, M, is the molecular weight of a carbon atom (12.0 g/mole), psoot, the soot particle
density (2.0 g/cm®) [67, 101],and Dsq;, the diameter of a soot particle (30 nm) [53, 67].

The diameter of soot of 30 nm is selected as this is the average diameter of in-cylinder

soot particle as referred in the cited articles above, and it is in the right range of measured
in-cylinder soot particle size shown in Table 2.2. This value is used in this Kiva-3v
simulation to calculate the rate of soot formation and oxidation to obtain the net rate of

in-cylinder soot mass formation at each time step.

A;, Ay, and A, are calibration parameters that can be adjusted for a particular

application to obtain accurate prediction. These calibration parameters partly compensate
for uncertainties in values of the average soot particle diameter, Dgo: [30]. The values

of A;, A,,and A, that have been used in the study are 65, 20 and 2.5x10°, respectively.

The soot mass calculated at EVO using these values was calibrated against measured soot

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

As these soot formation and oxidation rates are represented by Arrhenius type of

expressions, the rates are highly dependent on temperature. The formation rate is
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proportional to the fuel vapour concentration while oxidation rate is proportional to the
soot mass, oxygen partial pressure and number of OH molecules. Hence, soot
concentration is found to be the highest in the fuel rich region and high oxidation rates at
high concentration of oxygen and OH. Changing operating condition will affect the in-
cylinder gas motion hence fuel distribution, mixing and heat release patterns.
Consequently, local concentrations of fuel, oxygen and OH species and temperature
distribution are affected thus influence local soot formation rates. A total amount of soot
at each crank angle can be predicted as the summation of all of local soot formation

processes.

Sub-models that represent spray dynamics also play very crucial roles in
influencing the fuel distribution as well as gas flow patterns in the cylinder due to mass,
momentum and energy exchange between fuel spray droplets and the surrounding in-
cylinder gas. Fuel droplet oscillation and breakup, droplet trajectories, droplet collision
and coalescence, droplet evaporation, droplet turbulent dispersion and wall film dynamics
are represented with various sub-models and subroutines in this code. Droplet breakup is
represented by Taylor Analogy Breakup (TAB) model [102], droplet collision,
coalescence, dispersion and evaporation by Monte Carlo-based discrete particle technique
[102] and wall film dynamics by particle-based liquid wall film model [103, 104].
Droplet radius at injection in terms of Sauter mean radius (SMR) was set at 74.5 x 10° m
with monodisperse distribution. This SMR value of the droplet radius follows the radius
of the injector hole. The governing equations in these models and other models are
discretised both in time and space and are solved with finite-difference approximations
which is based on arbitrary Lagrangian-Eulerian (ALE) finite volume method [102].

These sub-models were used without modification in this study.

Since soot formation depends heavily on the local fuel concentration which in
turn depends on fuel droplet distribution and in-cylinder gas flow, familiarity with the
operation as well as the limitations of these spray dynamics sub-models are necessary.
The treatment of fuel droplet-gas and droplet-droplet interactions in this Kiva-3v code

was found to be prone to errors as it is strongly mesh dependent [105-107]. The inherent
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problems lie in prediction of the droplet-gas relative velocity through inaccurate two-way
momentum coupling and fuel droplet size through droplet-droplet collision and
coalescence processes. It was shown by Abani et al. [106] that even with adequate
resolution, drop sizes are predicted poorly and spray penetration is over-predicted.
However, modification of these spray sub-models has not been the focus in the present
study thus these sub-models have been used without modification. Keeping this inherent
weakness of these spray models in mind, the results of the simulation have been used for

further treatment of soot particle movement.

The above sub-models and other important sub-models used in this Kiva version
are listed in Table 3.4. Detailed discussions on these sub-models could be found in [99].

3.4  Setup of Computational Model

Simulations were carried out for a combustion system and injector arrangement of
a diesel engine. The combustion system has a bowl-in-piston and flat cylinder head face
configuration, with a seven-hole injector installed vertically and centrally. The
compression ratio was 18.2:1 and the swept volume was 500 cc. The schematic diagram
of the engine and piston crown configuration is shown in Figure 3.2. The initial and
boundary conditions of the simulation were based on a specific case of an experimental
engine with specific test conditions. The simulation only covered the closed part of the
engine cycle, that is, from inlet valve closing (IVC) to exhaust valve opening (EVO).
Initial and boundary conditions for the simulation as well as model validation were based
on real data from experimental tests [100]. In-cylinder pressure, heat release rate, and
soot and NOy concentration at engine exhaust were used for calibration purposes. Table
3.5, Table 3.6 and Table 3.7 show the specifications of the experimental engine,
specifications of the fuel injector and the test conditions, respectively. These test
conditions have been selected to represent a high speed high load operating condition
which is one of the cases to test engine emissions by Ford motor company and

experimental results of the emissions are provided in an internal report [108].
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Computational domain of full combustion chamber volume was generated with
K3PREP to represent the cylinder volume of the experimental engine. Baseline mesh
configuration of 150 divisions in azimuthal direction, three (at TDC) to 22 (at BDC)
divisions in vertical direction, and 37 divisions in radial direction, was used to produce a
maximum number of mesh of 200,000 cells. This number of cells has been found to give
sufficient grid independent in-cylinder pressure, temperature and cumulative heat release
as obtained for this combustion system in previous studies [30, 36]. Grid size is
approximately 1.16 mm in the radial direction, 0.6 to 3.1 mm (above the bowl) and 1.1
mm (within the piston bowl) in the axial direction with the azimuthal grid spacing of
2.4°. The mesh configuration is shown in Figure 3.3. Other input variables in the input
file itape5 were set to closely follow the setting in the previous study [30]. The squish
volume was adjusted to account for the absence of a crevice submodel and match the
compression ratio of the experimental engine [30].

A need for the use of full combustion chamber volume for the computational
model was identified to accomplish correct calculations of soot particle tracking. This
was realised during the course of the initial investigation when one-seventh of the volume
was used. With the setup of one-seventh of the volume, deactivated or dummy cells were
created at the two faces in the angular direction by K3PREP programme. With modified
K2E programme, these dummy cells could be detected and deleted but it produced gaps
when the sector was replicated. When they were not deleted, it produced overlapping of
sectors. Both were found to cause irregular soot particle paths and discontinuities in the
species and condition history along the paths. To overcome this problem and generate
smooth paths without discontinuities, a full cylinder volume 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) generated by each Kiva-
3v simulation depends on mesh configuration (spatial resolution) and the frequency of
data recording (temporal resolution). The higher the spatial resolution and recording
frequency the larger the computer storage required.

For instance, increasing the spatial resolution from 150,000 cells per
computational volume to 200,000 and 250,000 cells at temporal resolution of 0.25° CA
will increase computer storage from 25 GB to 40 GB and 50 GB respectively.
Accordingly, actual runtime time also increases from 22 hours to 38 and 70 hours,
respectively. Figure 3.4 summarises the storage and runtime requirements for these mesh

configurations.

With the mesh configuration of 200,000 cells, 14 gigabytes (GB) is required when
recording with 1°CA resolution. Increasing temporal resolution to 0.25° CA and 0.1° CA
increases the storage requirement to 40 GB and 110 GB, respectively. Due to the heavy
use of computer storage and the limitation of interactive data recording capability of the
PC in use, the recording of the data is carried out in batches, and Kiva-3v simulation
needs to stop and restarted when file size reaches its maximum storage capacity in each
batch.

While the actual runtime of a particular mesh size with three temporal resolutions
does not differ, file management tasks carried out in-between intermediate stops and
restarts of Kiva-3v also increase the overall time. In average, increasing temporal
resolution from 1°CA to 0.25° CA and 0.1° CA increases these file management time
from 1 hour to 2 and 4 hours, respectively. Time required to post-process the simulation
data into final structure for particle tracking calculation also increases immensely. It

increases from 3 hours to 9 and 20 hours, respectively. Even though it is not quantified,
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idling time that associates with restarts of Kiva-3v simulations and batch post-processing
will also increase as temporal and spatial resolutions are increased. Figure 3.5 and 3.6
show the cost of increasing temporal resolution to the data storage and total time

requirements.

3.7 Soot Particle Tracking with Trilinear Interpolation Technique

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

A soot particle at the start of tracking location and instant is assumed to take on
the velocity vector of the flow field at the same point, as its velocity. The velocity vector

of a soot particle at a given position S, within an element can then be written as
ds

ues,.t,)=— 3.7

(Sn:ty) m 3.7)

where s, is the current particle position and t, the current time step. The position of the
soot particle at the next time step is obtained by approximating the time derivative by

one-step forward difference as described by the equation below:

Sn+1 =Sn +U(Sn’tn)At (38)

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

The nanoscale soot particle is assumed massless which means that the forces such as

gravitational and drag, that normally act on a moving particle in a moving body of fluid
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are considered to have negligible effect on the soot particles. Therefore, the particle is
expected to follow the bulk gas flow in the cylinder. Consequently, the soot particle
position at the next time step is only the outcome of Equation 3.5. This assumption will
be further justified in Section 3.9.

The simplest form to calculate the new position of the soot particle is through
Euler’s method which is also called first order Runge-Kutta method. In this
investigation, Euler’s method directly takes the velocity at a given point as its velocity
estimate to calculate the distance travelled by the soot particle. This method does not
give sufficiently accurate results if the underlying function, in this case soot path, is non-
linear in the time step. The accuracy of the path can be increased by using higher order
one-step forward difference methods. All one-steps methods can be represented by the
general form of Equation 3.5, with higher order methods differs only in the manner the
velocity is estimated. Further discussion and comparison of the first-order Runge-Kutta
method with higher order methods will be presented in Chapter 5.

Locations of the soot particles at each time step depend on the velocity vectors in
the previous time steps. These locations can be anywhere in the computational domain
and most of the time they do not fall on the cell nodes. However, the velocity vector and
other species scalars are discrete and known only at cell nodes. The nearest-node method
has been used in the early stage of the study only to show that soot particle paths are
plagued with discontinuities. To use the nearest-node method to obtain continuous
particle paths, spatial resolution of the computational domain needs to be increased
greatly. Without having to increase spatial resolution, an accurate velocity vectors at the
actual particle locations can be interpolated by considering the velocity vectors from

surrounding cell nodes. For this purpose, a trilinear interpolation technique is considered.

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

velocity vector at any location in the domain can be estimated. A typical cell used in the
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simulation is shown in Figure 3.7. However, cells in the computational domain have
non-uniformed cell shapes and sizes at different locations and change quantity and sizes
with time in the region above the bowl. Therefore, identification of eight corners of the
cells surrounding the interpolated point is accomplished by a Matlab subroutine which is
able to perform in any region in the computational domain.  After finding the eight
points, the subroutine finds four interpolated values along z-direction (light red-circles).
These four values are then interpolated along radial distance, (p) to obtain two
interpolated values (blue circles). Finally, these two values are interpolated along angular
direction, (0) to obtain the final interpolated value (red-circle) at the point of interest.
This subroutine is included in the particle tracking programme. In addition to velocity
vectors, soot, fuel, temperature, pressure, oxygen and OH are also interpolated to be used
later in soot growth model.

This particle tracking programme with trilinear interpolation can basically be used
to track soot particles from any location and instant in the cylinder. From Kiva-3v
simulation, soot is identified to start forming at around 1°CA ATDC. Therefore, soot
particle tracking in this thesis is started out at or above this crank angle. The soot particle
can normally be tracked until EVO, but in some cases, the tracking stop earlier. The
early stopping of the tracking occurs when soot particle goes beyond the computational
domain due to very high velocity it experience in the previous time step. This normally
happens when the soot is tracked inside the fuel jet during fuel injection period where the
velocity of the fuel is very high (up to 15 m/s). Currently, the soot particle is assumed to
impinge on the bowl walls without further treatment of what will happen next to the
particle. Besides depositing to the walls, other possible physical phenomena that would
happen to the particle could be rebounding from the wall, or just rolling along the wall.
Treatment of the soot particle during these possible physical processes requires other sub

models which at this point are not dealt with in this thesis.
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3.8 Soot Growth Model

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

shall be called soot growth model.

This soot growth model specifically makes use of temperature, pressure, fuel,
soot, O, and OH concentrations history to predict the size evolution of soot particles
along the paths. Soot particle size at a particular location and instant depends on the
amount of soot formed and soot oxidized. In this soot growth model calculation, the soot
particle is assumed spherical in shape and the entire amount of soot formed is assumed to
contribute to the growth of soot particle sizes and be distributed equally onto the surface
of available soot particles. This assumption seems to neglect the contribution of
nucleation process to the amount of soot formed. Yet, it is a practical assumption since
many published works agreed that soot growth process contributes to the majority of the
soot formed in flames [10, 53]. Nonetheless, this assumption does not discount the
importance of nucleation process to provide nucleus for further soot growth, and its
significance in controlling the soot particle number density that directly influence
physical processes of coagulation and agglomeration. In this model however, coagulation

and agglomeration processes are not taken into account to predict soot particle sizes.

The amount of formed and oxidized soot experienced by a soot particle along a
path are calculated using the same Hiroyasu soot formation and Nagle-Constable
Strickland and Neoh’s soot oxidation rate expressions as the ones used in Kiva-3v
simulation as described earlier in Section 3.3. To obtain the rate of size change of a soot
particle, an appropriate multiplication factor needs to be introduced in the equations.
Several possibilities have been explored and assessed as to what is the best way to model
soot particle growth along the paths. This exploration shall be discussed and explained

in greater details in Chapter 7.
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3.9  Evaluations of Assumptions

In the present investigation, soot particles have been treated as massless when
tracking and mono-disperse unaffected by the processes of growth and coagulation.
According to Dec’s report [61], soot particles continue to nucleate until the end of
injection in the upstream region of the fuel jet and grow in size as they move to the
downstream region. Haynes and Wagner [53], reported that agglomeration starts late at
around 50° CA ATDC but current studies [109] suggest that agglomeration process may
start earlier during soot formation process as soot size distribution during soot formation
does not differ much with that of later crank angles and of the exhaust. The average
measured engine-out primary soot particles range between 10 to 70 nm and agglomerated
soot can be in the range of 100 to 300 nm as shown in Table 2.2. Soot agglomerate,
which has a fractal dimension, Dy, of about 1.8 [110, 111], behave dynamically different
from and has smaller drag coefficient than the identical size of a spherical soot particle by
a factor of 0.8 [111]. This fact however does not significantly influence the soot

movement in the engine studied in this thesis as shall be shown later.

In addition to assuming soot particles are massless when tracking individual
particles, in the Kiva simulations used to define gas state and velocity fields which dictate
the particle path, soot is assumed to be a continuous-phase species. These fields are
computed taking into account interactions of continuous phase of gas and discrete phase
of fuel droplets. When tracking particle paths through these fields, the effect of the
particle on the field is assumed to be negligible. In other words, in the tracking the soot
particle with the post-processed data, it is also assumed that the particle movement has no
effect on the fluid flow field and the fluid flow has no influence on the particle
movement. Another assumption is that soot particles have a sufficiently low number
density for particle-particle interactions to be neglected and each particle to be considered
as an independent body. This assumption is important as particle-particle interactions
would produce other forces which may affect the particle movement. The soot particle is

assumed spherical for the reason stated in section 3.8 and this spherical assumption is
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used to justify the overall assumption that the soot particles follow the in-cylinder bulk

gas flow.

