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ABSTRACT
With the growing interest and utilization of biofuels as alternatives to petroleum-derived
fuels, there are a number of critical aspects about these fuels that need to be studied and well
understood. The present study focuses on analyzing the impact of oxygenates on the sooting
tendency and the soot oxidative reactivity, two important aspects of particulate matter (PM)
emissions from biofuel combustion, and their relation to fuel formulation and fuel molecular
structure.

Sooting tendencies have been measured for 41 oxygenated pure compounds. The test
compounds include alcohols, ethers, aldehydes, ketones, acids, esters, keto-esters and
hydroxy-esters. A new sooting index is proposed and validated for oxygenated and nonoxygenated compounds, which considers the relation between the height of the flame tip and
the volumetric stoichiometric air to fuel ratio of the flame. This new index is denoted as the
Oxygen Extended Sooting Index (OESI). The results obtained by this new index corroborate
that not only the oxygen content but also the molecular structure has an influence on the
sooting tendency of fuels. A structural group contribution approach based on group additivity
is proposed to interpret experimental observations on the effect of oxygen functional groups
on the sooting tendency of fuels using the example of C-5 oxygenated fuels. Among the C-5
mono-oxygenated compounds, the sooting tendency increased in this order: aldehydes <
alcohols < ketones < ethers < n-alkanes and for the C-5 di-oxygenated compounds, the
sooting tendency order was: acids < esters < di-ethers.

The new sooting index was applied to commercial biofuel blends of interest such as ethanolgasoline, butanol-gasoline and biodiesel-diesel blends. Empirical correlations with good
correlation coefficients were obtained. Among these fuels ethanol is more efficient than
butanol in reducing sooting tendencies of gasoline blends. This can be attributed to the higher
oxygen content of ethanol in comparison to butanol. Among the two butanol isomers tested,
1-butanol is slightly more effective on suppressing soot formation than iso-butanol. This can
iii

be explained by the alcohol position on the molecular structure since oxygenates located at
the periphery of the carbon-chain are more accessible for reaction and produce smaller
hydrocarbons that are less effective as soot precursors.

The PM Index (PMI) developed by Aikawa and collaborators was evaluated and assessed.
An improved PM index was proposed, denoted as modified PM index (MPMI), which
predicts PM emissions in practical gasoline engines based on fuel physical and chemical
properties. This index is based on two main fuel factors that influence PM emissions in
gasoline engines. These are the fuel molecular structure effects, which are accounted by the
OESI proposed index, and fuel physical properties such as its volatility, which is accounted
by the Reid vapor pressure. The new proposed index incorporates all fuel molecular
structural effects known to have an impact on soot formation such as branching,
condensation, aromaticity and carbon chain length, in contrast to the PMI, which only
accounts for degree of saturation. Moreover, the new index accounts for oxygenate functional
group effects on the sooting tendency as well. The MPMI correlation should be interpreted as
a means to predict how different fuels and additives will affect soot formation in a specific
gasoline engine at a specific operating condition. The MPMI values were compared to engine
particulate number (PN) emissions. A good agreement between the trends and values was
obtained.

A new methodology based on smoke point measurements was proposed and validated for
estimating the decrease in diesel engine exhaust opacity when different ethanol- and
biodiesel-diesel blends are used instead of conventional diesel fuels. Different binary
biodiesel-diesel and ethanol-diesel blends were tested in a smoke point lamp together with
ternary ethanol-biodiesel-diesel blends. The results of the binary blends were compared to
the opacity obtained in a light duty diesel engine operating in a steady state mode confirming
that the stoichiometric volumetric air to fuel ratio (A/F) to smoke point ratio accurately
reproduces the decreasing trend in opacity, when normalized to a conventional diesel fuel, as
a function of the percentage of biofuel in the blend.
iv

Finally, a study and analysis of the relation of ester structures contained in biodiesel to the
soot characteristics and soot oxidative reactivity was conducted. In this study, soots
generated from the combustion of various methyl esters, alkanes, biodiesel and diesel fuels in
laminar co-flow diffusion flames were analyzed via various analytical techniques to
determine the impact of fuel-bound oxygen in fatty acid esters on soot oxidation behavior.
Thermogravimetric analysis (TGA) of the soot samples collected from the diffusion flames
showed that ester compounds contained in biodiesel do have an impact on soot oxidative
reactivity and soot characteristics in contrast to the claims made in the literature. Soot
derived from methyl esters with shorter alkyl chains, such as methyl butyrate and methyl
hexanoate, were found to be more reactive than those with larger carbon chain lengths, such
as methyl oleate, which are more representative of biodiesel fuels. The impact of fuel-bound
oxygen on the reactivity of soot became less significant as the carbon chain length increased.
Reactivity of a high cetane, low aromatic diesel fuel derived soot was compared to the
derived soot of a conventional diesel fuel. The results obtained suggest that higher aromatic
content may increase soot reactivity. Soot reactivity analysis of methyl esters with different
type of bonds (single and double) at the same carbon number suggests that not only the
degree of saturation but also the type of bond and locations have an effect on the soot
reactivity. Furthermore, structural analysis was performed via Raman spectroscopy on
methyl esters derived soot samples and compared with n-dodecane derived soot.
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Chapter 1 : INTRODUCTION

Energy is the life-blood of the modern world. According to the United States (U.S.) Energy
Information Administration (EIA), global energy consumption is expected to grow by about
70% in the upcoming 25 years [1]. Petroleum provides about 40% of the global energy
demand [1]. A new global energy landscape is emerging, which is being redrawn by the
resurgence in oil and gas production in the U.S. and could be further reshaped by a retreat
from nuclear power in some countries, continued rapid growth in the use of wind and solar
technologies and by the global spread of alternative fuels production [2]. New policy
initiatives are broadened and implemented in a concerted effort to improve global energy
efficiency and sustainability. Within these initiatives there is a pronounced shift away from
oil, coal (and, in some countries, nuclear) towards natural gas and renewables.

One of the major recent government actions by the United States of America was the passage
of the Energy Independence and Security Act (EISA) of 2007 [3], which has the goals of
reducing the U.S. dependency on foreign imports of oil and reducing the environmental
footprint and greenhouse gas (GHG) emissions trough utilization of new clean renewable
fuels.

The EISA expanded the Renewable Fuel Standard (RFS) program created under the Energy
Policy Act (EPAact) in 2005 by the U.S. Environmental Protection Agency (EPA), setting
specific national standards of renewable fuels of 36 billion gallons by 2022 and accounting
more thoroughly for renewable content [4]. According to this act, for a fuel to be used as a
renewable product, it has to have been made from an approved renewable biomass and has to
come from lands that have been previously cultivated. These fuels derived from biomass are
denoted as biofuels. Examining the projected distribution of biomass liquids in 2022
contemplated in this act, it is expected that a large component of alternative fuels will be
based on ethanol and biodiesel. These alternative fuels have been widely studied in the recent
years and are oxygenated in nature, meaning that they have oxygen atoms in their molecular
structure.
1

In order to achieve the goals contemplated in this act there are a number of critical aspects
about alternative fuels that need to be studied and well understood. Numerous studies [5-43]
have reported that biofuels, in general, have a positive influence in reducing exhaust
emissions over different engine configurations and operating conditions. Among these
criteria emissions particulate matter (PM) is of great interest. Soot represents a significant
component of the particulate matter emitted by engines [44]. These emissions contribute to
smog and affect local climate. Furthermore, the condensed phase of PM contains polycyclic
aromatic hydrocarbons (PAHs), which are classified as known mutagens and human
carcinogens by the International Agency for Research on Cancer (IARC) [45]. Therefore,
light and heavy duty engines face increasingly stringent emission regulations due to the
hazardous impact of these emissions on human health and the environment. In the U.S. two
sets of standards, Tier1 and Tier2 [46], have been defined for passenger and light-duty
vehicles which include PM regulations. The Tier 1 standards were published on 1991 and
fully implemented in 1997. The Tier 2 standards were issued on 1999 and were fully phased
on 2007. According to these standards vehicles operating with diesel fuel with PM emissions
higher than 0.013 g/kW-h require the use of a diesel particulate filter (DPF). In Europe, the
Euro 5 standard, effective since September 2009, limits PM emissions to 5 mg/km which
represents an 80% reduction in comparison with previous Euro 4 standard (25 mg/km).

Numerous studies, both experimental [23-41] and numerical [42,43], have corroborated that
the presence of oxygen in fuels reduce soot formation in internal combustion engines. Some
of these studies have shown that the reduction in soot emissions depends not only on the
oxygen content but also on the molecular structure of the oxygenate. However, the chemical
processes and mechanisms involved in these effects are still not well understood.
Furthermore, comprehensive analysis on the importance of molecular structure and the
maximum achievable soot reduction with oxygenated blends are difficult to address because
the data in the literature are complicated by different engines types and operating conditions.
Experiments conducted in engines often do not allow a direct analysis of the influence of
combustion processes on soot formation mechanisms. Therefore, laboratory scale
experiments, such as laboratory scale diffusion flame burners, are very attractive solutions to
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obtain data which are essential for a better understanding of the basic chemical and physical
features governing the effects of oxygenated compounds on soot formation. Understanding
key elements of the combustion chemistry and its impact in soot formation is an important
step towards the smart selection of next generation alternative fuels [47].

Another interesting aspect of biofuels combustion and emissions is that the derived soot has
been observed to exhibit higher oxidative reactivity than soot derived from the combustion of
petroleum-derived fuels [48-55]. In the case of compression ignition engines this feature is of
great importance for DPF regeneration. Worldwide DPFs are recognized to be the most
efficient after-treatment devices to reduce particulate matter emissions from automotive
diesel engines. A DPF mechanically filters and collects soot particles and condensed
hydrocarbons from the exhaust gas, increasing filter backpressure in the process, until
eventually they are oxidized. Backpressure increase is undesirable since it increases fuel
consumption and reduces available torque [56]. Therefore, it is necessary to regenerate the
trap periodically by burning off (oxidizing) the collected particulates. The required reaction
rates for complete regeneration are attained at temperatures above 550 °C [57]. These
exhaust temperatures are considerably higher than normal urban driving conditions.
Numerous regeneration techniques have been studied and suggested over the last 20 years for
lowering soot oxidation critical temperature. Some technical approaches include use of a
catalytic coating and the use of fuel borne catalysts [57,58].

The higher oxidation reactivity observed in biofuel-derived soot, in particular biodiesel, than
those derived from conventional diesel fuels suggests that this can be considered as an
alternative approach of interest in addition to the abovementioned strategies for enhancing
DPF regeneration. Several studies have been conducted to investigate the factors that may
contribute to the higher oxidative reactivity of biodiesel-derived soot [54, 55, 59-61].
However, the complexity of the combustion process in compression ignition engines
combined with appreciable differences found when utilizing different engine parameters and
configurations make it almost impossible to unambiguously identify the origins of these
phenomena. Therefore, careful selection of test fuels in combination with a simplified
combustion system such as a laboratory scale diffusion flame burner could be a significant
3

contribution toward understanding the chemical and physical phenomena behind these
observations.

The present work studies the sooting tendency and the soot oxidative reactivity of
oxygenated fuels, two important aspects of particulate emissions from biofuel combustion,
and their relation to fuel formulation and fuel molecular structure. The first goal of this study
is to explain the relative efficiency of different functional groups (both oxygenated and nonoxygenated) in contributing to the suppression of soot formation. The second goal is to study
and analyze the relation of ester structures contained in biodiesel to the soot characteristics
and soot oxidative reactivity. The third goal is to apply the knowledge acquired in pursuit of
the first two goals to widely used commercial biofuels for transportation to evaluate and
explain their sooting behavior and characteristics linked to the inherent molecular and
physical properties of the fuels. Finally, a comparison of obtained trends with engine
emissions is made in order to validate the relevance of these methods based on laboratory
scale experiments to practical engine combustion. Empirical correlations based on laboratory
data can be of great value if their results and trends can be correlated with engine data. This
would reduce the number of engine tests required to establish the effects of fuel chemical and
physical properties on engine emissions.
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Chapter 2 : SOOTING TENDENCY

2.1 Background: Sooting Tendency and its Relation to Fuel Molecular
Structure
The U.S. EPA defines particulate matter (PM) as a complex mixture of extremely small
particles and liquid droplets (organic and inorganic compounds) [62]. These particulates
consist primarily of carbonaceous soot including inorganic material, adsorbed hydrocarbons
(often referred to as soluble or volatile organic fraction – SOF and VOF respectively), and
depending on fuel composition, sulphuric acid, nitrates and some water [58,63]. A schematic
representation of PM composition is given in Figure 2-1. There is growing concern about
these PM emissions, since emerging evidence links PM with acute health problems [65-67].

Figure 2-1: Particulate matter schematic [64]

Sooting tendency is a parameter that describes the sooting behavior of a particular fuel. The
amount of PM emissions that a given fuel produces is dependent on parameters such as type
of engine and engine operating conditions. However, the sooting tendency associated with
the molecular composition of the fuel is a critical factor for these emissions as well.
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Soot formation and oxidation are complex processes in practical devices such as engines.
Therefore, laboratory scale laminar pre-mixed and diffusion flames permit a better
understanding of the basic chemical and physical features governing soot phenomena.
Research studies of this type aimed to determine the sooting tendency of fuels have been
conducted as early as 1927 by Kewley and Jackson [68]. In laminar pre-mixed flames the
sooting tendency is correlated with the equivalence ratio at which noticeable sooting just
begins [69-70]. However, soot is mainly produced during the diffusion controlled phase of
diesel combustion and in gasoline engines the combustion process mimics a diffusion
controlled “pool fire”. Therefore, the present work focuses on laminar diffusion flames,
while pre-mixed flames are outside of the scope of this research.

