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ABSTRACT

Biodiesels, considered as alternative fuels to petroleum diesel, are defined as fatty acid
methyl or ethyl esters derived from triglycerides of vegetable oils or animal fats. The
utilization of biodiesels reduces greenhouse gas emissions, assists in sustainable energy
development, and enhances energy independence due to the renewable and
biodegradable nature of these fuels. Besides being close to environmentally carbon-
neutral, biodiesels have properties similar to those of petroleum fuels with comparable
energy content and can be blended with petroleum fuels and used in existing engines
without major modifications. Furthermore, they contain fuel-bound oxygen while being
free of aromatic content; therefore, blends of biodiesels and petroleum fuels present the
capability of reducing soot emissions from engines. Blending of biodiesels with
petroleum fuels is considered feasible in the near term due to limited current availability
of the commercial biodiesels and the lack of experience on the long term effects of
storage, handling, transportation and combustion of these biodiesels and blends on the
engines and the environment. Several studies in engine literature have revealed that the
use of biodiesels and their blends in a compression ignition engine resulted in an
appreciable reduction in the emissions of particulate matter (PM), unburnt hydrocarbons
(UHC) and CO, compared to the use of diesel fuel. However, in case of nitric oxides
(NOx) emissions, the results are variable and case dependent. The average effect of
biodiesel on NOx emission was seen to be small, but with a high variance, which
resulted in difficulty in discerning a clear pattern. Nitric oxides are categorized as one
of the key pollutants in engine emissions that can affect human respiratory system and

vegetation. Therefore, it is crucial to understand the effect of various fuel and engine
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operating parameters on biodiesel NOx emissions to develop enhanced mitigation and
abatement techniques for the widespread use of biodiesels in transportation. In engine
literature, fuel unsaturation has been attributed to the observed change in NOXx
emissions with the use of biodiesels in compression ignition engines. Several results
indicated the existence of a strong relationship between NOx emissions and iodine
number, used as a measure of the fuel unsaturation of vegetable oils and fatty acid
methyl esters. However, relevance of iodine number as a measure of total unsaturation
of petroleum fuels like diesel, Jet A and their blends with biodiesels is debatable due to
the significant differences in the reactivity of iodine with petroleum fuels. Bromine
number, used as a measure of aliphatic unsaturation in petrofuel samples, does not
account for the aromatic unsaturation from petroleum fuels. Hence, a common
parameter that is relevant for both biodiesels and petroleum fuels needs to be identified
to quantify the fuel unsaturation. A parameter, termed “Degree of Unsaturation
(DOU),” which accounts for the total unsaturation of the fuel from all sources such as
double and triple bonds, aromatics and other ring structures irrespective of the families
of the fuels (alkanes, alkenes, alkynes, aromatics, ether or ester) that has been used in
organic chemistry literature is proposed in this work and identified as a potential
indicator of NOx emissions from biodiesel blends. In this dissertation work,
experimental correlations between DOU and the NO emission index on a mass basis
(Elno) in laminar flames of neat prevaporized fuels such as methyl oleate (MO), soy
methyl ester (SME), canola methyl ester (CME), rapeseed methyl ester (RME), palm
methyl ester (PME), heptane, toluene, diesel, JetA and petroleum/biodiesel blends at

various equivalence ratios (® = 0.9, 1.0, 1.2 and 1.5) are developed. The NO emission
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index of flames of biodiesel/petroleum blends was found to increase with DOU, but
with varying trends depending on their families of origin. The effects of DOU on Elno
were significantly influenced by the equivalence ratio, with the maximum influence at
an equivalence ratio of 1.2. At the equivalence ratio (®) of 1.2, Elyo increased from 2.4
g/kg at a DOU value of 1.7 to 4.4 g/kg at a DOU of 3.0 among biodiesels and their
blends with petroleum fuel; toluene flame (100% aromatic content with a DOU of 4)
produced an Elyo of 6.94 g/kg. It is found that both NO and CO emission indices from
the tested flames are influenced by two major parameters - equivalence ratio and total
fuel unsaturation. Further, the presence of fuel aromatic content and the family of fuel
were observed to significantly influence NOx formation particularly near stoichiometric
equivalence ratios. Based on both global and inflame emission results along with the
numerical analysis of tested flames, it is concluded that fuel unsaturation, fuel aromatic
content, equivalence ratio and family of the respective fuel, together influence the NOx
emissions in flames. The net effects of these parameters at a given condition establish
the amount of Elyo produced from the corresponding flames due to the fuel chemistry
effect alone. Hence, DOU provides a common platform to compare and quantify the
effects of fuel unsaturation across different fuel families and can be employed as an
indicator of NOx emissions. DOU can be evaluated based on the average molecular
formula of the fuel alone without involving complex and expensive experimental
procedures such as those involved in the measurement of iodine number. The
propensity of a biofuel blend for NOx emissions during combustion can be quickly
ascertained with the successful development of Degree of Unsaturation (DOU)