To justify that soot particles follow the in-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 particle with radius r travels through a
continuous gas phase with density py from a static position or after changing direction at
a right angle during a motion to reach velocity v, is considered. The soot particle
experiences drag force due to its shape and the difference in velocity with the continuous
phase. An equation to determine the time taken by a particle to reach the velocity v,
which is also the average piston velocity is obtained in Equation 3.8 from the force

balance equation.

F, =ma (3.9)
1 2 Vi =Y,
Epgvp CDAp = ppvp( At ) (310)

where vs =v, and v;=0, thus,

At=8[ P | T (3.11)
3\ py )V,Cp

where
soot density, p, = 2000 kg.m?; gas density, py ~ 20.0 kg.m™ [112]
v = average piston velocity = 7.1 ms™, (v = 2LN) where
N is the speed of engine in revolutions per seconds (2500 rpm=41.67 rps)
L is the of engine stroke in meter (0.086 m)
Cp = 0.5 for spherical object (smaller by a factor of 0.8 for soot agglomerates)

A, = cross-sectional area of the soot particle

The maximum size of soot particle that can be considered massless can then be

obtained by equalising Equation 3.9 to the crank angle step used in this study, which is
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0.25 CA. At the engine speed of 2500 rpm, this crank angle step is equivalent to
1.67x10” seconds. The maximum diameter of soot particle can be calculated to be about
400 nm. This means that soot particle with the diameter below 400 nm will reach piston
velocity and follow the fluid flow within the specified time step. As the in-cylinder soot
particles or agglomerates are mostly around 100 nm, the soot particles tracked in the
present study are shown to behave as massless particle and follow the in-cylinder bulk
fluid flow. This is also supported by the work of Abraham [98] which shows that
distribution in-cylinder soot outside of the boundary layer is mainly influenced by
turbulent eddy and bulk fluid convection. Due to minimal effect of agglomerated soot on
the soot particle drag [111], the shape of soot considered in the particle tracking model
can also be simplified as spherical. In their studies of diffusion flame, Katta et al.[81]
and Roquemore et al.[113] also found that nanoscale soot particles follow the

surrounding gas flow.

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

Cep,d,’
7, _ ey (3.12)
184

where Cc is the Cunningham slip correction factor and s is the dynamic viscosity of the

carrier fluid. The Cunningham slip correction factor can be estimated by the expression

11

C, =1+ Kn{1.257 + 0.4exp(— K—ﬂ (3.13)
n

where the Knudsen number, Kn, is
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Kn = i_’1 (3.14)

p

From the relaxation time, t,, equation, it can be illustrated that tiny particles
possess a very short relaxation time so that they follow the continuous flow without
delay, whereas, owing to inertia, large particles need a certain time to adjust themselves
to changes in the flow field [115]. With Knudsen numbers, Kn, in a range of around one
[24, 116] and viscosity of carrier fluid, p;, at 1500°C around 5x10° kgm™s™ [117] in a
typical diesel engine conditions, t, can be calculated. Yet the use of t, is restricted to
particle motion in the Stokes region where the Reynolds particle number is less than unity
[118]. Reynolds particle number is given by the equation below.

Re = PgVdy
Hs

(3.15)

where the variables and their values are the same as explained above.

To satisfy the condition of Re < 1, d, is calculated to be less than 387 nm. Since in-
cylinder soot particles are around 100 nm, the use of relaxation time is justified. With this
value of diameter, maximum t, is calculated to be around 7.5 x 107 s, which illustrates
that a soot particle with the size less than 387 nm will require less than 7.5 x 107 s to
follow the continuous flow around it, and this length of time is much less than the time
step used, hence the assumption of in-cylinder soot particles mainly follow the bulk fluid

flow is justified.

The usage of these two approaches to justify the assumption the massless
characteristics of soot particles that allows the particles to follow the in-cylinder bulk
fluid flow is still not acceptable if the time step used in this study is too large to produce
numerical stability in resolving the flow field in continuous carrier gas phase [119]. To
show numerical stability is achieved in this study, Courant—Friedrichs—Lewy (CFL)

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

VAL CRL (3.16)
AX

where CFL must be between 0 and 1 for numerical stability, v average linear velocity, At
incremental time step and Ax nodal spacing. In this study, v is 7.1 m/s, At 1.67x10° s
and Ax 6x10° m (the smallest nodal spacing in the computational domain) which gives
CFL a value of 0.198 that satisfies the CFL criterion, hence reinforces the above

assumptions.

As mentioned in Section 3.7, soot particles that are tracked from inside the fuel jet
are most likely to impinge on the bowl walls due to the high velocity of the jet. In the
present study, the processes that take place after the particle impingement are not
considered. At this point, it is assumed that these soot particles are deposited onto the
bowl walls by inertial impingement and could be involved in the soot reentrainment
during exhaust blowdown or soot oxidation by subsequent flame fronts. These
assumption was made based on experimental findings by Kittelson et al.[9], Dec & Tree
[120] and Tree & Dec [121] about the deposition of soot onto the bow! walls.

The consideration then continues to deal with the soot particles that travel close to
cylinder walls. The discussions about possibility of soot particles making contact with
the cylinder wall layers that will follow in the next few chapters, depends on how close
they are to the cylinder walls. To suppose that these soot particles that travel close to the
walls will end up on the cylinder wall layers requires further discussions on the thickness
of boundary layer of the in-cylinder walls. The boundary layer is the layer of fluid in the
immediate vicinity of a solid surface as a body of fluid passes 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]. Experimental findings by Heywood
[123] and Hultgvist et al. [124] show that the thickness of the boundary layer in an engine
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IS between 1-3 mm, depending on the combustion chamber design. In their
computational studies of inhomogeneities effects in HCCI engine, Maigaard et al. [122]
used 3 mm as the thickness of the boundary layer. In this thesis, the discussions of
possible soot transfers to the cylinder wall layers will be based on 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 data post-
processing methods described above form the basic structure for this study. From this
structure, fundamental understanding of in-cylinder soot formation and distribution
process through Eulerian and mass-based analysis is accomplished. An extension of this
basic structure to offer further insight of the soot formation phenomena through
Lagrangian and particle-based analysis is achieved by means of soot particle tracking and
soot growth programmes that exploit the post-processed data. The flow of work outlined
above is a unique way to undertake to gain further insight into the study of in-cylinder

soot particle movement and distribution.

Several challenges have been met during the setting up of the whole structure,
thus various options and possibilities have been explored and evaluated to overcome
them. The two main challenges are related to particle tracking model whose correct
functioning depends heavily on the simulation data. One of them lies in the basic
structure itself, namely, in computational model setup, in which full cylinder volume
must be used as opposed to one-seventh sector despite higher computational effort.
Another is found in the extension work, namely, in the interpolation technique that is
used in the particle tracking model. The interpolation technique is found to be the more
correct approach to generate soot particle paths without discontinuities in them. The
overcoming of these two main challenges commences a new branch of research in soot
formation, soot oxidation, soot travel and soot evolution along a soot path in a diesel

engine.
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Evaluations of the assumptions made in this study which are explained at length
in this chapter are carried out to rationalise the approach taken in this computational
study. These assumptions will serve as foundations for the analysis 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 formats with the first data files
give averaged temporal in-cylinder combustion and pollutants information and second,
detailed spatial and temporal data with information on each cell nodes. With the aid of
EnSight post-processing software, temporal and spatial in-cylinder conditions and soot
and other species concentrations are visualised. Local conditions and emissions are
analysed by fragmenting the cylinder volume into smaller fractional volumes to gather
more information on the influence of local in-cylinder conditions to soot formation and

distribution.

In this chapter, soot formation and its distribution in the cylinder is the main
focus. Where required, the influence of temperature, pressure, oxygen and fuel vapour
concentration on soot formation process are discussed.  Coloured cut planes from
EnSight that display species concentrations and cylinder conditions are used to explain
the soot formation, movement and distribution. These coloured planes however do not
clearly show the local variations of in-cylinder conditions and species concentrations in
time. Local in-cylinder conditions and species concentrations are extracted from
fractional volumes to further explain the in-cylinder soot formation process. The overall
characteristics of average in-cylinder temperature, pressure and soot concentration are
then compared with the local ones to obtain further understanding of the in-cylinder soot

formation process.
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4.2 Global Characteristics

This section shows and discusses the global characteristics of in-cylinder

combustion and soot emission and distribution.

4.2.1 In-cylinder Global Conditions

Crank-angle resolved profiles of in-cylinder pressure, temperature; and fuel
vapour, oxygen and soot concentrations are shown in Figure 4.1 with operating
conditions listed in Table 3.7. These profiles show that soot formation process dominates
during the fuel injection period where average in-cylinder temperature (>1200K) and fuel
vapour concentration are high. This continues until around 40° ATDC where soot
oxidation process begins to take over thus reduce the amount of net soot in the cylinder as
shown in Figure 4.1. The total soot concentration in Figure 4.1(d) is also seen to reduce
in time, due to oxidation process. In these figures, only the average of soot concentration
in the cylinder is shown and it does not tell us about its distribution throughout the
cylinder. The use of EnSight post-processing software enables the 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 as early as 1°CA ATDC
until 120°CA ATDC at EVO is shown in Figure 4.2. These soot distribution maps were
captured on a plane passing through the axis of the fuel jet as the representation of in-
cylinder soot distribution. Two-dimensional slice can be visually misleading as it does
not show the movement of soot into and out of the slice as the soot can virtually move
anywhere in the cylinder volume. For the purpose of explaining the movement of soot in
a simpler manner, these coloured planes are sufficient. Around 5°CA ATDC, soot is
observed to reach the impingement point on the bowl walls and starts to split into two
main directions, upwards into the squish region, and downwards into the bowl region. As

early as 30°CA ATDC, soot can already be seen to progress towards the liner at the upper
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part of the squish region. From 40°CA ATDC to EVO, soot continues to move into the
upper part of the squish region, and an increasing amount of soot is seen to move into the
lower squish region. The soot that moves and maintains its existence in the upper squish
region early in expansion stroke is observed to move within 3 mm cylinder boundary

layer and thus have higher likelihood to be transferred to the liner.

Figures 4.3-4.5 show in-cylinder distributions of fuel, oxygen and temperature,
respectively. These distributions can be used to further explain the development of soot
distribution, as follows. In-cylinder fuel in Figure 4.3 shows similar distribution to that
of soot up to 30°CA ATDC, thus demonstrating the significant influence of high
concentration of fuel to the formation of soot. Beyond 30°CA ATDC, soot starts to move
away from high fuel concentration region suggesting that soot distribution is now not
only influenced by the regional soot formation process, but also by the soot transport. In-
cylinder oxygen distribution in Figure 4.4 shows a reverse pattern to the fuel distribution
where it is low at high fuel concentration such as inside the fuel jet, inside the bowl
piston and the middle of squish region, and high near the cylinder axis and the cylinder
wall layers. This distribution demonstrates that the fuel spray has displaced the oxygen
during its injection. It also suggests that the combustion process has consumed the
oxygen in the high concentration fuel region. Temperature distribution in Figure 4.5
shows similar spatial distribution to that of soot demonstrating the significant influence of
temperature on soot formation. Maximum temperature decreases from around 2400 K in
the earlier crank angles to about 1500 K at EVO. High temperature and high fuel
concentration region provides more opportunity for soot to form, while high oxygen
concentration region influence the soot oxidation process. This relationship between

oxygen, temperature and soot oxidation shall be discussed in the following sections.

By looking at all these graphical results, it is still unclear how soot moves during
combustion and expansion strokes, and how part of it ends up near the liner in the squish
region and another in the bowl. It is useful to know from which location and at what
instants the soot near the liner is coming from, so that, not only can the soot be prevented

from coming close to the liner at the later stage, but also can be avoided from forming
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and progress to the liner in the early stage of soot formation process. It is also beneficial
to know how this soot gets transferred to the squish region in the early part of expansion
stroke. These graphical representations of soot, fuel, temperature, oxygen distributions
alone could not provide the desired information, so further investigation was carried out.
The next sub-section covers another set of graphical results that could answer some of the

questions posed above.

4.2.3 In-cylinder Soot Transport/Diffusion

To further investigate where the soot that travels to the upper squish region comes
from, another Kiva-3v simulation was carried out. In this particular simulation, soot
formation and oxidation processes were stopped at 2°CA ATDC by terminating the
simulation at the crank angle. The simulation was then resumed with the soot formation
and oxidation process in the input file (itapeb) is kept deactivated leaving the transport of
soot and other combustion and emission formation processes turned on. This allowed us
to follow the movement of soot that had been formed up to 2°CA ATDC. This particular
soot distribution is shown in Figure 4.6. In this figure, the velocity vector map is also

included to further relate the soot movement to the fluid motion in the cylinder.

As shown in Figure 4.6, soot is observed to impinge on the bowl! walls around
5°CA ATDC. This batch of soot is then observed to be split by the high velocity of the
fuel jet into two regions, squish and bowl, and follow the bulk fluid flow as can clearly be
seen at 10°CA ATDC. As in this version of Kiva-3v, soot is modelled as a dispersed,
continuous species like oxygen and OH, and no soot deposition model is included, soot
that seems to impinge on the bowl walls is actually only following the fluid flow.
Movement of soot at this point not only depends on flow dynamics due to swirl and
piston movement, but also on the flow perturbation caused by high velocity fuel jet. As
piston moves down in the expansion stroke, more soot is seen to be moving into the
squish region. This movement of soot is most likely to be attributed to the reverse-squish
flow as the piston moves down where the velocity vectors demonstrating the squish flow
activity in the bowl can still be seen at 20°CA ATDC.
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As the piston moves further down, it is evident in the figure that starting from
40°CA ATDC, the majority of the soot that was formed early (before 2°CA ATDC) is in
the squish region and travels close to the liner. From this observation, it appears that
fluid motion during the early part of injection causes the soot particles that are formed
during this period to move into the squish region. These are then more likely to be
transferred to the liner than soot that are formed later in the combustion process. In other
words, the soot particles that travel close to the liner and have high possibility to be
transferred to the liner are most likely to be originated from the soot particles that are

formed during early injection period.

4.3 Local Characteristics

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

bigger to smaller volumes.

The purpose of this exercise is to investigate the local distribution of soot and the
characteristics of fractional volumes of the cylinder. Then, it is important to evaluate
whether the profiles of fuel, soot, oxygen, pressure and temperature of the whole cylinder
volume are preserved in smaller fractional volumes. By looking at smaller fractional
volumes, the investigation of the influence of temperature, pressure, oxygen and fuel
concentrations on soot formation and oxidation processes at local cylinder areas are made
possible. The final aim is to observe the consistency of soot, temperature and oxygen
profiles along the soot paths (obtained with tracking method) as they pass through the
fractional volumes with the profiles obtained as they pass through much smaller Kiva-3v

computational cells. This final aim will be discussed further in Chapter 6.
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The first set is the cylinder volume with four angular, three axial and three radial
divisions in the volume above the piston bowl. The piston bowl is divided into four
angular, two axial and two radial divisions. In total there are 52 fractional volumes. The
second set have eight angular, three axial and six radial divisions above the bowl, and
eight angular, two axial and two radial divisions in the piston bowl. The second set
comprises of 176 fractional volumes. Further divisions with 16 angular, three axial and
12 radial above the bowl region, and 16 angular, two axial and two radial divisions in the

piston bowl give the third set of 640 fractional volumes.