Kewley and Jackson [68] studied the burning quality of different kerosenes for illuminating
purposes in wick-fed lamps. The burning quality of any kerosene depends on its chemical
composition and physical properties, considered in relation to the lamp in which they are
being burned, and the impurities present. They defined burning quality in terms of the initial
candle power which is a direct indication of the illuminating value of the flame. In their work
they found that the initial candle power was determined by the “tendency to smoke” of the
flame, denoted throughout the present work as sooting tendency. The poorer the illuminating
value the lower the critical height of the flame at which smoking begins. Hence, good quality
kerosenes will have larger flames and lower susceptibility to draught. They came to the
conclusion that for every kerosene in any given lamp there must be a critical height beyond
which it will begin to smoke. Therefore, a test apparatus for measuring the sooting tendency
was paramount in their studies. They used a small lamp created in the laboratory of
Bataafsche Petroleum Mij at Amsterdam, known today as the Weber Photometer lamp. In
this lamp, a conically shaped flame is generated and an image of the flame is created on a
ground glass screen incorporated in the lamp. Then the maximum height of the flame that can
be obtained without smoking can be measured in millimeters on a scale from 10 to 32 mm.
The sooting tendency was obtained by subtracting the height measured of each fuel from the
maximum measurable height in the testing lamp (32 mm). With the help of this apparatus
they classified kerosenes according to their sooting tendencies. The results of their
investigation led the authors to conclude that initial candle power of a kerosene depends
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mainly on its chemical characteristics, and that its subsequent behavior depends not only on
its chemical composition and impurities but also on its physical properties. Another
conclusion was that the design of the burner has a great effect on the initial candle power.
They recommended further consideration of the influence of the wick in the sooting
tendency, which until today has not been comprehensively studied.
Minchin [71] argued that Kewley and Jackson’s method for expressing the sooting tendency
was unfortunate, since fuels with higher sooting tendencies than 32 mm could be specified as
not having sooting tendency under their established definition. Also, many oils have values
well below 10 mm which is under the limits of the lamp scale. Therefore, Minchin redefined
the sooting tendency (

as:
(Eqn. 1)

where

is the smoke point defined as the height in millimeters of the highest flame

produced without smoking when the fuel is burned in a specific test lamp, and
equal to 320, in order for

to be of the same order as

is a constant

for the majority of commercial

kerosenes. Minchin determined the relative sooting tendencies, using a Weber Photometer, of
paraffin, naphthenic and aromatic standard classes of crude oils on various blend proportions,
and also for fractions cut from various treated and untreated crudes. He concluded that the
sooting tendency is directly proportional to the aromatic or naphthenic content of a fuel of
given boiling point range, and suggested that it is a constitutive property of fuels dependent
on the molecular structure with an increasing sooting tendency with increasing molecular
complexity. Minchin suggested that the sooting tendency is determined by the amount of
oxygen which is available to the flame and the amount required by the flame. At the point at
which sooting is about to begin, these two amounts are equal.

Clarke et al. [72] examined a total of 115 compounds, including hydrocarbons, alcohols,
glycols, ketones, esters, carboxylic acids and nitro compounds, using a new wickless smoke
lamp based on the one created by the Institute of Petroleum (I.P.) that allowed them to
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measure flame heights over a range of 9 to 450 mm. This apparatus consisted of a funnelshaped burner which burned the liquids as pools. They used smoke point values as
measurements of the sooting tendency. Their results showed that increased chain length and
chain branching increased the sooting tendency in n-paraffins and that aliphatic side chains
on the benzene ring of aromatics did not produce a significant reduction in the smoke points,
corroborating the results obtained by Minchin. Clarke et al. [72] explained that the sooting
tendency of oxygen containing compounds depends on the structure of the hydrocarbon
portion of the molecule, the structure of the oxygenate and the fuel oxygen content as a
percentage of the total oxygen required by the flame for complete combustion. Clarke et al.
[72] concluded that increased oxygen content reduced the sooting tendency, but this effect
may be offset by the influence of the hydrocarbon portion. In the case of straight-chain
primary alcohols the sooting tendency increased with increasing chain length. Of the
aliphatic alcohols, tertiary compounds had higher sooting tendencies than secondary
alcohols, and the latter had higher sooting tendencies than primary alcohols. At equal oxygen
content, the order of increasing sooting tendency was found to be: n-primary alcohols, nprimary nitro-paraffins, propionates, acetates, lactates, and formates, although the order
varied slightly for different oxygen contents.

Clarke et al. [72] stated that the amount of oxygen required by the flame for a compound to
“smoke” under fixed conditions depends on:


The molecular structure, which determined the initial state and the properties of the
carbon particles when the fuel is pyrolyzed.



The rate of burning of which flame volume is a function.



The flame height, which is connected to the flame volume, and hence the rate of fuel
consumption.

On the other hand, the amount of oxygen available to the flame will depend on [72]:


The oxygen content of the compound.



The flame surface area in contact with the air.
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The extent of dilution of oxygen at the flame surface by the surrounding gases of
combustion.

Hunt [73] studied the relation of smoke points of 108 compounds to the molecular structure
using an improved version of the Factor lamp developed by Terry and Field [74]. Hunt
concluded that smoke points of hydrocarbons in laminar diffusion flames decrease in the
following order: n-paraffins > iso-paraffins > cycloalkanes > monoaromatics > polycyclic
aromatics, substantiating the dependence on molecular structure.

Schalla and McDonald [75] measured fuel consumption rates of pure hydrocarbons at the
smoke point to study the effects of chain length, chain branching, degree of unsaturation,
position of unsaturation and ring size on the sooting tendency of fuels. In this work wick
burners and burner tubes were used. As in previous works, they found that the rates increased
with the carbon number (n), except in the case of some cycloalkanes and aromatics. Increase
in chain branching and ring size increased the sooting tendency and most unsaturated
compounds have the smallest smoke-free fuel consumption rates. They attributed these
differences to the relative carbon-carbon and carbon-hydrogen bond dissociation energies.
Therefore, the sooting tendency of fuels increases with the thermal stability of the carbon
chain or skeleton.

Van Treuren [76] studied the sooting tendency of fuels testing them as liquid pools following
a similar procedure to the one proposed by Clarke et al. [72]. Mixtures of different classes of
fuels, such as aliphatic and aromatic, were evaluated as well. Smoke point results of the
blends revealed that aromatic fuels possess a more dominant effect on the sooting tendency
than aliphatics when determining a combined smoke point of the blend. Finally, Van Treuren
[76] concluded that smoke points depend strongly on the burner temperature and dimensions.

Schug et al. [77] studied the sooting behavior of gaseous hydrocarbon diffusion flames and
the influence of additives on the sooting tendency. The additives were chosen to study
thermal and chemical effects on the sooting tendency. They concluded that the height of a
diffusion flame from pure fuels, fuel blends, and from fuel additive mixtures is strictly
proportional to the volumetric fuel flow rate as shown in Figure 2-2. Temperature
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measurements suggested that the sooting tendency of a diffusion flame is controlled by initial
fuel pyrolysis which is governed by flame temperature. Experiments with hydrocarbon and
H2 mixtures revealed that the initial C/H ratio is not a deterministic parameter of the sooting
tendency of fuels as previously thought.

Figure 2-2: Smoke point of various hydrocarbons as a function of volumetric flow rate
[77]
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2.2

Threshold Soot Index (TSI)

Despite the improvements made by previous researchers in relating sooting tendency with the
molecular structure, they did not take into account the increased height of the flame, which
will be required with increasing the molecular weight of the sample. More oxygen is required
to diffuse into the flame when the molecular weight is increased to consume a unit volume of
the fuel [78]. Furthermore, values of smoke point and trends with molecular structures were
not satisfactorily consistent in all of the different studies where different experimental
apparatus and setups were employed [69-77]. Taking this into account, Calcote and Manos
[78] defined a Threshold Soot Index (TSI), sometimes referred as Threshold Sooting Index in
the literature, varying from a value of 0 to 100, as a predictor of the sooting tendency of pure
hydrocarbon compounds. The 0 value, corresponding to the least sooting compound, was
assigned to ethane, and the 100 value was assigned to naphthalene. The TSI for diffusion
flames is given by the equation:
(Eqn. 2)
(

where

and

)

are constants for any given experimental setup,

of the compound, and

is the molecular weight

is the smoke point of the fuel. Each data set has unique

and

values and these are scaled into other data obtained in different laboratories and/or with
different burners for consistent comparisons. Alternately, the critical volumetric flow rate
( ̇ ) has been used as a measure of the sooting tendency in diffusion flames. The Burke and
Schumann theory of diffusion flames [79] defines flame height as:
(Eqn. 3)
̇

where

is the fuel mole fraction at the flame tip and

is an average diffusion coefficient of

the system. This equation predicts a linear correlation between the flame height and the
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volumetric fuel rate which was corroborated by Schug et al. [77] as previously explained.
Therefore, TSI could also be defined as:
(Eqn. 4)
(
̇

)

The use of TSI represented a great improvement in the cumbersome task of determining the
sooting tendency of hydrocarbons because it permits use of all of the literature data in a
consistent way to interpret molecular structure effects and allows for empirical correlations to
be created for predicting the sooting tendency of compounds that have not yet been tested.

Calcote and Manos [78] concluded that C/H ratio fails to correlate with the sooting tendency.
Also, sooting tendency trends with carbon number became consistent for all classes of
hydrocarbons. The TSI of all hydrocarbon classes increased with carbon number, although
the effect of carbon number on alkanes and alkenes was not very large as shown in Figure
2-3. It was corroborated that aromatic content greatly increases the sooting tendency. The
addition of side chains to aromatics generally increased the sooting tendency but for long
side chains it decreased it. Finally, they compared sooting tendencies obtained from
premixed and diffusion flames and found that there is more similarity between the effect of
molecular structure on soot formation in both flames than previously thought. In both flames
the sooting tendency increases with the number of carbon atoms and with isomerization. The
major difference found is the relative order of increasing sooting tendency of alkanes,
alkenes and alkynes. For instance, in premixed flames acetylene has a lower sooting
tendency than alkanes and alkenes, but in diffusion flames it has a greater sooting tendency
than these two groups of fuels. Figure 2-4 shows a comparison of sooting tendency trends for
both types of flames. It is important to note that Calcote and Manos utilized only the reported
data on pure hydrocarbons without considering data on compounds containing heteroatoms
(i.e., O, N, S, Cl).

Gomez et al. [80] studied temperature effects on soot formation. In this work, they measured
sooting tendencies, based on fuel mass flow rate at the smoke point, of gaseous and liquid
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hydrocarbon fuels using axisymmetric laminar diffusion flames whose temperatures were
controlled systematically by nitrogen dilution. The sooting tendency of fuels in flames results
from the competitive effects of pyrolysis of the fuel, which leads to formation of soot
precursors and growth species, and heterogeneous oxidation of the soot particles. Soot
oxidation in general is believed to begin inside the luminous flame zone. In diffusion flames,
fuel pyrolysis which leads to the formation of soot precursors is the governing factor on soot
formation. Not only the pyrolysis rate, but also the sequence and type of products in the
pyrolysis steps have an effect on soot formation. Therefore, higher temperatures will increase
the sooting tendency. However, this effect also depends strongly on fuel molecular structure.
For instance aromatics and dienes were found to have milder temperature dependence in
comparison to aliphatics.

Figure 2-3: Effect of molecular structure on the sooting tendency in diffusion flames
with respect to carbon number (n) [78]
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Figure 2-4: Comparison of TSIs of diffusion and premixed flames [78]

Olson et al. [81] measured flame heights and fuel mass consumption rates at the smoke point,
in atmospheric pressure, of 42 pure hydrocarbons using a wick-fed burner. They used the TSI
defined by Calcote and Manos [78] to calculate the sooting tendency of these fuels and
compared to previous data from the literature, providing a combined list of averaged TSI
values for 103 fuels, the largest set of data until today. Experiments were also conducted to
verify that fuel mass consumption rate ( ̇ ) directly scales with the flame height. According
to the diffusion flame theory presented by Roper [82], the flame height of a cylindrical
diffusion flame can be defined as:
(Eqn. 5)
̇

where

(

)

is a diffusion coefficient at 300 K,

(

is the initial fuel and air temperature,

the mean flame temperature in the region controlling diffusion, and

is

is the volume of air

required to burn a volume of fuel. Making use of the relations in equations 6 and 7 the flame
height of a diffusion flame can be expressed according to equation 8:

14

(Eqn. 6)
̇
̇

(Eqn. 7)
(
(Eqn. 8)
̇

(

)

Therefore, the flame height is expected to be directly proportional to the fuel mass
consumption rate, and is expected to vary linearly since the other parameters will remain
constant. Olson et al. [81] corroborated this experimentally by plotting fuel mass
consumption at smoke point against the smoke points of the 42 fuels under study as shown in
Figure 2-5.

Figure 2-5: Fuel mass consumption rate at the smoke point as a function of flame height
for all fuels studied by Olson et al. [81]

They found a linear agreement with a coefficient of determination of R2 = 0.999. Hence, the
sooting tendency can be alternatively expressed as:
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(Eqn. 9)
(
̇

)

Until this point, TSIs were measured or calculated only for pure compounds. Gill and Olson
[83] identified this problem and established mixing rules for calculating TSIs of fuel blends.
The mixing rule for diffusion flame TSIs is given by:
(Eqn. 10)
∑

where

is the calculated value for the fuel blend and

and

are the mole fractions

and diffusion flame TSI values for individual fuel compounds respectively. Gill and Olson
evaluated the mixing rule against data from the literature for six binary fuel blends and two
ternary fuel blends, finding results with errors of less than 10%. They concluded that, for
both the binary and ternary blends, the mixing rule provides good estimates of the
experimental TSI values. It was also argued that although mole fractions are used in the
mixing rule, because the number of moles in the fuel vapor determines the diffusion flame
height [82], there are generally small differences between using mole fractions or volume
fractions given that densities of most liquid hydrocarbons are similar.

Yan et al. [84] identified that limited data are available on smoke point and TSI and that TSI
would be even more useful if the TSI of new compounds none experimentally tested could be
predicted via quantitative structure-property relationships (QSPR). They proposed a
structural group contribution method, based on Joback and Reid’s method [85] along with
some modifications, to predict TSI values of pure compounds for which no data existed in
the literature. Groups containing heteroatoms were excluded from this work. They also
discussed mixing rules to estimate the sooting tendencies of hydrocarbon mixtures. The
results predicted the TSI values of about 70 compounds, with a standard deviation of 1.3 TSI
units and an average relative error of 9.08%. Other similar studies aimed to develop models
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for predicting sooting tendencies of non-tested fuels were developed by Hanson and Rouvray
[86] and Gülder [87].

Yang et al. [88] found that the TSI model and the mixing rules defined by Gill and Olson
[83] correlate excellently with hydrocarbon compositions over a wide range of fuel samples,
even mixtures as complex as jet fuels, which contain hundreds of compounds. They
measured the smoke points of 12 prototypes coal-based jet fuels and correlated with the
hydrocarbon class compositions using the TSI model. The correlations obtained were
compared to gas turbine soot combustion data from the literature (Figure 2-6), which
indicated that TSI values have great merit as predictors of sooting tendency in practical
engines.