parameter, thus, providing a valuable tool for fuel developers.
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PREFACE

This dissertation work is aimed at the experimental and numerical investigation of fuel
unsaturation effects on the pollutant emissions from the laminar flames of prevaporized
biodiesels (from a variety of feed stocks) and their blends with petroleum diesel with air
as an oxidizer. This dissertation work is based on and contains information and data
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CHAPTER 1 INTRODUCTION

The technological advancements and growing energy demands in the recent past
have emphasized the significance of demand for energy resources across the world.
Until now, non-renewable fossil fuels account for major portion of the energy generated
and consumed. According to the Annual Energy review report by the Unites States
Energy Information Administration (2016), between 2010 and 2015, fossil fuels
accounted for approximately 82% of energy consumed in the Unites States. Sources
such as renewable energy and nuclear power accounted for 9.5% and 8.5% respectively
(Figure 1.1). This report surveyed the various renewable energy resources utilized for
the energy production; it was found that hydroelectric power topped the table and it
accounted for 25% of energy production among the renewables, while biofuels
accounted for 22% and wood (biomass) accounted for 21% (Figure 1.2). These values
seemed to be increasing in the last few decades. Figure 1.3 shows the sector wise
energy consumption in the United States; Industrial sector accounted for 32% of energy
consumption and the energy consumption by transportation sector was estimated to be
28%. Among this 28% of energy consumption by transportation sector, 85% of energy
need was still satisfied by petroleum fuels while less than 10% was contributed by
biofuels (9%) and natural gas (6%). Moreover, the energy consumption by energy
sector is predicted to increase by 30% in 2040 which inturn increase the dependence on
fossil fuels for the energy requirements. In spite of the recent technological
advancements in the petroleum industry such as horizontal drilling and hydraulic

fracturing, the energy industry cannot completely rely on these fossil fuels because of



their non-renewable nature. In addition, the conventional methods of electricity
production and energy production for transportation involve burning of fossil fuels or

coal that resulted in the increase of CO, emissions levels in the atmosphere.

Global warming, defined as a gradual increase in overall temperature of the earth’s
atmosphere, is generally attributed to greenhouse gases such as CO, and other volatile
organic compounds. The Intergovernmental Panel on Climate Change (IPCC), in its
fourth assessment review (AR4 2007), reported that scientists were more than 90%
certain that most of global warming was being caused by increasing concentrations of
greenhouse gases produced by human activities. (National Research Council, 2010).
Affirming these findings in 2013, the IPCC stated that the largest driver of global
warming is carbon dioxide (CO;) emissions from fossil fuel combustion, cement
production, and land use changes such as deforestation. In addition, the unburnt
hydrocarbons and pollutants such as CO and NOx that are formed during combustion

have significant impact on the environment.

Major steps have been taken to consider the renewable energy resources to reduce the
dependence on fossil fuels. In the transportation sector, focus has been shifted to the
consumption of alternative transportation fuels such as ethanol and biodiesel (produced
by the trans-esterification of vegetable oils, to be discussed subsequently). Biodiesels
are considered to be close to carbon-neutral because they do not result in a net increase

in atmospheric greenhouse gases.

As shown in Figure 1.3, biofuels account for only 9% energy consumption in the

transportation sector. These values indicate that commercialization of biofuels is still in



a primitive stage, however, the enegy consumption in the form of biofuels is continued
to grow for the past 20 years. Figure 1.4 shows the energy consumption in the form of
biofuels by transportation sector, there was a consistent increase in consumption,
particulalry in the last 10 years; biofuels contributed to about 340 trillion Btu in 2005
while this value was increased by three folds to 1350 trillion Btu in 2015. These
numbers indicate the biofuel consumption status in the United States only. Biodiesels
are getting popular across the world, particularly soy, canola and rapeseed based
biodiesels in the Canada and Europe; palm, jatropha, karanja and other vegetable

feedstock based biodiesels in the south east Asia and other countries.

