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Abstract

Biodiesel, which is a biodegradable and renewable fuel, has been considered one
of the best alternative fuels for diesel due to its chemical similarity. Compared to diesel,
burning biodiesel will reduce various emissions such as particulate matter, unburned
hydrocarbons, carbon monoxide, and carbon dioxide which are well-known harmful
components for the environment and human health. Employment of biodiesel/diesel
blends is very common as well, especially in compression-ignition (CI) engines, as allows
to lessen the difficulties of using pure biodiesel and help reducing the final fuel price.
Therefore, studying the impact of biodiesel on combustion emissions is of great interest
and was the main motivation for the current study. Despite the established findings on
biodiesel, still there is not a clear understanding of how particulate matter forms and
oxidizes during the combustion of this renewable fuel. In this experimental study, a
detailed evolution process of carbon particulate formation along the axial direction of
various co-flow diffusion air flames is presented. The studied flames are formed by three
popular biodiesels (canola methyl ester (CME), cotton methyl ester (COME), and soy
methyl ester (SME)), #2 diesel, and diesel/CME blending. Soot samples were collected
directly from inside of the flame volume using the thermophoretic sampling technique
which employs the temperature gradient to capture particles from specific flame
positions. Transmission electron microscopy (TEM) follows the sample extraction to
analyze and obtain the desired properties. The obtained evolution process provides
information of particle size, liquid-like and droplet-like characteristics, fractal dimension,
radius of gyration, number of primary particles per aggregates, and nanostructure of soot

samples extracted from studied flames. A typical soot formation and oxidation behavior
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was detected inside all tested flames. However, unique structures resembling tar-like
material with droplet-like characteristic were dominant inside the evaporated biodiesel
and blended fuel flames. Physical properties of soot aggregates (such as fractal dimension
(Dy), degree of branching, aggregates skeleton and branching length) were calculated
from their two-dimension projections (TEM images). Fractal analysis of TEM images
aids in quantifying morphologic variations of fractal aggregates and correlating them to
growth and evolution mechanism. Outside the soot inception region, distinct fractal-like
morphologies were detected between biodiesel and diesel. The calculation resulted in
lower Ds values for aggregates generated by the tested biodiesels and blended mixtures
compared to diesel indicating more open-structured soot aggregates for biodiesel and
blending and more compact aggregates for diesel. However, since Ds values cannot solely
explain the considerable difference observed between soot clusters produced by various
tested fuels, the branching and skeleton length have been employed to quantify
distinguishable characteristics of soot aggregates. It was noticed that all tested biodiesels
and blended mixtures formed flames containing soot aggregates with stronger branching
and longer skeleton length compared to diesel (except B20, which the number after the
letter “B” represents the percentage of biodiesel in the fuel mixture). The evolution of
soot aggregates is hypothesized to cause the distinct characteristics. The agglomeration
and growth stages inside the biodiesels, B50, and B80 flames are observed to follow the
order of soot inception, monomer-cluster aggregation, carbonization, and cluster-cluster
aggregation. However, the growth process inside the diesel and B20 flames is spotted to
be slightly different with carbonization proceeding the monomer-cluster aggregation. In

addition to the growth process, biodiesel was found to strengthen the soot inception hence
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increasing the concentration of singlet particles which can enhance the branching and
elongation of the agglomerates. High-resolution TEM (HR-TEM) images of selected soot
particles revealed a nanostructure composed of shorter and more curved carbon layers
with smaller interlayer separation in case of biodiesel and blending with respect to diesel.
This observation suggests less graphitized internal structure and higher oxidative

reactivity for biodiesel which is another desired characteristic in particulate filters.

Much of the material in chapters 4 and 6 of this dissertation is verbatim from a
recently published journal paper. Co-authors have granted full authority for the

reproduction of the material.

- Merchan-Merchan, Wilson, Alireza Abdihamzehkolaei, and Duncan A. Merchan-Breuer. ""Formation
and evolution of carbon particles in coflow diffusion air flames of vaporized biodiesel, diesel and

biodiesel-diesel blends." Fuel 226 (2018): 263-277.
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1 Introduction

1.1 Petroleum-based fuels and alternatives

Diesel engines are favorable in a wide variety of applications such as
transportation, construction, and agricultural especially in heavy duty applications due to
their higher torque, thermal efficiency, drivability, and lower fuel consumption than
gasoline engines [1, 2]. More than 40% of global on-road energy consumption is
dominated by diesel which is also the main fuel of 90% of heavy-duty trucks and 75% of
buses [3]. However, diesel engines are associated with the high emission of oxides of
nitrogen (NOx) and particular matter (PM) which are major health and environmental
concerns [4]. The simultaneous decrease of NOx and PM is challenging in conventional
diesel engines [5].

The statistics of 2014 report that while the number of diesel vehicles accounted
for only 14.1% of the total vehicle volume, their contribution rate of NOx and PM is
69.2% and 99%, respectively [6]. diesel exhaust is in category 1 carcinogen for humans,
as stated by the International Agency for Research on Cancer [7]. Many studies have
proved that PM emission leads to degenerative disorders and diseases [8-10]. In 2016
alone, outdoor air pollution was anticipated to cause 4.2 million deaths worldwide [11].
Therefore, controlling the exhaust emissions of diesel engines is of great interest and has
become one of the top research subjects in atmospheric protection [12].

Currently, there are different technologies for emissions reduction of diesel
engines through the optimization of the engine structure and parameters (geometry,
ignition delay, etc.) [13] or after-treatment devices (e.g. NOx and particulate traps) [14].
These technologies need a large investment and time, thus cannot become a short-term

1



solution. Moreover, after-treatment devices have a negative impact on the engine fuel
conversion efficiency [15]. Particulate traps, which are commonly employed in heavy-
duty diesel vehicles to reduce the PM emission, increase the engine fuel consumption
because of the required energy for regenerating the trapped PM and also the back pressure
generated in the exhaust manifold [16, 17].

The usage of alternative fuels and their mixtures with diesel is becoming another
way to reduce the harmful emissions of diesel engines. Besides, using alternative fuels
can decrease the demand for fossil fuels which are dwindling. Among available fuels,
alcohols, natural gas, dimethyl ether (DME) and biodiesel are the four most promising
and attractive alternatives, because they can be easily obtained, handled and stored [18].
Biodiesel is the best diesel fuel alternative in Cl engines due to its desirable properties
including high cetane number, low aromatic content, low PM emission, biodegradability,

and molecular oxygen content [19, 20].

1.2 Biodiesel

1.2.1 Introduction to biodiesel

Oils extracted from vegetables, animal fats and their derivatives can be
transformed into a fuel called biodiesel through a simple chemical reaction process
(transesterification) as shown in Figure 1. In that process, a short-chain alcohol (typically
ethanol or methanol) is added to a triglyceride molecule (oil) in order to separate the fatty
acid chains that are attached to a glycerol “backbone”. Potassium hydroxide or sodium
hydroxides are typically used to act as a catalyst to speed up the reaction [21]. One of the

derived components from the transesterification process is considered a fuel that is clean,
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biodegradable, non-toxic, renewable and potentially the best replacement for petroleum-
based fuel [21]. In recent years, research in the area of biodiesel has been focused on the

synthesis processes, type of catalyst, and performance of these alternative fuels [22-24].

(0] (0]
1l [l
CH, —O0—C—R, CH; —O0—C—R, CH, — OH
g ° |
1 [l
CH —O—C—R, + 3CH;,0H —<CHorN:OH CH;—0—C—R, 4+ CH —OH
| 9 |
] [l
CH, —O0—C—R; CH; —O0—C—R; CH, — OH
Triglyceride Methanol Fatty Methyl Esters Glycerol

Figure 1. Schematic of the transesterification process in which vegetable oil or animal fat can be
transformed into biofuel by reacting with an alcohol.

The use of vegetable oils as alternative fuels in diesel engines is almost as old as
the diesel engine itself. The concept of vegetable oils as an alternative renewable fuel was
proposed in the early 1980s [25]. The German inventor of diesel engines Rudolph Diesel
designed the original diesel engine to run on vegetable oil and used peanut oil as the fuel
at the Paris Exposition of 1900 [26]. A variety of vegetable oils including hemp and
peanut oil were suitable for the engine due to the high temperatures created. vegetable
oils were used as diesel fuels occasionally and in emergency situations in the 1930s and
1940s [27]. Vegetable oils were not widely acceptable as fuels due to their higher price
than petroleum fuels. However, with the price increase of petroleum and uncertainties
about its availability, vegetable oils became more attractive since they come from
renewable resources and bring environmental benefits [28]. The first International
Conference on Plant and Vegetable Oils as Fuels was held in North Dakota in August
1982. Cost of the fuel, the effects of vegetable oil fuels on engine performance and

3



durability, fuel preparation, oilseed processing and extraction were the main concerns
discussed in that meeting [29, 30]. Biodiesel (mono alkyl esters) started to be extensively
produced in the 1990s followed by a steady production increase ever since [31].

There are many advantages associated with biodiesel such as being renewable and
available locally, biodegradable, non-toxic, easy to store, and transfer, having molecular
oxygen content (~11%), high cetane number, high miscibility with diesel, superior
lubricity, and reducing CO», CO, and SOx emissions [28, 32]. However, there are some
disadvantages and limitation with the usage of biodiesel including increasing NOXx
emission in some cases, lower energy content, poor storage stability, high viscosity, cloud
point, and price [19, 33-35]. For instance, due to its high cloud point, it can be difficult
to use biodiesel in a very cold region since it tends to crystalize.

In addition to the limitations of biodiesel under extreme environmental conditions,
there has been a social issue on “food vs. fuel” controversy. Despite the advantages of
biodiesel, there have been some concerns about the consumption of large volume of
grains and other edible feedstocks to produce biofuels [36]. Moreover, enormous areas of
farm lands are needed for making enough biofuels to compete with petrofuels. These
factors are promoting the production of biodiesel from less controversial feedstocks.
Some of the non-edible plants suitable for biodiesel are cottonseed, jatropha, microalgae,
neem, karanja, rubber seed, mahua, silk cotton tree, etc [37-40]. For instance, algae are
composed of a broad genetic diversity that is considered photosynthetic and aquatic [41,
42]. Some of algae groups can grow rapidly to order of meters long which can increase

the biodiesel production pace. Some of them can grow double in only six hours and many



exhibited two doublings per day [43]. Most algae groups are able to produce energy-rich
oils [39].

More than 350 oil-bearing crops have been identified but only soybean, rapeseed,
cottonseed, palm, sunflower, safflower, and peanut oils are considered potential
alternative fuels for diesel engines [44]. Canola methyl ester (CME), Soybean methyl
ester (SME), and cottonseed methyl ester (COME) are among the most favorable
biodiesels in terms of having the best properties for an alternative diesel fuel [45].
Furthermore, CME and SME are the most common feedstock biodiesel in Europe and
USA, respectively [46]. COME, however, is of great interest since it comes from a non-

edible feedstock and does not conflict with the edible feedstock market.

1.2.2 Properties of biodiesel and their comparison to diesel

Chemically speaking, diesel fuel is composed of mainly saturated non-branched
hydrocarbons with 12 to 24 carbon atoms while biodiesel includes esters (methyl or ethyl)
with varying chemical structures. The main fatty acid methyl ester (FAME) composition
of biodiesel is methyl laurate, behenate, lignocerate, palmitate, stearate, oleate, linoleate,
and linolenate [32].

Viscosity is one of the most important properties of biodiesel due to its influence
on the fuel injectors. Low viscosity is desirable since high viscosity results in poor fuel
spray atomization preventing the accurate operation of fuel injectors [28]. The main
purpose of the transesterification process is to reduce the viscosity of vegetable oils to
become more suitable for diesel engines. Transesterification can reduce the viscosity by

a factor of eight [28]. The viscosity of vegetable oils are between 27.2 and 53.6 mm?/s

while vegetable oil methyl esters have viscosity values between 3.6 and 4.6 mm?/s.



compared to #2 diesel with a viscosity of 2.7 mm?/s at 311 K, all vegetable oil methyl
esters are slightly viscous [47].

The density of biodiesels are slightly higher (2-7%) than that of #2 diesel which
is 860 kg/m? [48]. The flash point temperature of diesel is around 336 K which is lower
than biodiesel [49].Having a higher flash point temperature make biodiesel less volatile
and safer for storage and transport. Viscosity, density, and flash point of several
biodiesels are presented by Table 1. Various physical properties of several popular

biodiesels. below.

Table 1. Various physical properties of several popular biodiesels.

Methyl ester Cetane  kinematic  Density Flash Cloud Ref.
number  Viscosity kg/m3 point point
mm2/s (at 288 k) K K
(at 313 k)
Cottonseed Oil 54.13 4.07 870 423 280 [50]
Soybean Oil 60.1 3.97 885 412 269 [51, 52]
Canola QOil 61.5 4.34 883 380 274 [51, 53]
Hazelnut Kernel Oil 53.35 3.59 860 422 262 [28, 54]
Linseed Oil 55 3.82 890 447 269 [28, 55, 56]
Mustard Oil 61.1 4.10 885 441 277 [28, 57]
Palm Oil 57.3 3.94 880 431 283 [28, 55, 58]
Safflower Oil 56 4.03 880 440 268 [28, 55, 59]
Sunflower Oil 51.25 4.16 880 439 259 [28, 54]
Diesel #2 47 2.7 860 336 255 [47-49]




The cetane number is another important property in diesel engine implying the
ignition quality of the fuel. Higher cetane number means shorter ignition delay which is
favorable in diesel engines [46]. Biodiesel generally has a higher cetane number
compared to diesel, and the cetane number of biodiesel coming from animal fats are
higher than that from vegetable oils [60]. The cetane number of several biodiesels have
been reported to be from 52 to 64 compared to 47 for diesel [61]. Cloud point and pour
point are two important properties especially in low-temperature applications of the fuel.
Biodiesel has higher cloud and pour points compared to diesel which means biodiesel
cannot flow in very cold environments [62]. For instance, the cloud point of #2 diesel is
-18 °C while for several common biodiesels is in the range of -3 to 23 °C which is
considerably higher [61].

Another important property of a fuel is the energy content which is the amount of
heat released during a complete combustion of one gram of fuel leading to production of
CO. and H20. The standard indication of the energy content is known as higher heating
value (HHV), also referred to as the calorific value or heat of combustion. The HHV of

biodiesel (39 to 41 MJ/kg) is slightly lower than that of diesel (43 MJ/kg) [28].

1.2.3 Biodiesel’s influence on combustion

Various combustion configurations (e.g. diesel engines and shock tubes) have
been employed to study the emissions from the burning of biodiesel [63-66]. Several
studies have shown that biodiesel can significantly reduce engine emissions such as COa,
CO, SOx, and other volatile organic compounds [67, 68]. However, using biodiesel can
increase the NOx emission in most cases [69-71] while there are some studies reporting

the NOXx increases only in certain operation conditions [72-74] and others even reported



a decrease in NOx with biodiesel compared to diesel [75-77]. Studies in diesel engines
have revealed that the presence of oxygen in the biodiesel can improve the combustion
quality and therefore reduce PM emissions [63-66].

Biodiesel’s physical and chemical properties can affect the performance of
compression ignition (CI) engines. While it is generally accepted that biodiesel enhances
the start of combustion due to its higher cetane number than diesel [78, 79], various
biodiesels (from waste cooking oil, palm, and rapeseed) have shown to increase the
ignition delay compared to conventional diesel due to their higher viscosity [80, 81]. The
high viscosity of biodiesel can also slow down the needle speed and reduce the
performance of the flow in the injector during the transient injection behavior [82].
Biodiesel has shown to decrease the injector spray angle resulting in poor air entrainment
and higher Sauter mean diameter [81, 83]. Moreover, biodiesel can reduce the
equivalence ratio along the axis of the fuel spay compared to diesel due to the presence
of inherent oxygen in the molecular structure [78].