This number of fractional volumes is relatively small when compared with the
number of cells used in Kiva-3v simulation, which amounts to 200,000 cells. The biggest
volume of cells used in the simulation is about 0.006 cm® which is 0.0012% of the total
cylinder volume. Whereas, the biggest fractional volume in the first, second and third sets
represent only 5%, 1.2% and 0.3% of the total cylinder volume, respectively. These three

sets of fractional volumes and Kiva cells are shown schematically in Figure 4.7.

4.3.1 Conditions in Fractional VVolumes

The profiles of fuel, soot and temperature of fractional volumes in time are
significantly different from the global profiles obtained from the in-cylinder average
profile previously shown in Figure 4.1. Characteristics of fractional volumes differ
according to the location of the volume in the cylinder. The soot is found in high
concentration in the middle of the squish region and at the wall side of the piston bowl.
These are also the areas where the fuel concentration is high, allowing more combustion
to occur, hence high temperatures of above 1200 K can be observed. In other areas such
as inside and outside squish area, and upper bowl near the pip area, the fuel concentration
is low, less combustion occurs, thus low temperature and low soot concentration is
observed in these areas. Oxygen concentration is observed to be almost consistent in all
regions except where the fuel concentration is very high, i.e. inside the piston bowl and
the middle of the squish regions, where fuel displaces the oxygen and combustion process

consumes the oxygen. These trends can be observed in the diagram of fractional volumes
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shown in Figure 4.8. In this particular figure, temporal distributions of soot, temperature
and oxygen of only the first set of fractional volumes are displayed. This first set is to be
an example of the other sets with which similar yet more refined profiles could be seen.

While oxygen plays important roles in soot oxidation process, its concentration
profiles do not significantly influence the net soot profile. Rather, the concentration of
fuel and temperature strongly determines the shape of the net soot profile in fractional
volumes. This observation corresponds to the relationship of soot particle burnout with
temperature and pressure put forward by Haynes and Wagner [53] in their review paper.
They stated that below 1800 K, soot burnout lifetime is largely insensitive to the oxygen
concentration, and totally depends on temperature. Figure 4.9 shows the relationship
between soot burnout lifetime with temperature and pressure. What it means in this
particular case is that soot oxidation rates in these fractional volumes, where temperature
ranges from 1200 K to 2000 K during most of the time except during early combustion
where temperature reaches 2400 K, are significantly influenced by temperature

variations, and only slightly by oxygen partial pressure.

4.3.2 Soot Transport in Fractional Volumes

As mentioned in the earlier section (4.2.2), soot is not transported homogeneously
to the whole cylinder volume, but rather concentrates inside the piston bowl and the
upper and lower region in the middle of squish area. Soot in the piston bowl is observed
to be constituted in greater part from the soot that is formed there. This fact is
demonstrated by the occurrence of high concentration of fuel and high temperature in the

bowl which cause high soot production.

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

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

reverse squish flow motion.

In the upper region of the squish area, it is also implied that majority of soot is
convected to this region from high concentrated soot region in the earlier crank angles as
soot formation process is low in this area since the fuel concentration is lower than the
other parts of the cylinder. Soot that remains in this area until EVO can be said to be
transported from the soot that is formed during the earlier part 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 ratio 1.9, temporally, global in-
cylinder soot concentration is observed to reach its peak at around 18° CA ATDC and
gradually decrease towards EVO. However, this global trend does not represent the soot
profile of each local zone in the cylinder. By looking at soot profiles in smaller fractional
volumes, it can be observed that soot peaks at different time depending on the local
zones. These fractional volumes not only demonstrate the local process of soot
formations as the source of soot, but also transport process that carry soot around from
neighbouring zones. Spatially, soot is observed to be split into two regions of high
concentration, that is, in the piston bowl and in the lower region of the middle squish
region starting from 10° CA ATDC to EVO. By isolating soot that is formed before 2°
CA ATDC, it is demonstrated that the soot that presents at the upper squish region is the

soot that is transported from soot formation region in the fuel jet at 2° CA ATDC.

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

a soot particle from a specific location in the cylinder by using these graphics, thus the
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location from which the soot near the liner comes cannot be identified. The soot particle
can be followed by a Lagrangian particle tracking method that was described in Section
3.7, and shall be explained and discussed further in next few chapters.
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CHAPTER 5

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

51 Introduction

Accuracy of any simulation results depends on several factors. These include
mesh configuration, time step used in the simulation work, and the method of numerical

analysis to solve the desired equation.

In the present study of particle motion, Eulerian velocity fields and other
combustion and emission quantities were pre-computed and recorded using Kiva-3v CFD
code. Spatial resolution for this CFD data depends on mesh configuration defined by the
user, and the temporal resolution set internally by the Kiva-3v programme itself.
Increasing the mesh density, recording simulation data at higher frequency and

employing higher order numerical methods increases the computational cost and storage.

In this chapter, the effects of different mesh configurations, time step intervals
and numerical methods on the predicted soot particle paths are discussed. It is also the
aim to demonstrate that the grid configuration, time step and numerical method which has
been used throughout this thesis is an optimum combination to generate 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, 36], a mesh resolution of 200,000 cells was shown to be
adequate to give grid-independent results. The results are based on the studies which
considered in-cylinder pressure in the grid independence study. However, the sensitivity
of mesh configuration to the velocity fields hence soot particle paths has not been
investigated in the previous studies. Therefore, three mesh configurations which contain
150,000, 200, 000 and 250,000 cells have been selected to demonstrate the influence of
different spatial resolutions to the flow fields and hence soot particle paths. Figure 5.1
shows the comparison of the average in-cylinder pressure of the three mesh
configurations and that of the experimental. It is evident that the average in-cylinder
pressure among the three different meshes and the experimental result only varies as
much as 10%. Yet, it is still not clear how much influence the differences in mesh
configurations have on the predicted soot particle paths. This influence shall be analysed

and discussed in this section.

Sufficiently small time steps must also be used to minimise any temporal
discretisation errors, thus any error in the resulting soot paths can be attributed to
inadequate spatial discretisation [125]. Four temporal resolutions of 0.1°, 0.25°, 0.5° and
1° CA steps at engine speed of 2500 rpm have been used to study the influence of time
steps to the in-cylinder soot particle paths. The influence of time steps on the predicted
soot particle paths shall be discussed in Section 5.3. As 0.25° crank-angle step has been
found to be the acceptable resolution to give accurate prediction of soot particle paths,

this mesh configuration study was carried out with this crank-angle step.

Velocity fields created by these three mesh configurations can be first compared
using Eulerian representation. A few fixed points inside the cylinder were selected and
the changes of fluid velocity at these fixed points in time were recorded. The points were
selected to represent the velocities of different regions in the cylinder, namely, piston
bowl, bowl rim, inside of spray and squish regions. Figure 5.2 to Figure 5.7 show the

location of these points relative to the spray and bowl position, the time history of
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velocity components at these selected points, and the relative velocity errors at selected
instants. Soot distribution is represented by four scales of grey which refer to different
concentration ranges. Light grey indicates cells with soot concentration greater than zero.
Grey represent those cells that have a soot concentration greater than 1x107g/cm?® while
the dark grey clouds show those cells having a soot concentration greater than 1x10°
glcm®. Black clouds indicate regions where the soot concentration is greater than 1x10~
g/lcm®. Higher concentrations, or darker clouds, would overlay the less concentrated one.

The same scales are used throughout the thesis.

Velocities at earlier crank angles between 8-18° CA ATDC especially inside the
piston bowl, are observed to vary rapidly in time across three mesh configurations and the
variations are not consistent with the different mesh configuration. These rapid and
inconsistent variations contribute to high percentage of relative velocity errors for these
different mesh configurations. At later crank angles, temporal variations of velocities
dissipate and almost reach a steady state at EVO. Macroscopically, the profiles of these
Eulerian velocities demonstrate that the flow fields of the three mesh configurations are

fairly consistent.

A quantitative comparison of velocity profiles from different mesh configurations
under investigation are carried out to obtain the relative error of the velocities at different
instants. Plots of relative velocity errors, which are shown in Figure 5.3(b) to Figure
5.7(b), demonstrate that the relative errors mostly fall within 20% margin.  When
considering Lagrangian representation of velocity profiles, these errors may become local
errors that can accumulate and be amplified as the fluid is tracked along its path. These
errors could be reduced by increasing spatial resolution but not without a cost. To
increase spatial resolution, say, to 350,000 cells, will significantly increase computer
storage and computational time, as has been shown in Chapter 3. However, increasing
the spatial resolution improves the non-convergence of velocity fields to only an extent as
spray formulation in Kiva-3v code is known to be strongly mesh dependent and it does
not yield grid independent results for the spray structure, penetration length and drop

sizes [106, 107, 126] due to spray dynamics models used in the code. Spray structure,
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penetration length and drop sizes directly influence the surrounding gas phase hence the

liquid-gas relative velocity.

Consequently, on the ground of the results of previous studies, relative
consistency of Eulerian velocities and consideration on computational cost and inherent
Kiva-3v spray modelling weakness, the second mesh configuration of 200,000 cells shall
be used in the next sensitivity studies. The Lagrangian representation of soot particle

paths for different mesh configurations are shown in Appendix A.

5.3  Selection of Time steps

In Kiva-3v code, time step is selected automatically even though the user can set
the maximum time step in the input file. The time step normally used in Kiva-3v is in the
order of one microsecond. The gas-phase solution procedure is based on ALE finite
volume method which divides each cycle in two phases, a Lagrangian phase and a rezone
phase [102]. In the Lagrangian phase, the vertices move with the fluid velocity and there
is no convection across cell boundaries [102]. In the rezone phase, the flow field is
frozen, the vertices are moved to new user-specified positions, and the flow field is
remapped onto the new computational mesh. In this phase, calculations of material
convection are done explicitly and can be subscycled an arbitrary number of times and
submultiplied of the main computational time steps [102]. Therefore, Kiva-3v code can
carry out calculations of gas-phase convection and movements in smaller time steps than
the fluid velocity calculation. To correctly follow the paths of in-cylinder fluid flow,
hence soot particles, temporally using Lagrangian approach, the Kiva-3v simulation data
must be recorded at the same time step used for its calculation in a Lagrangian phase.
However, recording data at such small time step is considered impractical as Kiva-3v
calculations are done at every microsecond which is around every 0.025° CA at the
engine speed of 2500 rpm used in this study, and this would take a huge amount of

computer storage.
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Thus, the right selection of time step to record the Kiva-3v data which are used in
the particle tracking exercise is crucial in obtaining adequate prediction of in-cylinder
soot particle paths. Data recording with large time steps require less computational effort
but more prone to error when the flow fields are complex. Data recording with small
time step close to Kiva-3v time step is ideally required to give accurate soot particle
paths, yet it requires more computational effort. For this reason, recording of a few sets
of simulation data at much larger time steps than Kiva-3v time steps have been carried
out. The different sets of recorded data with different time steps are used and
investigated to demonstrate the convergence of the soot particle paths.

In the present study, three sets of data have been collected at every 1°, 0.25°CA
and 0.1° with the second mesh configuration of 200,000 cells. With smaller time steps
than these, not only computer storage constraint needs to be coped with, but further post-
processing and data management would be highly resource-intensive. With these
limitations in mind, time step effects on the predicted soot particle paths and their

convergence have been investigated.

Qualitative analysis of soot particle paths is carried out based on Figure 5.8 to
Figure 5.10. Figure 5.8 shows eight cases of predicted soot particle paths with different
time steps and calculated with first-order Runge-Kutta numerical method. In half of the
cases (Case 1-3, and Case 7), the use of 1°CA time step and first-order Runge-Kutta is
shown to be sufficient to accurately predict the paths. In Case 6 and Case 8, the
convergence of the paths can be obtained by decreasing the time steps. However, as
demonstrated by Case 4 and Case 5, a mere time step reduction is not sufficient to give
particle paths convergence. In these last cases, the turbulent flow fields that exist inside
piston bowl (as shown in Figure 4.6) which possess rapid variation of velocity in space
and time cannot be adequately solved by first-order numerical method at the smallest
time step under study. Further reduction of time step can finally solve these divergences
but at much higher computational cost. Another way to solve this turbulent flow fields is

by using higher-order numerical methods which can improve the estimate of velocity at
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each point thus increase the accuracy of the path predictions. The sensitivity of different
numerical methods on soot particle paths is discussed in the next section.

54 Numerical Methods

Different numerical methods produce results with different accuracies and
precisions. A low-accuracy method may use less computational effort than a high-
accuracy one but may pose more difficulties in reaching convergence even with very
small time step. In this present study, three different one-step methods have been used to
solve an ordinary differential equation in the form of Equation 3.7:

%:u(sn,tn)

dt (5.1)

as described in Chapter 3.

The three methods are different only in terms of how the velocity is identified.
The first method is first-order Runge-Kutta method or more commonly known as Euler’s
method. In this method, the velocity at the beginning of the interval is taken as an
approximation of the average velocity over the whole interval [127] to give the estimated

distance. The equation is as simple as follows,
Sp =S, HU(S,, )AL (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 is determined by taking the average
of two velocities, one at the beginning and another at the end of the interval. The Heun
method is a predictor-corrector approach and can provide improved estimate of the slope.

The equation is shown below.

-5 + U(Sn 1tn) + u(sn+l1tn+1)

S n+1 n 2

At (5.3)
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The third method used in the present study is classical fourth-order Runge-Kutta
method. This method uses multiple estimates to determine the average velocity and
entails the use of mid-point data to obtain the intermediate slope. The equation in use is

as the following:

1
Sni = Sh +E(kl + 2k, + 2k, +k, At (5.4)

where

kl :u(sn’tn)
k, = u[sn +1At,tn +lklAtj
2 2

u(s, +At,t, — kAt + 2k,At)

k, =
k, = u(s, + At,t, +k,At)

Figure 5.9 shows the same eight cases with second-order Runge-Kutta method. It
can be observed that with this method, accuracy of the soot paths improves substantially
where predicted soot paths with different time steps are move closer to each other. It also
improves the divergence problem in Case 4. However, Case 5 proves that this method is
not sufficient to produce path convergence in every case even when the time step is made
very small, i.e. 0.1°CA. As previously shown in Figure 5.8, the paths with different time
steps diverge during the expansion stroke where fuel is still injected and when soot
particles are still inside the piston bowl. During this time, the variation of velocity in this
area is too rapid to be resolved by this method. A higher accuracy method is clearly

necessary.

Figure 5.10 compares the predicted soot paths calculated with the classical fourth-
order Runge-Kutta method. This figure demonstrates that this particular method is
sufficient to give soot path convergence in every case under study. The benchmark

display of path convergence in this figure is Case 5, in which lower order methods are not
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sufficient to produce even with smaller time steps. The two soot paths with time steps
0.25° and 0.1° CA are very close to convergence. In the next section, quantitative

analysis of soot paths and the convergence criteria shall be discussed.