In the United States, the overall consumption of alternative transportation fuels
increased by almost 13% in 2011. Under the implementation of Renewable Fuel
Standard, consumption of biodiesel grew almost 240% between 2010 and 2011.
Aviation biofuel, used for aircraft propulsion, is considered to be the primary means by
which the aviation industry can reduce its carbon footprint. After a multi-year technical
review from aircraft makers, engine manufacturers and oil companies, biofuels were
approved for commercial use in July 2011(ASTM approval of biofuels). Since then,
some airlines have experimented with using biofuels on commercial flights. A well-
established knowledge base of the combustion of biodiesels and their blends with
petroleum diesel and Jet A fuel is required for the widespread use of biodiesels for the

energy needs.



1.1 Transesterification and Biodiesels

Fatty acid alkyl esters, commonly known as biodiesels are produced by the
trans-esterification of triglycerides from wide range of feedstocks especially oils from
local grown crops and recycled cooking oils. Transesterification process involves
mixing of the triglyceride from the feedstock at an elevated temperature (around100°C)
with an alcohol (e.g. ethanol or methanol) and catalyst (e.g. sodium hydroxide) results
in the formation of methyl ester biodiesels (if methanol is used) and ethyl ester
biodiesels (if ethanol is used) as well as a glycerol product (Ma and Hanna, 1999) which

can later be used in food, medical, pharmaceutical, or cosmetic products.

1.2 Use of biodiesels - merits and challenges
The widespread use of biodiesel is encouraged based on the following positive

attributes (Tyson, 2004):

Biodiesel is renewable and non-petroleum-based;

e Biodiesel can reduce greenhouse gas emissions;

e Biodiesel is less toxic and is biodegradable;

e Biodiesel can reduce tailpipe emissions of particulate matter (PM), CO, HC, and
other air toxics;

e No or minor modifications are needed for the traditional compression ignition
engine to use biodiesel;

e Biodiesel compression ignition engines are similar in operation as

conventionally-fueled diesel engines.



There are few challenges to overcome in realizing the widespread market of biodiesels

as follows:

Lower volatility and higher viscosity of biodiesel and less favorable cold flow
properties.

e Lower storage stability and material compatibility issue

e Sustainable production issues and high production cost because of
transesterification and expensive feed stocks.

e Food vs Fuel issues.

1.3 Combustion in diesel engine - A black box approach

Industrial and automotive engine/fuel testing techniques typically involve
measurement of various parameters such as gaseous pollutant emissions, particulate
matter, cetane/octane number, BHP, and BMEP for various fuel inputs. Figure 1.5
shows a diagram of how fuels are typically tested in an engine, where different fuels are
supplied and the outputs are measured. However, several variables other than the fuel
chemistry such as fuel atomization, droplet evaporation, injection timing and ignition
delay also influence the output variables. This black box approach has limitations in the
development and testing of new fuels. Limitations are further evident when fuels are
available in small quantities which cannot be tested in applications requiring large fuel
flow rates such as that of an engine or turbine. It is necessary to better understand fuels
on a chemistry basis by delineating the complex variables seen in applications such as

an engine.



1.4 Nitric oxide emissions and their environmental impacts

Nitrogen oxides present in atmosphere induce photochemical smog formation.
The nitrogen oxides of environmental interest are NO, N,O and NO, among which the
NO and NO; are collectively referred to as NOy (Lissianski et al., 2000 and Fattah et al.,
2013). The more stable NO always predominates over the other oxides of nitrogen in
the combustion flue gas. The coupled concentrations of NO and NO; are decided by the
fast-radical reactions: NO, reacts with O, H and OH to form NO and NO reacts with
HO, to form NO, (Lissianski et al., 2000). In several high-temperature combustion
processes, the predominant form of NOy is produced as nitric oxide (NO), while the
concentrations of NO, are typically less than 5% of total NOy levels. NO, abatement
techniques require a basic understanding of the kinetics behind the NO,-forming
reactions. Although the NOy reaction mechanisms have been detailed in the literature,
the following section outlines some recent literature pertaining to the various
mechanisms contributing to the formation of NO, and the general reactions involved in

the formation of NO, and N,O.