In diesel engines, a loss in torque and power is expected when using biodiesel
instead of diesel mostly due to the lower heating value of biodiesel. For example,
sunflower-oil biodiesel and diesel fuels were compared by Kaplan et al. [84] and a torque
and power loss of 5% to 10% was reported. However, there have been some studies
reporting higher torque for biodiesel than diesel [65, 85, 86]. Brake-specific fuel
consumption is another important parameter which can be increased by around 14% when
biodiesel is used instead of diesel [65, 87, 88]. The lower heating value and oxygen

content of biodiesel cause the higher fuel consumption. The thermal efficiency of diesel



engines have been reported not to vary significantly with the use of biodiesel compared

to diesel [89-91].
1.3 Blending

1.3.1 The importance of blending

Due to due the negative environmental effects and the limited resources of diesel,
biodiesel, a renewable form of energy, has the potential to become the alternative source
of energy and replace petroleum derived fuel. However, the usage of pure biodiesel has
its own complications. Some well-known major drawbacks of biodiesel are i) Its high
viscosity comparted to Diesel or other liquid fuels; ii) its strong effect towards oxidation
and thermal degradation; and iii) its high cloud point that will lead to solidification of the
fuel at higher temperatures in comparison to diesel. For instance, the cloud point for CME
is -3 °C compared to #2 Diesel with a value of -18 °C [92], and the viscosity of CME is
3.3 mm?/s compared to #2 Diesel that has a value of 2.7 mm?/s at the temperature of 311
K [93]. The high viscosity could lead to several issues such as poor fuel atomization
during spraying, more engine deposits, higher required energy to pump the fuel, and wear
on injectors and pump components [51]. Sensitivity to oxidative and thermal degradation
are also major concerns regarding the usage of biodiesel which may enhance the corrosion
and deposits in tanks, fuel systems and filters [94, 95]. Oxidation instability and
deterioration of the lubricant properties are other important barriers to use pure biodiesel
in a large scale [94, 96, 97]. Due to the high demand/consumption of Diesel in internal
combustion engines in the transportation sector biodiesel can be a gamechanger. In the

USA, the transportation area alone consumes about 557 million gallons of petroleum per



day in January 2019 [98] which implies the need for a plausible renewable replacement
for petroleum-based fuels.

One of the simplest and cheapest ways to remedy some of these problems is to
blend biodiesel with Diesel. For instance, the blending of biodiesel (characteristics of
higher cloud point) with a Diesel (lower cloud point) can significantly improve the
practicability of biodiesel in low temperature environments. Fortunately, biodiesel is
thoroughly miscible with diesel making it possible to use their blending in order to take
advantage of biodiesel’s benefits and at the same time lessen the aforementioned
problems; also, the overall price would be lower comparing to pure biodiesel since
biodiesel has a price more than double than petro diesel mostly because of the high price
of feedstock [35, 99]. Therefore, many studies have been conducted with the aim of
investigating the properties and emissions of various biodiesel/diesel blends [64, 92, 99-

104].

1.3.2 Physical properties of blended fuels

Besides emissions, physical properties of blended fuels are another key factor
needed to be considered because of their important role in engine performance. For this
reason, Kinast [100] studied the fuel properties of various biodiesel/diesel blends with
different concentrations and found that in the case of all biodiesels, the viscosity increased
by increasing the biodiesel concentration from 3% to 100%. The same trend was observed
for other properties including the pour point, cloud point, and cetane number. Another
study reported analogous observations: an increase of viscosity, density, cloud point,
cetane number, and a decrease of low heating value with increasing the biodiesel (palm

oil) concentration [99]. Similar trends were reported for soybean biodiesel/diesel blends

10



elsewhere [101]. B20 has been reported to be the optimum, very popular, and an easy
storage blend; it also does not require any engine modification when being used in a diesel

engine [104, 105].

1.3.3 Effects of blending on combustion

There have been numerous studies focusing on the impact of blending on engine
performance and emissions. For instance, it has been reported that the blended fuels
decrease the power of the engine, and the higher biodiesel percentage in the blend leads
to lower engine power due to the lower heating value of the biodiesel than diesel [84,
106]. Likewise, brake-specific fuel consumption (BSFC) of the diesel engine has been
observed to increase with blends with higher biodiesel concentration [65, 106-108].
Regarding the emissions, Qi., et al. [101] investigated the effects of 10% (B10), 20%
(B20), 30% (B30), and 40% (B40) soybean biodiesel/diesel blends on a diesel engine and
found that the blends reduce the emission of particulate matter (PM), HC, and CO while
increasing the NOx emission. Similar trends were also reported by other researchers [102,
103]. It is established that the decrease in PM emission could be related to the less
aromatic content which is responsible for the formation of PAHs and consequently PM.
Another suggested reason could be the biodiesel’s oxygen component providing oxygen
to the fuel rich zone, where soot formation happens, and subsequently reduces PM
emission. Reduction of CO and HC could be attributed to the oxygen content and higher
cetane number of the biodiesel which, on the other hand, are responsible for increasing
the NOx emission [103]. However, retarding the fuel injection timing has been proven to
be an effective way in order to decrease the NOx emission [103, 104]. More specifically,

many studies have focused on the PM or soot characteristics emitted from diesel engines
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running by biodiesel/diesel blends. It has been shown by Andrea et al. [92] that soot
formed in a diesel engine running with biodiesel/diesel blends can be significantly
different from that of diesel. The same group reported that the higher content of biodiesel
in the blend leads to soot particles with shorter carbon layers and more open structure
with the higher surface area which may enhance the oxidation process. Soot nanostructure
of shorter graphene segments along with more amorphous and disordered structure,
which enhances the oxidation, was also observed in the case of biodiesel/diesel blend

compared to the diesel fuel in a diesel engine [64].

1.4 Soot formation

1.4.1 Soot evolution mechanism

Combustion of hydrocarbons results in carbon dioxide and water as the products
under ideal condition, which could be defined as having sufficient oxygen for all
hydrocarbon molecules in the entire combustion process. However, in reality, combustion
configurations such as engines, furnaces, and gas turbines are usually far from ideal
combustion conditions. As a result, insufficient oxygen leads to other byproducts such as
carbon monoxide, unburned hydrocarbons, hydrogen, and soot in addition to carbon
dioxide and water [109]. The term soot generally refers to the particulates formed in the
fuel rich condition of combustion, with the carbon to hydrogen ratio about 8 in the case
of the mature soot, and smaller (~1) in the case of newly formed or young soot [110].

It is well known that the mechanism of soot formation is composed of several
processes: fuel pyrolysis, nucleation, coalescence, surface growth, agglomeration, and
oxidation [110]. The first 5 processes are related to soot formation while the last one

(oxidation) has the tendency to turn hydrocarbons to CO», CO, and water [110]. Figure 2
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illustrates a schematic of a coflow diffusion flame with different labeled flame zone
which are associated with various soot evolution processes. These processes will be

briefly described in the following paragraph.

fuel-pyrolysis zone
soot-inception zone
soot-growth zone

T P soot-oxidation zone

air l I air

Figure 2. Schematic of a coflow diffusion flame labeled with different flame zone attributed to soot
evolution stages. (from [111])
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The first step in the soot formation mechanism (fuel pyrolysis) is a process in
which the fuel molecular structure is altered due to the high temperature in the absence
of oxygen [112]. Species resulting from fuel pyrolysis are essential for soot formation.
Both fuel pyrolysis and oxidation rates increase with the temperature increase; however,
as temperature increases, the rate of oxidation surges faster than that of pyrolysis. In
general, fuel pyrolysis of hydrocarbons would result in unsaturated hydrocarbons
(especially acetylene), polycyclic aromatic hydrocarbons (PAHSs), and polyacetylenes
[110]. The next step is nucleation which is probably the least known part of the soot
formation mechanism. It refers to the formation of solid particles from gas-phase material
[113]. It has been suggested that the addition of small radical hydrocarbons to large
aromatics may cause nucleation or soot inception. The formation of first and second
aromatic ring (mostly benzene) structures would be considered as the initial step in
nucleation, which provides sites for gas-phase alkyls, acetylene, and other components to
attach in order to form and grow PAHSs [110]. When PAHs become sufficiently large,
they form very small particles generally called nuclei. After forming the nuclei, gas-phase
hydrocarbons (mostly acetylene) attach to the hot surface which leads to the growth of
mass and size (surface growth). Soot particles continue to grow even when they are
outside the main reaction zone and reach cooler and less dense regions [114]. Since in
this process, mass is added to the existing particles, surface growth does not affect the
number of particles and only increases their mass and size. As soot particles grow, due to
the flame structure, flow rate, and buoyancy forces, they contact and attach to each other
which leads to agglomeration and coalescence. In the case of coalescence, two

approximately spherical soot particles attach to each other and form one larger particle
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which is spherical. Therefore, the number of particles starts to decrease while the overall
mass of particles remains unchanged. Unlike coalescence, in agglomeration particles
attach to each other, but do not merge into a single larger particle and form chain-like
structures. Oxidation, as mentioned earlier, is the transition of hydrocarbon or carbon to
CO», CO, and water. When carbon is partially oxidized and converts to CO, it will not
participate in soot formation even in the fuel-rich region [110]. It is suggested that OH is
the main oxidizer agent in fuel-rich conditions, and in lean conditions, both OH and O>
play key roles. It is worth noting that oxidation occurs constantly, however, in some
regions and conditions it is more effective due to a variety of conditions such as

temperature and oxygen presence [110].

1.4.2 Soot characteristics

While there are environmental and health concerns about soot particles as they
can trigger several illnesses, including cancer and respiratory problems, Soot formation
is desirable under some circumstances. For instance, in some applications where a high
heat transfer is targeted, having a large amount of intermediate soot, but very small
amount at the exhaust (due to environmental concerns) would be beneficial [115]. Figure
3 illustrates a coflow ethylene flame with and without the nitrogen dilution. The nitrogen
diluted flame forms less soot and hence is much less bright than the undiluted flame which
generates a high amount of soot and, as a result, much luminous. During the oxidation
process in diesel engines, the in-cylinder soot is luminous and thus a main source of
radiant energy [116, 117]. Additionally, carbon dioxide, water vapor, and intermediate
species during the combustion emit radiation, however its magnitude is much smaller

than soot particles [118]. Therefore, soot particles are a major source of the efficiency
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loss in diesel engines [119]. Depending on the engine operation conditions and soot
conditions, soot radiation can cause an energy loss from 0.5-1% to 5-10% of the total

released chemical energy [120, 121].

Figure 3. Two ethylene gas flames with and without the nitrogen dilution. The flame in the right is
diluted with nitrogen and hence produces less soot. Soot increases the luminosity and radiant heat
transfer of the left flame. To obtain the dimmer image on the right, the camera aperture had to be
left open 30 times longer. (from [111])

Physical properties of soot such as density, porosity, and composition are similar
to carbon black. Soot is generally nonporous except during the last stage of oxidation
where has been observed to have a significant porosity [122]. the soot density is similar
to that of carbon black which is in the range of 1820-2050 kg/m® [123]. The main
component of soot is carbon with the following mole ratio ranges: C:0 of 58-109, C:H of
8.3-18.3, C:N of 292-976 depending on the fuel and combustion conditions [122]. In
some cases (e.g., diesel engines at heavy sooting conditions) soot can also comprise high

levels of volatile matter [124].
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Soot and carbon black (manufactured soot with high carbon purity) have many
industrial applications due to their unique characteristics. For instance, carbon black as a
filler can replace more expensive binder materials. It also can enhances the tear strength,
improve the modulus and wear characteristics of the tires, and expand the tires life by
conducting heat away from the tread and belt area [125]. Additionally, carbon black is an
important pigment in xerographic toners since it can maintain a suitable level of electric
charge on the toner which is crucial for electrographic copiers and printers to operate
properly [125]. Carbon black has numerous other commercial applications such as in

sensors, fuel cells, sodium and lithium batteries, and electronic equipment [126-129].
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2 Motivation and Background

2.1 Engine-generated soot studies

Due to the impact of soot particles on the environment and human health, there
have been numerous studies on the characteristics and formation of soot emitted by diesel
engines because of their high soot emission. Several studies have been tried to establish
effective methods to measure soot emitted by the engines. For instance, various soot
measurement techniques such as in-cylinder [130], lift-off length [131], planar time-
resolved [132, 133], two-color [134] and line-of-sight measurements have been used in
order to obtain more reliable and accurate results. Moreover, the subject of how soot
formation is influenced by different fuel structures has drawn many attentions. For
example, the effect of aromatics on soot has been a topic of interest. Initially, it was
suggested that aromatics can considerably contribute to soot emission level [135] while
later, the reverse was reported, stating minor contribution of aromatics on soot emission
[136]. However, it was reported afterwards that the influence of aromatics can alter based
on the engine emitting level. That is, in engines with low emitting level, soot emission
would not be significantly affected by aromatic addition contrary to high-emitting engines
where aromatic addition can make a huge difference [137]. Fuel molecular structure (e.g.
having straight or branched structure) can also affect the soot formation. It has been
reported that a fuel with more branched molecular structure and even with lower
distillation temperatures, aromatic content, density, and sulfur content which are expected
to reduce the soot formation, produces a higher amount of soot implying the significant

influence of molecular structure on soot formation [138, 139].
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The effects of oxygenated fuels have also been studied considerably; e.g. it was
announced that ethers are more effective in reducing soot particles than alcohols [140],
and glycol generates less soot compared to other ethers with the same amount of oxygen
composition [141]. Furthermore, there are many other parameters affecting the soot
formation and characteristics emitted from engines such as combustion chamber
geometry, injection timing, engine transient, intake pressure and temperature, etc. which
have been investigated in detail [110]. The combustion chamber geometry can affect the
soot formation by altering the swirl and liquid fuel impingement. Swirl, which is an
organized rotation of the charge about the cylinder axis, can increase the turbulence and
mixing leading to a higher rate of combustion late in the injection and after the injection
which enhances the soot oxidation and reduces the amount of soot. However, having a
too high swirl can cause the jets to hit each other before hitting the cylinder wall slowing
the combustion and soot oxidation [110]. Injection timing can have a significant effect on
both soot and NOx emissions. Generally, a retarded timing leads to a higher amount of
soot but lower NOx while an advanced timing results in less soot but higher NOx [110,
142]. In diesel engines, the higher intake temperature enhances the in-cylinder soot
formation but at the same time increases the oxidation more significantly leading to less
soot at the exhaust [143]. Additionally, an increase of the intake pressure can reduce both
in-cylinder and exhaust soot by increasing the charge air amount entered into the jet and

improving the mixing rate [110].
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2.2 Biodiesel impact on diesel engines

There have been numerous studies investigating the effects of biodiesel and
diesel/biodiesel blend on the engine performance and emissions. Generally, it is accepted
that biodiesel can enhance the start of combustion due to its higher cetane number
compared to diesel fuel [78, 79, 144]. However, several biodiesels made from waste
cooking oil, palm, and rapeseed have shown to increase the ignition delay compared to
conventional diesel due to their higher viscosity [80, 81]. Moon et al. [82] observed a
slower needle speed and decreased flow performance of the injector in case of biodiesel
(due to the high viscosity) than diesel by means of X-ray phase-contrast imaging. Hwang
et al. [83] reported the higher viscosity of biodiesel (waste cooking oil) to be responsible
for the smaller injector spray angle compared to diesel resulting in the poor air
entrainment and higher Sauter mean diameter. Regarding the equivalence ratio, Mohan
et al. [78] observed a leaner equivalence ratio along the axis of the fuel spray of biodiesel
compared to diesel due to the presence of inherent oxygen in the molecular structure.