5.5  Quantitative Analysis and Convergence Criteria

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

Figure 5.11 — 5.14 show the predicted paths for the selected cases, the velocity
components along the paths, and relative errors of point-to-point velocities and of point-
to-origin distances. From these figures it can be demonstrated that the relative error of
distance from selected points to the origin between two paths generated with 0.25° and
0.1°CA time steps is well within 5%. While it was realised that this type of relative error
alone was not adequate to prove convergence, point-to-point comparison of velocity
profiles along the paths were also carried out. The highest relative velocity errors
obtained were 9% and 12% at 80° and 120° CA ATDC, respectively, which can be
observed in Case 5. This difference in velocity however does not significantly change the
location of the final destination of the soot particle hence, is considered acceptable.
Other cases have shown that the velocity relative errors were within 5%. With previously
discussed qualitative figures, and these quantitative results, the classical fourth-order
Runge-Kutta method with 0.25°CA time step is regarded as a sufficient and optimum
combination, as smaller time step of 0.1°CA 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 demonstrate the convergence of soot
paths calculated with different mesh configurations, time steps and numerical methods.
Results of in-cylinder velocity profiles with different mesh configurations under
investigation show that the velocities at different points are consistent. However, rapid
variations of velocity at early crank angles may have impact on the soot particle paths
when the soot particle passes through this period. Relatively high variation of velocity in
all cases presented may also contribute to overall errors in soot particle paths.

First-order Runge-Kutta method is highly vulnerable to local errors especially
when the time step is large. Reducing the time step reduces the errors in estimating the
velocity and predicting the position of the particle. With higher order numerical methods,
the error is decreased at a faster rate with decreasing time step. The faster rate of error
decrease means the faster rate of convergence of soot particle paths thus reducing the
high computer storage requirement. In their particle tracking exercise, Cheng et al. [128]
also demonstrated that average-velocity approaches should be used to trace fictitious

particles both accurately and efficiently.

Based on the sensitivity study in this chapter, the second mesh configuration of
200,000 cells, 0.25°CA time step and the fourth-order Runge-Kutta numerical method are

used in all the analysis throughout the remaining chapters of the thesis.
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CHAPTER 6

PREDICTION OF SOOT PARTICLE PATHS

6.1 Introduction

To investigate where a soot particle located at a specific location at a given time
travels to, tracking of the in-cylinder soot particles in space and time is required. Results
of a Kiva-3v simulation that contain in-cylinder combustion and emission data,
(including pressure, temperature, soot mass and in-cylinder velocity field) were post-
processed. The technique developed in the present study uses the pre-computed velocity
field and the assumption of massless soot particles to obtain paths of soot particles
movement in a modern design of a DI diesel cylinder. Trilinear interpolation technique
was used to interpolate the velocity at each particle position in the cylinder volume as the
function of velocities at the surrounding cell vertices. The positions of the injector and
fuel spray inside the cylinder from top and side views are shown in Figure 6.1. The spray
angle for the baseline case is 74° from the cylinder axis and spray cone angle is 14° with
solid cone type. Lines indicating the angular position of 0° and 50° are also drawn to
indicate the position of the fuel spray and soot plume; and the angular range in which the
soot particle tracking were carried out. The actual value of one-seventh sector of cylinder
is 51.43°, namely 360° divided by seven injector holes. The thickness of the boundary
layer at the cylinder wall, assumed to be 3 mm, is also marked. The position of the piston
and the soot distribution shown in this figure is at 2° CA ATDC instant. Side views of
half of the cylinder and top views of the whole domain which show different soot
concentrations at a range of crank angle instants of 2° to 30° CA ATDC, in relation to

spray and piston positions, are shown in Figure 6.2.

72



Chapter 6 Prediction of Soot Particle Paths

6.2 In-Cylinder Flow Patterns

As seen from top views in Figure 6.2, soot distribution is influenced by the swirl
motion in the cylinder. At 6°- 10° CA ATDC, it can clearly be seen that the swirl motion
moves the soot mass in the bowl and in the squish region in the clockwise direction.
These swirl motion affects not only the soot distribution but also fuel spray positions
hence fuel distribution. Fuel sprays which are initially injected at 30° (as shown in Figure
6.1) are affected by the swirl motion so that the axes of the sprays after a few crank angle
degrees are no more at 30°. This fact is recognised so that the starting point of soot
particle tracking can be properly selected, as the velocities in the fuel sprays reduce with
the distance from the spray axes. Selecting a starting point of tracking at these modified
fuel spray axes will produce a short soot particle path where it hits the bowl wall
immediately after tracking as the velocity at the point is very high. In this instance, the
soot particle is assumed deposited on the bowl wall as discussed in Section 3.9.
Therefore, the starting points of the tracking in this study are selected more towards the

periphery of the fuel sprays.

Figure 4.6 shows the velocity vectors of the in-cylinder fluid motion on a plane of
near the axis of a fuel spray. From 1°- 10° CA ATDC, fuel is seen being injected, as it
produces very high velocity vectors near the spray axis. This high velocity fuel injection
affects the surrounding gas by creating vortices above and below the spray. With the
swirl motion and reversed squish in action, it also generates chaotic velocity distribution
inside the cylinder especially at the bowl rim and near the axis of the cylinder as can be
seen in the figure at 5° CA ATDC. As the piston moves away from TDC, amplified by
the reversed squish motion as the volume increases in the squish region, the high velocity
of the fuel injection pushes and splits the surrounding gas, hence the soot cloud into two
main regions, inside the piston bowl and the squish region as can be seen in the figure at
10° CA ATDC. As the fuel injection stops, vortices and reversed squish motion persist to
transport part of the soot into the squish region, while the other part of soot is maintained
inside the bowl as seen at 20° CA ATDC. After 30° CA ATDC, the velocity profile is
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relatively uniform and soot clouds are already distributed almost 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 study depends a great deal on the
in-cylinder velocity vectors during the fuel injection, proper selection of the starting
points of the tracking during fuel injection duration is crucial to obtain meaningful
results. More importantly is the understanding of the physical phenomena in the cylinder
so that assumptions made during the study are justified. Bearing this in mind, soot

particle tracking exercise was carried out.

The following few sections discuss the results of the particle tracking exercise that
was carried out at different starting instants in different regions of the cylinder volume.
This exercise was carried out in an effort to identify the sources of the soot particles that
transported near the cylinder boundary layer. This exercise is to 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 and sides of the spray are
followed with the particle tracking programme. These different locations are selected as
preliminary studies have shown that soot particles from these regions are likely to move
towards the cylinder walls. Soot concentrations in these locations are relatively high and
exposed to the surrounding fluid motions thus merit further investigation. Velocities at
these regions are not extremely high (as opposed to the ones at the spray axis), so
tracking of soot particle can be continued until EVO although some paths stopped earlier
as soot particles impinge on the bowl walls. Soot concentration inside the spray head is
the highest and soot particles from this area have low possibilities to move to the cylinder
wall boundary layer as shall be shown later, thus pose less risk to the oil on the cylinder

wall layers.
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The movement of soot particles from these selected regions is investigated with
different starting instants (in crank angle degrees), and to a certain extent, with the
changing of angular positions of the starting locations. Different paths are generated with
the range of starting instants from 2° to 30° CA ATDC, and the range of angular
positions from 5° to 45°, at a few fixed positions in the cylinder. Summary of starting
points are shown in Table 6.1. In each particle tracking exercise, care has been taken to
ensure that soot is present at the starting locations by making the Matlab soot particle
tracking routines to detect soot presence at these locations. Therefore, the paths obtained
can be considered soot particle paths, not fluid paths.

Figure 6.3 to Figure 6.8 show different paths from different regions in the
cylinder. The cylinder schematics on the left hand side in each figure show the locations
of starting points of particle tracking relative to the fuel spray. The schematics only show
the position of piston top and soot distribution at 2° CA ATDC. Similarly, soot particle
paths plotted in the schematics on the right hand side only show the positions of piston
top at crank angle instant of 2° CA 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 above and at the downstream of
the fuel spray. Relatively near the spray in angular positions (20° and 25°), soot particles
from all crank angle instants have no tendency to be transported to the cylinder boundary
layer. Most of the soot particles are observed to be moving around in the top region of
the cylinder and may have some possibilities to also hit the cylinder roof, while some of
them which come from 6-14° CA ATDC move into the middle of squish region and
move downwards following the piston motion. However, soot particles which are
relatively farther away from the spray axis in angular positions (10° and 40°) are more
likely to travel close to the cylinder boundary layer. These soot particles are specifically

the ones from the starting crank angle instants of 6° to 10° ATDC.
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In Figure 6.4, the soot paths from the region below and at the downstream of the
fuel spray are plotted. Soot particles below the spray from 6° to 12° CA ATDC are
observed to show consistent behaviour of moving close the boundary layer of the cylinder
wall. Combination of swirl motion, vortices in the bowl and reverse squish motion is
responsible to carry the soot particles close to the boundary layer. Angular positions
have very small influence on the movement of soot particles from these regions, as most
soot from this region are likely to end up near the cylinder wall layers. Interestingly, soot
particles from later instants (i.e. 24° to 28° CA ATDC) are also seen to move relatively
close to the cylinder wall boundary layer. The remaining motions of swirl, vortex and
reverse squish together with lower position of bowl rims at these instants allow more soot

to move close to the boundary layer at later crank angle instants.

Tracking soot particles from the upstream of fuel spray is carried out to study the
effect of changing starting radial positions on the soot particle paths. At the upstream of
fuel spray, there is no soot present at angular position of 40° until 16° CA ATDC, as soot
is not convected towards that direction in the early crank angle instants. Consequently,
soot particle paths can only be started at 16° CA ATDC in that angular position for both
cases. Figure 6.5 and Figure 6.6 show soot particle paths from above and below of the
spray axis at the upstream of fuel spray respectively. Soot particles from these regions
have very low likelihood to be transported near the cylinder wall boundary layer and

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

Figure 6.7 shows soot particle paths calculated from the sides of the spray.
Farther away from the spray axis (i.e. at 5° and 45°) soot is not present at the early
starting instants. As swirl motion is clockwise, soot starts to be present at 4° CA ATDC
at 5° angular position. At 45° angular position, it takes some time for soot to diffuse, thus
soot is found to start to be present at 8° CA ATDC. It is observed that soot particles from
14° to 18° CA ATDC have the highest possibilities to be transported to the cylinder
boundary layer. Soot particles at later crank angle instants (22° to 26° CA ATDC) also
have relatively high possibilities to move close to the boundary layer, especially at

angular positions of 35° and 45° from the spray axis. Soot particles from other crank
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angle instants tend to stay inside the bowl and the middle of squish region thus have less
likelihood to be transported to the boundary layer.

As early as at 6° CA ATDC as shown in Figure 6.2, soot is observed to move over
the bowl rim. It is also worthwhile to track the movement of soot particles from this
region. Figure 6.8 shows soot particle paths tracked from different angular positions with
varying crank angle instants as done with other cases. Results show that soot particles
from the ranges of crank angle instants of 6° to 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 soot particles are likely to reach
the cylinder wall boundary layer is tabulated in the last column in Table 6.1. From the
above observations and the tabulated summary, it can be concluded that there are three
main ranges of crank angle instants that soot particles at the liner boundary layer are
likely to come from. The first range is from 6° to 10° CA ATDC during which the high
velocity of the fuel spray is mainly responsible to create high vortices in the bowl area
that force the soot particles towards the cylinder wall which is observed in all cases
discussed above. The second range is from 14° to 18° CA ATDC during which only soot
particles from the sides of the spray are observed to travel close to the cylinder wall. This
may be due to later effects of spray-to-spray interaction that changes the fluid flow in
these regions. The third range is between 24° and 26° CA ATDC. At these instants, the
remaining vortices inside the bowl and the lower position of the piston top relative to the
starting positions permit the movement of soot particles towards the cylinder walls.
Spatially, sources of soot at the liner are most likely from the soot that present inside the
bowl (below the spray), at both sides of the spray, above yet 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 conclude on the regions of sources of
soot particles transfer to the cylinder wall layers. Further analysis of soot particle paths
from different radial and axial distances in the crank angle instants of interest is
necessary. Three crank angle instants of 8° CA, 16° CA and 24° CA ATDC have been
selected to represent the ranges of crank angles that soot at the 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 and axial distances. The radial and
axial soot path analysis at the bowl rim at the crank angle instant of 8 °CA ATDC
cannot be carried out because at this crank angle instant, soot is not distributed farther

into the squish region and the squish region is still constricted.

Figure 6.9(a) and 6.9(b) respectively show different radial and axial initial
tracking locations, and soot particle paths of soot above the spray axis. The angular
position is set at 10°. From this figure, it is demonstrated that soot particles that are
between radial distance of 1.6 to 2.0 cm, and axial distance of 9.5 to 9.8 cm are more
likely to travel into the squish region with a few cases of the paths extend close to the 3
mm boundary layer. More cases of different axial distances are also carried out at
angular position of 25° and 40° which is shown in Figure 6.9 (c). This figure shows that
the closer the soot particles to the spray axis angularly, and the more distant axially, the
higher the possibility of soot to be transferred to the cylinder wall layers. Figure 6.10
shows soot particle paths from inside the bowl with different radial and axial distances. It
is clear in this figure that, soot between the radial distance of 1.6 and 1.8 cm, and the

axial distance of 8.6 and 9.2 cm, are most likely to reach the boundary layer.

Figure 6.11 shows soot particle paths from the crank angle instant of 16° CA
ATDC at one side of the spray, namely at angular position of 5°. It is demonstrated in
this figure that soot particles between the radial distance of 1.6 and 2.0 cm at this instant
are most likely to reach the boundary layer, while others below radial distance of 1.6 cm

stay inside the bowl.
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Soot particle paths from the crank angle instant of 24° CA ATDC with different
axial and radial starting positions are shown in Figure 6.12 and Figure 6.13. Figure 6.12
demonstrates that soot particles from inside the bowl between the radial distance of 1.6
and 1.8 cm, and axial distance of 9.0 and 9.4 cm are most likely to travel close to the to
the boundary layer. In Figure 6.13, it can be seen that radial and axial positions of the
soot in the bowl rim region do not have significant effect on the soot paths, and most of
the soot particles from this region at this instant are likely to be transported to the wall

layers.

From all of these observations of the sensitivity of soot particle paths to crank
angle instants and angular, axial and radial positions, maps of regions of soot that are
most likely to be the source of soot at the cylinder wall layers can be drawn. These maps
are illustrated in Figure 6.14 to 6.16. Figure 6.14 shows the regions of possible sources
of soot transfer to the cylinder wall from the crank angle of 8°CA ATDC. This map
represents the map for possible sources of soot at the cylinder wall during the middle
duration of fuel injection period, namely, 6°CA ATDC to 10°CA ATDC. Similarly,
Figure 6.15 shows the regions of possible sources of soot transfer to the cylinder wall
from the crank angle of 16°CA ATDC which represents the map for possible sources of
soot from instants of a few degrees after the end of injection, namely 14°CA ATDC to
18°CA ATDC. Figure 6.16 shows a representation map of possible sources of soot from
22°CA ATDC to 28°CA ATDC. The regions are marked with different colours only to
distinguish the regions when viewed from top and side views. The colours do not
necessarily represent the degree of possibilities of soot to be transferred to the cylinder
wall. An illustrative figure will be shown in Figure 9.1 in the discussion and conclusions

chapter.

6.5  Paths of Soot Particles from the Highest Concentration Region

In this section, points with the highest soot concentrated are tracked for different
swirl ratios of 1.3, 1.6, 1.9, 2.1 and 2.4 at the three time instants (8°, 18° and 35° CA
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ATDC). The aim of this exercise is to investigate whether soot particles from the highest
concentration regions, if any at all, get close the liner. The effects of different swirl ratios
are also investigated.