Figure 2-6: Correlation of flame radiation (◊ - R2 = 0.989) and exhaust soot (□ - R2 =
0.867) with TSI values. TSI values from [88] and soot formation data from [89]
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2.3

Other Sooting Indices found in the Literature

2.3.1 Yield Sooting Index (YSI)
McEnally and Pfefferle [90] indicated that smoke points for heavily sooting hydrocarbons,
such as aromatic compounds, are difficult to measure with precision since the flame heights
are normally very small (less than 10 mm) and unstable, producing TSI values that are not
very accurate. Furthermore, TSI values for aromatics reported in the literature often vary
widely from experiment to experiment. Therefore, McEnally and Pfefferle proposed a new
parameter to measure the sooting tendency of hydrocarbons defined as the Yield Sooting
Index (YSI) given by:
(Eqn. 11)

where

and

are apparatus-specific parameters and

is the maximum soot volume

fraction measured using laser-induced incandescence (LII) on the centerline of a co-flow
methane/air non-premixed flame, whose fuel is doped with 400 ppm of the hydrocarbon
sample. The

and

parameters were chosen for the YSI of benzene to be 30 and the YSI

of 1,2-dihydronaphthalene to be 100. YSI converts the maximum soot volume fractions into
apparatus-independent sooting indices in the same fashion that TSI converts apparatusdependent smoke points or their equivalent measurements (i.e., fuel mass consumption rate)
into apparatus-independent values. McEnally and Pfefferle calculated YSIs for 6 cycloaliphatics and 62 aromatics and contrasted them with average TSI values found in the
literature. Their results showed that YSI correlates well with TSI values. The correlation
coefficients between YSI and TSI obtained using Hunt’s [73] and Olson et al. [81] data for
18 and 15 tested samples, respectively, are 0.8 and 0.84, as shown in Figure 2-7. These
results lead to the conclusion that, for most hydrocarbons, YSI and TSI are equivalent
methods for sooting tendency measurements. This agreement is important because it means
that despite the large differences in the experimental setups used in both sooting indices these
correlations are largely apparatus-independent.
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Figure 2-7: Hunt [73] and Olson et al. [81] TSIs plotted against measured YSIs [90].
Plot from [90]

Further studies on YSI values were made by McEnally and Pfefferle [91] in which 72
nonvolatile aromatic hydrocarbons were tested using the same procedure described before,
for which only 5 were reported in their previous work. These compounds included long-chain
alkylbenzenes, methyl-substituted benzenes, naphthalenes, biaryls, and PAHs with up to four
rings. In this opportunity the methane/air co-flow non-premixed flame was doped with 50 to
80 ppm of each aromatic compound. The experimental constants were recalculated using 2heptanone and phenanthrene as end points with YSI values of 17 and 191 respectively. These
values were chosen to generate consistency with the previous study. 2-heptanone was used as
a solvent for some aromatics that are solids at room temperature.
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2.3.2 Micropyrolysis Index (MPI)
Crossley et al. [92] develop an alternative method for determining sooting tendencies which
measures the soot formed from pyrolysis of fuels in an oxygen-free environment. This
method is referred to as the Micropyrolysis Index (MPI), which is defined as the amount of
carbon deposited from an injection of the fuel sample, normalized to two reference
compounds. These compounds are n-octane, which received the value of 5, and decalin,
which received the value of 20. MPI experiments were conducted by pyrolyzing 20 μL of
vaporized liquid samples, including n-alkanes, iso-alkanes, and cycloalkanes. The deposited
carbon contained in an alumina bed was placed in a temperature-programmed oxidation
(TPO) system to quantify the amount of carbon deposited during the injection. The amount
of deposited carbon was used as an indication of the sooting tendency of a particular fuel
when pyrolyzed. The observed tendency was claimed to be independent of operating
conditions such as flame temperature and stoichiometric oxygen/fuel ratios. MPI values had
standard deviations from 0.11 to 1.02 MPI. However, MPI values can sometimes be
misleading because different amounts of carbon are injected with each fuel due to the
differences in the densities.

The MPI values were compared to TSI averaged values obtained from the literature. Crossley
et al. [92] found that, in the case of low sooting non-aromatic hydrocarbons, MPI values
correlate well and linearly with TSI values, as shown in Figure 2-8. However, for pure
aromatics, there is a lack of correlation between both methods.

Finally, Crossley et al. developed a QSPR to predict MPI values for compounds not
previously measured. However, they pointed out that the main challenge for such a
correlation was the limited amount of experimental data available.
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Figure 2-8: Comparison of MPI values with TSI values from [81]. Non-Aromatics
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Figure 2-9: Comparison of MPI values with TSI values from [81]. Aromatics
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2.3.3 Normalized Smoke Points (NSP)
Li and Sunderland [93] indicated that the TSI correlation has several drawbacks, particularly
a nonphysical dependence on fuel molecular weight. For instance two n-alkanes, nonane and
hexadecane (cetane), both having smoke points near 110mm (values from [72,75,81]), have
very different TSIs. However, diffusion flames burning these fuels at matched fuel mass flow
rates (nearly matched flame lengths, heat release rates, and stoichiometric air flow rates)
should exhibit similar sooting behavior. Therefore, a new method for scaling smoke point
values to one consistent set for comparisons between values obtained in different laboratories
with different experimental setups (normalization) was proposed. This method was called
Normalized Smoke Point (NSP). For each fuel, NSP is defined as the weighted average of all
the smoke point lengths for that fuel from different studies according to
(Eqn. 12)
(

where

is the arithmetic mean and

is a dimensionless fitting constant unique to each

study and with the condition of:
(Eqn. 13)
∑

where is the study number,

∑

is the number of fuels in that study, and

of studies considered. Equation 13 ensures that the fitting constants

is the total number

are close to unity. NSP

values were determined for 112 hydrocarbons by averaging 256 smoke point measurements
from 12 different studies found in the literature, and are shown in Figure 2-10.
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Figure 2-10: Relation between normalized smoke point (NSP) and smoke point (SP) for
hydrocarbons [93]
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2.3.4 Particulate Matter Index (PMI)
Aikawa et al. [94] investigated the relationship between gasoline properties and vehicle PM
emissions. In this work various chemical species were individually blended (approximately
10% wt) with an indolene base fuel (gasoline standard), including ethanol, and the solid
particulate number (PN) emissions from each blend were measured over the New European
Driving Cycle (NEDC). The test vehicle consisted of a 2.3 L port fuel-injected (PFI) turbocharged engine. A predictive empirical correlation, termed the PM Index (PMI), was
constructed based on the weight fraction (
Equivalent (

), vapor pressure (

), and Double Bond

) value of each component in the fuel, defined as:
(Eqn. 14)
∑(

)

(

DBE is a measure of how unsaturated a hydrocarbon is, and can be calculated from:
(Eqn. 15)
(

)

where C, H, and N are the number of Carbon, Hydrogen, and Nitrogen atoms respectively
present in an organic compound. It is important to note that “oxygen” does not exert an effect
on the DBE. DBE + 1 was used because paraffins have a DBE of zero but their PM
contribution still needs to be accounted for in the correlation. The same can be argued for
oxygenates.

The higher the vapor pressure the greater the chances to evaporate into the gas phase and
therefore mitigate the formation of soot. Aikawa et al. [94] evaluated the vapor pressure at a
range of temperatures, and found that a temperature of 443 K gave the best correlation
between particulate emissions and the PM Index. The vapor pressure was not a direct
measurement, but came from an empirical relation between the normal boiling point of each
component and its vapor pressure at 443 K as shown in Figure 2-11.
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Figure 2-11: Calculation of best coefficient of determination value (R2) at various
temperatures for I function [94]. I represents the PM function further called PMI

The PMI values of the fuel blends studied were compared with the PN values obtained with
the engine experiment under the NEDC cycle and are shown in Figure 2-12. Therefore,
Aikawa et al. [94] stated that the PM Index could accurately predict not only the total PN
trend but also the total particulate matter (PM) mass, regardless of engine type or test cycle.
PMI values for gasoline samples collected from various countries were calculated as well.

Leach et al. [95] investigated PN emissions in gasoline direct injection (GDI) engines. A
modification of the PMI was proposed and denoted as PN Index (PNI) to avoid confusion.
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Figure 2-12: Relationship between PMI and PN on the NEDC cycle [94]

PNI is defined as follows:
(Eqn. 16)
∑(

where

)

is the dry vapor pressure equivalent and

is the volume fraction. DVPE is a

U.S. standard and uses a temperature of 37.8 °C. PNI values were compared with PN engine
emissions of commercially available fuels as shown in Figure 2-13.
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Figure 2-13: Relationship between PNI and PN emissions for commercial fuels [95]
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2.4

Sooting Tendencies of Oxygenated Fuels

2.4.1 Engine and Modeling Studies
Numerous studies, both experimental [5-41] and numerical [42,43], have corroborated that
oxygenated fuel additives reduce soot formation in diesel engines. Some of these studies
have shown that the reduction in soot emissions depends not only on the oxygen content but
also on the molecular structure of the oxygenates. The formula and structure of the
oxygenates cited in this section are presented in Appendix A.

The study by Liotta and Montalvo [25] proved that some oxygen functional groups may be
more effective than others at reducing soot formation and particulate matter emissions.
Oxygen contained in ethers appeared to be more effective than oxygen contained in alcohols.
However, they concluded that additional testing is required to confirm this observation.

Zannis et al. [29] proved a stronger effect of glycol ethers, blends of diethylene glycol
dimethyl ether or diglyme (DGM) and butyl-diglyme (BDGM), compared to rapeseed methyl
ester in reducing soot and particulate emissions in modern direct injection (DI) diesel
engines.

Ren et al. [34] investigated combustion and emissions characteristics of blends of diesel fuel
and oxygenates including dimethoxy methane (DMM), DGM, dimethyl carbonate (DMC),
diethyl carbonate (DEC), diethyl adipate (DEA) and ethanol. Even though they concluded
that the obtained smoke reductions are strongly related to the oxygen content in the blends
and are almost independent of the type of oxygenate, it can be observed in their results that
for the same oxygen mass fraction, alcohols reduce soot more than DEC, which is in
agreement with previous studies. Diethyl carbonate is more effective suppressing smoke than
DMM and DEA is more effective than DMC.

Litzinger et al. [35] conducted experiments to evaluate the effect of three different
oxygenated compounds, DGM, diethyl maleate (DEM) and dibutyl maleate (DBM), on
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emissions from a turbocharged direct injection diesel engine. They found that all three
oxygenates are effective in reducing particulate emissions, with the maleate compounds
being more effective than diglyme, in general.

Chen et al. [36] studied the effects of ester-ethanol-diesel blended fuels on PM emissions.
Their results showed a significant reduction of smoke (30 to 85%) and PM (25 to 50%) with
the increase of ethanol content (10 to 30%). Other studies by Lapuerta et al. [30], Spreen
[37], Hansen et al. [38], Kim et al. [39], and Rakopoulos et al. [40], all reported substantial
reductions in PM observed by ethanol addition to diesel fuels. Rakopoulus [40] developed a
comprehensive, two dimensional, multi-zone model for direct injection (DI) diesel engines
and applied it to ethanol-diesel blends. They concluded that high fuel to air equivalence ratio
areas within the fuel spray are limited when using ethanol-diesel fuel blends instead of pure
diesel fuel. This is attributed to the oxygen bound in the fuel that is progressively released as
the oxygenated fuel is evaporated. This oxygen then becomes available to assist the
combustion of the diesel fuel, especially in fuel rich areas, favoring soot oxidation and
limiting fuel pyrolysis.

Mueller et al. [42] directly compared the effectiveness in reducing soot of DBM and
tripropylene glycol methyl ether (TPGME) in a diesel engine and in a constant volume
combustion bomb. They found, in both experimental setups, that TPGME is significantly
more effective in suppressing soot.

Westbrook et al. [43] used detailed chemical kinetic modeling to examine sooting reduction
in diesel engines by oxygenated additives and attempted to explain how different oxygenated
groups have different soot suppression efficiencies due to differences in the molecular
structure. They compared the amount of soot precursors generated in a baseline fuel-rich
mixture of n-heptane (which was used as a surrogate for diesel fuel) and air with that
generated with addition of oxygenated additives. For their comparison, they used, on the one
side, oxygenated species modeled with available detailed kinetic reaction mechanisms in the
literature such as methanol, ethanol, dimethyl ether (DME), dimethyl carbonate (DMC) and
methyl butanoate (MB). On the other side, they also compared with more complex
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oxygenated species for which detailed kinetics were not available, DMM, TPGME, and
DBM, whose soot reduction was estimated from measured concentrations of precursors
obtained from the literature. For each oxygenate, the fraction of carbon remaining as soot
precursors decreased, being gradually replaced by increased levels of CO and CO2. They
concluded that all oxygenates studied reduced the levels of soot precursors at approximately
the same rate. However, some differences were found in these reduction trends. Some of
them were attributed to uncertainties in the kinetic rates used in the mechanisms, but other
trends can be traced to differences in reaction pathways between different functional groups.
For instance, methanol was found to be the most effective additive in reducing soot precursor
levels. MB soot reduction capability was found to be slightly less than that of other
oxygenates. DMB and DMC also presented weaker trends which led the authors to conclude
that esters are less effective at reducing soot than alcohols. Among esters, DBM was less
effective than MB and DMC. In each of these cases, kinetic modeling showed that the
particular locations and bond structures involving the O atoms lead to different fractions of
direct CO2 formation. This means that not every O atom is able to eliminate a carbon atom
from the soot precursor pool, resulting in a higher fraction of the remaining carbon atoms
being available to produce soot. However, they noted that these computed results are very
remote from in-cylinder conditions, and thus, the relation between them and the expected
engine soot production is only approximate. Moreover, this analysis applies to premixed
combustion only. The same conclusions may not apply to diffusion flames.
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2.4.2 Laboratory Scale Flames
Besides the early studies of Clarke et al. [72] very few studies analyzed the sooting tendency
of oxygenated fuels via smoke point or its equivalents ( ̇

, ̇

).

Lemaire et al. [41] investigated the effects of ethanol addition to gasoline in flames in
mixtures of 10%, 20% and 30% by volume. They compared TSI values obtained for these
blends with soot volume fractions measurements using Laser Induced Fluorescence (LIF)
and LII. They concluded that ethanol reduced the sooting tendency of gasoline at all
concentrations (25% to 81% reduction) due to the combined effect of “dilution” and the
oxygen contained in the alcohol.

Ladommatos et al. [96] studied sooting tendencies of 21 individual fuels which included 5
alcohols, 1-propanol, 1-Butanol, 2-Butanol, 1-Pentanol and 2-Methyl-3-buten-2-ol. However,
they noted that some of these results are misleading since the flames of some alcohols were
so long that they became turbulent around the onset of soot formation, and therefore it was
not possible to obtain accurate measurements.

Allan et al. [97] presented experimental results of laminar smoke points of candles and
waxes. Among the fuels tested there were primary alcohols (1-hexadecanol, 1-octadecanol,
1-docosanol) and carboxylic acids (lauric acid, myristic acid, palmitic acid, stearic acid).