The lower heating value of biodiesel can reduce the torque and power of diesel
engines. Kaplan et al. [84] showed a torque and power loss of 5% to 10% based on the
engine load in the case of sunflower-oil biodiesel compared to traditional diesel.
Similarly, Cetinkaya et al. [145] and Lin et al. [146] reported a torque loss of 3% to 5%
and 3.5%, respectively, when burning pure biodiesel (waste-oil and palm-oil biodiesels
respectively) in a diesel engine. However, there have been some studies reporting higher
torque for biodiesel than diesel due to several reasons mostly related to viscosity [65, 85,
86]. Brake-specific fuel consumption which is the ratio of mass fuel consumption over

the brake effective power, can be increased by around 14% when biodiesel is used instead
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of diesel [65, 87, 88]. The lower heating value and oxygen content of biodiesel are
responsible for the higher fuel consumption as stated by Graboski et al. [87]. However,
the thermal efficiency of diesel engines has been reported not to vary significantly with
the use of biodiesel [89-91].

Using biodiesel can contribute to a higher NOx emission of diesel engines in most
cases [69-71] while there are some studies reporting the NOXx increases only in certain
operation conditions [72-74] and others reported a decrease in NOx with the use of
biodiesel compared to diesel [75-77]. Biodiesel can also significantly decrease the total
hydrocarbons emission of diesel engines compared to diesel fuel [73, 147-149]. However,
there are a few studies in the literature reporting a similar [72, 150, 151] or higher [74]
hydrocarbons emission for diesel engines running by biodiesel. Lower biodiesel
concentrations have been reported to reduce the hydrocarbons emission more effectively.
Last et al. [152] studied various soybean biodiesel concentrations and reported a total
hydrocarbons emission reduction of 28%, 32%, and 75% for 10%, 20%, and 100%
biodiesel concentration, respectively. The total hydrocarbons emissions reduction is not
affected significantly by changing the operation load of diesel engines burning biodiesel
[77, 153]. Several reasons such as oxygen content, higher cetane number, lower final
distillation points, and advanced injection and combustion timing have been suggested
for total hydrocarbons reduction with biodiesel [154-157]. Regarding the CO emissions,
it is widely accepted that biodiesel reduces the CO emissions considerably when used as
the diesel engine fuel [154, 155, 157] while a few researchers reported no significant
difference [72] and even higher [74] CO emissions for biodiesel. Biodiesel percentage

did not affect the CO reduction as reported by Last et al. [152] who studied various
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concentrations of soybean biodiesel in a heavy-duty diesel engine. Substituting diesel
with biodiesel and their blends in diesel engines has been known to decrease the soot
emission significantly [63-66]. Haas et al. [158] reported a 20% soot reduction with 20%
blends and 50% soot reduction with pure biodiesel. The engine operation conditions can
also affect the soot emission. For instance, it has been reported that the highest soot
emission reduction occurs at high load operation conditions [74, 152, 159, 160]. The
reason for that is because at high loads the combustion process is mostly diffusive and
hence the oxygen content of the biodiesel can be more effective in decreasing the soot

emission since particles are primarily produced during the diffusion combustion [160].

2.3 Flame-generated soot studies

The study of soot formation in engines is indeed helpful and essential since
vehicles represent one of the most important forms of transformation and are also
considered heavy soot emitters. However, soot particles collected from the exhaust of an
engine are the final products of soot evolution and are known as “mature soot” (Figure
4). Obviously, mature soot cannot provide enough information on the evolution
mechanism and each step of soot formation and oxidation. In order to understand the
underlying process of soot formation, another combustion configuration needs to be
employed. Among various configurations, a laminar cow-flow diffusion flame has shown
to be a great medium to study different stages of soot formation and oxidation with several
advantages including having a multi-dimensional structure and being easier to be
analyzed and modeled compared to turbulent flames [161]. Additionally, direct soot

sampling (e.g. inside a flame) has several advantages over exhaust collection (e.g. from
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engine tailpipe) such as prevention of condensation, dilution, and aggregation in the

exhaust [162].

/,

7

Filter

Figure 4. The common method of studying soot particles by trapping them at the engine exhaust.
This sampling method only captures the final product of soot, “mature soot”, and does not provide
comprehensive information on soot formation mechanism. Engine schematic from [163].

The employment of a flame provides the opportunity for an easy extraction of
soot particles from different positions that could be related to different soot evolution
stages (Figure 5). In this configuration, for instance, the low, middle and upper part of the
flame would be related to the soot inception, growth and agglomeration, and oxidation
regions, respectively. Therefore, by sampling from different regions of a flame, different
soot evolution processes can be studied separately (Figure 5). Consequently, numerous
studies have focused on studying soot morphology and evolution process in laminar

diffusion flames [164-170].
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Figure 5. Schematic of a coflow diffusion flame illustrating different regions of soot formation inside
the flame and collecting technique. TEM grid can be inserted into various heights above the burner
(HAB) to capture soot particles.

Dobbins et al. [167] perfected the thermophoretic sampling technique to study the
morphology of flame-generated soot particles. They employed an ethane diffusion flame
and tested various probes to obtain the best quality TEM and SEM images revealing the
soot morphology and agglomeration. It was reported that at the intermediate region of the
flame, the maximum primary particles size and the maximum degree of branching occurs
at the same radios as the maximum soot volume fraction. Lee et al. [169] investigated the
soot formation effects of various oxygen concentrations in the oxidizer stream of a
laminar diffusion methane flame. Air, 50% O, and pure O, have been introduced in the
oxidizer stream to observe the soot formation alteration. A decrease in the flame height
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was reported by increasing the oxygen concentration in the oxidizer. The soot primary
particles were found to be similar in size in the case of air and 50% Oz while the primary
particles in the case of pure Oz were smaller than the others by a factor of 2. The TEM
images obtained in the two above studies ([167, 169]) were analyzed by Yazicioglu et al.
[170] in order to measure the fractal properties of soot particles. The fractal dimension
was calculated to be between 1.65 and 1.75 and the prefactor to be from 6.75 to 8.47.
Ying et al. [171] studied the nanostructure of thermophoretically sampled soot from
normal and inverse diffusion flames by means of HR-TEM. It was reported that the
addition of n-butanol to the ethylene fuel can result in weaker soot carbonization and
more amorphous structure. Moreover, hollowed and shell-like particles were found inside
the normal diffusion flame indicating internal burning. Lapuerta et al. [172] investigated
the soot morphology in a laminar coflow diffusion flame fueled by biodiesel surrogates.
The size of the primary particles and agglomerates was observed to increase from the
lower part of the flame until around two-thirds of the flame height and decreased
afterward due to the dominance of oxidation. The presence of double bonds at the edge
of the fuel molecule showed to increase the oxidation reactivity while at the center of the

molecule enhance the PAH formation.
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2.4 Thesis objective

The main objective of this work is to investigate the effects of neat biodiesel and
biodiesel/diesel blending on soot characteristics and evolution process. Soot particles are
extracted from different regions at the centerline of a coflow laminar diffusion flame. The
flame is formed by #2 diesel, three popular biodiesel, and biodiesel/diesel blending with
three different concentrations. Low-resolution TEM images of soot samples are employed
for observation of the soot evolution process and also for characterizing the morphology
(primary particles diameter, fractal dimension, branching, etc.) of soot aggregates. The
internal structure of soot particles is investigated by high-resolution TEM images and
several nanostructure parameters (fringe length, spacing, etc.) are obtained by image
processing technique. Having morphological and structural information of soot particles
allows to better understand soot evolution process and its impact on human health and

environment and also to design after-treatment devices more efficiently.
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3 Experimental Approach

3.1 Coflow burner

A slightly modified version of the coflow burner developed for methane/ethane
flame by Santoro [173] is used in this study. The coflow burner is mounted on two-
dimensional UniSlide assemblies (MA 6000) built by Velmex Inc. and has a stepping
motor controller of 8300 series (Figure 6). An X-Y assembly of two UniSlides allows to
move the burner in both X and Y direction (Figure 6). A personal computer with the
COSMOS V3.1.4 (Computer Optimized Stepper Motor Operating System) software is
employed to control the burner and move it in two axis planes with high precision
(0.0000625 inches). The burner is composed of two concentric pipes which have a
diameter of 11 mm and 82 mm, respectively. The central pipe is designed for supplying
the vaporized fuel and the outer pipe supplies the oxidizer (Figure 7).

The oxidizer flow is introduced into a vacant chamber in the bottom section of the
burner separated by a stainless-steel mesh which contains a bed of glass beads with a
diameter of 3mm, and above that a ceramic honeycomb unit (51mm thick) in order to
render the oxidizer flow and make it stable and uniform. Liquid fuel (biodiesel/diesel) is

introduced at the rate of 6 ml/h into a pre-vaporization chamber by a syringe pump.
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Figure 6. The 2-D positioner configuration (a), and the closed-up view of a UniSlide (b) employed in
the experimental procedure.

The temperature inside the chamber can be continuously monitored and
maintained at the preferred value to evaporate the fuel. The vaporized fuel travels toward
the inlet of the co-flow burner within a heated and insulated pipe. Three heating tapes set
to 350, 475 and 500 Celsius are employed to heat the walls of the evaporator and fuel
line. The liquid fuel is pumped into the pre-vaporization chamber maintained at 350

Celsius.
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Figure 7. Schematic of the experimental setup used to study soot formation using thermophoretic
sampling technique from vaporized (pre-heated) biodiesel/diesel air flames.

3.2 Studied biodiesels

The studied fuels consist of canola methyl ester (CME) (Milligan Bio-TECH Inc),
soy methyl ester (SME) (Northeast Nebraska Biodiesel Inc.), cotton methyl ester
(COME) (Southwest Energy & Feed, LLC) and #2 diesel (local gas station). The blends
consist of B80 (80% CME /20% #2 Diesel), B50 (50% CME/50% #2 Diesel) and B20
(50% CME/50% #2 Diesel).

While diesel is mainly composed of aromatic content and saturated hydrocarbons,
biodiesel is composed of unsaturated hydrocarbons. SME is composed of methyl
palmitate (C17H3402), methyl stearate (Ci9HssO2), methyl oleate (Ci9H3s02), methyl
linoleate (C19H3402) and methy!l linolenate (C19H3202) with 13%, 5%, 25%, 52%, and 5%
weight percentage, respectively [174]. CME is composed of the same fatty acids with

different concentrations: methyl palmitate (5%), methyl stearate (3%), methyl oleate
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(62%), methyl linoleate (20%) and methyl linolenate (10%) [175]. The chemical structure

of COME along with several other well-known biodiesels are listed in Table 2.

Table 2. Fatty acids weight percentage of various biodiesels.

Methyl Methyl Methyl Methyl Methyl
Fuel Palmitate Stearate Oleate Linoleate  Linolenate Ref.
(%) (%) (%) (%) (%)

SME 13 5 25 52 5 [174]

CME 5 3 62 20 10 [175]

COME 23 3 19 54 1 [176]

Sunflower Methyl 6 5 20.5 68 0.5 [177]
Ester

Palm Oil Methyl 40 4 43 10.5 0.5 [178]
Ester

Peanut Methyl 10.5 9 47 33 0.5 [176]
Ester

Corn Methyl 12 2 27.4 58 0.6 [179]
Ester

As itis clear from Table 2, unlike methyl stearate and linolenate, methyl palmitate, oleate,
and linoleate seem to be the main fatty acid components of biodiesels. Among the three
major components, methyl linoleate has the lowest cetane number, freezing point, and
kinematic viscosity while methyl palmitate has the highest cetane number and freezing
point, and methyl oleate has the highest kinetic viscosity [180, 181]. Methyl linoleate is

the predominant ester in SME and COME while methyl oleate is the predominant ester
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in CME (Table 2). That is why the SME and COME have higher cetane number and lower
kinematic viscosity than CME (Table 1). Despite having 54% methyl linoleate, COME
shows higher cloud point than CME (Table 1) which is probably due to the 23% methyl

palmitate with the highest freezing point.

3.3 Thermophoretic sampling technique

A thermophoretic sampler is employed to insert TEM grids inside the flame and
extract soot samples. Thermophoretic deposition is due to the temperature difference
between the cold surface of the grid and the hot flow inside the flame. As the room-
temperature TEM grid is inserted in the high-temperature medium of the flame, particles
tend to deposit and freeze on the carbon film. The residence time of the grid inside the
flame should be long enough to capture the particles, but not too long to lose the
temperature gradient [167]. The height above the burner used in this study represents the
axial distance from the mouth of the burner to approximately the center of the TEM grid
inserted inside the flame volume. The thermophoretic sampler utilized here is similar to
the one developed by Megaridis and Dobbins [167, 182] to capture particles directly from
inside the flame’s yellow luminous zone. Samples of carbon particulates are collected on
the surface of a transmission electron microscopy grid. The grids are made of Cu with a
film of carbon on their surface (EMS, Inc.). The TEM grid gains its movement from a 50
mm stroke compressed-air piston controlled by a pneumatic valve (Model SY5140, SMC
Corp. of America) (Figure 8) with a residence time of 38 ms inside the flame and
approximately 10 ms for the grid’s travel time. The soot samples were studied by a high-

resolution electron microscope (JEOL TEM-3010), operated at 200 KeV with a LaB6
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filament. The TEM micrographs were collected on a Gatan digital imaging system and

processed by digital micrograph software.

Grid holder

Pneumatic
valve

Pneumatic
actuator

Figure 8. The thermophoretic sampler employed in this study to extract soot samples from various
locations inside the flame.
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4 Soot Formation and Evolution Profile Inside the Studied Diffusion
Flames Burning Diesel, Biodiesel, and Biodiesel-Diesel Blending

In this chapter, the evolution profiles containing physical characteristics of soot
in vaporized coflow diffusion flames along the flame centerline are reported. The profiles
are obtained using transmission electron microscopy (TEM) on the collected samples
revealing the sequence of the morphological changes within a flame axial direction. The
studied vaporized flames are formed using three types of neat biodiesel (B100), blends
(B20, B50, and B80), and #2 diesel (BO) flame. The evolution profiles contain
information on the morphology of the soot particles (agglomeration, size and
nanostructure) present at the different stages within the studied flames. All soot samples
are collected thermophoretically from the flame’s centerline at different heights above

the burner (HAB).