The atmospheric nitrogen is the prevalent source of nitrogen for NO production during
the combustion of petroleum and FAME (Fatty Acid Methyl Ester)-derived fuels with
air as the oxidizer. The thermal (Zeldovich), prompt (Fenimore), N,O pathway, fuel-
bound nitrogen and the NNH mechanism are the identified mechanisms for NO

formation in diesel combustion which are summarized below.



1.4.1. Thermal mechanism

Thermal mechanism is the primary route by which NO formation occurs at
temperatures typically above 1800K (Hoekman and Robbins, 2012). At this high
temperature, nitrogen (N2) and oxygen (O;) react through a set of chemical reactions in
which the NO formation rate increases exponentially with temperature. The
fundamental kinetic equations for thermal NO formation (Dean and Bozzelli, 2000) are

exemplified by the following chemical reactions:

O+N, > NO+N (1.1)
N+0; - NO+0 (1.2)
N +OH <> NO +H (1.3)

NO reaction rate is influenced by the temperature, residence time and concentrations of
nitrogen and oxygen in the combustion environment (Varatharajan and Cheralathan,

2012).

1.4.2. Prompt mechanism

Fenimore identified another important pathway resulting in NO formation which
is termed as prompt NO mechanism. It is significant in some combustion environments
where low-temperature fuel-rich conditions prevail while the residence time is short
(Fenimore, 1971). Prompt NO is produced when hydrocarbon radicals react with
nitrogen to form highly reactive cyano radicals such as HCN in the combustion

chamber (Fernando et al., 2006). The mechanism includes a complex set of reactions



with many plausible intermediate species. Prompt NO is also more sensitive to the fuel
chemistry than thermal NO because of the dependence on hydrocarbon radicals. Miller
and Bowman (1989) studied the mechanism and modeling of nitrogen chemistry in
combustion and concluded that the prompt NO mechanism was important in the NO
formation and could not be neglected while estimating the total NOy production,
particularly in a fuel-rich combustion environment. The prompt NO mechanism

involves the following set of chemical reactions (Fernando et al., 2006):

CH + N, <> HCN + N (1.4)
CH, + N, <> HCN + NH (1.5)
C2+ N> 2CN (1.6)
HCN + OH <> CN + H,0 (1.7)
CN + 0, <> NO + CO (1.8)

The exact mechanism for NO production from prompt chemistry is much more complex
than for thermal type because the hydrocarbon portion of the prompt scheme can come
from literally several fuel hydrocarbons and partially oxidized fragments of the fuel
chemistry (Studzinski et al., 1993). Prompt NO formation increases with equivalence
ratio due to the availability of CH, CH, and HCN radicals that are prevalent in fuel-rich
hydrocarbon flames. These hydrocarbon and cyano radicals are considered to be the

significant contributors of prompt NO.



1.4.3. Fuel NO mechanism

Fuel NO is formed when the fuel-bound nitrogen reacts with excess oxygen
during combustion and is negligible for both diesel and biodiesel combustion because of
low nitrogen levels in the fuel; biodiesel has a mean nitrogen concentration of only
0.02%. The presence of nitrogen-containing compounds such as pyridine, pyrrole etc.
may also tend to form more fuel NO. This is due to the weaker C-N bond present in
these chemical compounds compared to the N-N bond in molecular nitrogen. The fuel
NO pathway involves the formation of nitro-radicals such as HCN, NH3z, NH, or CN,

which then be oxidized to form NO (Fernando et al., 2006).

1.4.4. N,O Intermediate mechanism

The intermediate mechanism (N,O pathway) is another essential mechanism that
becomes significant in high pressure combustion processes (Dean and Bozzelli, 2000).
In this mechanism, the reaction occurs between N, and atomic oxygen to form
intermediate N,O by a three-body recombination reaction where the collision partner M

collectively represents all the molecules present in the combustion medium:

0+N,;+M o N0 +M (1.9)

Here, the molecule M is required and plays a key role in the execution of this reaction.

The N,O formed in reaction (1.9) can then react to form NO:

N;O + O <> NO +NO (1.10)



1.4.5. The NNH mechanism
Under certain combustion regions like flame fronts where atomic concentrations

are high, Eg. (1.11) contributes to NO production.