Tran et al. [98] analyzed sooting tendencies of soybean biodiesel-diesel blends (0-25% by
volume of biodiesel) using smoke point observations and LII and laser extinction methods.
The results showed that the sooting tendency decreased by increasing the biodiesel
concentration as shown in Figure 2-14.
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Figure 2-14: Smoke points of biodiesel-diesel blends as a function of blending ratio [98]

The most comprehensive study in the subject found in the literature was made by PepiotDesjardins et al. [99], who used a statistical group contribution method in order to identify,
quantify and interpret the effect of the oxygen moieties contained in different structures on
the sooting tendency of oxygenated fuels. They developed their method making use of
several experimental databases found in the literature and also a new extensive set of smoke
point measurements for a mixture of a base fuel with oxygenated dopants. The TSI was used
to analyze the experimental results. Ethers and alcohols were found to be more effective than
esters in reducing soot formation for the same quantity of oxygen. Ketones and aldehydes
(carbonyl groups) were found to have the highest efficiency in suppressing soot. PepiotDesjardins et al. [99] noted that adding even small quantities of oxygenates to diesel fuels
will generate significant reductions of soot emissions. Oxygenates are mostly linear or
slightly branched paraffins containing oxygen moieties, while diesel fuel is a mixture of
several hundred hydrocarbon molecules containing up to 20% of aromatics. Therefore,
replacing part of these sootier compounds contained in diesel with paraffin chains will reduce
soot formation, independently of the quantity and nature of the oxygen additive, denoted as
“dilution effect”. Hence, the dilution effect of replacing highly sooting molecules must be
decoupled from the oxygen itself in order to assess the molecular effects of the oxygen
structures in the sooting tendency, which is not an easy task.
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Further work by McEnally and Pfefferle [100], measured the sooting tendencies of 186
oxygenated hydrocarbons. In this work the sooting tendency is defined in terms of the
maximum mass concentration of soot measured in a methane/air non-premixed jet flame with
a 1000 ppm concentration of each test compound doped into the base fuel. In this more
recent work, the

and

parameters were chosen to hold the YSI of n-hexane to 0 and the

YSI of benzene to 100. Therefore, since different end points were used, the YSI values are
not directly comparable with previous studies [90,91]. The estimated uncertainty of this work
was ± 2 YSI units overall. They concluded that the measured sooting tendencies depend
strongly on the direct chemical effects of oxygenate structures. At any given carbon number
(n), the YSI increases in the following order: ethers < primary alcohols ≈ n-alkanes <
secondary alcohols. Ketones and aldehydes produced substantially less soot than n-alkanes
with the same carbon number. Esters were found to depend much more strongly on
molecular structure than compounds with a single oxygen atom. Esters are not as effective in
suppressing soot as carbonyl compounds. Propyl, butyl, and pentyl esters have higher sooting
tendencies than n-alkanes with the same carbon number.

Feng et al. [47] measured soot volume fractions in atmospheric pressure non-premixed
flames for a number of C4 to C11 fatty acid mono-alkyl esters (FAMEs), and their sooting
tendencies were compared to that of normal alkanes with similar carbon numbers. Similarly
to previous studies, it was found that the presence of methyl or ethyl functional groups results
in the reduction of the sooting tendency compared to n-alkanes. Ethyl esters displayed higher
sooting tendencies than methyl esters. Finally, it was concluded that the present state-of-the
art kinetic models for methyl and ethyl esters are not capable of describing correctly the
qualitative trends of important soot precursors.

Crossley et al. [92] also compared the sooting tendencies of n-octane and octanol, which MPI
values are 5 and 3.1 respectively. They attributed this difference to the radical scavenging
ability of alcohols to eliminate radicals which are precursors of soot. However, they stated
that studies of oxygenates will be the focus of a future work.
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2.5

Effects of Oxygenated Fuels on Smoke Opacity in Engines

Opacity is the degree to which smoke blocks light, and a basis for measuring the amount of
smoke coming from a diesel-powered vehicle. Smoke opacity represents another widely used
measurement of smoke and an indication of particulate matter generated in diesel engines.
Smoke opacity is regulated in some states within the U.S., such as California, where all
heavy-duty diesel-powered vehicles must meet the applicable opacity standards of 55% for
pre-1991 engines and 40% for 1991 and newer engines with limits under 40% [101].
Different studies have shown an improvement of this property by utilizing oxygenated fuels
in diesel engines [25,30,102-105].
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Chapter 3 : EFFECTS OF BIOFUELS ON SOOT OXIDATIVE
REACTIVITY

3.1

Fundamentals of Soot Formation

Soot formation is a complex process and has been the subject of multiple studies throughout
many years. In the earlier research, the target was to study what carbon compounds could
contribute to soot formation. Berthelot, studied acetylene in detail for the first time, and in
1866 proposed that soot might be formed by direct polymerization of the ethyne [106].
Although much progress has been made in understanding the fundamental reactions and
pathways that lead to soot formation there are still many important aspects that remain poorly
understood. However, there is consensus throughout the literature on the general processes
that lead to soot formation which are described in the following sections and depicted in
Figure 3-1.

3.1.1 Formation of Molecular Precursors
Theories of soot precursors include consideration of polyacetylenes, ionic species and
polycyclic aromatic hydrocarbons (PAHs). However, there is a general agreement that heavy
PAHs of molecular weight 500–1000 amu are the primary molecular precursors of soot
particles [107]. The growth process from small molecules to larger PAHs includes both the
addition of small chemical units (e.g., C2, C3), among which acetylene is of relevance, to
PAH radicals, and reactions among the growing aromatic species (e.g., PAH–PAH radical
recombination and addition reactions). The relative contribution of the different types of
reactions depends on the initial fuel molecular structure.
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Figure 3-1: Rough picture of soot formation in premixed flames [108]

One key step in the formation of soot precursors is the formation and growth of the first
aromatic ring from small aliphatics [107] and several paths have been investigated [107-119].

Frenklach et al. [109,110] suggested the following reaction pathways:
(R. 1 )

(R. 2 )
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The reaction shown in R. 1 was found to be more dominant on initial low temperatures of the
pre-flame zone while the reaction in R. 2 was the dominant pathway in the high temperature
main reaction zone.

Miller and Melius [111] argued that 1,3-butadienyl radical and cyclobutadiene could not be
present in sufficiently high concentrations since they transform rapidly to their correspondent
stabilized isomers. Therefore, they proposed the carbon-atom pathway via combination of
propargyl radicals, which are very stable radicals:
(R. 3 )

Wang and Frenklach [112] argued that the rate constants for the recombination reactions
assigned by Miller and Melius [111] were unreasonably high due to much lower stabilities
predicted by their model and that the reactions R. 1 and R. 2 are of relevance.

Other reaction pathways suggested based on combinations of propargyl and cyclopentadienyl
radicals [113,114] are:
(R. 4 )

(R. 5 )

Another proposed route is the reaction between propargyl and acetylene to form
cyclopentadienyl radical:
(R. 6 )

This pathway combines the benefits of high stability of the propargyl radical and the
abundance of acetylene. The cyclopentadienyl radical reacts further rapidly to form benzene
[115].
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Once the first aromatic ring is formed it can undergo further growth reactions forming PAHs.
Frenklach et al. [120] introduced the hydrogen abstraction-acetylene addition mechanism,
more commonly known as HACA. The two main reactions of this PAH formation
mechanism are:


Hydrogen abstraction from the reacting hydrocarbon by a gaseous hydrogen atom
(R. 7 )



Addition of gaseous acetylene to the radical site formed
(R. 8 )

The first reaction activates a molecule to further growth by converting it to a radical and this
step could be reversible. A schematic of the HACA mechanism is shown in Figure 3-2.

Figure 3-2: Principal reaction pathway for formation of two ring aromatics [120]

Studies by Marinov et al. [121], Castaldi et al. [122], and Melius et al. [123] suggested that
large aromatic species are produced mainly from the resonantly stabilized cyclopentadienyl
radicals. In their models naphthalene is produced from the recombination of two
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cyclopentadienyl radicals, while phenanthrene is formed by the combination of indenyl and
cyclopentadienyl radicals, as shown in Figure 3-3.

Figure 3-3: Mechanisms for the formation of naphthalene and phenanthrene [121-123]

Fenklach et al. [124] argued that although the formation of aromatic species can be initiated
through different reaction channels depending on the molecular structure of the parent fuel
and the initial test conditions, these initial reaction pathways can quickly relax to the path of
acetylene addition, as shown in Figure 3-4:

Figure 3-4: Formation of phenanthrene via acetylene addition to biphenyl radicals [124]
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3.1.2 Nucleation or Inception of Particles
In this step the first condensed phase material arises from the fuel-molecules via their
oxidation and/or pyrolysis products [107]. The condensation reactions of gas phase species
lead to the appearance of the first recognizable soot particles (which are often called nuclei).
These first particles are very small (diameters < 20Å) and the formation of even larger
numbers of them involves a negligible soot loading in the region of their formation, which is
generally confined to the more reactive regions of the flame. Due to the complexity of this
process, it remains to be the least understood step in the soot formation process.
According to Frenklach and collaborators [116,125] particle nucleation starts with PAH
species of certain size beginning to coalesce during collisions, thus forming PAH dimers
(entities consisting of two structurally similar monomers joined by covalent or intermolecular
bonds). The PAHs dimers collide with PAH molecules forming PAH trimers or other dimers
and so on. Therefore, PAH clusters evolve to solid particles via chemical reactions with
gaseous precursors simultaneously with the growth of particle size by collisions among PAH
molecules (polymerization mechanisms in parallel with the HACA mechanism). However, it
has been argued that this type of particle growth alone is not sufficient to explain the time
scale of soot inception phenomena.
Violi, D’Anna and collaborators [126,127] proposed a model of purely chemical growth for
soot nuclei formation. According to this model, aromatics are rapidly formed in the main
flame region and they grow up to 2-, 3-rings attaining a concentration level in flames that is
comparable to the total concentration of PAHs. Aromatics grow by a radical-molecule
sequence of reactions involving multi-membered ring PAHs. These compounds are
exceptional intermediates as they grow rapidly forming resonantly stabilized radical
intermediates. This model proposed adding chemical specificity to the reactive coagulation
process considering radical-molecule sequence of reactions involving gas-phase PAHs
having conjugated double bonds. The radical species attacks the bond starting the
propagation reaction. Aromatic species are usually considered to give substitution reactions,
but there are some compounds which have double bonds that can be easily broken, giving
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addition reactions. These addition reactions form intermediate species in which the electron
can migrate all over the structure. The addition step produces resonantly stabilized radical
intermediates that continue the addition sequence forming higher molecular mass species.
This model [127] also allows the formation of high molecular mass aromatics having high
H/C ratios and few condensed rings connected by aliphatic bonds. The presence of these
compounds cannot be explained considering only a growth process of sequential addition of
acetylene to aromatic rings (HACA).

3.1.3 Surface Growth of Particles by Addition of Gas Phase Molecules
Surface growth is the process by which the bulk of the solid phase material is generated.
Surface growth involves the attachment of gas phase species such as acetylene and PAHs to
the surface of the particles and their incorporation into the particulate phase [107].

Harris and Weiner [128] suggested that acetylene is the dominant growth specie contributing
to the increase of soot mass due to its abundance in the sooting region. Further studies [129133] on this step have generally corroborated that the HACA mechanism is the primary
surface growth mechanism.
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3.1.4 Coagulation/Agglomeration
A significant fraction of the observed particle growth is due to coagulation and
agglomeration. Coagulation refers to the process in which particles collide and fuse
(coalescent growth), thus reducing their overall number concentration while increasing the
average size of the particles [109]. Beyond a certain point, the collisions between particles do
appear to change from being effectively coalescent to chain-forming which is defined as
agglomeration [109].

In this regime particles are usually assumed to be spherical. They collide and coalesce
completely, forming new spherical particles. The process is described by the Smoluchowski
equations [134] with the collision coefficients dependent on the sizes of colliding particles,
which at the same time are dependent of pressure. At low pressures the coagulation is said to
be in the free-molecular regime, and at high pressures in the continuum regime [135,136]
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3.1.5 Oxidation
Oxidation of PAH and soot particles occurs as a competing process with the formation of
these species [107]. The process decreases the mass of PAH and soot material through the
formation of CO and CO2. In diffusion flames oxidation occurs subsequent to soot formation.
The main oxidation reactants are ̇ , ̇ and O2. Richter and Howard [107] stated that the
largest contributors of oxidation in general are ̇

under fuel-rich conditions and O2 under

fuel-lean conditions.
Puri et al. [137] determined quantities of ̇

radicals and soot in the soot oxidation regions

of axisymmetric diffusion flames at atmospheric pressure. It was shown that ̇

is the

dominant oxidizer of soot with O2 making a small contribution.
Xu et al. [138] studied flame structure and soot oxidation processes in the soot oxidation
region of co-flowing laminar diffusion flames. Acetylene-nitrogen, ethylene, propylenenitrogen, propane and acetylene-benzene fuels were burned with air at atmospheric pressure.
O2 mole fractions were found to be less than 3% in all flames. Potential soot oxidizing
species included O2, CO2, H2O, ̇

and ̇ . Among these species the OH radical was found to

be the principal oxidizer of soot in the oxidation region, corroborating previous findings.
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3.2

Soot Nanostructure and Oxidative Reactivity

Soot oxidative reactivity can be defined as the time and temperature it takes to oxidize a
given mass of soot. Studies by Vander Wal and Tomasek [139,140] have demonstrated that
soot oxidative reactivity is related to its nanostructure, which refers to the graphene layer
plane dimensions, and the curvature and relative orientations of its constituent molecular
layers. Soot with more curved and disorganized layers generally will be more reactive than
soot with planar graphitic layers. Vander Wal and Tomasek [139] observed great structural
differences between soots derived from different fuels. They compared benzene, ethanol and
acetylene derived soots obtained under similar experimental conditions and found that there
are considerable differences in their oxidation rates. For instance, acetylene derived soot was
found to have a significantly higher oxidation rate than benzene derived soot despite their
similarly sized primary particles. These differences can be attributed to the different
nanostructures exhibited by the derived soots. As shown in Figure 3-5 benzene derived soot
exhibits short, individual graphene segments with no relative orientation to each other.
Therefore, the benzene derived soot possesses a disordered crystallite structure. On the other
hand, acetylene derived soot has extended carbon lamella, many of which are oriented
parallel to each other. This organization is characteristic of a crystallite structure of soot. The
ethanol derived soot exhibited extended layer planes with curvature. Vander Wal and
Tomasek [139] argued that the relative number and accessibility of potential reactive carbon
edge sites depends on the soot nanostructure. These sites can be potentially accessible for the
HACA mechanisms, rearrange and bond with adjacent graphene layers (graphitization) or
react with oxidizer species and radicals (oxidation). Larger graphene layer planes, and larger
and concentrically oriented crystallites result in fewer potential reaction sites and hence
lower reactivity.