4.1 Soot formation in diesel air-flames

TEM images of soot samples from different regions of the flame can be very
helpful in order to understand the evolution process of soot particles. Figure 9 depicts the
morphological characteristics of carbon particulates present in the evaporated #2 diesel-
air flame at different heights above the burner (HAB) in the axial direction. The evolution
presents the different stages in the carbon particulates formation. The set of lower
resolution TEM images provides information of particle agglomeration (density of
particle per aggregate) at various flame heights (Figure 9 al-el). The set of higher
magnification TEM images are useful for measuring the primary particle diameters (dp)

(Figure 9 a2-e2). As indicated by the TEM images, the diameter of primary soot particles,
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degree of agglomeration or density of primary particles forming the aggregates strongly
depend on the flame position. In the upper part of the flame, the characteristics of the
carbon particulates are governed by long and branched aggregates, while in the lower part
of the flame the characteristics of the carbon particulates are dominated by singlet
particles and small aggregates formed by a smaller number of primary particles. TEM
images of particles collected from the lowest sampled height of the flame (HAB of 6mm)
(Figure 9 al) illustrate the presence of mostly singlet particles. The particle diameter at
this HAB appears to be of a polydisperse diameter size distribution (Figure 9 al). In the
literature such singlet particles are typically referred to as soot “precursors” or “young
soot”. They are more transparent and have lower contrast in TEM images (Figure 9 al-
2). Such structures have been reported in a number of studies, both in premixed [183]
and diffusion [184] flames. Now it is quite accepted that these low-contrast particles are
associated with the presence of aliphatic hydrocarbons [185-187] due to their higher H/C
ratio compared to aromatic hydrocarbons, and the lower the H/C ratio is, the more
solidified the particles. The peak value of d, for the diesel-air flame is approximately 39
nm and is located at the HAB of 15 mm. The dp increases due to the coalescence and
surface growth as soot precursors/aggregates move from the lower to the upper region of
the flame. Subsequently, the dp falls from 39 nm at the HAB of 15 mm to 21 nm at the
HAB of 33 mm. This reduction in the soot diameter size in the upper region of the flame
is due to the oxidation or destruction process. It is also interesting to note that the most
severe increase in the degree of primary particle agglomeration starts at the height of 15
mm, which can be considered approximately half of the flame length. At the HAB of 15

mm the soot aggregates are shorter and of higher density and are surrounded by spherical

34



singlet particulates (Figure 9 c1). As it is illustrated by Figure 9, at approximately the
middle part of the flame, carbon aggregates are accompanied by a few particulates that
appear to be less opaque and do not have a clear shape and sharp boundaries (Figure 9
cl). Structures with this type of characteristics are known in the literature as “liquid-like”.
The presence of these “irregular-shaped” or “globules” structures in the soot evolutions
can be attributed to the soluble organic fraction (SOF). This will be discussed later in this
chapter. High resolution TEM (HR-TEM) was applied to study the nanostructure of the
samples collected from the different stages within the flame. A simple inspection of the
low resolution TEM images in Figure 9 al reveals the presence of very large and smaller
particles forming the samples. The nature of the inner structure at this HAB (tar-like
material) allows ease for the particles to fuse and form larger particles. Carbon
particulates composed of ordered graphite structure are evident in the intermediate and
mature soot present in the upper regions of the flame. At HAB of 15 mm the primary
particles forming the aggregates are composed of clearly distinguishable graphitic layers.
These zones represent higher local temperatures within the flame volume and

significantly modify the soot’s inner structure.
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Figure 9. Representative progression of the soot evolution in an evaporated diesel-air flame through
a series of low and higher-resolution TEM images taken from samples extracted along the central
axis of the flame at various heights above the burner (HAB).
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4.2 Soot formation in biodiesel air-flames

Figure 10 displays the typical morphological characteristics present in soot
particles extracted from different axial locations inside the evaporated CME-air (Figure
10 al-a4), COME-air (Figure 10 b1-b4) and SME-air (Figure 10 c1-c4) flame. Similar
to the #2 diesel-air flame, in the biodiesel air flames the sampling was performed in the
post flame region at various HAB on the axial direction.

The overall flame length of the tested biodiesel-air flames is significantly shorter
compared to that of the Diesel-air flame (33 mm). The highest sampling point for the
CME and COME air flames was 21 mm, while for the SME it was 25 mm but still shorter
than the diesel flame. Therefore, the rates of soot formation and evolution (soot inception,
growth, and oxidation) of the biodiesel-air flames are much stronger (Figure 10). The
carbon particulate growth mechanism in the tested biodiesel-air flames follows the same
general trend as in the diesel flame. That is, precursors lead to the formation of “young”
and “mature” soot particles by means of coalescence and surface growth. However, a
visual comparison between the soot evolution profile of the diesel (Figure 9) and the
biodiesel flame profiles (Figure 10) reveals that there are some interesting differences and
characteristics in the soot morphology. At the flame height of 15 mm the presence of
large “irregular-shaped” fragments containing complex structural morphology is evident
in the biodiesel flames (Figure 10 a3, b3, ¢2). The characteristics of the soot at the HAB
of 21 mm (CME and COME) and 25 mm (SME) (sampled at the highest position in the
flame) indicate that they are composed predominantly of highly elongated and branched
aggregates (Figure 11 a4, b4, c4). For the #2 diesel flame, the “irregular” structures are

not broadly evident.
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Figure 10. Representative progression of the soot formation and evolution present along the central
axis of three (B100) evaporated biodiesel formed flames. Particles were sampled at various heights
above the burner (HAB): 6.5, 9, 15, 21 and 25 mm from the burner’s mouth. (al-a4), (b1-b4) and
(c1-c4) represents the soot evolution of the CME, COME and SME air flames, respectively.
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Only a few “globules” are present in the diesel soot evolution (Figure 9 c1)
showing that the presence of these structures is more pronounced in the biodiesel
vaporized flames.

The evolution profiles with close-up views of the soot from the CME, COME and
SME are presented in Figure 11 al-a4, b1-b4 and cl1-c4, respectively. For the CME-air
flame the d, is measured to be approximately 15 nm and 18 nm at the HAB of 6.5 and 9
mm, respectively (Figure 12). The peak value of the dp is ~28.5 nm at the HAB of 15
mm, followed by an oxidation zone present near the tip of the flame (Figure 12). At the
HAB of 21 mm, a dp value of 21 nm was measured. The peak value of the d, for the
COME-air flame was found to be very similar to that of the CME-air flame. That is, a
peak value of d, of 27.5 nm was measured at the HAB of 15 mm for the CME-air flame.
In the COME flame the average primary particle diameter ranged from 15 nm (6.5 mm
HAB) at the lowest region of the studied flame to 19.5 nm (21mm HAB) at the highest
studied flame position near the tip of the flame (Figure 11 b1-b4). Figure 11 (cl-c4)
represents the physical evolution of soot present in a vaporized SME-air flame. TEM
analysis conducted on soot samples at the HAB of 6.5 mm for the SME-air flame (lowest
sample position) showed that the number density of precursors was nonexistent.
However, at the HAB of 9 mm the presence of singlet particles is evident (Figure 11 c1).
The average primary particle diameter for the SME-air flame ranges from 21 nm at HAB
of 9 mm to 14 nm at HAB of 25 mm (Figure 12). The peak value of the d; for this flame

was measured as 30.5 nm at the HAB of 15 mm (Figure 12).
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Figure 11. Close-up view of the representative progression of the soot formation and evolution
present along the central axis of the three (B100) evaporated biodiesel formed flames. (al-a4), (b1-
b4) and (c1-c4) represent the soot evolution of the CME, COME and SME air flames, respectively.
The magnified views allow for comparisons (within a flame and fuel type) of particle size diameter,
morphology of soot, and primary soot particle size.
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The “close-up” TEM views in Figure 11 (al, bl, c1) of the tested vaporized
biodiesel formed flames show that the soot precursors or “young soot” present at the
lower region of the flame (close the fuel nozzle) have a polydisperse size distribution. It
is also evident that the larger elements at this lower flame position are composed of more

than one particle and are not necessarily spherical in shape (Figure 11 a).
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Figure 12. The plots represent the average primary particle diameter (dp) with respect to the axial
sampled heights for tested flames at different flame heights above the burner. Note that due to the
particle size polydispersity (liquid-like structures) present at the lowest sampled position of the diesel
and B20 flames, their corresponding dp values are not provided. Also, the graph for B50 is not
reported due to uncertain measurements.

It can be observed that the smaller the particles, the more spherical they appear to
be under the electron beam. These precursors or “young soot” diameter size ranges from
a few nm to tens of nm. Another interesting aspect of the TEM imaging analysis in Figure
11 is the details that they offer of the “irregular-shaped” particles. The “close up” TEM

images show that in all of the three tested biodiesel flames, the soot aggregates are also

41



accompanied by “liquid-like” droplets or “globules” of significantly smaller diameters
(<100 nm in diameter). Structural characteristics of such nature were not observed in our
previous work when sampling carbon particulates from non-vaporized biodiesel and
Diesel flames [102]. The flame length of the CME is very similar to that of the COME-
air flame and in both flames the “irregular-shaped” fragments are formed at 15 mm HAB.
However, for the SME-air flame the “irregular” fragments are present at 15 and 21 mm
HAB. For the CME and COME air flames it can be observed that at 21 mm HAB the
primary particles forming the aggregates are more spheroidal. The “close up” TEM views
indeed reveal that the primary particles are diffuse and fully carbonized forming complex

branched structures in the upper region of the flame (Figure 11 a4, b4, c4).

4.3 Different soot evolutions in diesel and biodiesel air-flames

From a comparison of the soot evolution of the #2 diesel (Figure 9) with the B100
profiles (Figure 10 and Figure 11) it is evident that the diameter of the primary particles
forming the aggregates or “mature soot” in the diesel flame is considerably larger than
the biodiesel flame. It has been suggested that the oxygen content in the biodiesel fuel
(CxHy0O>) can contribute to a higher oxidation rate of the soot resulting in smaller diameter
of the primary soot particles produced in the combustion of this fuel [65, 188-193]. For
instance, the work of Song et al. showed that the carbon particulates from a neat biodiesel
(B100) are more reactive during oxidation than soot formed with the counterpart diesel
[193]. Zhang et al. [190] suggested the biodiesel fuel-bonded oxygen to be responsible
for the hollowed soot structure leading to a higher oxidation rate. Omidvarborna et al.
[191] also stated that the extra oxygen included in biodiesel leads to further oxidation and

particle size reduction. The study of Barrientos et al. on soot produced in a co-flow
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laminar diffusion flame formed with different types of fuels (including methyl esters,
alkanes, biodiesel and diesel) showed the effect of fuel-bound oxygen in fatty acid esters
on soot oxidation behavior using thermogravimetric analysis and Raman spectroscopy
[188]. In that work it was suggested that the oxygen present in the oxygenated fuel leads
to the formation of soot particulates with more active sites or with a structure allowing
greater accessibility to the oxidation sites [188]. This could explain the smaller soot
particle diameters in our biodiesel soot. However, higher oxidation rate in a biodiesel
flame could not be the only reason for smaller particles, since oxidation is not profound
in lower and intermediate regions of the flame. Soot particles in the diesel flame are
considerably larger than those of biodiesel at any position of the flame implying that there
is stronger surface growth in the diesel flame. While soot inception is an essential step in
soot formation, it is mainly the surface growth that contributes to the overall mass of soot.
Larger diameter particles could also be the result of a higher coagulation rate; however,
surface growth is known to be responsible for smoothing the surface of the soot particles
and yielding nearly spherical particles [194]. Since coalescence does not always form
perfectly circular particles, surface growth is necessary in order to have spherical particles
[195]. Figure 13 illustrates the outcome of the incomplete coalescence of two spherical
particles which does not have a round shape, but surface growth can lessen the irregularity
and make more spherical particles. The soot formation and evolution profile of the diesel
flame (Figure 9) clearly shows that the primary particles are much more spherical and of
smooth surface supporting the theory of more considerable surface growth. On the other
hand, soot particles in the biodiesel appear to be far from spherical and of a greater surface

roughness than those present in the #2 diesel. This is possibly due to poor surface growth
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process while the surface roughness in the fully carbonized soot particles of the biodiesel
appears to improve possibly due to oxidation (Figure 11 (a4, b4, c4)). Sulfur content in
diesel could be another explanation of larger particles since it can increase soot particle
size and mass by oxidizing and attaching to their surface [196]. Last but not least,
acetylene is known to be the dominant soot growth species [110, 114, 197, 198], therefore
different concentrations of acetylene could be an explanation for different soot growth
rates. As reported by Smith [199] some acetylene is oxidized to rather inert products in
the presence of oxygen. This could support the lower growth rate in biodiesel flames
where the oxygen component of the fuel may oxidize some acetylene and consequently

slow the surface growth process.

With surface growth> ‘
Without surface grow> .

Figure 13. The effect of surface growth on circularity of particles after coalescence, a) coalescence
with surface growth leads to a very circular particle, b) coalescence without surface growth leads to
a less circular particle.

As Figure 9-Figure 11 illustrate, there are profoundly larger number of relatively
small singlet particles (soot precursors) at the lower part of the biodiesel flame compared
to fewer but much larger particles in diesel flame. It indicates that soot inception rate is
extremely higher in case of biodiesel than diesel. Fuel pyrolysis is the key factor in soot

inception since the products of pyrolysis will make soot formation possible, and also it
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was reported that having small amounts of O, Oz, and OH might accelerate the pyrolysis
due to the fact that many of its reactions happen by free radical mechanism [199].
Therefore, the oxygen content in biodiesel could be the reason behind the tremendously
higher inception rate. The oxygen content in molecular structure of biodiesel fuel plays a
key role in determining the flame height since it enhances the reactions and makes
biodiesel flames much shorter that the diesel flame (about 33mm for diesel and 21mm for
CME and COME). The effect of oxygen on the flame height is also well established from
the oxygen-enhanced studies in which the height of the flame decreases with increasing
the oxygen content in the oxidizer flow [175]. It is worth noting that having oxygen
content could increase oxidation as well which might result to fewer soot particles, but in
the low and intermediate part of the flame where the temperature is relatively low,
oxidation is not as powerful as pyrolysis. Higher unsaturated content in biodiesel could
be another factor contributing to the pyrolysis and, consequently, soot inception rate.
Interestingly, having greater amount of aromatics, which are well known to be
considerably important in nucleation process, did not lead to a higher inception rate for
diesel, but it might be the reason for the lager nuclei. As it is illustrated by Figure 9-Figure
11, at the low and intermediate parts of the flame, soot particles are less opaque and do
not have a clear shape and sharp boundaries. This “liquid-like” or “transparent”
characteristic of soot particles at the first stage of soot formation has been reported in a
number of studies, both in premixed [183] and diffusion flames [184, 200]. The term
liquid-like is suitable since these soot particles do not act as solidified or rigid particles
and deform (flatten) when sitting on the TEM grid. They also are more transparent and

have lower contrast in TEM images. However, after undergoing the carbonization
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process, all the soot particles and clusters become fully carbonized, rigid, and well defined
as shown by TEM images from upper part of the flames. The liquid-like characteristic is
attributed to the presence of aliphatic hydrocarbons [185-187, 194], since aliphatics have
generally higher H/C ratio compared to aromatic hydrocarbons, and the lower the H/C
ratio is the more solidified the particles are. Previously, the presence of aliphatics was not
clear since most of the methods used for the purpose of investigating the chemical
components of soot particles such as LMMS (laser microprobe mass spectrometry) [200],
laser ablation particle mass spectrometry [201], and laser desorption/laser ionization mass
spectrometry [202] were only able to detect aromatic hydrocarbons and not the aliphatic
ones, probably because the laser fragmentation is too destructive for the less stable
hydrocarbons (aliphatics). Thus, it was believed that soot particles are composed of
aromatic hydrocarbons especially PAHs (polycyclic aromatic hydrocarbons). However,
new methods such as HR-MS (high-resolution mass spectrometry) along with soft
ionization [184] and micro-FTIR spectroscopy [203] and photoionization aerosol mass
spectrometry (PIAMS) [204], recently managed to detect aliphatic hydrocarbons as well,
which changed many aspects of soot formation and growth mechanism analysis. the
transparent structures are less profound in the diesel flame which could be attributed to
its high amount of aromatic component.

In the intermediate region of the flames, before soot particles/aggregates become
fully carbonized, particles are covered by tar-like material or condensed hydrocarbons
which has been attributed to the soluble organic fraction (SOF) [63, 64]. This tar-like
cover is considerably more dominant in the biodiesel flame than the diesel, which is

consistent with the higher SOF in biodiesel reported in the literature [63, 64, 205, 206].

46



The more dominant tar-like and droplet-like characteristics inside the biodiesel flames at
the intermediate part of the flame could be also related to the soot evolution mechanism.
Reilly et al. [207] suggested a new soot evolution mechanism considering large PAH-
containing droplets including nuclei that grow and fuse together before carbonization,
which seems very similar to the droplet-like appearance observed herein and in other
reported works.