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

Similarly, soot particle tracking with the highest soot concentration was carried
out at starting instants of 18° CA ATDC and 35° CA ATDC. Figure 6.18 and 6.19 show
the soot paths tracked from 20 highest concentration soot locations from crank angle
instants of 18° CA ATDC and 35° CA ATDC, respectively. At 18° CA ATDC, the
highest soot concentration occurs in the piston bowl while at CA 35° ATDC, at the bowl
rim. Again, with both starting instants, not a single path is seen to move close to the wall
layers. The soot particles from these regions tend to move helically downwards into the

piston bowl area.

From this exercise, it is evident that soot particles starting from points with the
highest soot concentration do not get close to the cylinder wall layers. This suggests that
the probability of particles getting close to the wall layers does not depend on the soot
concentration but on its position relative to the fuel spray jet, which significantly
influences the velocity of the fluid. The paths of the soot 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 of fractional volume exercise

was to study the consistency of soot, temperature and oxygen profiles along the soot
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paths as they pass through the fractional volumes with the profiles extracted as they pass
through Kiva-3v computational cells.

In this section, the soot particle paths that were obtained using velocity vectors
from Kiva-3v simulation with second mesh configuration of 200,000 cells, were used to
record the average profiles of soot as they pass through different sizes of fractional
volumes. It is expected that the soot profiles through fractional volumes are consistent
with the ones obtained through Kiva-3v computational cells. The idea is to gain

consistency as the fractional volumes are made smaller and smaller.

From Figure 6.20 (a)-(d), it is demonstrated that the consistency is not reached
with the current configuration of fractional volume. However, the soot profiles with the
current size of fractional volumes have shown good trends to reach consistency. It is
apparent that current configuration of fractional volume is not adequate to show the
consistency of soot concentration along the paths. Much smaller volumes need to be
created to approach consistency but the high computational time at this point does not
allow the analysis of smaller volumes. For example, the smallest of fractional volumes
with 640 small volumes takes more than 60 hours to be discretised and to calculate the
average concentration of each species. With Matlab, this process needs to be done in

batches to avoid maximum usage of computer memory.

One point that could be drawn from this exercise is the gradient of soot
concentration is very steep even in a fractional volume of 0.3% of the total cylinder
volume. Consequently, assuming that soot concentration in the piston bowl, for example,
is homogeneous, can be misleading. This information is very important to be
acknowledged while pursuing the study of in-cylinder soot particle size evolutions for
different paths from the same region as small variations in 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 particles are assumed
massless and other forces are considered negligible due to the dominant turbulent fluid
force. Paths that were obtained at various instants and geometrical locations of the
cylinder show shat the sources of soot transfer to the cylinder wall layers are most likely
to be from three ranges of crank angle instants, which are 6° to 10° 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 possibilities of soot transfer to the liner.

The occurrence of multiple ranges of time instants as the sources of soot particles
travel to the cylinder wall layers makes the controlling of oil contamination by soot at the
liner more complicated. Advanced injection timing may reduce the possibilities of soot
transfer to the liner as when fuel injection is stopped earlier, soot particles are less likely
to be influenced by the high shear velocity of the fuel jet to be pushed closer to the
cylinder wall as the piston moves down in the expansion stroke. As the first range of
crank angle instants is observed to be the most consistent source of soot transfer to the
cylinder walls, split or multiple injections strategies with early injection supplied with
oxygenated fuel may also reduce the possibility of early soot transfer to the liner. These

suggestions need to be investigated further to come to a definite conclusion.

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

to mostly stay inside the bowl.
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Bowl shape and swirl-generating apparatus are designed to provide proper mixing
hence improved combustion and less pollutant formation. The type of bowl! shape and
swirl ratio used under current investigation are observed to do just that by creating high
turbulent motion especially inside the bowl. Optimising the bowl shape and swirl ratio to
reduce the problem of soot transfer to the liner may do the trick but may cause reduced
engine performance and increased pollutant formation. Priorities need to be carefully
considered when dealing with this issue. It is also suggested that the upper part of the
liner should not be lubricated, for example by increasing the topland height. Non-
lubrication would reduce oil contamination by soot but would most likely increase
scuffing and friction between the piston crown and the liner. However, advanced
materials such as nickel and silicon carbide matrix coating, and improved surface

engineering could help dealing with that.

Investigation of soot paths through fractional volumes proves that the gradient of
soot concentration is so steep that consistency of soot concentration along a path can only
be obtained with very small fractional volumes. Thus, average profiles of soot and other
species along the paths that pass through the fractional volumes may not be sufficient to
show the trends along the paths. This demonstrates that, the best way to accurately track
the soot and other species concentration along a tracked path is by tracking it using the
volume of cell size used in the simulation which also shows that the smaller the cell size
the better the accuracy should be. It is also important to acknowledge that small
variations in the predicted soot paths of the same region may lead to different profiles of
species concentration history along the paths, so the soot particle size 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 6, the analysis of soot particle paths was presented. From hundreds of
paths generated, a few paths have been selected to be the representative paths for the

regions and instants previously discussed.

The next objective is to model soot particle evolution (i.e. size change) by
employing Hiroyasu soot formation and Nagle and Strickland-Constable soot oxidation
expressions along the paths. Neoh’s soot oxidation expression is not considered in this
exercise as it contributes to around only 10% of the total oxidation which is consistent
with [53]. Soot size evolution investigation at this point considers only surface growth
and surface oxidation processes without taking into account the physical process of
particle-to-particle coagulation. The initial expectation was soot particle diameter
profiles along the tracked paths would follow the trend shown by the overall net soot in
the whole cylinder as shown in Figure 4.1. This expectation may or may not be the case
since the soot particle paths that have been obtained from selected starting regions follow
different paths and pass through different conditions depending on starting tracking
positions hence soot diameter profile might evolve differently than the initial expectation.
However, consideration on overall high rates of soot formation during early crank angles
and domination of oxidation process at later crank angles may have the dominant effect

on all soot particle paths. This will be investigated in this chapter.
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The evolution of soot particle along the paths is influenced by the state/conditions
along the paths. In-cylinder properties along paths are retrieved by using the same
trilinear interpolation method.  The properties are fuel concentration, pressure,
temperature, oxygen and OH concentration. These properties were then used in soot
formation and oxidation equations to get the soot particle evolution along the paths.
Depending on the method used, history of soot along the paths is used to normalise the

rate of soot formation and oxidation.

Several approaches of soot evolution due to surface growth and oxidation have
been explored. The main aim is to predict the size changes as the soot particles pass
through the conditions in the cylinder volume following the trajectories obtained from
particle tracking technique. Different methods produced different results. Each method

explored is explained in detail in the following few sections.

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

Particle Number

This is the simplest approach explored in this investigation. The soot particle size
evolution is directly associated with the net soot interpolated along the path. The initial
soot particle size was set to 4 nm as in other approaches. The initial interpolated net soot
value at the starting of the path was used to calculate the initial soot particle humber
density. In the next time step, this number density was kept constant when new diameter
was calculated. This was continued until the end of the path. A simple algorithm is

shown below.

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

Initial netsoot(Ms;) ( # )

jjy Sootnumberdensity(N;) = Mass of sootparticle of D; diameter (Msp; )

cm®

(7.1)
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iii) 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
b
3 Msp.
D, =2x {_ LJ (7.3)
4 py7

This approach produces a diameter profile that replicates the profile of net soot
along the path. It also depends heavily on the initial net soot mass which determines the
number density, hence the diameter of the soot particle. This simple approach is
acceptable when accompanied by the assumption that all the net soot mass interpolated
along the path until the end point comes from the initial point or region. Yet, physically,
the net soot mass along the path are the outcome of soot formation process at the
interpolated cell and net soot transport or diffusion into/out of the cell from/to
surrounding cells. With current Kiva-3v code setup, it was impractical to differentiate

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 approach was explored.
The in-cylinder properties, namely temperature, pressure, fuel and oxygen concentrations
were used to calculate the rates of soot formation and soot oxidation. The rates were
calculated using the Hiroyasu’s soot formation and NSC soot oxidation equations exactly
as they were used in Kiva-3v code. The soot formation calculated is the rate of soot
conversion from the amount of soot contains in 1 cm® of cylinder volume. Similarly, the
oxidation rate is the rate obtained from the existence of soot in 1 cm® of cylinder volume.
Therefore, these rates do not represent rates for one soot particle under consideration. To

find the average rate for a soot particle, the rates were normalised with the concentration
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of soot along the path. From these rates, fractional mass change, F;, for a soot particle

was calculated. Finally, the diameter of the soot particle in the current time step can be

calculated. The steps of the calculation are shown below.

iD)

Normalised Hiroyasu’s soot formation

_Esf

dMm sfi ArM g, Pio'Se il
= 7.4
M sni dt M sni ( )
Normalised NSC’s soot oxidation
MW .
M A DC M..; Rnsci
o -0 £

Fi = [(7.4)-(7.5)] x dt (F; is the net formation rate at each time step)
(7.6)

Mg, =M,  + (M opiy X Fi) where My, is mass of a soot particle

(7.7)

3 M, &
D =2x| - — (7.8)
4 p,7

The results of soot diameter in Figure 7.2 to Figure 7.6 show that in majority of

the cases, oxidation process dominates, thus causing soot particles to be disappearing as

they travel along the paths. With this approach, the influence of soot concentration

included in the calculation especially in the soot oxidation process, is significant. High

soot concentration which may be caused by soot transport into the volume of interest has

been seen to cause over-prediction of soot oxidation, and under-prediction 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 Approach 2
particularly on the normalising effect of soot formation rates to the soot concentration.
Hiroyasu’s equation was modified to consider the contribution of fuel vapour to growth
process of a soot particle. In this approach, soot oxidation was calculated the same way
as the previous approach where NSC’s equation was normalised with net soot in the

volume.

In this approach, the assumption was that for a particular soot particle, there was a
cloud of fuel vapour that was responsible for the growth of the soot particle. The amount
of fuel vapour can be specified in two ways, by volume or diameter. In this section, fuel
vapour by volume is explained. Hiroyasu’s soot formation equation needs to be rewritten
in terms of soot particle and fuel vapour mass. The relation between a soot particle and a

cloud of fuel vapour is shown in Figure 7.1.

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

dMsf 0.5 %
pm =AM P e (7.9)

From this figure, the following expressions were obtained.

Mass of fuel vapour, M, =MV (Mg, : concentration of fuel vapour, g/cm?®)

Mass of particle, M, =MV (Mg : concentration of soot formed, g/cm®)

Then, normalisation to get a fractional change for one soot particle is carried out as

follows;
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dM o o5
st _ A PO.Se RT
LM, f } (7.10)
dM My -
~ = A, P R
dt.Msf f$ (7.11)

Then the increment of mass in a cubic centimetre is assumed to be equal to that of one

particle.
dM B de
dtMy  dtM, (7.12)
dM M —Eq
am, A (7.13)
' p p
_Esf
M, _ 4, 2.9 g’”g)P"f’e RT (7.14)
dt.M p \4ar® '
p p\3
dMm i |
am [%J(X)P”e i (7.15)
' p 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 with respect to soot particle volume.

M By
== A LP—NJ(X)PO'SG o (7.16)
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The NSC’s oxidation equation was used as in the previous approach where it was
normalised with the concentration of soot. A multiplication factor, y, was introduced in

this equation

dM MW,
dtso =A p DC M. Rnsci (7.17)

dM MW,

am, b, p e (7.8

Then, the calculation of soot particle diameter was done as in the previous approach.

In this approach, fractional mass increment by growth is not tied with the net
soot in the volume and the soot formation and oxidation rates are solely dependent on the
conditions along the paths. However, multiplication factors of x and y need to be
introduced order to get comparable soot formation and oxidation rates. In this exercise x
was set to be 1.0x10% and y, 1.0x10. These multiplication factors were chosen based on
trial and error approach in which many attempts were carried out to obtain profiles of
soot formation and soot oxidation rates that closely resemble the overall soot formation

rates in Kiva-3v simulation data.

The results from this approach are different from that of previous methods in a
sense that none of the soot particles of interest disappear as they follow the paths. This is
partly attributed to the independence of the equations on the soot concentration along the

paths, and partly by the introduction of multiplication factor x and y.
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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 conditions along the
paths were used. One of the differences was that, the Hiroyasu’s soot formation equation
was used in its original form with the introduction of multiplication factor of 2x10™° as
shown below. The method of selection of the multiplication factor is the same as in the

previous approach.

B Esf

i = (2x10°)A,M ,P*% (7.19)

dMm
dt

Another difference was, instead of using a derived NSC’s soot oxidation equation for
diesel engine, the original NSC equation for pyrographite surface mass oxidation
equation was used. The equation which was shown in Chapter 2 previously is again

shown below.

: k
Rusc Zﬁﬂksp(l—x) (7.20)

Z

The formulation gives a surface mass oxidation rate with the unit of g/cm?s. This
equation was used to find the mass loss due to oxidation based on surface area available

from a soot particle.

The advantage of this approach is the mass loss per particle can be calculated
easily using the above equation and the conditions along the soot paths. Unlike approach
3, the only multiplication factor of 2x10™ in the Hiroyasu’s soot formation equation can
easily be changed without the need to change any other factor. The factor can be implied
to be the inverse value of soot particle number density (particle/cm®) despite on the lower

side. Heywood [123] reported that cylinder average particle number density in an IDI
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diesel engine was between 1x10°-3x10° particle/cm® while Tree and Foster [129] in their

article mentioned that the value was 1x10'%-1x10" particle/cm® for a DI diesel engine.

All of these approaches are summarised in Table 7.1 in which some more remarks
are detailed out to explain about the assumptions of each approach. These approaches are
different in terms of their association with the species concentration along the paths.
These approaches are attempted in different ways in order to lessen the numbers of
variables the equations be influenced by. The first approach has direct association with
the soot concentration along the path such that soot particle size profile duplicates the
profile of the soot concentration. The second and third approaches have indirect link to
the soot concentration as the formation and oxidation rates are normalised with it, thus
variations in the soot concentration tend to have an influence on the particle size profiles.
The fourth approach is not linked with the soot concentration in anyway as the others, but
only with responsible species for soot formation and oxidation processes, and the local
cylinder conditions along the paths. However, each approach requires the introduction of
multiplication factors in each soot formation and oxidation rates to obtain a comparable
soot size profile. These multiplication factors are kept constant for each path under

investigation.

7.6 Results and Discussion of Various Approaches

The above approaches are implemented to predict soot particle size profile for
several paths that are most likely to reach the cylinder wall layers. Three paths
considered are the ones from the instant of 8° CA ATDC and two others from 14° and
24° CA ATDC. History of species concentration and local condition that are used in soot
formation and oxidation calculations are extracted from each path and are shown in

Figure 7.2 to Figure 7.6.

At the bottom of each figure, comparisons of soot particle size profiles along
each path with different approaches are displayed. Looking at the diameter profiles as a

whole, all the approaches show similar trends which show that soot particles that move
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close to the cylinder wall layers reduce in size as they reach EVO. Soot particles from
earlier crank angle (i.e. 8° CA ATDC) are observed to sharply increase in size to the
maximum at around 18° CA ATDC and gradually decrease in size as it moves to around
60° CA ATDC, after which the size remains almost constant. These trends meet the
initial expectation of the general soot size profile which follows soot concentration
profile. Soot particles from later crank angles (i.e. 14° and 24° CA ATDC) are observed
to immediately but gradually decrease in size right after the tracking. This happened as
the soot particles from later crank angle do not experience much of surface growth
process as soot formation process has slowed down at these instants. This result is in
agreement with experimental results reported by Haynes and Wagner [53] that show soot
concentration is at the maximum at 14° CA after start of injection, and with Dec [61]
who, by laser-sheet imaging, showed that soot concentration starts to decrease after
21°CA after start of injection. This emphasises that the overall soot formation process
starts to be dominated by soot oxidation process very early in the expansion stroke.
There are significant differences in maximum predicted soot size with the different
approaches with the fourth approach are observed to provide the high side of the size

prediction in most cases.