Vander Wal and Tomasek [140] also studied how different experimental conditions of
temperature and time influence soot reactivity. Lower temperatures yielded amorphous soot
consisting of short, disconnected, and randomly oriented graphene layers regardless of the
fuel or flow rate. High temperature yielded different results depending upon the flow rate and
fuel. At higher temperatures some fuels (acetylene, benzene and indene) resulted in a highly
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curved soot nanostructure at high flow rate, whereas they produced graphitic soot
nanostructure at low flow rates. However, ethanol exhibited soot with curved nanostructure
regardless of the flow rate. It has also been showed that the soot nanostructure changes as
soot is oxidized [141, 142].

Figure 3-5: High resolution transmission electron microscopy (HRTEM) images of
derived soots of benzene, ethanol and acetylene [139]

Morjan et al. [143] suggested that the role of oxygen is essential in obtaining soot particles
having considerable curved layers which increases soot reactivity.

Besides soot nanostructure, soot surface functional groups have been investigated as another
factor governing reactivity. Carbon atoms in edge sites can form bonds with chemisorbed
oxygen due to the availability of unpaired sp2 electrons [139]. Carbon located on the edge
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sites has been proven to be more reactive than carbons in the basal planes, and hence the
chemisorbed oxygen which is predominantly located on the edges increases reactivity [144].

Smith et al. [145] reported that soot reactivity was dependent of the oxygen and hydrogen
functionalities attached to the soot surface. This increased reactivity was attributed to the
reduced energy requirement to remove the oxygen as CO or CO2 in comparison to regular
oxidation of the carbon site.

The effect of the volatile organic fraction (VOF) on PM has also been investigated by several
researchers [146-148]. These studies suggested that VOF influences micropore development
and oxidation by providing increase in internal surface area due to micropore opening in
which oxygen could penetrate and react.

When investigating reactivity phenomena in actual engines it is important to take in
consideration the role of some after-treatment systems such as EGR on the soot
nanostructure. Al-Qurashi and Boehman [141] showed that EGR exerts a strong influence on
the physical properties of the soot which leads to enhanced oxidation rates. HRTEM images
showed a dramatic difference between the burning modes of the soot generated under
different percentages of EGR. The soot derived with no EGR strictly followed an external
burning mode with no evidence of internal burning. In contrast, soot generated under 20%
EGR exhibited dual burning modes which consisted of a slow external burning and rapid
internal burning.
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3.3

Biodiesel Effects in Soot Oxidative Reactivity

Biodiesel is a renewable fuel that consists of mono-alkyl esters of fatty acids, which are
typically methyl esters, referred as fatty acid methyl esters (FAME). Biodiesel blended fuels
have been proven to enhance diesel particulate filter (DPF) performance [48-52] by reducing
the break even temperature (BET), also referred sometimes as balance point temperature,
defined as the temperature at which particulate deposition on the filter is balanced by
particulate oxidation on the filter and by increasing the DPF regeneration rate [149].

Boehman et al. [49] studied the impact of sulfur content and biodiesel blending on DPF
operation by analyzing the impact of fuel composition on the BET. Four fuels were tested, a
low sulfur diesel fuel (LSD), an ultra-low sulfur diesel fuel (ULSD), and their B20 blends, on
a commercial direct injection (DI) diesel engine. Soot nanostructures of particulates derived
from the different fuels were compared by means of HRTEM imaging. Particulate reactivity
differences were analyzed via temperature-programmed oxidation (TPO) in an idealized
thermogravimetric analysis/ differential scanning calorimetry (TGA/DSC) oxidation
experiment. Engine-out NOx emission differences were observed among the different fuels.
Differences on the rate of conversion of engine-out NO to NO2 across the DPF due to
oxidation were also found attributed to different fuel formulations. NO2 is known to assist
PM oxidation on the DPF by being a more aggressive oxidizer than oxygen [149]. B20
addition to LSD increased the engine out NOx (comprised mostly of NO) while in the case of
ULSD it decreased. However, the presence of SO2 in the exhaust is known to inhibit the
conversion of NO into NO2 [149]. Therefore, the net effect of the higher engine-out NOx
emissions on the LSD-B20 blend was lower BET in comparison to the ULSD-B20 blend.

However, engine-out NOx and the rate of NO2 formation in the DPF is not the only
governing factor in DPF regeneration. Boehman et al. [49] conducted experiments at an
exhaust temperature of 480 °C, for which NO to NO2 conversion reaches equilibrium, thus,
eliminating the dependence of reactivity on NO2 formation. DPF regeneration improvements
were observed with biodiesel addition. Therefore, the inherent nanostructure of the
particulates has an influence in the reactivity. Another factor suggested to have an influence
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in the DPF regeneration is the difference on the PM volatile organic fraction (VOF).
Biodiesel blending has been reported to increase substantially the VOF [150]. VOF increase
provides additional reactive hydrocarbons to oxidize catalytically in the DPF, increasing the
reactivity rates. Boehman et al. [49] conducted TPO analysis of the soot, eliminating the
VOF, showing that biodiesel blends generate soot that exhibit a lower ignition temperature,
corroborating the higher reactivity related to the primary soot particles. Soot nanostructure
for the biodiesel blends was found to be more amorphous and disorder than the soot for the
parent diesel fuels as shown in Figure 3-6. The authors attributed these differences to
potential fuel composition effects. B20 soots exhibited a more amorphous and disordered
arrangement of short-range graphene segments, which corresponds to a more reactive
nanostructure. In contrast, the diesel soots exhibited a typical shell-core structure in which
graphene layers are oriented parallel to the external outer surface, which corresponds to a less
reactive nanostructure.

Figure 3-6: HRTEM images of soot nanostructure showing the effect of biodiesel
blending [49]
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Song et al. [50] studied soot reactivity derived from ULSD, neat biodiesel (B100), FischerTropsch diesel fuel (FT100) and ULSD blended with 20% biodiesel. B100 derived soot was
found to be significantly more reactive than FT100 derived soot as shown in Figure 3-7. This
was attributed to B100 derived soot undergoing a unique oxidation process leading to
capsule-type oxidation and eventual formation of graphene ribbon structures. The evolution
of the B100 soot nanostructure with the percentage of oxidation (burnoff) is shown in Figure
3-8. Dramatic structural changes can be observed in relation with the oxidation stage.
Incorporation of surface oxygen functionalities was suggested to provide the means for more
rapid oxidation and structural transformation during the oxidation process. It was also
discussed that initial nanostructure alone does not determine the reactivity of soot and that
the degree of internal structure change with the rate of oxidation has a strong influence as
well.

B100
Soot

Figure 3-7: Mass loss TGA curve for soot samples derived from different fuels [59]
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Figure 3-8: HRTEM images of B100 soot at three different burnoff stages [50]
Williams et al. [51] studied the BET and regeneration rate of biodiesel-diesel blends derived
soot in comparison to pure diesel derived soot. They tested USLD blended with soy-biodiesel
at 5 and 20% concentrations in volume and neat biodiesel. In this study the BET, was found
to be 45 °C and 125 °C lower for B20 and neat biodiesel, respectively, than ULSD. The DPF
regeneration rate was also found to be improved by the use of biodiesel in comparison to its
petroleum based counterpart. No significant differences in NOx emissions for these fuels at
the steady-state regeneration conditions were found, suggesting that differences in soot
reactivity are the main cause of the BET differences found. Finally, characterization of the
obtained soot showed that as biodiesel is blended into the diesel fuel the derived soot is more
disordered and may contain higher levels of oxygen attached.

Despite the agreement found in the literature in regards to the effect of biodiesel on DPF
regeneration, very few studies have focused on which properties of biodiesel contribute to
these improvements. Some of these improvements can be attributed to the lower sulfur
content of the biodiesel blends as sulfur dioxide generated during combustion can poison the
catalysts in the DPF [149]. However, as research in the subject progresses more factors have
been proven to govern synergistically these phenomena.

Vander Wal and Mueller [53] found that increasing fuel oxygen content generated soot with
less graphitic structure and higher reactivity. B100 derived soot exhibited less-coherent
orientation in comparison to a hydrocarbon reference fuel, with not obvious single center of
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concentric ordering as shown in Figure 3-9. Soot derived from a highly oxygenated fuel,
diethylene glycol diethyl ether (DGE), presented a highly disorganized nanostructure with
negligible radial variations. Significant differences in fringe length were also observed. The
hydrocarbon reference fuel produced soot with more than 40% of fringes with more than
1nm in length. On the other hand, DGE soot presented more than 80% of fringes with less
than 1nm in length. Tortuosity was found to be significantly higher, as well, for the DGE
soot in comparison to the reference hydrocarbon.

Figure 3-9: HRTEM images of soot derived from (a) diesel (b) B100 and (c) DGE [53]

Further work by Song et al. [54] indicated that the relative amount of oxygen functional
groups incorporated on the soot surface could be the governing factor of the increased
reactivity exhibited by biodiesel rather than the initial structure and pore size distribution of
the particulates.
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Strzelec [151] investigated how the oxidation characteristics of diesel PM are affected by
blending soy-derived biodiesel fuel with conventional ULSD fuel. PM produced in a light
duty engine from different biodiesel-conventional fuel blends was subjected to a range of
physical and chemical measurements in order to better understand the mechanisms by which
fuel-related changes to oxidation reactivity occur. It was found that particulates from
biodiesel had a more open structure than particulates generated from conventional diesel fuel,
which was confirmed by BET surface area measurements. Oxidation characteristics of
nascent PM were measured by TPO and it was noted that increased biodiesel blending
lowered the BET and the temperature where the peak rate of oxidation occurred. A shift in
the oxidation profiles of all fuels was seen when the VOF was removed. However, the trend
in temperature advantage of the biofuel blending remained. The VOF was measured by
temperature programmed desorption and it was found to generally increase with increasing
biodiesel blend level. An interesting finding on this research is that PM from pure biodiesel
and biodiesel-diesel blends oxidizes at lower temperature than particulates from conventional
diesel fuel with the notable exception of B5 suggesting that there is a threshold for biodiesel
blending impact in soot reactivity.

Williams et al. [55] investigated the effect of three fuel properties on the DPF regeneration,
the fuel aromatic content, the potential presence of alkali metals, and the fuel oxygen content
and functionality. It was found that the aromatic content is not a contributor in biodiesel soot
reactivity. Alkali metals, such as sodium and potassium, that could be present in biodiesel
due to the catalyst used for transesterification, are known to catalyze carbon oxidation [152]
and they may act as fuel-borne catalyst in DPF regeneration. No significant variations were
found between these two samples proving no dependence on the presence of alkali metals in
the fuel as well. ULSD soot samples were compared with B10, B20 and B100 soot samples.
It was found that as the oxygen content was increased the regeneration times were shortened
considerably as well as the DPF regeneration temperatures. B20 samples with a 2.2% of
oxygen content were compared with a blend of ULSD and decanol (23 vol%) with the same
oxygen content. Regeneration times were found to be shorter for the decanol blended fuel
than for the B20. Therefore, oxygenates having a carbon bonded to one oxygen atom rather
than to two are more effective at increasing soot reactivity.
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Seong and Boehman [60] found that surface oxygen content is proportional to soot oxidative
reactivity and may be a governing factor for increased oxidation reactivity of B100 soot in
comparison to its hydrocarbon counterparts. However, in contrast Yehliu et al. [153,154]
showed that surface oxygen content did not correlate well with soot oxidative reactivity.

Zhang and Boehman [61] studied the impact of the fuel-bound oxygen contained in a fatty
acid ester on the soot oxidative reactivity in a simplified combustion system using a diffusion
flame burner with well controlled test conditions. Methyl crotonate derived soot was
compared with n-pentane soot, therefore, eliminating the effect of carbon chain length
differences. TPO was conducted in both derived soots and the results are shown in Figure
3-10.

Figure 3-10: Mass loss rate during the oxidation of n-pentane soot (O) and methyl
crotonate soot (∆) [61]
As it can be observed in the plot no statistically significant differences in reactivity can be
devised. Raman spectroscopy analysis of both soot samples did not show any significant
differences as well as shown in Figure 3-11. HRTEM images of both soot samples did not
exhibit any distinct differences in terms of the initial nanostructure (Figure 3-12). Therefore,
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it was concluded that the fuel-bound oxygen in the ester moiety of a fatty acid ester does not
exert a significant influence on the soot oxidative reactivity improvement found in biodiesel.

Figure 3-11: Raman (Id/Ig) ratio for n-pentane soot (O) and methyl crotonate soot (∆) as
a function of burnoff rate [61]

Figure 3-12: HRTEM images of unreacted soot samples derived from (a) n-pentane soot
and (b) methyl crotonate soot [61]
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Chapter 4 : HYPOTHESES AND OBJECTIVES

4.1 Impact of Oxygenated Fuels on Sooting Tendency

Numerous studies, both experimental and numerical, have corroborated that the presence of
oxygen in fuels reduces soot formation in internal combustion engines. Some of these studies
have shown that besides the oxygen content, the type of oxygen functional group and its
relative position within the structure of the molecule are governing factors on the sooting
tendency reduction, as well. However, the chemical processes and mechanisms involved in
these effects are still not well understood.

Very limited studies have been conducted which focus on evaluating the sooting tendency of
oxygenated fuels via laboratory scale diffusion flame burners, such as a smoke point lamp.
Furthermore, these studies have not effectively decoupled the effects of carbon chain length
and the "dilution effect" from their results. Most of these studies make use of the Threshold
Soot Index (TSI) which converts smoke points or their equivalent measurements (i.e., fuel
mass consumption rate at the smoke point) into apparatus-independent sooting indices.

However, the TSI was created based on reported data on pure hydrocarbons without
considering data on compounds containing heteroatoms, including oxygenates. Furthermore,
the molecular weight used in the TSI correlation is not an exact measurement of the
stoichiometric amount of oxygen required by the flame. In fact, Calcote and Manos [78]
acknowledged that “a better approximation would be to employ the moles of air required for
the combustion of one mole of fuel instead of molecular weight”.
In addition, despite its relevance in the field, few works have been made about the influence
of oxygenates on PM emissions and the sooting tendency on spark ignition (SI) engines. This
may be explained due to the notion that SI engines operating with gasoline generate very low
concentrations of PM. However, recent studies indicate that current gasoline SI engines often
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emit an increased fraction of nanoparticles even though steady-state particulate number
emissions are generally several orders of magnitude lower than those from modern diesel
engines [155,156]. These “ultra-fine” particles can be very dangerous since they can
penetrate deeper into the human respiratory system [157]. Particulate number emissions from
gasoline engines have also been shown to increase significantly when operated under highload, transient and cold-start conditions [155,156]. Moreover, the growth of gasoline direct
injection (GDI) engine technology, aimed to offer fuel economy and CO2 emissions benefits
[158-160], represents an additional risk of increased PM emissions. Preliminary research
indicates that GDI engines, as evolving powertrains for automotive applications, may emit a
larger amount of particulates than do conventional port-fuel-injected (PFI) engines,
especially during stratified-charge operation, due to incomplete fuel volatilization and
impingement onto piston and cylinder surfaces. Depending on the degree of combustion
system optimization, smoke emissions from prototype GDI engines could be as high as 1.2
Bosh Smoke Units (BSU) [161,162].