Figure 14 displays the soot evolution mechanism inside the CME flame which is
similar to other biodiesel flames and is consistent with the mechanism suggested by Reilly
et al. [207]. At the lower part of the flame (Figure 14 al-2), only small singlet particles
are present which turn to large droplet-like structures and globules a few millimeters
upper in the flame (Figure 14 b1-b2). The large droplets containing singlet dark particles
(nuclei) convert to more solid structures as a result of carbonization as traveling upward
inside the flame (Figure 14 c1-2) where they are exposed to higher temperature and finally
become fully carbonized near the flame tip (Figure 14 d1-2). However, that does not seem
to be the only possible evolution mechanism because TEM images reported in many other
studies [204, 208-212] and even in the case of diesel flame herein do not show the large
droplets with nuclei and the halo-like feature. This observation suggests the other
proposed mechanism by Lahaye [213] that soot precursors first carbonize and then fuse
together and form aggregates. Kholghy et al. [214] studied two different streamlines in a
diffusion Jet A-1 flame and reported that both mentioned mechanisms could occur based
on different temperature profiles. In that study, they reported that the first mechanism,

which is observed in biodiesel flames herein, occurred in the centerline of the flame where
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soot precursors reach carbonization temperature later than precursors in annular

streamlines where they first carbonized and then created aggregates.

CME

N\

@ (b2) @ (d2)™

Figure 14. The soot evolution mechanism observed on the central axis of biodiesel flames (only CME
is shown as an example). Original TEM images (al-d1) along with their corresponding schematics
(a2-d2) are presented to better observe the evolution mechanism.

Figure 15 is a detailed pictograph representation of the growth and carbonization
process present along the axial direction of a vaporized # 2 diesel Figure 15 a-c and of a
biodiesel flame Figure 15 d-f. COME is used as a representation of the soot evolution
process taking place in a biodiesel flame. As discussed previously, the general
progression of the soot formation for both the #2 diesel and biodiesel appear to be similar.
However, it is evident from the soot evolution profiles that the upper part of the biodiesel
flames is heavily composed of “irregular-shaped” or “globules” structures that have a
“liquid-like” characteristics. While at the lower region of both Diesel and biodiesel

flames the presence of soot precursors is evident. Although, soot precursors formed in
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the Diesel flame (Figure 15 a5) appear to be larger in size compared to those formed in
the biodiesel flame (Figure 15 d2). The effect of particle overlapping, necking, and the
transition (overlapping/necking) of the neighboring singlet particles to form the larger
soot “precursors” in the #2 diesel is evident (Figure 15 al-a4). The particles appear to be
composed of tar-like material as is apparent from the stretching of the material (arrow in
Figure 15 a4). Figure 15 a4 shows three nearly spherical particles starting to fuse
together. The fusing of these particles at this flame position may explain the polydisperse
distribution of their sizes.

The spreading of a very large “irregular-shaped” structure from the COME flame
after its impact on the surface of the carbon film is shown in Figure 15 d1. The shape
indicates the viscous liquid nature of the “liquid-like” structure (Figure 15 d1). Itis well
established that several parameters can play a key role in the spreading of a droplet upon
the impact on a surface, including the droplet size, velocity of impact, density, viscosity
and surface tension along with some other physical characteristics present on the surface

[215].
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Figure 15. Schematics and TEM images depicting the soot formation and evolution along the central
axis of a vaporized # 2 Diesel/air (a-c) and of a biodiesel (COME/air) (d-f) flame.
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At approximately the middle height of the flame the soot produced by the
biodiesel and diesel appear to be very different. For the #2 diesel flame the particle
evolution is composed of soot of typical physical characteristics (Figure 15 b1-b2). That
is, the aggregates are composed of fused primary particles that have well-defined
boundaries and are nearly spherical in shape. Although, a closer look at the TEM images
reveals that the aggregates are also accompanied by a few small size “globules” as pointed
out by the arrows in Figure 15 b1-b2. However, for the biodiesel flame the soot evolution
is composed of a higher number of “irregular-shaped” structures or “globules” (Figure 15
el). The “irregular-shaped” structures contain embedded carbonized inclusions that can
be easily identified as they have a darker contrast to the electron beam (Fig. 8 e2-e3). A
single “globule” can have multiple embedded carbonized inclusions and of different
sizes. For instance, one of the three clusters of Figure 15 e2 (close-up view of Figure 15
el) have five nuclei inside as pointed out by the solid arrows. The transformation from
“irregular-shaped” structures to fully carbonized (agglomerated) soot in the upper part of
the biodiesel flames is evident in the TEM images for all studied flames in this work.
From the soot evolutions it can be suggested that the “irregular-shaped” structures serve
as possible growth pathways for the formation of long fully carbonized aggregates
composed of nearly spherical primary particles. The carbonized aggregates are very long
and of complex fractal morphology (multi-branched) and are no longer accompanied or
formed of “irregular” structures (Figure 15 ). In order to visualize the complexity of these
fully carbonized soot aggregates, binary images on the TEM micrographs of the COME
(Figure 15 f) and #2 diesel (Figure 15 c) soot were obtained using a computer software.

Skeletonization was applied to the binary images to obtain basic structural information of
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the aggregates. Skeletonization is a repeating erosion process in which pixels from the
edges of objects are removed (in a binary image) until a one-pixel-wide shape is reached
[216, 217]. Figure 15 f1-f2 is for biodiesel and Figure 15 c1-c2 are for the #2 diesel. The
binary images were developed with an optimal intensity threshold to prevent the creation
of separations between the aggregates and to distinguish between aggregates boundaries
and the background. For instance, the largest aggregate in Figure 15 f1 has a length of
~39 um, boxed area in Figure 15 f1 with its magnified view in Figure 15 f2. On the other
hand, the largest aggregate in the #2 diesel flame (Figure 15 c) has a length of ~8.0 pm.
The difference in the degree of agglomeration and branched structures are much more
profound near the flame tip than the middle region of the flame. The reason is that clusters
in the middle region are relatively small since they just started to form, thus the dominant
aggregation mechanism is the monomer-cluster in which the aggregates are formed by
attaching single particles to an existing aggregate, leading to more compact structures. As
the size of aggregates increase, the cluster-cluster become the dominant mechanism
which considers the movement and attachment of aggregates together as the main path
for aggregation leading to more branched and elongated structures. Cluster-cluster
aggregation is dominant in the upper part of the flame where clusters have a considerable

length.

4.4  Soot formation in blending (CME/diesel) air-flames

Similar to the studied neat biodiesel (B100) air flames discussed earlier in this
chapter, profiles of soot formation and evolution were also obtained in flames (along the

axial direction) formed using blended fuel mixtures with different concentrations. In this

52



study CME is used as the blendstock for use in blending with various percentages of #2
diesel (volumetric). Prior to running the experiments, a fuel mixture was created and
manually stirred for one minute followed by a few minutes of sonication process. A visual
inspection of the fuel mixtures showed no separation of the fuels. It has been reported
that no separation of the fuels (BD and No. 2 Diesel) is observed over a three-month
period [218].

The blends consist of B80, B50, and B20. B20 has been reported to be an
optimum, very popular, and an easy-storable blend; it also does not require any engine
modification when being used in an IC diesel engine [104, 105]. Therefore, B20 was
selected for the low biodiesel content blend. B50, which is a mixture of equal amounts of
both fuels (biodiesel and diesel), and B80, which is the B20’s counterpart in the high
biodiesel content part, were selected in order to obtain the best comparison between
different blending options. Figure 16-Figure 18 display the soot evolution in B80, B50,
and B20 flames (CME/#2 diesel air flames). For the B80 flame a peak value of dp of 27.5
nm at the flame height of 15 mm was observed (Figure 12). The average primary particle
diameter for the B80 flame at the lowest sampled region of the flame (HAB of 6.5 mm)
is 15.5 nm and for the highest sampled flame position (HAB of 27 mm) is 20.5 nm (Figure
12). For the B50 the primary particle diameter at 6.5 mm HAB (lowest sampled position)
is measured to be 16 nm. At the highest sampled position in the flame (HAB of 28 mm)
the average primary particle diameter of 19.5 nm was measured. The peak d, value most

likely takes place at the HAB of 15 mm.
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Figure 16. Representative progression of the soot evolution in an evaporated B80 air-flame through
a series of low and higher-resolution TEM images taken from samples extracted along the central
axis of the flame at various heights above the burner (HAB).
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Figure 17. Representative progression of the soot evolution in an evaporated B50 air-flame through
a series of low and higher-resolution TEM images taken from samples extracted along the central
axis of the flame at various heights above the burner (HAB).

55



HAB (mm)

* == « == « = Closerto Tip of Flame

_w~ “}
i
33 4=
.
-3
ospmby My &
0.2 pm

15+

Carbon Film

w—  0.2um

b e« = .« (Closer to Fuel Nozz,

Figure 18. Representative progression of the soot evolution in an evaporated B20 air-flame through
a series of low and higher-resolution TEM images taken from samples extracted along the central
axis of the flame at various heights above the burner (HAB).
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However, at this blending (B50) condition the soot agglomerates/aggregates at 15
mm HAB are composed of primary particles that have an undefined geometry making it
difficult to identify their boundaries (Figure 17) and obtain an accurate dp value. In the
B20 flame (Figure 18) (blend with the lowest amount of biodiesel in the mixture) the
value of dp ranged from 21 nm at HAB of 9 mm to 18.5 nm at HAB of 33 mm (highest
sampled position in flame). The peak dp value for this flame was measured as 33.5 nm at
HAB of 15 mm (Figure 12). The overall flame length is increased as the percentage of
diesel is increased in the blended fuel mixture. The highest sampled position for the diesel
is 33 mm HAB, while for the B80 and B50 it is the 27 mm HAB. These results show that
the common growth mechanism for soot particle formation (particle inception, surface
growth, and soot oxidation) present in the compressed volume of B100 CME is much
stronger than in the taller diesel air flame. Therefore, soot precursors tend to form earlier
in the short flames compared to the longer flames. Similar to the non-blended flames, the
enhancement of nanostructure reorganization of the carbon layers forming the soot
(mature) as they travel from a lower to a higher region of the flame can be observed.

A striking observation from soot evolution profiles is the shape and complexity
of the aggregates in the upper region of the flames. That is, the morphology of the fully
carbonized soot aggregates in the B80 (Figure 16 el) and B50 (Figure 17 el) resembles
that of the B100 CME air flame (Figure 10 a4) and the fully carbonized soot aggregates
in the pure diesel flame (Figure 9 e1) resemble those present in B20 (Figure 18 e1). One
of the interesting trends observed in the soot evolutions inside the blended flames is the
high density of the singlet particles or soot precursors in the B80 and B50 flame compared

to those present in B20 at the lower regions of the flames.
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Similar to the neat biodiesel soot profiles, the singlet particles or soot precursors
formed in these blended fuel flames appear to be nearly spherical in shape. The soot
profiles of the B80 and B50 already show the presence of a high density of soot precursor
or young soot at 6.5 mm HAB. However, this is not the case for the B20 flame. This could
be due to the fact that the flame “inner-cone” of the B80 and B50 (or “potential-core of
the jet” if one considers a nonreacting laminar fuel jet issuing out of the nozzle) are shorter
(Figure 16-Figure 18). It is evident that the density or number of the soot precursors in
the diesel flame is smaller than those produced in the B80 and B50 flames; however, they
are much larger in size. Soot precursors in the diesel flame are nonexistent at HAB of 6.0
and 9 mm. The fractal morphology (multi-branched) of the aggregates becomes more
complex as the percentage of biodiesel is increased in the blending mixture. That is, a
simple comparison of the soot evolution of the diesel flame (Figure 9) with the B20-B80
shows that the soot aggregates formed in the diesel flame are much more linear and
shorter. Similar to the soot characteristics in the carbon particle evolution profiles of the
neat biodiesel, the profiles from the blended flames have interesting characteristics. At a
region of approximately half the flame (15 mm HAB) the presence of “irregular-shaped”
fragments or “globules” formed of short complex agglomerates is evident (Figure 16-
Figure 18).

The soot morphology (primary particle size and agglomeration) correlates well
with the presented soot formation evolution profiles. The soot evolution profiles
identifying a soot inception zone at the lower part of the flame, followed by the growth
and agglomeration at the middle region, and oxidation zone at the upper part of the flame

appear to correlate well with the trend variation of flame temperature. The flame
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temperature profiles along the centerline for some of the evaporated biodiesel flames
studied here have been reported in our previous work [175]. The higher the flame
temperature, the higher the oxidation rate of the soot particles. It is evident from our soot
evolution profiles that the physical characteristics (soot appearance and size) of soot
samples collected along the axial direction in the flames formed using biodiesels are quite
similar but very distinct from those present along a diesel flame. It has been suggested
that flame temperature and/or the fuel type can affect soot formation. Some efforts have
been devoted to understand the role of flame temperature and/or fuel type may have on
soot formation. Gomez et al. investigated the effects of temperature and type of fuel on
soot formation by monitoring the soot formation along the flame centerline of an
axisymmetric laminar diffusion flame formed with four different types of fuels (butane,
acetylene, butadiene, and benzene). It was suggested that the soot formation process along
the flame centerline is highly temperature dependent regardless of fuel type or level of
dilution [219]. The work of Love et al. on partially coflow premixed flames at a fixed
equivalent ratio using several types of biodiesel and a diesel fuel suggest that the chemical
structure of the fuel may be an important parameter in the formation of soot [220]. In that
work despite the similarity of the flame temperature profiles along the centerline of the
biodiesel and diesel flames the results of the soot volume fraction study suggest that the
soot formation in the vaporized oxygenated fuel flames does not significantly vary
between the different tested biodiesels. However, the results also show that the tested

counterpart fuel (#2 diesel) is significantly sootier.
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5 Morphological Characteristics of Soot Aggregates Using Image
Processing Technique

Soot emission, as light absorbing carbon aerosols, has a great impact on the
Earth’s energy balance, climate, atmospheric chemistry, cloud processes, and global
warming, which makes it one of the most important environmental concerns [221, 222].
Soot particles emitted from combustion configurations (engines, flames, etc.) are in the
form of aggregates with different physical characteristics such as size, shape, complexity,
and compactness. These aggregates are formed by primary particles which are typically
considered spherical and uniform in size [223, 224]. In order to study the effects of soot
or particulate matter (PM) on the environment and human health, different characteristics
such as transport and optical properties, surface area, reactivity, and aerodynamic
behavior need to be evaluated [221, 225-230]. These properties largely depend on soot
morphology (size, shape, etc.) which is a crucial part of soot understanding [221, 225-
230]. For instance, since soot reactivity is strongly affected by soot morphology, the
design and functionality of soot after-treatment devices such as filters are influenced by
soot morphology due to the fact that they rely on oxidation of trapped particles in order
to prevent clogging and inefficiency [227, 231]. Another example would be the shape
factor of emitted soot particles determining their suspension time in air before settling
down, which also relates directly to the morphology [226]. Due to its importance, soot
morphology has been the subject of numerous studies. One of the earliest studies on soot
morphology was carried out by Medalia in 1967 [232] in which the morphology of carbon
black aggregates were characterized by various properties such as bulkiness, shape factor,

and anisomery. Several years later, Mandelbrot [233] introduced the fractal concept to
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describe and quantify the morphology of complex objects. The Hausdorff or fractal
dimension, Ds, describes how the volume of a fractal object (with self-similarity) varies
with respect to its size [233]. That is, the increase in volume of a fractal object is directly
related to the radius to the power of Dr. For a two-dimensional object, the Ds is between
1 and 2, and for the three-dimensional case, it is between 1 and 3 [234]. Fractal concept
has been applied to various natural objects such as coastline and star clusters [235],
marine particles [236], and combustion particles [234]. Fe, Zn, and SiO2 aggregates were
the first combustion products described by fractal geometry by Forrest and Witten in 1979
[237] with a Dr between 1.7 and 1.9. Samson et al. [238] first employed the fractal
geometry to characterize soot particles emitted from acetylene flame, followed by
numerous researchers who have performed fractal analysis on soot particles generated by
flames and engines along with corresponding simulations. For instance, Koylu et al. [239]
studied the soot morphology from laminar and turbulent flames of various fuels and
reported the Ds values to be around 1.73 for soot aggregates in turbulent, and 1.78 in
laminar flames. Zhang et al. [240] investigated the Dr of soot emitted from a light-duty
diesel engine and reported Ds values of 1.7 to 1.9 which is consistent with several other
studies conducted both on engines [229, 230, 241] and also constant-volume combustion
chambers [242-244]. This range of Ds is known to be related to the diffusion limited
cluster aggregation (DLCA) regime in which the diffusive motion of the clusters is the
rate limiting step and also clusters and particles move and interact on random trajectories
[234, 245, 246]. Similarly, Sorensen et al. [247] reported the simulated value of Ds for
DLCA aggregates to be around 1.82, in consistent with the value of 1.74 for their

experimental measurement.
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5.1 Fractal dimension calculation

Image analysis on TEM micrographs of soot samples is performed by MATLAB
and ImageJ to obtain the morphological properties (radios of gyration, Dy, skeleton length,
branching ratio, etc). The first step is to convert each TEM image into a binary format,
which possess only black and white pixels, in order to calculate the desired parameters.
This process is completed by the ImageJ software and using the Otsu thresholding. The

mathematical description of D can be shown as:

D
R f

N =k () ®
14

Where N is the number of primary particles per aggregate, ks is the fractal

prefactor, Ry is the radius of gyration, and d; is the average diameter of primary particles

of an aggregate.