O+ NNH — NO + NH (1.11)

This mechanism requires interaction between hydrogen atoms and molecular nitrogen to
form highly reactive NNH radicals which further react with atomic oxygen to form

nitric oxide (Dean and Bozzelli, 2000).

1.4.6 Nitrogen dioxide (NO,) formation mechanism
In the previous section, several reactions that led to the formation of NO were
discussed. Under certain conditions, a significant amount of NO can be converted to

NO,. The fastest flame reaction (Lissianski et al., 2000) forming NO; is

HO, + NO — NO, + OH (1.12)

This reaction is important whenever the concentration of HO; is significant, typically in
the temperature range of 600 to 1000 K under fuel-lean conditions. However, at higher
temperatures HO, dissociates quickly into H atoms and O,, and the higher prevailing

concentrations of H, O and OH lead to more rapid NO; loss through the following

reactions:
O+NO;, > NO+0, (1.13)
H + NO, > NO + OH (1.14)

10



OH + NO, —> NO + HO, (1.15)

This rapid loss of NO; is significant and is reflected as a lower NO, concentration in the

combustion flue gas.

1.4.7 Nitrous oxide (N,O) formation mechanism

At low combustion temperatures and high pressures, nitrous oxide formation by
the ter-molecular reaction (1.9) is significant. The N,O formed in this reaction reacts
with oxygen atoms exothermally to form NO (as discussed in section 1.4.4). Various

nitrogen-containing radicals contribute to the formation of N,O:

NH + NO — N,O + H (1.16)

NCO + NO — N,0 + CO (1.17)

However, the N,O formed in these reactions undergoes further reactions forming NO

which is more stable than N,O (Lissianski et al., 2000).

In this section, various NO formation mechanisms and the influence of other oxides of
nitrogen like NO, and N,O on the overall concentration of NO were summarized. In a
compression ignition engine, the combustion reactions are characterized by high
temperature, varying residence time depending on the injection timing, localized fuel
rich conditions (though overall fuel lean) and high pressure. These reactions favor NO
formation predominantly, in different pathways described above, out of which the
thermal and prompt mechanisms are considered to be significant in the biodiesel engine
combustion.

11



1.5 Organization of the dissertation

An introduction and background to the significance of current research problem,
production and consumption of biodiesels, their merits and a comprehensive
background of nitric oxide emissions together with various reaction pathways
are presented and discussed in Chapter 1.

Chapter 2 provides a comprehensive survey of literature database categorized
based on various parameters that influences engine NOx emissions.

Chapter 3 establishes the core research objectives of this dissertation work along
with the motivation, background and significance of the research problem and
summarizes the outcomes of this dissertation work.

Chapter 4 constitutes the selection of fuels for the investigation, the criteria of
selection, fuel properties, test conditions and the corresponding flow rate
settings.

Chapter 5 describes the experimental setup, employed instrumentation
techniques to characterize the emission properties of tested flames and their
operating procedures.

Chapter 6 presents the experimental results and discussions for global NO and
CO emission indices and their correlations with DOU parameter over a range of
degree of unsaturation values (between DOU: 0 to DOU: 4)

Chapter 7 presents the experimental results and discussion regarding flame
appearance, in-flame radial temperature and in-flame radial species

concentration measurements of species such as O,, CO,, CO and NO.

12



Chapter 8 contains the computation analysis part of the dissertation that includes
the governing equations, grid parameters, reaction mechanisms and models and
the analysis of computational results in comparison with that of experimental
results.

Chapter 9 provides a general summary and conclusion of the dissertation

followed by the recommendation of future investigations.
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CHAPTER 2 LITERATURE REVIEW

This chapter presents a comprehensive review of the experimental and
computational studies on various aspects of engine operation, fuel properties and
combustion processes and their influence on the emission of NOy measured in the

engine exhaust.

2.1. Experimental studies of biodiesel impact on NOx emissions

The use of biodiesels and their blends with diesel was extensively studied in the
engine environment. Although, the available results generally exhibited a reduction in
the emissions of carbon monoxide (CO), hydrocarbons (HC) and particulate matter
(PM) with the biodiesels, the reported NOx emissions do not exhibit definitive trends
and the results are significantly influenced by many factors, including engine type and
design, test cycle, start of injection, ignition delay, fuel composition, adiabatic flame

temperature, radiative heat transfer, fluid dynamics and combustion phasing.