Therefore, the specific hypotheses and objectives of this work are as follows:
 Hypotheses:


The Threshold Soot Index (TSI), as defined and widely used in the literature, does
not account for the presence of oxygen atoms in the fuel molecules, and the impact
of fuel oxygen on the amount of air required by the flame for stoichiometric
combustion. Therefore, the application of TSI to oxygenated fuels leads to sooting
tendencies that are inconsistent.



Molecular structure and functionality of the oxygen imbedded in the fuel contributes
to the sooting tendency of oxygenated fuels, independently of the dilution effect
caused by addition of these oxygen moieties into the fuel.
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 Objectives:


Define a new sooting index, based on smoke point measurements, for oxygenated and
non-oxygenated compounds, which considers the relation between the height of the
flame and the stoichiometric amount of air required by the flame, including the
effects of the oxygen contained in the fuel.



Develop a quantitative structure-property relationship (QSPR) group contribution
analysis to evaluate the sooting tendency of different oxygenated fuels and how it
correlates with the oxygen functional groups contained within the fuel sample to
predict sooting tendencies of pure compounds for which limited data exists in the
literature.



Propose an empirical predictive correlation between fuel’s chemical and physical
properties and gasoline engine-out particulate matter emissions.



Propose a new methodology for estimating the decrease in diesel engine exhaust
opacity when adding oxygenates to diesel fuel and compare results with ones
obtained on actual diesel engines.

58

4.2 Linking the Ester Structure to the Soot Characteristics and Soot
Oxidative Reactivity of Biodiesel
Biodiesel has been proven to have a strong impact on the oxidative reactivity of diesel soot.
However, few studies have been conducted to investigate the oxidative chemistry of
compounds that are in biodiesel. The fatty acid methyl esters, of which biodiesel is
comprised, exhibit a more complex ignition chemistry than normal alkanes of equivalent
carbon number. Studies [53,55,59,60] have shown a clear dependence of soot reactivity on
the molecular structure of the oxygen in the fuel, suggesting that the unique oxidation
behavior of esters may be a governing factor of the enhanced soot oxidation behavior
presented by biodiesel. However, recent studies by Zhang and Boehman [61] have found that
shorter chain alkyl esters, specifically methyl crotonate, do not influence the soot oxidative
reactivity when compared with n-pentane soot. Therefore, the present research has the
following hypotheses and objectives:
 Hypotheses:


There must be a defined carbon chain length threshold for which ester compounds
have an impact on soot oxidative reactivity and soot characteristics.



Molecular structure of the ester compounds (i.e., degree of unsaturation and type of
bonds) have an impact on soot oxidative reactivity and soot characteristics due to
differences in the soot growth mechanisms that lead to the formation of different soot
growth species during the fuel decomposition period, which leads to differences in
soot nanostructure.
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 Objectives:


Provide a deeper understanding of how esters influence soot formation processes
which yield the significant effects on structural characteristics of primary soot
particles and thereby on the oxidative reactivity.



Investigate the impact of the fuel-bound oxygen in fatty acid esters on soot oxidative
reactivity in a simplified combustion system with well controlled conditions.
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Chapter 5 : EXPERIMENTAL

5.1

Impact of Oxygenated Fuels on Sooting Tendency

5.1.1 Equipment

5.1.1.1

Smoke Point Lamp

A standard smoke point lamp as specified by ASTM D1322 [163] was used for all the smoke
point measurements. A drawing of the lamp is shown in Figure 5-1.

Figure 5-1: ASTM smoke point lamp [163]

A black-painted steel frame surrounding the apparatus was used to control air flow during the
measurements. According to the ASTM D1322 [163] the flame height is varied by
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controlling the length of wick exposed to the flame, thus controlling the liquid fuel flow rate.
The smoke point is identified by a specific flame shape as shown in Figure 5-2.

Figure 5-2: Drawing with correct measurement of smoke point [163]
A photograph of the flame for a standard reference fuel, isooctane/toluene (80-20% v/v), at
the smoke point is shown in Figure 5-3.

Figure 5-3: Photograph taken of isooctane/toluene (80-20% v/v) diffusion flame at
smoke point
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For most of the oxygenated fuels tested in this study, the wick length exposed to air on the
smoke point lamp chimney was not sufficient to reach the smoke point of the sample. This
can be explained by the relation between laminar diffusion flame length and combustion
initial conditions. For circular-port flames, the flame length is proportional to the volumetric
flow rate and inversely proportional to the stoichiometric fuel mass fraction. Therefore, fuels
that require less air for complete combustion (i.e., oxygenates) will produce shorter flames
[164]. In order to achieve the smoke point, the volumetric flow rate has to be increased to a
critical value by increasing the surface area of the wick. The surface area to be exposed can
be increased by increasing the wick height. Therefore, a redesigned wick trimmer/holder of
greater length (28.75 mm high, compared to the original 22.90 mm) was fabricated to allow a
longer wick height and a greater volumetric fuel flow rate. The other dimensions of the piece
were kept in accordance to the ASTM standard lamp. The new wick trimmer holder along
with the standard one is displayed in Figure 5-4 for comparison. Smoke points of ASTM
D1322 standards were measured in order to verify that this change does not affect the ASTM
calibration and testing procedure.

Figure 5-4: New manufactured wick trim holder (left) and ASTM D1322 standard one
(right)
The smoke points for each fuel were measured three times, averaged and calibrated in
accordance with ASTM D1322 using two standard reference fuel blends. The first blend of
20% toluene and 80% 2,2,4-trimethylpentane (iso-octane) (v/v) and the second blend of 40%
toluene and 60% 2,2,4-trimethylpentane (v/v).
The ambient temperature and relative humidity of the test site were monitored to make sure
fluctuations of environmental conditions did not affect the smoke points of the blends. The
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ambient temperature ranged from 21 to 25 °C and the relative humidity ranged from 47% to
57%. All tests were performed at atmospheric pressure.

5.1.1.2

Engine Opacity Studies

The binary blends shown in Table 5-1, were tested at Universidad de Castilla- La Mancha
(UCLM) of Ciudad Real, Spain on a 4-stroke, direct injection, common rail, diesel engine
coupled to an asynchronous brake dynamometer model Schenck Dynas3 LI 250 [165].
Table 5-1: Binary blends tested at UCLM
Blends

Nomenclature
B30

Biodiesel-Diesel

B70
B100
ED7.7

Ethanol-Diesel
ED17

Compounds

%v/v

Biodiesel
Diesel
Biodiesel
Diesel
Biodiesel
Diesel
Ethanol
Diesel
Ethanol
Diesel

30
70
70
85
100
0
7.7
92.3
17
83

MW
(g/mol)

Oxygen Content
(% wt)

231.75

3.41

263.75

7.78

292.92

10.92

167.52

2.55

133.56

5.65

The main engine characteristics are shown in Table 5-2. The tests were carried out on a
steady state operating mode whose parameters are displayed on Table 5-2. This particular
engine operating mode, based on the New European Driving Cycle (NEDC), was selected
based on the high engine load with no EGR. An AVL 439 opacity meter based on the light
extinction theory was used to measure the opacity of the exhaust gases on %Op.
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Table 5-2: Engine characteristics and test operating conditions (Tests conducted in
UCLM)
Engine Characteristics
Engine
Type
Intake system
Injection System
EGR System
Nº of cylinders
Bore (mm)
Stroke (mm)
Displacement (dm3)
Maximum rated power (kW)
Maximum rated torque (Nm)

NISSAN YD 2.2
4 stroke diesel
Turbocharger with intercooler
Common-rail
Hot EGR externally controlled
4
86.5
94
2.2
82 (at 4000 min-1)
248 (at 2000 min-1)
Engine Test Conditions

Engine speed (min-1)
Torque (Nm)
EGR rate

1853
110
0
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5.1.2 Test Fuels
Four groups of fuels are considered in this section of the work and are described as follows.
All groups of fuels were tested using the smoke point apparatus described in Section 5.1.1.1.
A set of Group 4 of fuels was tested on a direct injection diesel engine as described in
Section 5.1.1.2.

5.1.2.1

Group 1: Pure Oxygenated and Non-Oxygenated Compounds

Pure oxygenated and non-oxygenated compounds selected for the present study, are shown in
Table 5-3 with their molecular formulas, structures, molecular weights and oxygen contents.

Some of the compounds tested were highly volatile and presented a very unstable flame (e.g.,
1-pentene) or displayed a non-luminous flame (e.g., diethylene glycol methyl ether) for
which it was not possible to measure the smoke point. These compounds are 1-pentene, 1pentanol, 2-pentanol, 1-pentanal, ethyleneglycol monopropyl ether, diethylene glycol methyl
ether, diethyl carbonate and ethyl pyruvate. Therefore, they were mixed in a 50/50% (v/v)
base with a fuel blend of 65% (v/v) n-heptane and 35% (v/v) toluene. This particular base
fuel was selected based on previous work by Pepiot-Desjardins et al. [99]. n-Heptane is
widely used as a diesel surrogate which makes it a desirable blending fuel to analyze the
effect of oxygenated moieties addition on the sooting tendency. However, the smoke point of
pure n-heptane is very high (~45 mm), making it impractical as a blending fuel for studying
potential improvements given the testing apparatus scale limits (50 mm). Therefore, it was
blended with toluene which reduces the smoke point and introduces aromatic content to the
blend making it closer to real diesel fuels (~20% aromatics). The smoke point measured for
the base fuel (65/35% v/v n-heptane/toluene) was determined to be 20.7 mm.
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Table 5-3: List of pure oxygenated and non-oxygenated compounds tested with their
properties
i

Name

Formula

Structure

MW [g/mol]

Oxygen mass fraction (Yo)

C-5 Compounds Used in Group Additivity Study
1

n-Pentane

C5H12

72.15

0

2

1-Pentene

C5H10

70.13

0

3

1-Pentanol

C5H12O

88.15

0.1815

4

2-Pentanol

C5H12O

88.15

0.1815

88.15

0.1815

88.15

0.1815

88.15

0.1815

88.15

0.1815

88.15

0.1815

86.13

0.1858

86.13

0.1858

86.13

0.1858

86.13

0.1859

84.12

0.1902

82.10

0.1949

104.15

0.3072

104.15

0.3072

102.13

0.3133

102.13

0.3133

102.13

0.3133

OH

OH
OH

5

3-Methyl 1-butanol

C5H12O

6

2-Methyl 1-butanol

C5H12O

7

2-Methyl 2-butanol

C5H12O

OH

OH

8

Methyl tert butyl ether

C5H12O
O
O

9

Sec butyl methyl ether

C5H12O

10 1-Pentanal

C5H10O

11 2-Pentanone

C5H10O

O

O

O

12 3-Pentanone

C5H10O

13 3-Methyl 2-butanone

C5H10O
O

14 Cyclopentanone

O

C5H8O
O

15 2-cyclopenten-1-one

C5H6O

16 Dimethoxypropane

C5H12O2

O
O

17 Ethyleneglycol monopropyl ether

O

C5H12O2

OH

O

18 Valeric acid

C5H10O2
OH

O

19 Methyl butanoate

C5H10O2
O

O

20 Ethyl propionate

C5H10O2
O
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Table 5-3 (continued)
i

Name

Formula

Structure

MW [g/mol]

Oxygen mass fraction (Yo)

102.13

0.3133

102.13

0.3133

100.12

0.3196

100.12

0.3196

100.12

0.3196

120.15

0.3995

118.13

0.4063

116.12

0.4134

116.12

0.4134

44.05

0.3632

76.09

0.4205

74.12

0.2158

90.12

0.3551

98.15

0.1630

100.16

0.1597

144.13

0.4440

C-5 Compounds Used in Group Additivity Study
O

21

Propyl acetate

C5H10O2
O
O

22

Isopropyl acetate

C5H10O2
O

O

23

Methyl crotonate

C5H8O2
O
O

24

Ethyl acrylate

C5H8O2
O

O

25

Isopropenyl acetate

C5H8O2
O

26

Diethylenglycol methylether

C5H12O3

27

Diethyl carbonate

C5H10O3

O
O

OH

O

O

O

O

28

Hydroxyethyl acrylate

C5H8O3

OH
O
O

29

Ethyl pyruvate

C5H8O3

O
O

Other Oxygenated Compounds with Different Carbon Number
O

30

Acetaldehyde

C2H4O

31

Dimethoxymethane

C3H8O2

32

1-Butanol

C4H10O

33

1,2-Dimethoxyethane

C4H10O2

34

Cyclohexanone

C6H10O

35

Hexanal

C6H12O

36

Dimethyl Maleate

C6H8O4

O

O

OH

O
O

O

O

O

O
O

68

O

Table 5-3 (continued)
i

Name

Formula

Structure

MW [g/mol]

Oxygen mass fraction (Yo)

Other Oxygenated Compounds with Different Carbon Number
O

37 Heptanal

C7H14O

114.19

0.1401

114.18

0.1401

120.15

0.1332

186.29

0.1717

228.29

0.2803

O

38 2-Heptanone

C7H14O
O

39 Acetophenone

C8H8O

O

40 Ethyl Nonanoate

C11H22O2
O

O

O

41 Dibutyl Maleate

C12H20O4

O

O

Non-Oxygenated Compounds Used for Experimental Constants Calculations
42 Tetralin

C10H12

132.20

0

43 Mesitylene

C9H12

120.19

0

44 Methylcyclohexane

C7H14

98.19

0

45 1-methylnaphthalene

C11H10

142.20

0

46 Iso-Octane

C8H18

114.23

0

47 Decalin

C10H18

138.25

0

48 2-heptene

C7H14

98.19

0

49 n-hexane

C6H14

86.18

0
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Table 5-3 (continued)
i

Name

Formula

Structure

MW [g/mol]

Oxygen mass fraction (Yo)

Non-Oxygenated Compounds Used for Experimental Constants Calculations

50 Ethylbenzene

C8H10

106.17

0

51 Cyclohexane

C6H12

84.16

0

52 Benzene

C6H6

78.11

0

53 Toluene

C7H8

92.14

0

54 Cyclopentane

C5H10

70.13

0

55 n-heptane

C7H16

100.20

0

56 n-tetradecane

C14H30

198.39

0

57 Naphthalene

C10H8

128.17

0
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5.1.2.2

Group 2: Biofuels Blends of Practical Interest

In addition, ethanol–gasoline, 1-butanol–gasoline, iso-butanol–gasoline and biodiesel–diesel
blends were tested in order to validate the proposed sooting index for relevant practical fuels.
Table 5-4 shows the pure fuels used in this study along with their properties. The base diesel
used was an ultra-low sulfur diesel (ULSD) from ConocoPhillips. All the ULSD data in
Table 5-4 was provided by ConocoPhillips, unless otherwise noted. The soybean-derived
biodiesel was provided by Peter Cremer North America, LP (PCNA). All the biodiesel data
in Table 5-4 was provided by PCNA, unless otherwise noted. Additional biodiesel data is
provided in Appendix C. The base gasoline used was Haltermann EEE gasoline
(Channelview, TX). EEE gasoline is similar to “indolene” from Amoco/BP, both of which
are standard gasolines without additives used in the U.S. Federal Test Procedure (FTP) to
certify vehicles for compliance with emissions regulations. All the gasoline data in Table 5-4
was provided by Paragon Laboratories Inc., unless otherwise noted. The carbon, hydrogen
and oxygen numbers (n, m, and p) were calculated using the following equation:
(Eqn. 17)
[ ][ ]