There are various methods for obtaining the D of mathematical and physical
objects [235, 248, 249]. Unlike mathematical objects (e.g., Sierpinski gasket), physical
objects (e.g., particle aggregates) have poor self-similarity properties and also the TEM
images have limited resolution [249, 250]. The most common method to avoid such
problems is by analyzing a large number of aggregates instead of performing a separate
analysis for each of them. That is, calculating N and Rq for each aggregate, then Ds and

ki would be the slope and intercept of the linear least-square regression line in the plot of

In(N) over In(z—g). To do so, the value of N can be obtained by:
14
a
— (22
v=() @
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Where Aa is the projected area of an aggregate and A, is the mean projected area
of primary particles. A value of a=1.09 was applied in the present work which is
commonly used in the literature [162, 168, 251] and suggested by Megaridis and Dobbins
for soot aggregates formed inside a diffusion ethane flame [252]. The radius of gyration
is defined as:

RZ=—% 1} (3)

Where ri denotes the distance from the center of each primary particle to the
centroid of the aggregate. Using two-dimensional projected views (TEM images) to
calculate the Dr is not an ideal method since it can underestimate the real values of three-
dimensional aggregates, but the error is not significant [253, 254]. The insignificant error
is valid for Rg as well, and a two-dimensional approximation of the three-dimensional can
be used to obtain the radius of gyration [162, 251] as follows:

RZ = —%1} (4)

Where m is the number of pixels per aggregate, and r; is the distance between each
pixel and the centroid of the aggregate. However, without digital image processing tools,
it is enormously demanding to calculate the Ry, therefore several alternatives and
simplified methods within acceptable uncertainty range have been proposed for soot
aggregates [238, 239]. Using the term (LW)? instead of Ry where L is the maximum
projected length of the aggregate, and W is the maximum projected width normal to L, is
a very well-known and widely-used alternative with an error range of about 5% compared
to Ry [238, 239, 255-257].

Figure 19 illustrates a binarized soot aggregate (Figure 19 a) labeled with the

aforementioned parameters, as well as the skeletonized version (Figure 19 D).

63



Skeletonization is an eroding process applied to a binary image and displays the skeleton
of an object and decrease its thickness to one pixel. The one-pixel thick skeleton is
presented by white color inside the black binary aggregate (Figure 19 b). Skeletonization
of soot aggregates helps to demonstrate their structure without the influence of particle
diameter and provide helpful statistical information which will be discussed in the next
section.

Soot primary particles diameter is another important property and is measured
manually not by means of related softwares to get the best accuracy. Rqis calculated by
Eq. 4 from binary TEM images using MATLAB, and L, W, and A, are calculated using

ImageJ.

(a)

(b)

Figure 19. a) A binary soot aggregate labeled with Ry, L, and W along with b) the skeleton obtained
by ImageJ.
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5.2 Structural parameters for characterizing soot aggregates

Soot aggregates collected from biodiesel flames in this study are observed to have
a distinct appearance compared to that of diesel with a higher rate of branching and
agglomeration, which is also consistent with recent studies in the literature [258-261]. In
order to quantify the branching ratio, we need to introduce a new parameter since it is not
related directly to the Dr.

The goal is to count all the branching nodes for each aggregate. That is, counting
all particles having more than two neighbor particles. That would be practically
impossible through TEM or binary images due to the overlapping of soot primary
particles. The solution is the employment of skeletonized images of soot aggregates since
their skeleton has a thickness of one pixel and therefore makes it possible to identify the
branching nodes. This method may not lead to the exact number of branching nodes due
to the erosion process, however it is easily applicable and allows to statistically evaluate
the branching. ImageJ has been employed to count the branching nodes. It provides the
number of junctions (NJ) when processing a skeletonized object. Technically, ImageJ
considers a black pixel (here black pixels are the objects and white pixels are the
background) a junction when is has more than two neighbor black pixels.

Besides the branching, the length of aggregates and also the length of branches
can provide information on the soot growth process. The parameter “L” (Figure 19 a)
cannot provide reliable information on the length of aggregates, especially when
aggregates are highly branched and curved. An alternative could be the length of the
“largest shortest branch” in ImageJ when analyzing the skeletonized aggregates, which is

referred to as the skeleton length (SL) [262]. Figure 20 illustrates a skeletonized aggregate
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(Figure 20 a) along with its largest shortest branch being distinguished as bold (Figure 20
D). Itis clear from Figure 20 b that the SL provide a more accurate estimation of the length
of aggregate than L even in this rather straight aggregate. The length summation of all
branches in one aggregate minus the SL (bold path in Figure 20 b) will be reported by the

branching length (BL) as a representative of the branching growth.

(a)

(b)

Figure 20. a) TEM skeletonized image of an aggregate, b) TEM skeletonized image of an aggregate
with bold skeleton branch.

5.3 Obtained Ds and structural values

As mentioned in section 5.1, two common approaches for calculating Ds are used

in the present work. The first approach obtains Dr by calculating N from Eg. 2 and Rq
from Eq. 4, then plotting In(N) over In (2—“’) for all aggregate, then finding the slope of the
14

linear least-square regression. The second approach is very similar to the first one, but

the term (LW)*2 was replaced the Ry in the calculation [238, 239]. Table 3 and Table 4
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provide the values of fractal dimensions (Dx) for soot aggregates sampled from the tip of
the studied flames where they are known to be fully carbonized and represent the final
stage of soot evolution (mature soot). Additionally, R-square (R?), which is an indication
of how close the data are to the regression line, is reported. Higher values of R? indicate
that the data are closer to the fitted regression line, with the maximum possible value of

one.

Table 3. Flame height, Dr and R? for different fuels at the tip of the flames using Rg.

Fuel Flame height D, R?
(mm)

Diesel 33 1.56 + 0.224 0.90
B20 33 1.31 £ 0.305 0.67
B50 27 1.69 + 0.268 0.90
B80 27 1.72 £0.188 0.92

CME 21 1.51 £ 0.204 0.89

COME 21 1.5+0.191 0.87

SME 25 1.72 £0.190 0.89

Table 4. Flame height, Dy, and R? for different fuels at the tip of the flames using (LW)*2,

Fuel Flame height D¢ R?
(mm)

Diesel 33 1.9+£0.088 0.99
B20 33 1.65+£0.317 0.75
B50 27 1.79 £0.158 0.97
B80 27 1.83 +0.087 0.98

CME 21 1.8 £0.077 0.99

COME 21 1.79 £ 0.082 0.98

SME 25 1.86 £ 0.083 0.98
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Ds values obtained using Ry (Table 3) range from 1.31 + 0.305 (B20) to 1.72
0.188 and 1.72 + 0.190 (B80 and SME). On the other hand, (LW)? (Table 4) leads to
larger Dr values ranging from 1.65 + 0.317 (B20) to 1.9 + 0.088 (diesel). All the Ds values
are calculated with 95% confidence. The higher values of Dr by means of (LW)Y2 than Rq
is well-known and has been reported in the literature [238, 239]. It is also reported that
their difference would be approximately 5% [238, 239]. The differences between their
values obtained in this study are approximately 5% to 8% in case of three flames (B50,
B80, and SME) and 20% in the other four flames (diesel, B20, CME, and COME).

Both approaches ((LW)*2and Rg) lead to a very similar trend. That is, Ds decreases
from diesel to B20 followed by an increase from B20 to B80 (with B50 in the middle),
then decreases again toward CME and COME (similar values) and increases to SME.
Despite their similarities in the trendline, D values from (LW)Y2 are considered more
precise in this study and are selected as the main data set for the interpretation. The first
reason behind our selection was the range of Ds values. Soot aggregates presenting in the
upper part of a coflow flame are known to follow the DLCA aggregation regime which
results to Dr values in the range of 1.7-1.9. This criterion is met only when using (LW)*2.
Another reason was the Ds values for diesel in relation to the biodiesel. B50, B80, and
SME have higher Ds than diesel based on Rg while diesel has the highest Ds than all other
tested fuels based on (LW)Y? which is more consistent with the literature [260, 263].

One interesting observation is the R? parameter which is significantly high based
on (LW)¥2 (Table 4). Except B20, all other fuels resulted in a R? value fairly close to one

(the maximum value) implying that the data are highly close to the regression line. Figure

21 shows the plotted data of In(N) over In(z—g) and the regression line for COME as an
P
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example to show the difference. It is evident that all the data from (LW)'? are profoundly
close to the regression line as indicated by the R? value (Figure 21 b), but more spread

when Ry is used (Figure 21 a).
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Figure 21. Plotted data for aggregates extracted from COME flame tip by using a) Rg, and b) (LW)*2,

While Ds values indicate the compactness of soot aggregates, NJ, SL, and BL also
need to be reported to characterize their branching and growth rate. Due to the highly
dispersed distribution of NJ, SL, and BL values, their mean values are not reported since
they may not show any reliable trend. However, the most complex aggregates with the
highest NJ, SL, and BL from each flame may lead to a better comparison. The NJ, SL,
and BL values of these selected and representative aggregates are provided in Table 5.

Diesel produced the most linear aggregate with the lowest NJ of 76 and by adding
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biodiesel to that, NJ increased from 110 for B20 to 608 for B80. COME led to the most
branched aggregate while CME and SME led to moderately branched ones. Three highest
branched aggregates (B50, B80 and COME) also have the highest SL and BL. While B20

aggregate has slightly more branching nodes than that of diesel, it has a lower SL and BL.

Table 5. Highest number of junctions for aggregates from tip of the studied flames and summation
of all branches of selected aggregate.

Fuel Flame height NJ SL (um) BL (um)
(mm) (selected aggregate) (selected aggregate) (selected aggregate)

Diesel 33 76 2.5 5.4

B20 33 110 15 4.8

B50 27 554 55 30

B80 27 608 4.5 31.7

CME 21 255 4.1 15.2
COME 21 646 5.4 32.7

SME 25 225 2.7 11

(NJ: Number of Junctions, SL: Skeleton Length, BL: Branching Length)

5.4 Detailed soot morphology comparison from diesel and blending

In order to interpret the results it is worth noting that there are two main
parameters affecting the Ds of soot fractal aggregates formed inside a flame: i) soot
inception rate (equivalent to the precursors density) and ii) the residence time of fractal
clusters inside the flame volume [251]. Both parameters have a direct relation to the
compactness of aggregates and consequently Ds. That is, a higher number of non-fractal
primary particles at the lower part of the flame (stronger soot inception) and/or longer
residence time tend to increase the chance of particle collision and agglomeration, hence

increasing the compactness and Ds. TEM images collected from the lower part of the
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flame can be used to evaluate the density of soot singlet particles operating as the primary
particles to form fractals at the upper part of the flame. Since the sampling of these fractals
occurs at the flame tip region, the flame height could be a meaningful representative of
the residence time due to the identical flow rate used to form all the tested flames.
Therefore, singlet particle density and the flame height are the two main parameters to
interpret the results of this study. Additionally, agglomeration schemes and carbonization
process will be discussed to explain the distinct fractal properties observed in tested
flames.

Considering blended fuels, Dr increases with increasing the percentage of
biodiesel in the mixture (Table 3) implying that soot aggregates become more compact
and less stretched/linear by the addition of biodiesel to the blend. B20 has the longest
flame (33mm) among the tested blends while B50 and B80 form shorter flames with the
height of 27 mm. Therefore, soot particles at the tip of the B20 flame experience the
longest residence time compared to the other two blends which tends to increase the Dx.
However, despite having the longest flame, B20 leads to a lower Ds than B50 and B80
suggesting a significantly lower singlet particles density at the lower part of the flame.
Soot samples inside the B50 and B80 experience similar residence time (approximately
the same flame height), therefore fewer number of singlet particles (weaker soot
inception) may be the reason behind the lower Ds values in the case of B50 than B80.
Diesel and B20 form flames with similar heights, thus lower Ds values for B20 means
weaker soot inception for B20. These conclusions for the variation of soot inception need
to be verified by TEM images from lower part of the flames which illustrate the singlet

particles.
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Figure 22 presents a set of low resolution TEM images (Figure 22 al-a4) with
softened background (Figure 22 b1-b4) and magnified center regions (Figure 22 c1-c4)
from the lower part of the diesel, B20, B50, and B80 flames, respectively, to evaluate the
inception rate or the density of non-fractal spherical particles. The singlet particles or
monomers observed at this region travel on ballistic (linear) trajectories and form
compact clusters upon contact. As the size of the growing clusters increases, their
movement is then characterized by Brownian (random) walks forming relatively loos and
ramified clusters near the flame tip. The higher number of monomers at the beginning of
the aggregation process increases the compactness of final clusters by increasing the
collision probability [264-266]. Based on the Ds values, we concluded the order of soot
inception to be B20<B50<B80 and B20<diesel. Figure 22 can support this conclusion. It
is evident from Figure 22 that B20 (Figure 22 a2,b2) leads to a significantly lower density
of non-fractal and singlet particles than B50 (Figure 22 a3,b3) and B80 (Figure 22 a4,b4).
Additionally, the singlet particle density is lower in the case of B50 (Figure 22 a3,b3)
than B80 (Figure 22 a4,b4) which is likewise consistent with the conclusion based on D¢
values. A weaker soot inception for B20 than diesel is verified by Figure 22 (al-a3 vs.
b1-b3). Last but not least, Figure 22 clearly shows higher singlet particle density
(enhancing Dr) for B50 and B80 compared to diesel, however a higher Ds value for diesel
suggests that the higher flame length of diesel outweighed the higher soot inception rate
of B50 and B80. Another interesting observation is the size of singlet non-fractal
particles. Figure 22 clearly shows the largest particles for diesel and the smallest ones for
B20. More addition of biodiesel to the mixture (B50 and B80) increased the particle size

but still considerably smaller than diesel.
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Figure 22. Low resolution TEM images of non-fractal soot precursors captured at the lower part of
the diesel, B20, B50, and B80 flames (al-a4, respectively). TEM images with smoothened background
(b1-b4) and their magnified center regions (c1-c4) are presented to remove the noise and improve the
visual clarity. The singlet non-fractal particles are the primary particles colliding with each other
under different aggregation schemes to form the fractals in the upper region of the flame.