The following sections review the experimental studies on various aspects of engine
operation, fuel properties and combustion processes and their influence on the emission
of NOx measured in the engine exhaust. This chapter is based on and contains
information from a published review article on the effects of biodiesel blends on
compression ignition engine NOx emissions (Balakrishnan et al., 2016). From the
available literature database, it was observed that the biodiesel effect on NOx emissions

from diesel engine was influenced by different combinations of various parameters

17



whose coupled effects determine the amount and trend of NOx formed in a particular

engine environment.

The parameters include:

e Effect of degree of fuel unsaturation
o Effect of biodiesel content
e Effect of oxygen content
e Effect of cetane and iodine numbers
e Effect of engine type and test cycle
e Effect of injection timing
e Effect of engine speed
e Effect of engine load
e Effect of fluid dynamics
The available engine literature on NOx emissions are categorized based on these

parameters and discussed in the subsequent sections.

2.1.1 Biodiesel feedstock / Level of unsaturation

Several studies reported differences in NO, emission of biodiesels from different
feedstocks (Graboski et al., 2003; Hoekman and Robbins, 2012; Varatharajan and
Cheralathan, 2012). Graboski et al. (2003) conducted experiments with neat methyl
esters and ethyl esters in a 6- cylinder, 4- stroke, direct injection diesel engine to
understand the effect of hydrocarbon chain length on the NOy formation with saturated
methyl esters based on their composition - lauric (C12), palmitic (C16) and stearic

18



(C18) acids and found that esters with shorter carbon chain produced higher NOy
emissions. The specific NO, emission index of methyl stearate (C18) was about 8%
lower than that of methyl laurate (C12). The authors also found a strong linear
relationship between increasing NOx with level of saturation (number of double bonds)
in the fuel. For example, the specific NOx emission index of C18 ester with three double
bonds was 16% higher than that of C18 ester with one double bond. Possibly, the
double bonds resulted in some pre-combustion chemistry that increased NOy formation.
Finally, the authors concluded that the NO, emissions increased due to the decrease in
average carbon chain length and increase in level of unsaturation; therefore, the most
intrinsic way to revamp the emission performance was to alter the fuel chemistry, since
molecular structure was the basis of fuel properties such as cetane number, density,
boiling point and ignition delay. It is now widely acknowledged that increasing
unsaturation and decreasing carbon chain length both lead to an increase in NOy
emission. This information has been developed from the experimental and numerical
demonstration in several works (Graboski et al., 2003; Sun et al., 2010; Xue et al.,
2011; Hoekman and Robbins, 2012; Varatharajan and Cheralathan, 2012; Palash et al.,
2013) involving pure FAME components as well as practical biodiesel fuels employing
a wide variety of engines and test cycles. Lin et al. (2009) found that palm oil methyl
ester (POME) and palm kernel oil methyl ester (PKOME) resulted in a lower increase
(15% and 5% respectively) in NOy concentration (ppm) and a significant reduction
(59% and 73% respectively) in smoke emissions than petroleum diesel and vegetable oil
methyl ester (VOME) fuels (soy methyl ester, peanut oil methyl ester, corn oil methyl

ester, sunflower oil methyl ester, rapeseed methyl ester and waste fried oil methyl
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ester). The authors attributed this behavior to the more saturated carbon bonds of POME
(about 50%) and PKOME (about 80%), when compared to other VOME fuels, and
suggested that a fuel with more saturated carbon bonds would result in reduced NOy
emissions. The exact pathways by which the fuel composition effect influence NOy is
still ambiguous, but these parameters are recognized to critically influence the observed

NO, emissions.

2.1.2 Biodiesel content

Many publications in the literature suggest that NOy emission increased with the
biodiesel content in the blend. Lertsathapornsuk et al. (2008) noted that the NO
emission index (g/kW-h) increased about 12% and 3% for neat palm biodiesel (B100)
and B50 than diesel at 25% load condition; and an increase of about 26% and 9% in
NOy emission index for B100 and B50 while maintained the engine speed at 1500 rpm.
A study by Lujan et al. (2009) on high speed direct injection, 4-cylinder, diesel engine
with high pressure common-rail fuel injection system during the standardized MVEG-A
cycle (European Motor Vehicle Emission Group A) simulated the road load conditions.
It was fueled by biodiesel (from vegetable oil) and its blends B30, B50 and B100. The
authors observed that the increase in NOx concentration (ppm) for B30, B50 and B100,
compared to the base diesel fuel, was 21%, 26% and 45%, respectively. Similar trend
was observed by Buyukkaya (2010) with rapeseed methyl ester/ diesel blends. Gumus
and Kasifoglu (2010) tested three blends of apricot seed kernel oil methyl ester (B5,

B20 and B50) with diesel fuel in a compression ignition engine and found a monotonic
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increase in NOy concentration with the biodiesel content. They attributed this behavior

to the fuel-bound oxygen of the biodiesel.