The size changes in the second to the fourth approaches are heavily influenced by
the multiplication factors introduced. Given that the right multiplication factors are
employed, any of these approaches may be used to predict the size changes of soot

particles along the paths.

1.7 Conclusions

Up to this point, all of the approaches were carried out taking into account only
soot surface growth and soot surface oxidation processes without consideration to other
important physical processes that contributes to size and shape changes, i.e., coagulation
and agglomeration. The overall trend of soot particle size along paths can be observed to
preserve the average in-cylinder soot concentration profile as shown in Figure 4.1(d)

where the curve peaks at around 20°CA ATDC, after which it gradually decreases before
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becoming almost constant after 60°CA ATDC. Along predicted paths, this trend is
expected as oxidation process is observed to be dominating after that crank angle as the
overall in-cylinder temperature decreases thus reduces the soot formation rates, and the
soot particles are also observed to move away from the flame plume and enters the region
where more oxygen and hydroxyl molecules are available for higher soot oxidation rates.
Thus, it can be seen that the soot particle size along predicted paths decreases more
sharply than average in-cylinder soot concentration profile as most of the soot particles
tracked in this study are observed to be moving away from the flame plume.

If coagulation and agglomeration processes were to be considered in the model,
the particle size would increase rapidly as the processes start to develop as illustrated in
Figure 2.5. It is useful to note that to characterise the size of soot agglomerate, radius of
gyration, which refers to the square of the distance from the centre of each primary
particle to the geometric center of the agglomerate [10], is used. = With these two
processes, the soot particle size across a path is expected to be about 10 times bigger than
the one predicted in this study as in-cylinder measurement with scanning mobility
particle analyser (SMPS) by Pungs et al. [109] shows that soot particle sizes range from
30 to 110 nm, whereas in this study soot particle sizes are predicted to be mostly from 4
to 10 nm. However, as far as the trend of size change is concerned, the trend of
increasing to a peak size and decreasing towards later crank angle is expected to be
preserved. However, when coagulation and agglomeration are included, the slope of the
size decrease after the peak would not be as sharp as has been seen in the present study,
as when these processes are taken into account, the soot particle surface areas available
for oxidation process are reduced as a result of these processes, thus the soot oxidation

rates are expected to be reduced.

With further refinement and inclusion of coagulation and agglomeration factors
these approaches can be used to predict soot particle size changes along the tracked paths.
Nevertheless, with current settings, these approaches are able to show that the trends of
soot particle size changes along the predicted paths. The soot particles that move close to

the cylinder walls are most likely to reduce in size to about 20% of the size at the peak.
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The second to the fourth approaches produce smooth soot particle size profiles.
However, the second and the third approaches are still linked to the soot concentration
thus might be vulnerable to its variations due to soot transport to/from neighbouring cells.
The fourth approach however, has no dependency on soot concentration thus has one less
variable of the sources of instability in the prediction. With further optimization of the
multiplication factors, this approach would be a more robust approach 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 processes are affected by numerous parameters.
From the review of soot processes by Tree and Svensson [51] and Heywood’s engine
fundamentals [123], it can be concluded that these parameters can be categorized into
four groups, engine operating parameters, engine design parameters, fuel structures and

fuel composition.

The following explanation can be found in Tree and Svensson article [51]. Due to
their relevance to the work, the explanations are included here. Engine operating
parameters are engine load and speed. Engine design parameters include combustion
chamber shape and geometry, fuel injection related parameters such as injector type, size
and number of injector holes, injection timing, multiple injections, air swirl, intake
temperature and pressure, auxiliary air injection and water emulsified fuel. Different
types of diesel fuels contain different fuel composition and have different fuel molecular
structures. The amount of different elements in the fuel determines its composition and
the location and type of bond making up the molecules in the fuel determines the fuel
structure [51]. The important fuel components in soot processes are carbon, oxygen,
hydrogen and sulfur. Higher carbon content would cause higher soot production,
whereas higher oxygen content reduce the production of soot. Fuel that contains more
ring or aromatic structure has higher sooting tendency, and fuel with more branched

chain molecules soots more than the one with more straight chain molecules [51].
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Changing the above parameters would affect the fuel air mixing, combustion and
thus soot formation. The fundamental physical properties that are influenced by changing
the above parameters are local in-cylinder temperature, pressure and stoichiometry which
determine the overall soot formation and oxidation processes. Temperature is the most
important factor in affecting the soot formation and oxidation process by increasing all
the reaction rates in the process [51]. In-cylinder temperature increase would result in a
decrease in exhaust gas particulate because at higher temperatures, even though the soot
formation rate increases, soot oxidation rates of soot in the flame as well as in the post
injection also increases and dominates the overall soot process [51]. Similarly, higher in-
cylinder pressure reduces in-cylinder soot and exhaust particulates by increasing the
amount of entrained air into the fuel jet and shortening jet penetration and liquid length
that minimizes the problem of fuel impingement to wall and jet-jet interactions that were
known to cause high soot emissions [51]. Fuel-air mixture stoichiometry affects the
overall soot processes through the oxygen amount in the fuel or in the premixing of fuel
and air, where in general, increased oxygen amount in the fuel would reduce soot
formation, while increased in fuel-air mixture tends to increase soot formation due to

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

Details partially presented above demonstrate the complexity of the influences of
changing the parameters to the in-cylinder soot processes. There are also numerous
parameters that influence the processes either individually or jointly. Thus, it is not
possible to address the influence of each parameter in this thesis. Nevertheless, a few
engine design parameters, namely air swirl and spray angle, are selected for parametric
studies. These parameters are selected not so much for their influences on the amount of
soot generated per se, but more for their significant influence on soot transfer to the

cylinder wall layers which is more specific to the objective of this thesis.

8.2 Swirl

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

mixing, fuel evaporation and combustion. It is generated by constructing the intake
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system to give a tangential component to the intake flow as it enters the cylinder through
shaping and contouring the intake manifold, valve ports and piston face [14], and through
masking off or shrouding part of the peripheral inlet valve open area [123]. As swirl
increases, it shortens the overall duration of combustion process and influences the fuel-
air equivalence ratio as fuel-air mixing rate changes hence affects emissions level [123].
It shown that as swirl increases, fuel consumption, particulate and CO emissions
decrease; and NOy emission increases [123]. Bonatesta et al. [100] however, through
their computational study, found out that at different loads and engine speeds, over-
swirling increases soot production in the cylinder. Other studies [130, 131] have also
shown that increasing swirl reduces soot emissions up to certain extent beyond which the

soot emissions start to increase.
Swirl ratio (SR) is defined as the angular velocity of a solid-body rotating flow ax,

which has equal angular momentum to the actual flow, divided by the crankshaft angular
rotational speed

SR= -2 (8.1)

In this thesis, a range of initial swirl ratios of 1.3 to 2.4 with an increment of 0.3
were used in the simulations to study their influences on in-cylinder soot particle paths.
For each initial swirl ratios, a different Kiva-3v simulation was carried out. Each initial

swirl ratio was set in the input file (itape5).

8.2.1 Effects of Changing Swirls on Soot Paths

Figure 8.1 shows the predicted path of the points starting in Zone 1, 2 and 3 at CA
8° ATDC for various swirl ratios. It can be observed that changing the swirl ratio in
these three zones has insignificant impact on the final destination of the soot particles. In
all cases, soot particles end up very close to the cylinder wall layers. Significant impact

of swirl ratio in these zones is on the axial distribution of the soot particles where it can
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be observed that as swirl ratio is increased, soot particles tend to move closer to the
cylinder roof. This shows that the higher swirl ratio, the stronger is its influence in
holding back the downward motion of the fluid induced by the piston movement. With
higher swirl ratios, soot particles tend to move faster than the ones with lower swirl
ratios. An important observation is that most of the particles that move very close to the
liner move up towards the top of the cylinder initially, some particles stay close to the top
of the cylinder and the rest move downwards as the stroke progresses.

Figure 8.2 shows the paths of the points starting in Zone 4, 5 and 6. The
sensitivity to the swirl ratio on the predicted path is clearly evident in these cases. Soot
particle paths with lower swirl ratio, namely 1.3, 1.6 and 1.9, are inclined to move closer
to the cylinder wall layers. On the other hand, higher swirl ratios of 2.1 and 2.4 are more
likely to send the soot particle to the cylinder central region. It can also be concluded that
the soot particles initiating in the bowl region are most affected by the different swirl
ratios. It is clear that the particles formed in the bowl region initially move upwards

because of the upward facing vortices in the bowl.

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

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

The influence of swirl ratios to the soot particle paths tracked at CA 35° ATDC is
not significant to the problem of soot in oil as all soot particle paths are not leading
towards the cylinder wall layers as shown by the paths with only 1.9 swirl ratio. The

paths are shown in Figure 8.4.
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From the point by point comparison it can be concluded that depending on when
and where the soot particles are formed during the stroke, the swirl ratio has different
effects on the path of the particles. At different locations 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 that its variations can change the
fuel jet impingement point, thus changing the distribution of fuel, hence soot, and
influence the gases motions in the cylinder. Its variations can also influences the mixing
rate of fuel and air in the cylinder. In a computational study by Abraham and Khan
[132], it is shown that as the angle of the fuel jet centre line with the cylinder axis
decreases, the mixing rate decreases and vice versa. It was also found that there was an

optimum spray angle that maximises mixing under the conditions studied.

In the present study, spray angle is varied to investigate its influence on soot
processes as a whole, and to study the possibility of soot transfer to the liner. Two
different spray angles with the spray axis of 69° and 79° measured from the cylinder axis
are used in the simulations. The soot particle paths obtained from the post processing of
simulation data are compared with the ones with the baseline case of 74° spray angle.
Soot particle paths from two regions of interest, below and 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 below the spray axis
with the setting of spray angle at 69°. Soot particles from different instants and angular
locations are tracked to study the effect of starting instants and positions to the soot paths,
as previously done in Chapter 6. From these figures, it can be observed that lowering the
spray angle from 74° to 69° reduces the likelihood of soot particles from above and

below the spray regions to be transferred close to the liner. This fact can be seen across
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all starting points and instants, with only a few paths show some likelihood to hit the

cylinder wall.

Lowering spray angle would reduce the turbulence level in the bowl area, thus
reduces the mixing rate as pointed above. While it seems that lowering the spray angle
might reduce soot particle numbers that come close to the cylinder wall layers, the overall
effect of it in reducing the mixing rate might increase the soot formation rate thus end up

with more soot at the liner.

Figure 8.7 and 8.8 shows the same paths from the same locations with the setting
of spray angle at 79°. Soot particles from above the spray (Figure 8.7) are observed to
behave in a similar fashion as the soot particles with spray angle 74°. Most of the soot
particles travel into the middle of squish region and some are observed to travel close to
the liner sporadically. Soot particle paths tracked from below the spray, shown in Figure
8.8 demonstrate that increasing the spray angle from 74° to 79° increases the possibility
of soot particles from inside the bowl to travel very close to the boundary layer of the
cylinder wall. Starting locations and instants almost do not matter with this spray angle.
This is very interesting observation when the normal expectation of increasing the spray
angle would be that the soot particles from above the spray are more prone to be

transferred to the cylinder wall layers, yet the reverse happens.

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

good mixing rate but lower likelihood of oil contamination by soot particles.

8.4 Conclusions

Swirl ratios are found to be less significant in influencing the already high

tendency of soot in the early injection duration to travel close the cylinder wall layers.
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Neither lowering nor increasing swirl ratios does reduce the likelihood of soot from early
instants to reach the cylinder wall layers. However, depending on location and time,
lower swirl ratios are more likely to cause soot to be transferred close to the liner. This
finding demonstrates that lower angular momentum provided by lower swirl is overcome
by the radial momentum produced by the high velocity fuel jet to carry soot particles
closer to the liner.

Spray angles have significant influence on the likelihood of soot particle transfer
to the cylinder wall layers. Reducing the spray angle decreases its likelihood, but causes
mixing rate to be lower. Increasing the spray angle increases the likelihood of soot
particles from inside the bowl to be transferred to the cylinder wall layers without
affecting much on soot particles above the spray. However, further increase in spray
angle may significantly increase soot particle transfer at the liner, as the fuel spray may
pass the bowl rim and impinge directly on the cylinder wall which is not 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 computational studies of in-
cylinder soot, its distribution, temporal and spatial changes in this and the evolution of
particle size during the expansion stroke. The main aim is to investigate the possible
sources of soot particles at the cylinder wall layers and to gain further insight of the
overall in-cylinder soot behaviour. CFD simulation programme, Kiva-3v Release II,
EnSight post-processing software and various Matlab routines have been used in the

investigation.

Throughout the investigation, new computational codes and routines that can be
employed to make predictions of soot particle trajectories and soot particle size change of
on a specific path have been developed. The predictions of soot trajectories and size
changes along the trajectories would be helpful to engine designers to improve their
understanding of soot particle behaviour within an engine. This investigation would also
serve as a new juncture for a new branch of research in the field of soot formation within

internal combustion engines.

This chapter is divided into three sections beginning with discussion section that
reviews the techniques and methods employed in this work. Where appropriate, the aims
and the results of the investigation and their implications on the subject are reiterated and
discussed. Limitations and weaknesses of the current investigation are also addressed
and further improvements to overcome them are covered in further work section. The

main conclusions drawn from the work are stated at the end of the chapter.
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9.2 Discussion

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

The approach of post-processing of CFD simulation data can be time and cost-
saving in the investigation for an optimised engine design but assumptions have to be
made and justified when accurate sub-models and detailed chemical and physical
processes are not included. As with any code, sub-models used within Kiva have
weaknesses and limitations as discussed in Section 3.3, but these were considered to
sufficiently minor to use the sub-models without amendment in this study. More
challenging problems were faced in the way the setup of the computational combustion
chamber model. Despite the fact that using one seventh sector of the cylinder volume can
save computational resources and can reach grid independence of, for example, in-
cylinder pressure with higher mesh resolution, it was found out that this setup caused
discontinuities in the soot paths as well as in the history of species concentrations and
conditions along the paths when the sector was replicated seven times to make up a whole

cylinder volume.

Another factor found to cause irregularities in the soot particle paths was the way
the velocity at each point was estimated. Nearest-node method was used in the
beginning, believing that the cell vertices were sufficiently close together thus velocities
at those vertices were not significantly different. Apparently, this was not the case, as the
in-cylinder motions were random due to complex combination of fluid motions caused by

turbulence, swirl, tumble and squish motions. A space function to interpolate and
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estimate the velocity was recognised to alleviate this problem, and a simple trilinear
interpolation technique was used in this study.

Computational studies always have concerns about mesh and time step
independence and the accuracy of numerical method used. To a certain extent, all of
these issues are addressed in Chapter 5. Flow fields inside the cylinder were observed to
be in turbulent state, highly dynamics and in steep velocity gradient between different
fluid phases (i.e. fuel jet and surrounding gas) with the directions highly spread out. The
regions inside the cylinder with these flow fields could be identified as the region inside
the bowl, the central axis of the fuel jet, the boundary between high-velocity fuel jet and
the surrounding gas and the region near the bowl rim. These are the areas that need
careful investigation of the soot particle paths. Sensitivity study of paths to small
difference in starting locations in these regions has been carried out. Efforts have been
made to use the smallest time step and the highest mesh resolution when dealing with
these regions. In the present study, the mesh density is basically fixed and it does not
accommodate the needs of different mesh density at different regions in time. Other
meshing method such as zonal meshing or adaptive meshing is envisaged to be able to

solve some of the accuracy problem in soot particle path prediction.