Figure 23 provides TEM images (Figure 23 al-a4) of soot fractals collected from
the flame tip region of diesel, B20, B50, and B80 along with the binary images (b1-b4)
of selected aggregates with the highest NJ and SL. Skeletonized images (Figure 23 c1-
c4) of the selected aggregates are provided for a better observation of their structure,
branching, and complexity. TEM images in Figure 22 and Figure 23 illustrate that a high

number of soot precursors at the lower part of the flame (stronger soot inception) leads to
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highly branched and agglomerated clusters at the flame upper region. TEM images from
B50 (Figure 23 a3,b3) and B80 (Figure 23 a4,b4) present highly elongated and branched
fractal aggregates with high values of NJ and SL for the representative aggregates as a
result of the high singlet particle density at the lower part of the flame. While B50 and
B80 produced fractal aggregates with significantly high length and branching with respect
to diesel, B20 led to higher similarity to diesel. However, the decreasing effect of B20 on
soot formation compared to diesel is clearly observed from Fig.4 and 5. The effect of
biodiesel addition to the diesel is evident from a visual inspection of TEM images (Figure
23 al-a4) even without considering the statistics obtained from image analysis. B80
resulted in a fully occupied TEM image while one can notice much empty space as the
biodiesel percentage in the mixture decreases. This observation does not mean higher soot
emission for blended fuels since most of the fractals are fully oxidized before leaving the
flame medium due to the higher oxidation rate and smaller primary particles. On the other
hand, higher number of fractals leave the diesel flame ought to the lower oxidation rate
and larger primary particles making diesel flame the highest soot-emitting tested flame.
This is highly expected since biodiesel and blended fuels are already known to reduce the
soot and other harmful emissions [28, 267]. The wide size distribution of aggregates is
obvious by observing the TEM images (Figure 23 al-a4) which contain several small
aggregates with less than 100 nm in length in contrast to extended aggregates longer than

2 pum.

Physical properties (e.g., density, viscosity), fuel molecular structure (e.g., carbon

chain length, number of double bonds, the degree of unsaturation), and oxygen content
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can play key roles in soot formation and growth path [268-272] leading to the
considerable difference between soot morphological characteristics from diesel, B20,
B50 and B80. The obtained morphological characteristics of fractal aggregates generated
by blended fuels can increase the efficiency of after-treatment devices such as particulate
filters. All tested blends generated more open-structured aggregates than diesel which
increases the particulate filtering efficiency [226, 263, 273]. Moreover, larger aggregates
from B50 and B80 can be trapped easier by filters which is another desired characteristic
[274]. Last but not least, all biodiesels and blended fuels led to smaller primary particles
forming the fractal aggregates compared to diesel. This is consistent with previous studies
reporting smaller primary particles generated by biodiesel and blending compared to
diesel [63, 227, 261, 275-278]. The smaller primary particles enhance the oxidation of
trapped particles inside the filters and hence improves the filtering efficiency and

reusability [279, 280].
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Figure 23. (al to a4) represent TEM images showing typical soot fractal aggregates extracted from
the tip region of diesel, B20, B50, and B80 air flames, respectively. The corresponding binary images
of a single aggregate with the highest SL and NJ for each flame (b1-b4) are presented to compare the
effects of blending on soot microstructure. The skeletonized images of these aggregates are also
presented (c1-c4) to observe their branching.
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5.5 Detailed soot morphology comparison from diesel and biodiesel

All three tested biodiesels formed shorter flames containing soot fractal
aggregates with lower Dr values compared to diesel. Figure 24 represents TEM images
(Figure 24 al-a4) with softened background (Figure 24 b1-b4) of soot non-fractal singlet
particles from the lower part of the diesel, CME, COME, and SME flames. It clearly
displays larger but fewer non-fractal spherical particles (which tends to decrease the Dr)
for diesel compared to biodiesel. On the other hand, diesel forms the longest flame among
all tested fuels, which increases the Dr. The higher D value for diesel suggests that its
longer flame outweighs its lower inception rate. It can be concluded that the residence
time of soot aggregates inside the flame before the extraction has a significant impact on

their aggregation process.
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Figure 24. Low resolution TEM images of soot precursors captured at the lower part of the diesel,
CME, COME, and SME flames (al-a4, respectively) in order to observe the effect of different types
of biodiesel fuels on soot inception rate. The TEM images with smoothened background (b1-b4) are
presented to improve the visual clarity.
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Figure 25, which illustrates TEM, binary, and skeletonized images of selected
soot aggregates at the tip of the diesel and biodiesel flames, demonstrates the determining
role of inception rate on the morphology of fractal aggregates. Highly agglomerated
fractal clusters present in CME, COME, and SME flames are the outcome of extremely
high inception rates while diesel fractals are the opposite with the lowest degree of
agglomeration due to the weakest inception rate.

All tested biodiesels lead to longer aggregates (higher SL) with higher branching
(higher NJ) compared to diesel. Only 76 junctions were counted for the selected diesel
aggregate compared to 225 for SME, 255 for CME, and 646 for COME. Similar to Figure
23, awide size distribution of aggregates is evident from Figure 25 al-a4 illustrating quite
small aggregates coexist with very long-stretched ones.

All biodiesels formed more open-structured and larger soot aggregates with
smaller primary particles. The open-structured and large aggregates are very desirable in
filtering technology and enhance the efficiency of particulate filters [263, 274, 280]. The
difference in soot morphology is noticeable even among various biodiesel fuels denoting
the strong influence of fuel chemistry on soot formation. Similar to the blending, pure
biodiesels led to highly occupied TEM images (Figure 25 a2-a4) with respect to that of
diesel (Figure 25 al). However, the stronger oxidation and smaller primary particles in

biodiesel flames result in a lower soot emission in comparison to diesel.
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Figure 25. (al-a4) TEM images showing typical morphology of soot samples extracted near the tip of
the diesel, SME, CME, and COME air flames, respectively. The corresponding binary images of a
fractal aggregate with the highest SL and NJ for each flame (b1-b4) are presented to compare the
effects of biodiesel on soot microstructure. The skeletonized images of these aggregates are also
presented (cl1-c4) to observe their branching structure.
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5.6 Aggregation growth and evolution

In our study, neat biodiesel fuels and the biodiesel/diesel blending with high
biodiesel percentage (50% and 80%) generated a number of highly long-stretched soot
fractal aggregates (showed as selected aggregates in Figure 24 and Figure 25) compared
to commonly reported soot aggregates from various combustion configurations and fuels
which are known to be up to a few hundred nm [64, 168, 227, 242, 281-284]. Most of
these unusual and highly extended irregular aggregates here are longer than 4um and are
not entirely captured in the TEM images even in the low magnification of 4,000X.
Similar-sized aggregates have been also reported by Aizawa et al. [260] and were found
only inside the biodiesel spray flame and not inside the diesel flame. The aggregation
mechanism was believed to be responsible for such a different morphology. Based on our
TEM images and calculated fractal and structural parameters, we hypothesize that the
combination of aggregation and carbonization mechanism can provide a credible

explanation to the considerable difference between diesel- and biodiesel-derived soot.

Figure 26 illustrates our proposed aggregation evolution including two observed
fractal evolution paths inside the coflow flame. TEM images from diesel and COME are
presented as two examples in order to support the mechanism. Similar to any coflow
diffusion flame, the monomer-cluster aggregation (MCA) is the governing aggregation
scheme in the lower part of our tested flames because of the plenty of monomers at this
region while their upper region is dominated by cluster-cluster aggregation (CCA) due to
the presence of higher number of large clusters and consumption of monomers [252, 264].
In MCA, monomer movement is characterized by ballistic (linear) trajectories in the

lower part of the flame due to a large mean free path compared to the size of primary

80



particles and growing clusters [252, 265]. As clusters grow and enter the upper region of
the flame, their size passes the mean free path leading to the Brownian (random) motion
[252, 266]. Particles traveling on linear trajectories are more likely to deeply penetrate
into the clusters compared to the random motion, therefore MCA results in more compact
clusters with higher Ds compared to CCA [264].

The outcome of MCA is apparent in the low region of the COME flame resulting
in compact non-fractal tarry-like or droplet-like clusters due to the high amount of
hydrogen, soluble organic fraction (SOF), and volatile organic fraction (VOF) in the
presence of relatively low temperature [63, 64, 285]. The schematic of these structures is
shown by Figure 26 b. These non-fractal objects with nuclei inside can easily be detected
in the TEM images as pointed by arrows in Figure 26 b1 and enlarged in Figure 26 b2.
The conversion of non-fractal structures to fractals is observed when entering the upper
region of the COME flame (Figure 26 b, ¢). This transition is due to the carbonization in
which soot particles become fully defined and solidified. The transition from non-fractals
to fractals witnessed in COME flame follows the carbonization process suggested by
Reilly et al. [207] in which large PAH-containing droplets including nuclei grow and fuse
together followed by their conversion to well-defined fractals due to the carbonization
when exposed to the higher temperature at the upper part of the flame. One intermediate
fractal aggregate as a result of this carbonization process is depicted by Figure 26 c1 with
its skeleton shown by Figure 26 c2. The intermediate aggregates grow and collide with
each other under the CCA to form long-stretched and branched fractal aggregates near
the tip of the flame (Figure 26 d). The TEM image from the tip region of COME flame

(Figure 26 d1) illustrates the presence of highly stretched and open-structured aggregates.
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The aggregates are carefully inspected to make sure there is no discontinuity along their
length. Several points of interest are pointed by arrows and enlarged to show that the
selected aggregate is one complete aggregate without any break or gap.

In contrast to COME, aggregation evolution in diesel flame seems to follow
another path (path 2 in Figure 26). The large non-fractal droplet-like structures observed
in COME flame are not dominant in diesel flame. TEM images from low region of the
diesel flame (Figure 26 e1-2, f1) demonstrate the dominance of singlet particles and small
clusters instead of large droplet-like structures. The number of nuclei inside the clusters
is limited (Figure 26 €) compared to COME indicating that small number of particles are
fusing together. Figure 26 e1-2 show several transparent non-fractal structures containing
mostly one or two nuclei which are pointed by arrows and schematically presented by
Figure 26 e. These transparent particles become more defined and solidified as shown by
Figure 26 f1, as a result of carbonization. The carbonization evolution taking place in the
diesel flame follows the mechanism suggested by Lahaye [213] in which particles first
carbonize and then go through the agglomeration to form fractal structures. Due to the
abundance of singlet particles and small clusters at this point, the aggregation is governed
by MCA leading to relatively compact intermediate fractals. Figure 26 g1 shows an
intermediate fractal with the skeleton structure (Figure 26 g2) from the diesel flame which
is more compact than the one presenting in COME flame (Figure 26 c1). The intermediate
aggregates then follow the CCA to form the final fractal aggregates in the tip region of
the diesel flame (Figure 26 h). The TEM images from the tip region of diesel flame

(Figure 26 h1) clearly depicts more compact, shorter, less ramified and stretched fractals
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with respect to COME (Figure 26 d1). The fractal parameters obtained in this study (i.e.,
lower Dy, higher NJ and SL for COME) also support the observation of TEM images.

The main difference between path 1 and 2 is the order in which MCA and
carbonization take place. Late carbonization (path 1) allows the formation of large non-
fractal droplet-like structures as a result of MCA leading to more open fractals after
carbonization. Nevertheless, an early carbonization (path 2) solidifies the liquid-like non-
fractals first and forms singlet particles and small clusters leading to more compact
fractals as a result of following MCA.

TEM images of soot aggregates sampled from the tested flames along with their
calculated Ds values suggest that path 1 is dominant inside the COME, CME, SME, B50,
and B80 flames while path 2 is governing inside the diesel and B20 flames. It was
expected that the characteristics of B20 derived soot follow that of diesel due to the high
percentage of diesel in the mixture and similarly B80 was expected to follow that of
biodiesel. The B50 which contains equal percentage of diesel and biodiesel resembled

biodiesel more than diesel suggesting the strong effect of biodiesel on soot properties.
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Figure 26. Soot aggregation evolution and growth along the flame axis of vaporized biodiesel (path
1, COME) and vaporized US#2 diesel (path 2). In the case of path 1, carbonization happens after
the MCA leading to large droplet-like structures resulting in open-structured and stretched
fractal aggregates in the tip region of COME flame. Unlike path 1, carbonization takes place
early and before the dominance of the MCA in path 2 favoring the creation of singlet
particles instead of the large droplet-like structures which results in more compact and less
stretched and extended fractals in the tip region of the diesel flame.
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6 Nanostructure Analysis of Soot Particles Derived from Studied

Flames

Soot nanostructure can have implications in the design of combustion systems and
their emission requirements. For instance, the type of nanostructure (crystalline vs
amorphous), quality of the graphene layers in the crystalline soot (length and curvature),
can alter its properties such as its thermal radiation (emissivity of soot) and oxidative
reactivity [286, 287]. The nanostructure can also provide information on the type of fuel
used for the combustion processes that lead to its generation [222, 287-290].
Nanostructure studies on soot can also help reveal its maturity. Soot nanostructure can
also affect biological reactivity and hence affecting human health and the environment

[221, 258, 291].

6.1 Visual inspection of soot nanostructure

Figure 27 (al-a4), (b1-b4) and (c1-c4) are representative HR-TEM images of the
soot nanostructure at the different stages of the soot evolution for CME, COME, and
SME, respectively, all using air as the oxidizer. Brightness and contrast were adjusted to
improve the visibility of the fringes in the HR-TEM images. HR-TEM imaging analysis
on the precursor particles or “young soot” show that their internal structure is not well
ordered (Figure 27 (al, b1, c1)). These soot precursors captured from the lower region of
the flame are composed of an amorphous tar-like polymeric material with no clear
boundaries between the particle surface and the carbon film of the TEM grid. It is evident

from an inspection of the HR-TEM images (Figure 27) that as the particles are transported
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in the direction of the flame’s tip (direction of temperature increase) their inner structure
is significantly modified. Singlet particles or “soot precursors” at the lower region of the
flames appear to be mostly amorphous (Figure 27 (al, b1, c1)) and by the small variation
of the axial flame position are transformed into aggregates of a few primary particles with
an internal structure that is composed of segments of short graphene layers (Figure 27
(a2, b2, ¢2)). HR-TEM applied to a section or corner from the “irregular cluster” present
in the upper part of the flame exhibits a more graphitized inner structure (Figure 27 (a3,
b3, c3)).

HR-TEM imaging on selected areas of the assembled fused primary particles
forming the aggregates show that they have well-defined crystallites or so-called graphitic
inner structure that is curved, planar and in some regions composed of concentrically
stacked curved graphene layers. The necking of the primary particles fused to form the
fractal-like aggregates is evident in these HR-TEM images (arrows in Figure 27 (a3, b3,

c3)).
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Figure 27. Representative soot nanostructure of “young” and “mature” soot present along the central
axis of the three (B100) evaporated biodiesel formed flames at the various HAB. (al-a4), (b1-b4) and
(c1-c4) represent the HR-TEM images of soot collected from the CME, COME and SME air flames,
respectively.
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Overall, it is interesting to note that the degree of graphitization of the soot in the
CME/air and COME/air is enhanced as the flame’s tip is approached. The same effect is
present in the SME/air flame; however, the process is delayed, and the carbonization
process is evident at the flame HAB of 25 mm. Another interesting aspect of the
nanostructure study is that the soot formed in the biodiesel flames is comprised of ultra-
small carbonized inclusions. The carbonized inclusions are clearly observed as they
appear as a material of a darker contrast to the electron beam within the soot (insets in
Figure 27 (al, b1, cl)).