On the other hand, Kalligeros et al. (2003) found a monotonic decreasing trend of NOy
concentration in the biodiesel blends containing 10%, 20%, and 50% of two types of
methyl esters from sunflower oil and olive oil, in a single-cylinder diesel engine. At
3.80 kW load, B10, B20 and B50 of sunflower oil methyl ester with marine diesel
produced about 3%, 5% and 6% lower NO, concentration, while B10, B20 and B50 of
olive oil methyl ester produced about 8%, 14% and 14.5% lower NOy concentration
than marine diesel. The variation in the NOy reduction potential between the different
biodiesel feedstock was attributed to the difference in cetane number of biodiesels; it
was hypothesized that the higher cetane number of olive oil methyl ester (CN: 61) than
that of sunflower oil methyl ester (CN: 58) resulted in increased reduction of NOy

concentration; the cetane index of marine diesel was reported as 46.

Interestingly, some other publications in the literature showed that the NOy emissions
varied non-monotonically with the biodiesel content in the blend (Labeckas and
Slavinskas, 2006; Lin et al., 2007; Pereira et al., 2007; Fontaras et al., 2009; Aydin and
Bayindir, 2010). The authors attributed these variations to the differences in the degree
of evaporation and the combustion processes in the engine, since the calibration settings
of the conventional diesel engine could have been not ideal for all proportion of
biodiesel blends at all operating regimes. A non-monotonic NOy variation was observed
in a water-cooled direct injection diesel engine fueled with polanga methyl ester and its
blends (20, 40, 60, and 80%) with diesel (Sahoo et al., 2007). The NOx concentration
from B20 was found to be 2% higher than diesel while neat biodiesel produced 4%
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lower NOx The authors attributed the variations to the differences in compression ratio,
residence time and temperature distribution among the tested fuels. Biodiesels derived
from jatropha, karanja and polanga oil and their blends (B20, B50 and B100) were
tested in a 3-cylinder compression ignition engine (Sahoo et al., 2009). It was observed
that the karanja and polanga biodiesels and their blends had a monotonically increasing
NOx with the biodiesel content (with peak NOx occurred with neat biodiesels; KB100
and PB100 produced about 15% and 21% higher NOy (g/kW-h) than that of diesel),
while a non-monotonicity was observed in NOy with jatropha oil biodiesel. JB20
showed a 20% increase in brake specific NOx emission index (g/kW-h) compared to
baseline diesel, whereas JB50 and JB100 showed an increase of 15% and 17%
respectively when compared to diesel. Several of these studies suggested that it was not
appropriate to linearize the biodiesel blending effect on NO emissions due to the varied

operating conditions, engine calibration and combustion phases.

2.1.3 Oxygen content

The fuel-bound oxygen content of the blend is proportional to the volumetric
concentration of biodiesel in the blend. Generally, the increased NO, emissions in
biodiesel and their blends are attributed to the higher oxygen content in the biodiesel
(Godiganur et al., 2010; Gumus and Kasifoglu, 2010) due to a linear increasing trend of
NOx with the increase in mass percentage of fuel oxygen. However, there are studies
that do not agree with this linear increase; a linear decrease (Kalligeros et al., 2003) in

NOx emission or a non-monotonic increase or decrease with the oxygen content in the
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fuel (Sahoo et al., 2007; Fontaras et al., 2009; Aydin and Bayindir, 2010) have been

documented.

Canakci (2005) studied No. 2 diesel fuel (no fuel bound oxygen), No. 1 diesel fuel (no
fuel-bound oxygen), SME (11% oxygen by mass / 3.6% oxygen by volume) and B20
(20% SME and 80% No.2 diesel) (2.2 % oxygen by mass / 0.7 % by volume) in a
turbocharged diesel engine and observed 