The accuracy of the path prediction can also be increased by a small fraction by
using higher order numerical methods and to a large extent with smaller time steps
nearing the time step used in Kiva calculations. Both entail high computational
resources. To continue improving the accuracy of the path analysis through post-
processing analysis and saving computational runtime, automated data recording at the
desired time steps coupled with higher computer specifications would be deemed to be
one of the solutions. The application of cluster and grid computing may also be useful in
this situation. A long term solution can be the inclusion of the tracking procedures inside
Kiva code so that the time step used in the tracking is equivalent to the time step used in
Kiva calculations, thus avoiding errors due to larger time step in post-processing tracking

technique.
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Recognising the CFD sub-models and computational setting limitations, the
findings from this study are the first steps towards understanding the movement of in-
cylinder soot particles and the possible sources of soot at the cylinder wall layers. With
this tracking technique, it is possible to pinpoint the regions and instants from which the
sources of soot particles at the wall layers are. Soot particles from the periphery of the
fuel jet especially the ones inside the bowl during early injection period are found to be
the most likely sources of the soot at the cylinder walls as they are predicted to be
transported close to the cylinder wall from those locations and instants. Soot from later
crank angles are also susceptible to forces carrying it to the wall layers, as the piston top
moves down while turbulence and reverse squish motions are still present in the bowl.
These findings are difficult to obtain through experiments and not easy to be traced
internally during a CFD simulation. For a bowl-in-piston cylinder configuration, these
findings can be asserted as a general description of in-cylinder soot particles, as when
looking at overall view of the predicted path results, this fact does not depend so much on
the mesh configurations or time steps used in the study. Different mesh configurations
and different time steps do not demonstrate much difference in the positions of the soot
particles relative to the cylinder walls but only demonstrates the differences in the exact

coordinates of the final positions of the soot particles.

Load, speed, fuel injection parameters, air swirl and piston top design influence
the performance, efficiency and emissions of a compression ignition engine [123]. In this
study, load and speed is fixed and a fuel injection parameter, that is, fuel spray angle, and
air swirl ratio are the parameters investigated for their influence on the in-cylinder soot

movement.

The effect of high velocity of fuel jet injection on the surrounding gas during fuel
injection period is one of the main driving forces to transport the soot particles to the
nearest region to the cylinder wall layers. The soot particles that are involved are the
ones that are formed within diffusion combustion at the fuel jet periphery and these soot
particles are able to get away from the flame and travel to towards the cylinder wall
layers following the in-cylinder gas flow as they are mainly affected by the high shear

region around the fuel jet. Soot particles from the centre of the fuel jet which formed
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from premixed combustion tend to impinge and most probably be deposited on the bowl
walls, or/and dwell inside the bowl region until EVO.

The shape of the bow! on the piston top is also observed to play important role in
directing the soot particles to get affected in the tumble motions in the middle of bowl
and then pushed away more strongly into the squish region by the reverse squish motion.
Different bowl shape will create different kind of motions thus affect the movement of
soot particles in the cylinder. However, the effect of different bowl shapes to soot
particle paths are not investigated here.

Swirls are found to affect the amount of in-cylinder soot both in soot formation
and soot oxidation processes. Some intermediate level of swirl, which depends on engine
operating condition has been found to produce lower engine-out soot [10, 100]. In terms
of preventing soot particles from moving close to the cylinder walls, higher swirl is more
desirable as the tangential force provided by the swirl prevents the soot particles from
being convected to the region near the cylinder walls. This is a conflict of interest. As
engine-out soot can be reduced with intermediate level of swirl, it may cause more soot at
the cylinder wall layers thus more oil contamination by soot. Therefore, it is important
that in the pursuit of low particulate emissions, the soot-in-oil problem is not to be
neglected. Of course swirl is not the only method to reduce soot, both engine-out and in
oil, other methods such as spray angle, spray cone angle and injection timing should be
optimised to obtain benefits in both areas. Swirl ratio and injection timing were predicted
to have the strongest influence on the transport of soot in and around the combustion
chamber when compare to EGR, rail pressure and boost pressure in one of the studies of
in-cylinder soot distribution. EGR, rail pressure and boost pressure only affect the bulk

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

Spray angle plays an important part on the possibility of soot to be transported
near the cylinder wall. It was expected that a more horizontally positioned fuel spray
would risk direct impingement of soot particles that are formed above the spray onto the
cylinder wall. However, the results from additional study shows that at higher spray

angle, soot particles from below the spray have more likelihood to be transferred to the
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cylinder wall. Soot particles are carried into squish region by the effect of fuel injection
on the bowl surface that creates higher vortex or tumble motion, and then strengthened by
the reversed squish motion as the piston travels downwards. The spray that is positioned
more vertically is observed to cause less soot particles from inside the bowl to be
transported to the squish region. It is to be noted, that the two spray angles used in this
parametric study are only 5° different in both directions from the base line spray angle

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

The injector used in this study has seven holes. Increasing the number of holes
with hole diameter and pump capacity left unchanged will reduce injection pressure and
duration, and consequently will decrease velocity of nozzle exit and penetration length
[133]. As the velocity of fuel jet is decreased, soot transport to the near cylinder wall
region can be implied to be reduced. Conversely, decreasing the hole numbers with
unchanged hole diameter and pump capacity would induce more soot particles reaching
near the cylinder wall as higher fuel jet velocity may create stronger vortex in the bowl
that pushes the soot farther into the squish region. However, if injection pressure and
duration are to be maintained, hole diameter needs to be reduced. By doing so, fuel-air
mixing rate would be increased as atomisation is increased with smaller hole diameter.
The overall effect would be less amount of soot generated in the cylinder thus lesser

amount of soot particles would likely to be transferred to the cylinder wall.

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

cylinder wall. Controlling soot formation process during injection period is also a key to
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reduce soot at the cylinder wall. This can be achieved, for example, with the introduction
of oxygenated diesel [134] fuel during early injection thus less soot is generated, thus less
probability of soot to be transferred to the cylinder wall. Additional air injection during
fuel injection to prevent soot from moving towards the cylinder wall, and also to promote
turbulence thus promotes air-fuel mixing leading to less soot formation, and soot-air
mixing leading to more soot oxidation [10] could also be carried out to reduce soot
transfer at the cylinder wall. Split injections with properly optimised cessation length to
provide sufficient time to provide leaner and sufficiently high-temperature environment
for the next injection [10] is also another strategy that would reduce the overall soot
formation and consequently the amount soot transfer to the cylinder wall. All of these
injection parameters have complex interactions and without further investigations, a
clear-cut strategy to reduce soot at the cylinder wall could not be stated. Another direct
measure to prevent soot particles from reaching the cylinder wall is through the
introduction of cylinder wall coated with thermal barrier ceramics [135]. Increasing the
topland height [97] can also help in preventing soot particles that already transferred to

the wall from being scraped into the oil system by the piston rings.

Several other Matlab routines have also been written to provide the means to
predict the soot particle size changes along the tracked paths but with limited success.
Difficulties arose in obtaining the right multiplication factors that work in each and every
case. One approach was found to be more robust than the others to be improved further
as a predictive tool for soot particle size changes along the tracked paths. Soot particle
size prediction along the paths is important as the prediction can be utilised to model soot
transfer mechanism from the main flow to the cylinder wall through the thermal boundary
layer. Thus the inclusion of the effects of coagulation and agglomeration processes to the
soot particle along a path is crucially required for further investigation. As of now, the
predicted soot path and the trends of soot size along the path can be used to understand

the possible movement and soot size profile with only surface growth process.

The whole approach is not only useful in the current setting of the engine, but can
also be employed to study particle tracking in any other engine configurations and engine

with different fuels. This approach can also be applied in any fluid/particle tracking in
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other fields as mentioned briefly in Chapter 2. As this approach is developed in-house,
further development and investigation will always be possible. Comparison studies can

also be carried out when new subroutines are developed.

9.3 Further Works

The work in the present study answers some important questions about in-cylinder
soot particle movements, especially the ones that relate to soot in oil problem.
Nevertheless, more works are necessary to fully understand soot particle behaviours in an
engine cylinder. The possibilities are inexhaustive, but among other works that can be
pursued to complement this work in the near future shall be discussed below.

The present work is limited to the tracking of soot particles from its formation
instant until exhaust valve opening (EVO). The possibilities of soot transfer to the liner
were discussed only based on this duration. Possibility of soot transfer to the liner could
also be contributed to the soot particles that move during the exhaust stroke. Thus, soot
particle tracking can be extended to include soot paths during the exhaust stroke. To be
able to do this, a new cylinder volume and valve computational setup needs to be carried

out as current model only simulate the combustion in a closed part of the cycle.

To address the issue of mesh dependence, sensitivity of soot particle paths to
mesh configuration should be carried out with either adopting adaptive meshing method
or creating denser meshing at the high turbulence region, such as in the piston bowl.
Parallel investigation of modified spray sub-models could also be carried out to further
study the spray dynamics. Considering that many references have been found in other
fields which reported particle tracking as a sub-model in the main CFD code, a logical
step forward would be to include soot particle tracking technique into the main Kiva-3v

code.

This particle tracking technique can also be extended to include other forces such

gravitational, buoyancy, surface and drag forces to be compared with massless tracking
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technique. Thermophoresis and other transfer mechanisms can also 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 predict the changes in
soot particle sizes along the tracked paths. Other physical processes of soot particle
coagulation and agglomeration will impose further difficulties in predicting in-cylinder
soot particle sizes, yet preliminary studies with simple methods could prove to be useful

in solving the soot in oil issue.

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

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

9.4 Conclusions

The investigations reported in this thesis have been carried out for a range of
conditions representative of high-load, high engine speed operation, that is at the engine
speed of 2500 rpm and load of 1200 kPa brake mean effective pressure. With respect to
the soot particles approaching the cylinder walls and posing a source of soot transferred

to oil, the following conclusions are drawn:

Soot particles that are formed early in the fuel injection period and are located just
below the fuel spray in the small region in the middle of the bowl are most likely to be
the sources of soot particles at the cylinder wall layers. Soot particles that are already at
the bowl rim during early injection duration and later in the expansion stroke are also

likely to be transferred close to the wall layers.

Soot particles that are formed immediately after injection but are located farther
from fuel jet axis, namely in-between fuel jets, are also likely to be transported close to
the cylinder wall layers. This is thought to be the later effects of high velocity fuel jet,
swirl and jet-to-jet interactions. Soot particles from other regions have lesser likelihood

to be transferred to the wall layers as they only transported into the middle of the squish
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region during the expansion stroke. Illustrations of the likelihood of soot particle
transfers to the cylinder wall layer during fuel injection period are shown in Figure 9.1 to

summarise the findings.

In addition, these soot particles are mostly from relatively low soot concentration
region as the soot particles from the most concentrated regions at various crank angle
instants were shown to have the least likelihood to be transported close cylinder wall

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

The movements of these soot particles close to the liner in the squish region are
caused by high reverse squish and tumble motions when piston moves down during early
part of the expansion stroke. These motions are intensified by the high velocity fuel jets
that impinge on the bowl walls and split into two forceful motions along the bowl walls
and the bowl rims. The intensity of these motions gradually diminishes as piston moves
down, and soot particles that are formed later, especially after fuel injection duration, are

found to have less likelihood to be transferred close to the liner.

Soot concentration gradient is very steep in the cylinder thus a small difference in
soot particle paths translates to substantial difference in soot concentration along the
paths. This fact shows that the evolution of soot diameter along similar paths could be
difference. Consequently, meticulous particle tracking at various locations of interest
should be done to gather more information on the possible soot particle size distribution
at EVO.

Sensitivity studies of soot particle paths to swirl show that engine operating with
low swirl ratios are more vulnerable to soot in oil problem. Low swirls are seen to be
relatively weak in opposing the fluid motions caused by high velocity fuel jet, reverse

squish and tumble motion during the early expansion stroke.

Decreasing the spray angle from 74° to 69° lessens the possibilities of soot

particles from being transported close the cylinder wall layers. Increasing the spray angle

112



Chapter 9 Discussion and Conclusions

from 74° to 79° increases the possibilities of soot from the bowl region to be transported

close to the cylinder wall layers.
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TABLES

Table 2.1 EU Emission Standards for Diesel Passenger Cars (g/km) [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
Euro2, Dl  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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Tables

Table 2.2 Primary and agglomerated soot particle size from various combustion sources
with different measuring methods

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

17.5-325nm Transmission Electron Mathis et al. (2005)

Microscopy (TEM) [20]
10-400 nm Scanning Mobility Mathis et al. (2005)
Peaks around 50-60 nm 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 -45mm Scanning Electron Furuhata et al.
out (SMD) microscope (SEM) (2007)[22]
120 nm Centrifugal sedimentation  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 (SMPS)  (2000) [136]

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

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

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

!n' radiation./scattering
cylinder ~3p-100 nm Laser-induced Bougie et al. (2007)[26]
incandescent (LII)

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

5-28nm 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 25-350nm Light Scattering di Stasio et al.

il Technique (2002)[139]

3-50nm 2-70nm Scanning Mobility Zhao et al. (2005)[140]
Particle Analyzer (SMPS)

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

Microscopy (TEM)
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Tables

Table 2.3 Soot Model variables and Differential Equations

Variable Rate Equation
N, Soot Number Densit
u Y d_N:NA(rs_rs)
3 dt
(cm™)
R, precursor radical density drR
— =h=hLk
(mol cm™) dt
CzH>, growth species density d[C,H,]
“at =1

(mol cm™)

fy, soot volume fraction

ol Na = Avogadros Number
M. = molecular weight of Carbon

Mg = molecular weight of radical precursor
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Tables

Table 2.4 Processes, Chemical reactions, Rates of Reactions, Activation Energies and

Pre-exponential Factors used in Fusco’s Soot Model [32]

aciiauol ex gr:ghtial
Process (i) Chemical Reaction Rate of reaction, r; Energy, E; Fgctor A
mol cm s
(cal/mol) (mol n )
(1) Radical m m _E/RT 120,000 0.7 x 10
formation CoHy — A R L= A Ae = [fuel]
(2) CH, m -m —E,/RT 49,000 2 x 108
) b C,H, > M, C,H, r, ="/ Ae =" [ fuel]
(3) Radical R +0O., — products r. = e—Es/RT R1[O 40,000 1x10%
oxidation 2> P 3= A [RI[O.]
At 3
(4) C,H; oxidation C,H,+0,>2CO+H, r,= A4efE4/RT [C,H,][0,] 50,000 6 x 10
(5) Particle R—>P _ A pEs/RT 50,000 1x10™
— r,=Ae [R]
inception °
. 4
(6) Particle growth p +C,H, >P r, = A%e—EG/RT [CZHZ]SJ/Z 12,000 4.2x10
where S=pD°N, D=25nm
(7) Particle P+O.,>P k
oxidation 2 r, :[ AP X+ kg p(l—x)}
1+k,p
Where
ks \
X=91+ X+kgp(l—x
Kg P
k, =20xe 5/ 30,000
kg =4.46x10%e %/RT 15,200
5 \—Er /RT ,
k. =1.51x10°e 97,000
— Ez /RT 4,100
k, =21.3xe
(8) Particle xP—>P 12 ¢ Yo 1%
coagulation fp=Keoag T f,°N7°
where Kep=1.05x107 (cm*
mix st K2
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Table 3.1: Specifications of computer hardware

Processor Intel Pentium 4, 3.40 GHz Processor CPU with heat
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 System  Microsoft Windows XP Professional, Version 2002,
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 PC.
Either Microsoft Windows XP or Redhat Linux 9,
can be selected each time the computer is turned on.