HR-TEM images of soot nanostructure at various HAB of flames formed by
diesel, B20, B50, and B80 are presented in Figure 28. Similar to biodiesel flames, HR-
TEM images at the lower part of the flames (Figure 28 (al-a4)) illustrate amorphous tar-
like structures without defined boundaries. However, as soot particles travel toward the
flame tip, their internal structure are significantly modified with higher degree of
graphitization, more ordered graphene layers, and clear boundaries Figure 28 (b1-b4) and
(cl-c4). Moving toward the flame tip, the internal structure of soot particles becomes
well-ordered with clear carbon layers and sharp boundaries as shown in Figure 28 (d1-
d4) and (el-e4). This characteristic is related to “mature soot” with high degree of
carbonization near the flame tip. It is also evident from Figure 28 that the inner region of
the mature soot particles or the ’core” of the particles are rather amorphous including
short and randomly oriented fringes while the outer region of particles or the “shell” is
composed of long and radially ordered carbon layers. This core-shell characteristic has
been widely reported in the literature for soot nanostructure [292-295]. One interesting

observation from Figure 28 is the comparison between diesel and blended fuels. The
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degree of curvature seems to be higher and the layers seem to be shorter in the case of
blending (Figure 28 (d2-d4), (e2-e4)) compared to rather long, linear and straight
graphene layers in the diesel flame (Figure 28 (d1, el)).

The HR-TEM studies of the trapped carbon particles or “young soot” from the
biodiesel flames (region just below the middle of the flames) show that the inner structure
is composed of shorter graphene layers that are arranged in an irregular manner compared
to the soot nanostructure formed in the #2 diesel flame where the “young soot” inner
particle structure appears to be more organized. From the presented soot evolution
profiles, it is evident that for both types of fuels (biodiesels and #2 diesel), the state of
graphitization increases in the upper regions of the flame. It is also evident from the soot
profiles that the carbon layers forming the inner structure of the “mature soot” in the #2
diesel flame (Figure 28) appear to be of a lower degree of curvature compared to those of
the biodiesel flame (Figure 27) at similar flame position. It has been suggested by Vander
Wal et al. [289] that curvature of a graphene layer in soot results from the presence of
five-member rings of aromatics. Curved carbon layers have weaker C-C bonds (so they
can be broken easily) and also oxidizing agents (O2 and mostly OH) can attack them at
more points due to their structure compared to a straight chain [289] (Figure 29). That
could be another reason behind the higher rate of oxidation in the biodiesel flame than

the diesel flame.
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Figure 28. Representative soot nanostructure of “young” and “mature” soot present along the central
axis of evaporated blends and diesel formed flames at the various HAB. (al-el), (a2-e2), (a3-e3), and
(ad-e4) represent the HR-TEM images of soot collected from the diesel, B20, B50, and B80 air flames,

respectively.
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Figure 29. Curved carbon layers (results from five-member rings of aromatics) have weaker C-C
bonds and also are more prone to oxidizing agents (O2 and mostly OH) leading to a stronger soot
oxidation.

6.2 Imaging analysis and statistical data

Imaging analysis has been used extensively to analyze soot nanostructure in order
to obtain statistical information on soot characteristics and its reactivity. High-resolution
transmission electron microscopy (HR-TEM) is capable of revealing the graphitic
structure (nanostructure) of soot and allows to directly measure the length, orientation,
curvature, and spacing of graphitic fringes [296]. Many studies have been conducted to
analyze and characterize the soot nanostructure and relate it to fuel type, combustion
conditions, and oxidative reactivity [287, 289, 297-300]. The most common fringe
parameters studied in the literature are length, tortuosity, and fringe separation [300-304].
The fringe length measures the physical extent of the atomic carbon layer planes [305].
Larger fringe lengths means the material has fewer crystallites or grain boundaries and is
considered to be more similar to graphite [305, 306]. The length of a fringe in a
skeletonized (one-pixel thickness) image is obtained by summing the distant between the

first pixel of the fringe and the next pixel cumulatively. Figure 30 illustrates a fringe (dark
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pixels) with the distant between adjacent pixels. The distant between two adjacent pixels

are either 1 if aligned vertically or horizontally or /2 if aligned diagonally (Figure 30).
Tortuosity measures the curvature of a fringe implying the extent of 5- and 7-membered
carbon rings [301, 307, 308]. Tortuosity is an indication of disorder within the material
and is defined by the ratio of the fringe length to the distant between the fringe endpoints
(Figure 30). Therefore, the lowest possible value of tortuosity is 1 (for a straight fringe)
and the value increases with increasing the curvature. fringe separation is the mean
distance between neighboring carbon layer planes. In order to obtain the most reliable
result, the spacing is measured manually by finding parallel adjacent fringes and

measuring the normal distant between them.
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Figure 30. A magnified fringe with various length parameters. The distant between vertically or
horizontally aligned pixels is 1 and between diagonally aligned pixels is V2.

There are also various image analysis algorithms developed by researchers to
extract the statistical data out of the HR-TEM images [303, 305, 309]. The algorithm used
in this study is very similar to the one developed by Yehliu et al. [305]. ImageJ was the
main software to implement the various steps of the algorithm. The first step is the region

of interest (ROI) selection (Figure 31.2). ROl was selected manually to only consider the
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sufficient and clear fringes. For instance, the background (carbon film on the TEM grid),
irrelevant objects, highly noisy areas, and particles overlapping regions should be avoided
when selecting the ROI. All the pixels outside the ROI are deleted before processing the
image. The next step is the contrast enhancement (Figure 31.3). A high contrast image
has a large difference between the highest and lowest intensity levels. The image contrast
was increased by ImageJ with histogram equalization option turned on which transforms
the image intensity histogram into a uniform probability density function as suggested by
Ref. [305]. While applying histogram equalization improves the contrast of the image, it
also increases the contrast of the background noise which affects the robustness of the
algorithm, especially the processes after the image binarization [305]. Therefore, a
Gaussian lowpass filter is applied as the following step in order to lessen the high-
frequency noise [310] (Figure 31.4). If the binarization is applied at this point (after
lowpass filter), the result would be inaccurate due to the uneven illumination which is
common in HR-TEM images. The binarization applies a threshold across the whole image
leading to areas with undistinguishable fringes due to uneven illumination. This issue can
be addressed by applying various thresholds for different regions of the image [310]. A
top-hat transformation can correct the uneven illumination by subdividing the image into
multiple regions and thresholding each region separately [304, 305, 310]. In this study, a
top-hat transformation with a disk element of 5 pixels size (as suggested by Ref. [305])
has been applied to images by “MorphoLibJ” plugin in ImageJ (Figure 31.5). The next
step is binarization which converts all the gray pixels into black and white pixels based
on the given threshold which is necessary in order to extract lattice the fringes from the

background [300, 303, 304] (Figure 31.6). Here the threshold was applied using Otsu’s
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method which is one of the most common method in the literature as suggested by many
authors [305, 311-315]. After performing the morphological corrections (opening and
closing) (Figure 31.7,8), the skeletonization was applied by a built-in plugin in ImageJ
which has been suggested in the literature [227]. Skeletonization is a necessary process
to extract the fringes statistical information [227, 305] (Figure 31.9). Imagel
“AnalyzeSkeletons” plugin was then employed to calculate the fringe length and
tortuosity [227]. Removing the fringes which are smaller than a minimum value is a
necessary step in order to separate the recognizable fringes from smaller objects with
insufficient features to be distinguish from noisy or noncrystalline structures [227, 305,
313] (Figure 31.10). However, various minimum values have been suggested in the
literature. Values such as 0.264 nm [316], 1.5 nm [303], 0.4 nm [301], and 0.483 nm
[313] have been used. In this study, we followed Botero et al. [313] who suggested the
0.483 nm which is the length of two aromatic rings. Figure 31 provides a complete set of
processed images corresponding to each mentioned step in the imaging analysis
algorithm.

A set of histograms for the fringes length of soot particles extracted near the flame
tip is provided by Figure 32. Soot particles near the flame tip have been selected for the
image analysis due to their fully carbonized characteristics, clear fringes, and sharp
boundaries. Additionally, considering soot samples near the flame tip leads to a better

comparison between flames with various heights providing a normalized height.
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Figure 31. Consecutive implementation of the image processing algorithm employed in this study.
The numbering shows the sequence of processes.
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Figure 32. Histograms of fringes length of soot from near the tip of the studied flames.

A simple inspection of Figure 32 shows the shortest fringes for SME and COME
with more than 35% of fringes shorter than 0.58 nm. Other fuels show very similar fringe
length histograms while diesel seems to have the longest fringe length overall with
highest average (Figure 32). It is widely accepted that biodiesel and oxygenated fuels
tend to form more amorphous soot particles with shorter length in comparison with diesel
[227, 289, 298]. Therefore, our obtained fringe lengths are consistent with the trend
reported in the literature with the highest value for diesel and the lowest for biodiesel.

The tortuosity histograms which indicate the degree of curvature of carbon fringes
are provided in Figure 33. Itis clear from Figure 33 that diesel led to the lowest tortuosity
values with around 30% of fringes with a maximum tortuosity of 1.1. This indicates the
diesel soot particles compose of straight and linear fringes. On the other hand, SME and

COME led to the highest degree of curvature with only less than 15% of fringes with a
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tortuosity of 1.2 or lower suggesting highly curved fringes (Figure 33). This observed
trend (more curved fringes in case of biodiesel and blending compared to diesel) has also

been widely reported in the literature [227, 289, 298].
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Figure 33. Histograms of fringes tortuosity of soot from near the tip of the studied flames.

The spacing between graphene fringes is another important parameter to
characterize the nanostructure of soot particles. As reported in Figure 34, all biodiesels
and blended fuels produced soot particles whit higher interlayer lattice spacing compared
to diesel. Higher interlayer spacing can be an indication of higher degree of graphitization
[227, 315]. As shown in Figure 32-Figure 34, diesel soot particles showed the highest
degree of graphitization with the shortest fringes, highest tortuosity, and highest interlayer
separation compared to biodiesel and blended fuels. The same trend has been reported in

the literature [227, 298, 305, 315, 317] which can validate our obtained result.
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7 Conclusions

In this study the soot evolution profiles on the formation of carbon particulates
(physical characteristics) in co-flow diffusion flames formed by three different vaporized
biodiesels, #2 diesel, and various blends of biodiesel/diesel were obtained. For all studied
flames, air is used as the oxidizer. Canola methyl ester (CME), soy methyl ester (SME),
and cotton methyl ester (COME) have been studied due to their popularity. The blended
fuels are obtained by volumetric mixtures of CME and #2 diesel with various
concentrations: B20, B50, and B80. Soot samples were thermophoretically collected from
the centerline of formed diffusion flames at various heights above the burner followed by
transmission electron microscopy (TEM) imaging. The attained soot evolution profiles in
all tested flames show the typical soot formation process. That is, particle inception
(singlet particles) or “young soot” is present at the lower part of the flame followed by
the presence of particle growth “mature soot” and oxidation in the upper regions of the
flame. However, it was found that there are some unique differences in the characteristics
of the soot evolutions in the flames formed by biodiesel and blended fuels compared to
those present in the diesel flame. The singlet particles or “soot precursors” present in the
lower region of the biodiesel flames are much smaller in size compared to those in the
diesel flame. In the biodiesel and blended fuel flames the presence of large “irregular-
shaped” fragments or “globule” structures is typical of their soot evolution. At
approximately the middle region of the flame, “irregular-shaped” structures are evident.
The “irregular-shaped” structures have the following morphological characteristics: (i)
resemble large eutectic (solid/liquid) manifesting the viscous liquid nature; (ii) some of

these “irregular-shaped” clusters containing embedded carbonized inclusions that can be
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easily identified as they have a darker contrast; (iii) from the TEM results it can be
suggested that the “irregular-shaped” structures serve as possible growth pathways for
the formation of aggregates composed of nearly spherical shaped and fully carbonized
particles in the upper part of the flame.

The soot evolution obtained in the blended flames resemble those present in the
parent fuel. For instance, the peak dp value for B20 flame approaches that of the parent
fuel (in this case the #2 diesel). That is, the diameter of the primary particles increases as
the percentage of diesel in the blending mixture increases. The increase of biodiesel
percentage in the blended mixture enhances the formation of long chain-like aggregates
composed of a high number of soot primary particles with higher degree of networks. On
the other hand, the aggregates formed in the diesel flame are shorter and not as heavily
linked as in the biodiesel flame. It was found that when the fuel blend was obtained using
equal proportions (B50), the morphology of the soot is rather complex and it is difficult
to identify the boundaries of the primary particles forming the aggregates, thus making it
difficult to obtain a peak dp value for this blended flame.

In order to statistically investigate the morphology of soot particulates, several
morphological and structural parameters are obtained by computer-aided imaging
analysis. Fractal dimension (Dr), aggregate skeleton length (SL), and number of junctions
(NJ) of soot aggregates are obtained to characterize the soot morphology. All tested
biodiesels and blended fuels led to soot aggregates with higher NJ (higher branching) but
lower Ds (more open structure) compared to diesel. Compared to diesel, all tested fuels,
except B20, enhanced the number of soot precursors structures leading to highly branched

and long-stretched fractal objects with very long skeleton length near the flame tip. Fuel
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chemistry, especially the carbon chain length and the degree of unsaturation, is
hypothesized to be the main reason behind the different soot morphology even among
biodiesels and blends. Soot agglomeration and carbonization evolution could be another
justification for the very large and extended aggregates observed in biodiesel, B50, and
B80 flames. When the carbonization happens early and prior to the dominance of
monomer-cluster aggregation, final soot fractals become more compact which is the case
inside the diesel flame. On the other hand, the late carbonization after the dominance of
monomer-cluster scheme results in more open-structured and stretched aggregates due to
the presence of large droplet-like structures which is observed inside the biodiesel, B50,
and B80 flames. The lowest Ds value for B20 implies the late carbonization inside the
B20 flame. However, large droplet-like structures are not evident inside the B20 flame
which might be a result of the low number of singlet particles with small diameter. Having
the lower Dy, biodiesel soot fractals can have a longer suspension time in air due to their
higher dynamic shape factor, but they can be more easily trapped in particulate filters
before being released to the atmosphere due to their open and chain-like structure and
larger size. Besides having soot particles with lower Dy, another advantage of using
biodiesel is their smaller soot primary particles which can be easily oxidized to reuse the
particulate filters.

Soot nanostructure is also studied due to its importance in characterizing the
degree of graphitization and their oxidative reactivity. Graphene layers are captured by
high-resolution TEM (HR-TEM) images and analyzed by computer-aided imaging
analysis. The length, tortuosity (degree of curvature), and interlayer spacing of carbon

fringes are obtained for tested fuels. The impact of biodiesel and blended fuels on soot
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internal structure is evident as they resulted in shorter and less organized fringes with a
higher degree of curvature and also with smaller interlayer spacing compared to diesel.
All of these observations imply the more amorphous and less graphitized characteristics
for biodiesel and blending with respect to diesel. The amorphous structure with highly
curved layers facilitates the oxidation and enhance the oxidative reactivity of biodiesel
soot particles which again enhance the effectiveness of particulate filters.

Biodiesel is observed to influence the size, morphology, evolution mechanism,
and internal structure of soot particles significantly. Even a 20% addition of biodiesel into
diesel fuels can lessen the soot emission and enhance the efficiency of after-treatment
devices. Using biodiesel/diesel blends is very helpful to take advantage of biodiesel
positive impacts on environment with no or minor engine modification, and at the same

time keeping the fuel price reasonable compared to pure biodiesel.
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