[ ]
(

The blends tested in this work are shown in
Table 5-5 with their nomenclatures. Since compounds with high molecular weights (larger
than 240 g/mol) are more viscous and, therefore, more difficult to burn in the diffusion flame
of the wick lamp used for smoke point testing, biodiesel–diesel blends with more than 40%
(v/v) of biodiesel could not be tested. Moreover, soot formed within the flame is deposited
onto the carbonized wick. The deposition of soot onto the carbonized wick prevents
vaporization of the fuel. This effect leads to an artificially reduced flame height with time
and an increase in flame instability. On the other hand, pure ethanol (E100) and pure 1butanol (1-BuOH100), when burned, presented a non-luminous flame which was not able to
be measured. Therefore, smoke point results of these blends were not included in this work.
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Table 5-4: Properties of pure fuels used in biofuels blends of practical use
Property

ULSD

Purity [%]
a
Density at 15°C [kg/m3]
Molecular weight [g/mol]
% C (by weight) ASTM D5291
% H (by weight) ASTM D5291
% O (by weight) ASTM D5291
% S (by weight) ASTM D5453
C/H mass ratio

835
211.7b
86.13
13.87
0
0.0034

Soybean
Biodiesel
885
292.1c
77.15
11.89
10.96
0.00025

6.209

6.459

741.5
98.5d
86.62
13.38
0
0.0028
6.418

15.18
29.13
0

18.8
34.4
2.4

7.10
13.07
0

n
m
p

Gasoline

Ethanol

1-Butanol

-

99.5
792
46.07
52.14
13.13
34.73
0

99.4
811
74.12
64.81
13.6
21.59
0

IsoButanol
99.5
801
74.12
64.81
13.6
21.59
0

3.971

4.44
4
10
1

4.44
4
10
1

2
6
1

a

Measured at 15°C
Measured by the supplier
c
Determined at Universidad de Castilla-La Mancha (UCLM) using the software Aspen HYSIS®
d
Weighted average from known hydrocarbon speciation (speciation is proprietary information of Ford Motor
Company)
b

Table 5-5: Biofuels blends tested for this work
i
1
2
3
4
5
6
7
8

Blend
E0, 1-BuOH0, i-BuOH0
E10
E15
E20
E30
E50
E75
E85

Description
100% Gasoline
10/90% (v/v) Ethanol/Gasoline
15/85% (v/v) Ethanol/Gasoline
10/80% (v/v) Ethanol/Gasoline
30/70% (v/v) Ethanol/Gasoline
50/50% (v/v) Ethanol/Gasoline
75/25% (v/v) Ethanol/Gasoline
85/15% (v/v) Ethanol/Gasoline

9
10
11
12
13

1-BuOH10
1-BuOH20
1-BuOH30
1-BuOH50
1-BuOH75

10/90% (v/v) 1-Butanol/Gasoline
20/80% (v/v) 1-Butanol/Gasoline
30/70% (v/v) 1-Butanol/Gasoline
50/50% (v/v) 1-Butanol/Gasoline
75/25% (v/v) 1-Butanol/Gasoline

14
15
16
17
18
19

i-BuOH10
i-BuOH20
i-BuOH30
i-BuOH50
i-BuOH75
i-BuOH100

10/90% (v/v) Iso-Butanol/Gasoline
20/80% (v/v) Iso-Butanol/Gasoline
30/70% (v/v) Iso-Butanol/Gasoline
50/50% (v/v) Iso-Butanol/Gasoline
75/25% (v/v) Iso-Butanol/Gasoline
100% Iso-Butanol

20
21
22
23
24

B0
B10
B20
B30
B40

100% ULSD
10/90% (v/v) Biodiesel/ULSD
20/80% (v/v) Biodiesel/ULSD
30/70% (v/v) Biodiesel/ULSD
40/60% (v/v) Biodiesel/ULSD
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5.1.2.3

Group 3: Fuels for Study of Development of Improved Gasoline PM Index

Aikawa and co-workers [94] developed a PM index (PMI) that predicts PM emissions in real
gasoline engines based on physical and chemical properties of the fuel. However, in the PMI
correlation the double bond equivalent (DBE) is the only structural effect contemplated,
which does not account for all fuel molecular structural effects known to have an impact on
soot formation such as branching, condensation, aromaticity and carbon chain length.
Furthermore, PMI does not account for oxygenates functional groups effect on the sooting
tendency as DBE does not account for oxygen in its calculation. Therefore, one of the
objectives of this work is to develop an improved PM correlation based on fuel properties.
The fuel matrix used in this study corresponds to the one tested by Aikawa et al. [94] in order
to compare results and trends and is shown in Table 5-6. The test fuels were prepared by
adding various hydrocarbons and one alcohol (ethanol) to a gasoline base fuel (properties in
Table 5-4). The hydrocarbons were added at nominally 10% by weight in such a way that the
overall carbon number of the fuel remained constant. The ethanol was added 21% by weight
for consistency with the work developed by Aikawa et al. [94]. The weight fractions in Table
5-6 were taken directly from Aikawa et al. [94] and used for calculating the volume fractions
used to prepare the different blends. The vapor pressures were calculated using the method
and data provided by Aikawa et al. [94].
Table 5-6: Test fuels from Aikawa et al. [94] with properties
I

Blend

1
2
3
4
5
6
7
8
9

Base gasoline
Base + 2,2,4 Trimethylpentane
Base + Dodecane
Base + Ethylbenzene
Base + α-Methylstyrene
Base + 1,2,4 Trimethylbenzene
Base + Divinylbenzene
Base + Napthalene
Base + Ethanol

Weight Fraction of
Additive [% wt]
10.00
9.95
9.36
9.27
9.41
9.20
9.07
21.07
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Vapor Pressure of
Additives @ 443K [kPa]
540.30
30.36
229.93
119.97
103.42
53.29
28.74
866.46

DBE of Additives
0
0
4
5
4
6
7
0

5.1.2.4

Group 4: Fuel Blends for Estimation of Opacity Tendency by Means of the
Smoke Point Technique

Three different sets of fuel blends were used in this study along with neat ULSD fuel, which
served as a baseline. The first set corresponds to blends of soybean biodiesel with diesel. The
second set corresponds to blends of ethanol and diesel on different volume fractions. The
third set of tests was performed on blends of ethanol-biodiesel-diesel (EBD). The main
properties of the pure fuels are presented in Table 5-4, while Table 5-7 shows the blends
under study and the test schedule [165].
As shown in Table 5-7, all ternary blends (EBD) have a constant percentage of 7.7% (v/v) of
ethanol. Therefore, the EBD5 corresponds to a fuel blend with 7.7% (v/v) of ethanol in B5
(instead of pure reference diesel). The EBD15 corresponds to a blend with 7.7% (v/v) of
ethanol in B15 and so on. The 7.7% ethanol content is based on a previous study about blend
stability [166]. This ethanol content ensures the stability of the blend over a wide temperature
range.
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Table 5-7: Estimation of opacity tendency: fuels and test schedule [165]
Blends

Nomenclature

Compounds

%v/v

Diesel

D

Diesel
Biodiesel
Diesel
Biodiesel
Diesel
Biodiesel
Diesel
Biodiesel
Diesel
Biodiesel
Diesel
Ethanol
Diesel
Ethanol
Diesel
Ethanol
Diesel
Ethanol
Diesel
Ethanol
Diesel
Ethanol
Biodiesel
Diesel
Ethanol
Biodiesel
Diesel
Ethanol
Biodiesel
Diesel

100
5
95
15
85
30
70
70
85
100
0
5
95
7.7
92.3
10
90
15
85
17
83
7.7
4.615
87.685
7.7
13.845
78.455
7.7
27.69
64.61

B5
B15
BiodieselDiesel

B30
B70
B100
ED5
ED7.7

EthanolDiesel

ED10
ED15
ED17
EBD5

EthanolBiodieselDiesel

EBD15

EBD30

75

211.7

Oxygen
Content
(% wt)
0

215.01

0.61

X

221.36

1.72

X

231.75

3.41

X

263.75

7.78

X

292.92

10.92

X

180.78

1.65

X

167.52

2.55

X

157.64

3.31

X

139.67

4.98

X

133.56

5.65

169.44

3.08

X

173.37

4.12

X

179.53

5.67

X

MW
(g/mol)

Smoke
Point Test

Engine
Test

X

X

X

X

X

5.1.3 Uncertainty Analysis
The overall experimental uncertainty for the measured smoke points were calculated by
taking the root mean square of the zeroth-order and first-order uncertainties [167]. The
zeroth-order uncertainty was obtained by the resolution of the smoke lamp scale as ± 0.5
mm. The first-order uncertainties of each compound were calculated based on a 95%
confidence level using the student t-test method with a 2-tailed critical value of 0.05
according to:
(Eqn. 18)
(

where

√

was the value for the normal distribution at a 95% confidence level,

(

is the standard deviation, and

is the total number of smoke point measurements.

The uncertainties in TSI and the Oxygen Extended Sooting Index (OESI), defined in Section
6.1.2, values were calculated through an analysis of the propagation of uncertainty according
to:
(Eqn. 19)
√(

)

(

)

(

)

(

)
(Eqn. 20)

√(

)

(

(

(

)

(

)

where:
δ = designates the uncertainty in a particular quantity
(
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(

)

The partial derivatives are determined to be:
(Eqn. 21)
(

(
(

The uncertainties of the experimental constants were calculated by the method of propagation
of errors applied to the TSI and OESI equations for 2 fuels, n-heptane and naphthalene,
which correspond to the end point values for both correlations.
The obtained overall uncertainty values for the fuels tested in Table 5-3 are shown in
Appendix B. As it can be observed from Table B all TSI reported uncertainties are higher
than those reported for the newly proposed OESI. The TSI values of the C-5 compounds
under study varied from ± 4.14 TSI for isopropyl acetate to ± 12.52 TSI for diethyl carbonate
while the OESI values varied from ± 3.9 OESI from diethyl carbonate to ± 11.49 OESI for
valeric acid. Uncertainties of TSI values were generally higher for compounds with higher
oxygen content.
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5.2

Linking the Ester Structure to the Soot Characteristics and Soot
Oxidative Reactivity of Biodiesel

5.2.1 Test Fuels
Table 5-8 shows the fuel test matrix which has been designed using commercially available
compounds that will permit independent analysis of alkyl chain length and degree of
unsaturation (i.e., single vs. double bonds). Among these effects, chain length will be of
paramount interest.
Table 5-8: Fuel test matrix for examination of ester structure impact on soot oxidative
reactivity
Purity
[%]

Methyl
Ester

Formula

Bond
Type

Conformation

BP [°C]

Methyl butyrate

99

C4:0

C5H10O2

0

-

98.87

2

Methyl crotonate

98

C4:1

C5H8O2

1

trans, 2

103.03

3

Methyl hexanoate

99

C6:0

C7H14O2

0

-

144.63

4

Methyl undecanaote

99

C11:0

C12H24O2

0

-

247.15

5

Methyl oleate

99

-

C19H36O2

1

cis, 9

423.35

6

n-pentane

98

-

C5H12

0

-

36

7

n-dodecane

99

-

C12H26

0

-

218

8

U.S. standard #2 diesel*

-

-

-

-

-

174.5

9

Low aromatic diesel*

-

-

-

-

-

199.5

10

B100*

-

-

-

-

-

400

i

Compound

1

* Additional fuel information in Appendix C
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5.2.2 Equipment

5.2.2.1

Co-flow Laminar Diffusion Flame Burner

A co-flow diffusion flame burner was selected to generate over-ventilated (i.e., more than the
stoichiometric requirement of oxygen is available) sooting laminar diffusion flames. This
configuration was selected since soot is produced mainly during the diffusion controlled
phase of diesel combustion. Moreover, this configuration has been used in the past for similar
studies [168,169]. Therefore, suitable sooting conditions for this study can be conveniently
found under well controlled conditions.
The experimental apparatus is illustrated schematically in Figure 5-5. Diffusion flames are
produced with a co-flow burner constructed from a movable 1 cm diameter stainless steel
inner tube to deliver fuel and surrounded by a 15 cm long, 2.2 cm diameter, quartz sleeve for
air flow. Liquid fuel is delivered via a 50 mL syringe pump. The air flow was set to 7.6
L/min and maintained with a Tylan flow controller. The air is preheated and a quartz wool
plug is placed into the end of the fuel tube to help volatilize fuel and stabilize its flow. The
air temperature was primarily maintained at approximately 10 °C above the boiling point of
the test fuel to assure volatilization and flame stability without visible boiling (formation of
bubbles in the fuel pool). Although flames were examined at various liquid fuel flow rates
these produced flames with a range from 60 mm (methyl butyrate) to 82 mm (n-dodecane) in
length. Soot samples were collected in the post-flame region immediately above the flame tip
using a 6” outer diameter quartz disk. After collection the soot was removed from the quartz
disk and placed in glass vials that were stored at room temperature until further
characterization. Approximately 5 mg of soot were collected for each fuel sample.

Centerline flame temperatures were recorded with 0.01” and 0.005” type K thermocouples as
the peak value after insertion into the flame. The smaller version reads higher by 70-120 K
due to reduced heat conduction. In an ethene diffusion flame this thermocouple yielded a
similar temperature profile with height as reported by Dobbins et al. [170], but systematically
low by 100 ± 30 K. With this as a correction, present flame temperatures range from 1100 K
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at 6 mm to 1450 K at 30 mm above the burner in the methyl butyrate flame, and from 1200 K
to 1500 K in the n-dodecane flame, with an estimated uncertainty of ± 75 K.