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

Table 3.3: Kiva-3v running sequence and the associated 1/0O files

Input Files Tools Output Files
iprep Pre-processor: k3prep otapell, otapel7
itapel7 (renamed from Main code: kiva3v dat.* files,
otapel?), otape9 (graphics post-
itape5 (engine conditions) processing file)

otapel2 (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 model Ci2H2e

Wall film dynamics Particle-based with splash models

Dynamics of evapourating spray Monte Carlo-based discrete particle technique
Modified RNG k-¢

Extended Zeldovich

Turbulence model

NO, model

Fuel vapourization Single component

Drop breakup/distortion/oscillation 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 cm®

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) -2.0° 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 60.2°C

EGR % 3.5%

Swirl Ratio 1.3,1.9 2.4
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Table 6.1 Starting positions of soot particle paths tracked from crank 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 9.8 610
6-12
10 1.7 9.1 24 - 28
Below the 612
spray axis 20 1.7 9.1 24 — 28
(spray 612
downstream) 25 1.7 9.1 24 - 28
612
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
610
10 2.3 10.1 20 - 26
610
Above the 20 2.3 10.1 20 - 26
bowl rim 610
30 2.3 10.1 20 - 26
610
40 2.3 10.1 20 - 26
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Table 7.1 Comparison of Different Approaches of Soot Particle Size Evolution

No Approach Formulation Assumptions Notes
1 Direct association Ms, , -Number of soot -Soot diameter profiles
with net soot and Msp,.; = N particles does not exactly follow the net soot
conserving the soot i change along the path  profile along the paths
particle numbers -All soot amount in
from initial point IA the volume
D —2x|3Mshi, contributes to particle
i 4 por growth
-Soot diffusion is not
considered
2 Association with the —Eq -All amount of soot -In majority of the cases,
cylinder conditions dMm AM P 05¢ RT, in the volume oxidation process dominates,
along the path, and = (a) involves in the thus leaving soot particles to
use normalised M p;.dt M, growth process be very small
Hiroyasu’s and A MW, M Ruse -Soot diffusion is not  -This could be explained by
NSC’s with net soot, — gm ° 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 st st plume and pass through high
oxygen and temperature
Fract. mass change, (F)= [(a)-(b)].dt regions.
Msp,., = Msp, +(Msp, xF,)
b
D,, =2x 3 Msp,,
4 pg7
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

,Esf
szm{MqM%mw)
dtM, Py

dMm MW, -
2= yA, © Rusci (D)
dt.M oD,

S I

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

Msp,,, = Msp, +(M5pi X Fi+l)

b
D, =2 3MeP.s
4 pyr7

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 (?)
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Table 7.1 Comparison of Different Approaches of Soot Particle Size Evolution (Cont.)

No Approach Formulation Assumptions Notes

4 Association with the dM ~Eg -soot particle surface  x = 2e-10
cylinder conditions sfi _ (X) AM.P 05 e RT is smooth thus all The results from this
along the path. A dt Frnili computed surface approach show similar trends
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 can
number density, w= RNSC =—-X+ kB p(l— X) where particles are assumed  reach over 120 nm at the
particle/cm?, in the 1+ kz p monodispersed peak.

cylinder) is
introduced in
Hiroyasu’s equation
to obtain mass
formed per particle.
NSC’s equation in
terms of surface mass
oxidation rate, w, is
used

the unit is in g/cm?.s

Multiplying by the surface area of a
particle, mass oxidation rate per particle can
be obtained.

dM net __ (dM

particle
M +AM

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

4 —W- SApart).dt

3 Msp,,, J%

Di+1 =2x [
4 pm

locally, but can be
different at different
location in the
cylinder

-All mass formed
contributes to the
surface growth
process

This approach is deemed to
be the most robust among all
the approaches, because:

1) Surface oxidation rate, w,
obtained from the equation
and data along the paths, is
in the right range when
compare to the original
NSC’s experimental data

2) The multiplication factor
used implies the average
particle number density
reported by Heywood (1x10°
#/cm®) and Tree & Foster
(1x10% -1x10* #/cm?®)
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Figure 2.2 Schematic of Diesel Particles and VVapour Phase Compounds [49]
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Figure 2.3 HDDE transient particulate composition from base engine [47]
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Figure 2.4 Reaction mechanism for soot nucleation [56]
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Figure 2.6 Schematics of early flame images from laser measurements [142]
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Figure 3.3 Mesh configuration of computational domain of the combustion chamber volume
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Figure 3.6 Simulation time requirement of mesh of 200,000 cells with different time steps

Figure 3.7 A typical cell used in Kiva3v simulation with points for trilinear interpolation
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Figure 4.1 Global In-cylinder conditions : a) Temperature and pressure b) Fuel and oxygen
concentration ¢) Cumulative soot mass d) Soot concentration
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Figure 4.2 Development of in-cylinder soot distribution on a plane of a fuel jet axis as the cylinder
volume expands from 1°CAATDC until EVO at 120°CA ATDC
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Figure 4.3 In-cylinder fuel distribution on a plane of a fuel jet axis as the cylinder volume expands
from 1°CAATDC until EVO at 120°CA ATDC
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Figure 4.4 In-cylinder oxygen distribution on a plane of a fuel jet axis as the cylinder volume expands
from 1°CAATDC until EVO at 120°CA ATDC

146




Figures

Time = 361.0000 Time = 362.0000 Time = 365.0000

1°CA ATDC 2°CA ATDC 5°CA ATDC
Time = 368.0000 Time = 370.0000 Time = 380.0200

8°CA ATDC 10°CA ATDC 20°CA ATDC
Time = 390.0300 Time = 400.0400 Time =420.0100

30°CA ATDC 40°CA ATDC 60°CA ATDC
Time = 440.0100 Time = 460.0500 Time = 480.0100

Temperature (K)
2.400¢+003
1.975e+003
1.550¢+003
1.125e+003
7.000¢+002

80°CA ATDC 100°CA ATDC 120°CA ATDC

Figure 4.5 In-cylinder temperature distribution on a plane of a fuel jet axis as the cylinder volume
expands from 1°CAATDC until EVO at 120°CA ATDC
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Figure 5.2 Comparison of crank-angle resolved velocity profiles and relative velocity error for three
different mesh configurations of a fixed point above the spray axis (Radial distance: 1.4 cm,

Angular position: 28°, Axial distance: 9.85 cm)
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Figure 5.5 Comparison of crank-angle resolved velocity profiles and relative velocity error for three
different mesh configurations of a fixed point between two sprays (Radial distance: 1.4 cm,
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Figure 5.6 Comparison of crank-angle resolved velocity profiles and relative velocity error for three
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Figure 5.8 Predicted soot paths with different time steps using first-order RK method (Euler’s
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Figure 5.9 Predicted soot paths with different time steps using second-order RK method (Heun’s
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Figure 6.1 See-through view of the cylinder showing the spray angle and spray cone angle of the
spray under investigation; and the thickness of boundary layer assumed. In (a), angular
position of 0° and 50° lines are also shown between which soot particle paths are tracked. In
(b), the piston position shown is at crank angle 2° ATDC
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Figure 6.2 Soot distributions from top view and side view of half of the cylinder from 2°
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Figure 6.3 Paths of soot particles tracked from above and downstream of the spray at
different angular positions with varying crank angle instants of 2° CA to 30° CA ATDC
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Figure 6.4 Paths of soot particles tracked from below and downstream of the spray at
different angular positions with varying crank angle instants of 2° CA to 30° CA ATDC
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angular positions with varying crank angle instants of 2° CA to 30° CA ATDC

Figure 6.5 Paths of soot particles tracked from above and upstream of the spray at different
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Figure 6.6 Paths of soot particles tracked from below and upstream of the spray at
different angular positions with varying crank angle instants of 2° CA to 30° CA ATDC
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(a) Radial and axial positions of the start of the tracking. Piston position and soot distribution is at
crank angle instant of 8° CA ATDC
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Figure 6.9 Soot particle paths from the region above the spray axis at 8° CA ATDC
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(a) Radial and axial positions of the start of the tracking. Piston position and soot distribution is at
crank angle instant of 8° CA ATDC
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(b) Soot particle paths with different radial and axial starting positions at angular position of 20°

Figure 6.10 Soot particle paths from the region below the spray axis at the crank angle instant of 8°
CA ATDC
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(a) Radial and axial positions of the start of the tracking. Piston position and soot distribution is at

crank angle instant of 16° CA ATDC
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(b) Soot particle paths with different radial and axial starting positions at angular position of 5°

Figure 6.11 Soot particle paths from one side of the spray axis at the crank angle instant of 16° CA
ATDC
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(a) Radial and axial positions of the start of the tracking. Piston position and soot distribution is at
crank angle instant of 24° CA ATDC
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(b) Soot particle paths with different radial and axial starting positions at angular position of 25°

Figure 6.12 Soot particle paths from inside the bowl at the crank angle instant of 24° CA ATDC
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(a) Radial and axial positions of the start of the tracking. Piston position and soot distribution is at
crank angle instant of 24° CA ATDC
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(b) Soot particle paths with different radial and axial starting positions at angular position of 25°

Figure 6.13 Soot particle paths from the region near the bowl rim at the crank angle instant of 24° CA

ATDC

178



Figures

10.5

Z (cm)

% {cm)

(a) Side view of soot distribution and the markings of regions in half of the cylinder volume

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

Figure 6.16 Regions of possible sources of soot transfer to the cylinder wall layers at the crank angle
instant of 24° CA ATDC
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(a) Swirl ratio 1.3

(d) Swirl ratio 2.1

(e) Swirl ratio 2.4
Figure 6.18 Paths from 20 most concentrated points tracked at CA 18° ATDC
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(e) Swirl Ratio 2.4
Figure 6.19 Paths from 20 most concentrated points tracked at CA 35° ATDC
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Figures

Figure 7.1 Schematic of a soot particle surrounded by a cloud of fuel vapour
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Soot particle path, profiles of local species concentrations and conditions along
the path, and prediction of soot particle size by different approaches of a starting location below
the spray axis at the instant of 8° CA ATDC, radial distance 1.6 cm, axial distance 9.1 cm and
angular position 20°

191



Figures

1.6E-6 | r 1.4E-04
1.4E-6 Eoolt 4 1.2E-04
o 1.2E6 1 10E0 &
§ 10E6 1 8.0E-05 E
S 8.0E7 60505 =
B UEREE VY 3 6.0E7 N
-5 4 -3 '\2‘\-1]:( (?) 4.0E-7 T 4.0E-05 If
2.0E7 \ T 20805
0.0E+0 LA 0.0E+00
0 20 40 60 80 100 120
-5 - CA degrees
10 1
7—/9_->f 3.0E-03 : : - 3.0E-05
8 - — 02
/ 2.5E-03 n\ OH -+ 2.5E-05
6 & 2.0E-03 2.0E05 &
5 | £ % §
2] S L5803 15605 5
2 N T
—T T 3 T T T \ O 1.0E-03 1.0E-05 e}
5 -4 -3%253 4 5 ( ™~
5.0E-04 \ 5.0E-06
0.0E+00 0.0E+00
0 20 40 60 80 100 120
CA degrees
140 ‘ ‘ 3000
120 { M Pressure 1l 5500
= Temp | =
g 1001+ 12000 ©
2 N\ 1 1500 ®
73 60 \ —~— | g_
2 L ———1 1000
S £
20 — +500 F
0 0
0 20 40 60 80 100 120
CA degrees
4.5E-08
- Appr. 1
4.0E-08 Agzr 50
E 3.5E-08 —— Appr. 3 ||
& 3.0E:08 Appr. 4 ||
£ 2.5E-08
S 2.0E08
©
= 15E08
8 1.0E-08 m
5.0E-09 &
0.0E+00 +—2%
0 20 40 60 80 100 120
CA degrees
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Figure 8.2 Paths of particle formed in Zone 4, 5 and 6 tracked from CA 8° ATDC
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Figure 8.5 Paths of soot particles tracked from above and downstream of the spray with
spray angle 69° at different angular positions with varying crank angle instants of 2°
CAto 30° CA ATDC
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Figure 8.6 Paths of soot particles tracked from below and downstream of the spray with

spray angle 69° at different angular positions with varying crank angle instants of 2°

CAto 30° CAATDC
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Figure 8.7 Paths of soot particles tracked from above and downstream of the spray with
spray angle 79° at different angular positions with varying crank angle instants of 2°
CAto 30° CAATDC
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Figure 9.1 Subjective illustrations of the likelihood of soot particles transfers to cylinder wall layer with
progressively wider line widths of red arrows suggest increasing likelihood of soot transfers, and grey and
black colour scales show relative in-cylinder soot concentration
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APPENDICES

Appendix A: Influence of Mesh Configurations on Soot Particle Paths
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Figure A1.1  Soot particle paths from different starting points with three mesh configurations

205



Appendices

—— REATE0K
e RKAZ00K
—— RK4250K

—— RE4150K
e RKA-ZDOK
—— RK4250K

5 4 73W3 4 s

——RK 150K
——— RE4100K
——RK4250K

—— R4 180K
——— RE4-200K
—— RE4-280K

5 -4 rséz-j/*\r@a 4 s

RE4 150K
——— RK4-Z00K
RE4250K

——REA 150K
——— RE4-200K
—— RE4-280K

5 4 :«aWa 4 5

4° CA ATDC

8° CA ATDC

12° CA ATDC

Radial distance =1.4 cm, Angular position=28°, Axial distance = 9.85 cm (Case 4)

—— RE4 150K
——— RK4200K
—— RK4350K

—— RE&150K
—— RE200K
—— RK4-250K

——RKA 160K
——— RK4-200K
——RK4260K

——FRE4150K
——— RE&HD0K
——FRE4250K

5 4 .3W3 4 s

——RK4 160K
——— RE4200K
——FRK4 0K

—— RK4 150K
—— RHI00K
—— RK4-280K

5 .3W3 4 5

4° CA ATDC

8° CA ATDC

12° CA ATDC

Radial distance =1.45 cm, Angular position = 28°, Axial dista

nce = 9.1 cm (Case 5)

RIAT50K
RK4-200K
RK4-250K

—— RKA 150K
RK4-200K

RK4-2E0K

5 4 sWa 4 s

——RR4 150K
——— RK4200K
—— RR4 0K

5

——RKA 160K
—— RKE-200K

Ri-250K

5 a4 &Wa 4 3

——FRKE4150K
——— RK4200K
——RK4 20K

——RE1G0K
—— RK&Z00K

RKd4-250K

5 4 3&2_)/“\7‘@3 4 5

4° CA ATDC

8° CA ATDC

12° CA ATDC

Radial distance =1.7 cm, Angular position = 28°, Axial distance = 9.42 cm (Case 6)

4. 5and 6

Figure A1.2 Soot particle paths from different starting instants with three mesh configurations for Case
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