Figure 5-5: Schematic diagram of diffusion flame burner
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5.2.2.2

Flame Conditions

Zhang and Boehman [61], Puri [171], and Gupta [172] established in previous co-flow
laminar diffusion flame studies that by retaining constant carbon atom flow rate for different
fuels, a similar residence time and velocity fields can be obtained which are control
parameters of soot formation and characteristics. Therefore, in the present work, the carbon
atom flow rates for the test fuels were maintained at 0.15 g/min. A summary of the flow
conditions for the different fuels studies is presented in Table 5-9.
Table 5-9: Fuel flow conditions in diffusion flame experiments
i

Compound

Fuel Flow Rate [ml/h]

1

Methyl butyrate

12.03

2

Methyl crotonate

15.89

3

Methyl hexanoate

15.80

4

Methyl undecanoate

14.55

5

Methyl oleate

13.38

6

n-pentane

17.50

7

n-dodecane

10.54

9

U.S. standard #2 diesel

13.93

10

Low aromatic diesel

13.93

11

B100

13.93
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5.2.3 Soot Characterization

5.2.3.1

Thermogravimetric Analysis (TGA)

A thermogravimetric analyzer (TA Instruments, SDT Q600) with recording software was
employed to measure the oxidative reactivity and VOF of the PM samples. An isothermal
temperature-programmed oxidation method was used for the analysis and the test procedures
are summarized in Table 5-10.

TGA analysis allows to measure two important properties known to have an effect on DPF
regeneration. One is the VOF content of the PM samples that can be combusted by the diesel
oxidation catalyst upstream of the DPF [148]. The VOF is determined by the weight lost at
the end of step 4 on Table 5-10. The second is the rate of oxidation derived from an
isothermal condition. The rate of oxidation is determined by normalizing the weight loss in
step 8 on Table 5-10. A temperature of 550 °C for oxidation was used in this work in contrast
to the 500 °C used by Zhang and Boehman [61] since as described by Stratakis [57] and
Johnson [173] it provides a reliable regeneration temperature in practical DPFs.

Yehliu [154] determined an experimental uncertainty for the TGA equipment used in this
study of ±4.4% error at 95% confidence, due to equipment perturbations and day-to-day
variations.
Table 5-10: TGA pretreatment and isothermal oxidation test procedure
Step
0
1
2
3
4
5
6
7
8

Procedure
Select nitrogen gas
Ramp 10 C/min to 30 °C
Isothermal for 30 min (To stabilize the sample)
Ramp 10 C/min to 500 °C
Isothermal for 60 min (To remove volatile organic fraction)
Ramp 5 C/min to 550 °C
Isothermal for 5 min (To stabilize the sample)
Select zero air gas
Isothermal for 150 min
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5.2.3.2

Raman Spectroscopy

The different soots were studied with Raman spectroscopy. The Raman tests were performed
at Ford Motor Company Research and Innovation facilities. The spectra were collected using
a dual wavelength Raman 1000 Microscope (Renishaw, Inc.) system with 244 nm excitation
from a frequency-doubled argon ion laser (Lexel) and 532 nm excitation from a frequencydoubled Nd:YVO4 laser (coherent). Stacked dielectric filters were used with the UV optics
and allowed spectra to be obtained within 400 cm-1 of the Rayleigh line. Holographic notch
filters allowed the visible excitation spectra to be obtained within 100 cm-1 of the Rayleigh
line. The visible spectra were calibrated with the silicon peak at 521cm-1 (spectral resolution
of about 4 cm-1). The laser beam was focused to a diameter of 1-2 µm (532 nm); several
areas were examined to ensure the results were representative. Ten scans of 30 seconds each
were accumulated for each spectrum.
In the visible (532 nm excitation) spectra, the carbon lines that were fit are shown in Figure
5-6, in the region from 700 to 1950 cm-1. The peaks fit were: G at 1580 ± 10 cm-1; D1 at
1350 ± 10 cm-1; D2 at 1610 ± 10 cm-1; D3 at 1510 ± 20 cm-1; and D4 at 1180 ± 10 cm-1. D3
was fit as a Gaussian, all other peaks were fit as Lorentzians.

Figure 5-6: Visible spectra with Raman peak fitting
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The D peaks arise from defects, which allow vibrations otherwise forbidden by symmetry:
D1 implies edges and steps of graphite; D2 suggests thickness, indicating graphite’s surfaceto-volume; and D3 is indicative of amorphous soot. The larger the ratio of D/G, the more
disordered (less graphitic) the material is.
The degree of graphitization was assessed from the ratio of the integrated areas of the D1band peak to the G-band peak (ID1/IG) obtained from fitting with a Lorentzian profile
function.
A representative Raman spectrum from typical “graphitic” carbon taken from Sadezky et al.
[174] is shown in the inset in Figure 5-7.
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Figure 5-7: Typical graphitic carbon Raman spectra [174]

Several spectra were taken for each sample to confirm the areas tested were representative.
The spectra were “tweaked” to ensure that the fits were consistent (for example, if all spectra
of a sample were similar but one spectrum had an unusually wide peak, it was re-fit with a
peak width comparable to the others in that sample).
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Chapter 6 : IMPACT OF OXYGENATED FUELS ON SOOTING
TENDENCY

6.1 Preface

The content of this chapter includes work from three publications, Barrientos et al. [175],
Barrientos et al. [176] and Armas et al. [165], with some modifications and the addition of
the development and analysis of an improved PM index for predicting PM emissions in
gasoline engines.

6.2 Group Additivity in Soot Formation for the Example of C-5
Oxygenated Hydrocarbon Fuels

6.1.1 Abstract

Sooting tendencies have been measured for 29 compounds with 5 carbon atoms and different
oxygen contents, along with 12 additional oxygenated pure compounds. The test compounds
include alcohols, ethers, aldehydes, ketones, acids, esters, keto-esters and hydroxy-esters.
The Threshold Soot Index (TSI), as defined and used in the literature, was primarily used to
quantify the sooting tendency of the compounds. It is shown that this index does not account
for the presence of oxygen atoms in the fuel molecules, and the impact of fuel oxygen on the
stoichiometric air requirement. The application of TSI to oxygenated fuels leads to sooting
tendencies inconsistent with those reported in the literature. A new sooting index is proposed
for oxygenated and non-oxygenated compounds, which considers the relation between the
height of the flame tip and the volumetric stoichiometric air to fuel ratio of the flame. This
new index is denoted as the Oxygen Extended Sooting Index (OESI). The results obtained by
this new index corroborate that not only the oxygen content but also the molecular structure
has an influence on the sooting tendency of fuels. Different functional groups, not only those
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including oxygen atoms, impart different sooting tendencies. A structural group contribution
approach based on group additivity is proposed to interpret experimental observations on the
effect of oxygen functional groups on the sooting tendency of fuels using the example of C-5
oxygenated fuels. Groups with a higher fraction of carbon–carbon bonds showed a higher
contribution to the sooting tendency than those with a higher concentration of carbon–
hydrogen bonds. Among the C-5 mono-oxygenated compounds, the sooting tendency
increased in this order: aldehydes < alcohols < ketones < ethers < n-alkanes and for the C-5
di-oxygenated compounds, the sooting tendency order was: acids < esters < di-ethers. In
general, both unsaturated and branched compounds showed slight increases in sooting
tendency with respect to their saturated and linear counterparts [175].

6.1.2 Definition of a New Sooting Tendency Index
The Threshold Soot Index (TSI) defined by Calcote and Manos [78] has been widely used in
the literature as a means of analyzing the relation between the molecular structure of fuels
and the propensity to soot formation. The TSI provides the ability to correlate different sets
of data obtained in different laboratories and/or different burners by scaling and adjusting the
proportionality constants of each data set. Therefore, the use of TSI permits the use of all the
literature data in a consistent way to interpret molecular structure effects and predict the
behavior of compounds that have not yet been measured.

However, Calcote and Manos [78] developed the TSI utilizing only the reported data on pure
hydrocarbons without considering data on compounds containing heteroatoms (i.e., O, N, S,
Cl). Moreover, the molecular weight used in the TSI correlation is not an exact measure of
the volumetric stoichiometric air requirement of the flame and it has several drawbacks as
reported by Li and Sunderland [93]. Furthermore, Calcote and Manos acknowledged that ‘‘a
better approximation would be to employ the moles of air required for the combustion of one
mole of fuel instead of MW’’ [78].

For a generic fuel with a mean formula CnHmOp, the volumetric and molar stoichiometric airto-fuel ratio can be calculated as:
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(Eqn. 22)
( )

where

and

(

)

are the volumes of air and fuel,

fuel respectively, and

and

are the number of moles of air and

is the molar fraction of oxygen in the oxidizing air, usually

assigned a constant value of 0.21. The variable part of this equation (
almost proportional to the fuel molecular weight (
oxygenated fuels (with
proportional to

) is

) only in the case of non-

= 0 and the term proportional to

dominating over that

). In the case of oxygenated fuels, and especially, oxygenates with low

carbon number (n) and high oxygen content, there is even poorer proportionality between
both parameters. This is shown in Figure 6-1 and Figure 6-2 for a collection of different
oxygenated and non-oxygenated hydrocarbons. It can be observed that the differences
between both parameters (MW and

) are more pronounced as the carbon

number decreases and as the oxygen content increases. Specifically, considering as
acceptable an error of less than 20%, the definition of a sooting index involving MW would
not be accurate enough for oxygenates with one oxygen atom and less than 7 carbon atoms,
or for oxygenates with two oxygen atoms and less than 17 carbon atoms. An even more tight
error limit would invalidate the use of the TSI correlation for a large range of oxygenates of
practical use (e.g., ethanol and butanol).

Some studies in the literature have applied the TSI to oxygenated fuels [41, 99]. For studies
involving oxygenated fuels the use of the TSI defined by Calcote and Manos is not
appropriate, and another definition should be used instead. This new proposed sooting index
is herein denoted as the Oxygen Extended Sooting Index (OESI):
(Eqn. 23)
(

where

is the smoke point and

and

)

are constants for a given experimental setup. The

OESI ranks arbitrarily the fuels from 0 to 100, with 0 being the least sooting tendency value.
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Figure 6-1: Ratio between molecular weight and stoichiometric air required by the
flame for different non-oxygenated hydrocarbons (solid lines) and oxygenated
hydrocarbons (dashed lines) as a function of carbon number (n)
Olson et al. [81] demonstrated, based on diffusion flame theory [82] and experiments, that
the fuel mass consumption rate and volumetric fuel vapor flow rate directly scale with the
flame height. The smoke point is a measure of the flame height, which, for a given wick
diameter is proportional to the flame area. The flame area is proportional to the air and fuel
volume rates needed to support the flame. The flame height (until soot breakthrough) is not
only inversely proportional to the sooting tendency but also directly proportional to the
volume of stoichiometric air required for burning a unit volume fuel. Therefore, the
stoichiometric volumetric air to fuel ratio was chosen as relevant parameter for the proposed
sooting index.
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Figure 6-2: Ratio between molecular weight and stoichiometric air required by the
flame for different non-oxygenated hydrocarbons (solid lines) and oxygenated
hydrocarbons (dashed lines) as a function of oxygen mass fraction in the fuel

Since the OESI correlation is based on the same experimental approach as the TSI, in this
work it is initially assumed (and corroborated later) that the OESI experimental constants
and

can be scaled to other data sets following a similar procedure as the one described by

Olson et al. [81]. This allows the comparison of data obtained in different laboratories and/or
with different burners. Therefore, different molecular structures studied by different
investigators using different experimental apparatus can be consistently analyzed in order to
predict the effects of molecular structure in the sooting tendency.
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6.1.3 Determination of Experimental Constants

Constants a and b used in Eqn. 2 were determined following the same procedure used in
previous studies [81,177,178]. Smoke points of arbitrarily selected non-oxygenated fuels
(shown in Table 5-3) with available TSI data from the suggested values of Olson et al. [81],
largest TSI data set in the literature, were measured with the apparatus described in Section
5.1.1.1. The results can be found in Table 6-1. The (MW/SP) ratio of the fuels was plotted
against the TSI reported by Olson et al. in order to obtain experimental constants that could
be scaled consistently to other data sets, as shown in Figure 6-3.
Table 6-1: OESI validation. Results obtained for smoke point, TSI and OESI for nonoxygenated compounds
i
42

Compound

Smoke Points [mm]

TSI (Olson et al. [81])

OESI

43

Tetralin

7.8

61

57.3

44

Mesitylene

7.8

47

52.3

45

Methylcyclohexane

29.4

4.9

5.3

1-methylnaphthalene

5.5

91

88.1

46

Iso-Octane

31.7

6.4

6.8

47

Decalin

23.6

15

15.5

48

n-pentane

26.5

1.5

3.1

49

1-Pentene

24.8

4.6

3.2

50

2-heptene

32.0

4.7

4.2

51

n-hexane

31.0

2.6

3.3

52

Ethylbenzene

6.8

54

52.3

53

Cyclohexane

27.5

3.5

4.1

54

Benzene

6.8

29

34.8

55

Toluene

6.5

44

46.1

56

Cyclopentane

28.8

3.5

1.5

57

n-heptane

38.1

2.6

2.6

58

n-tetradecane

80.0

5.4

1.8

100

100

59

Naphthalene
4.4
i corresponds to compound numbering from Table 5-3
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Figure 6-3: Diffusion flame smoke point scale adjusting curve. TSI vs. (MW/SP).
Correlation equation: TSI = 3.7428 (MW/SP) – 7.24. R2 = 0.9938.

From Figure 6-3, a linear relationship is observed between the suggested TSI values and the
experimentally determined (MW/SP). The coefficient of determination (R2) is 0.9938,
indicating a strong linear fit. The constants obtained are, a = 3.7428 mol mm g-1 and b =
7.24.

Constants

and

used in equation 23 were calculated following a similar procedure to the

method described by Calcote and Manos [78]. Two non-oxygenated compounds from Table
5-3 which have the highest and near the lowest ([

]/SP) ratio, namely

naphthalene and n-heptane, were chosen. The OESI values of 100 and 2.6 were assigned to
both components. These numbers are the corresponding TSI suggested values by Olson et al.
[81]. These values were selected because it is assumed that OESI ~ TSI for non-oxygenated
fuels, since (

) is almost proportional to the fuel molecular weight (

) as demonstrated in Figure 6-1.

Solving equation 23 for

and

gives

= 39.45 mm mol-1 and
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= 8.78.

6.1.4 OESI Validation

From Table 6-1, it can be seen that the OESI values are comparable to the TSI values
reported in the literature. The root-mean-squared error (rmse) of the OESI and TSI values is
calculated using the equation:
(Eqn. 24)
∑(
√

where N is the number of samples. The

value was determined to be 2.5. Therefore, it is

concluded that OESI and TSI are equivalent indices for calculating the sooting tendency of
non-oxygenated fuels.

For consistency purposes, constants

and

used in equation 23 were re-calculated

following a procedure similar to the one used for calculating the TSI constants a and b, but
instead plotting ([

)]/SP) against the TSI values (since OESI ~ TSI for non-

oxygenated fuels) reported by Olson et al. [81].

Figure 6-4 shows that a linear relationship is observed between the suggested OESI values
and the experimentally determined ([

)]/SP). The coefficient of determination

(R2) is 0.9937, indicating a strong linear fit. The constants obtained are,

= 39.496 and

=

-8.91. As expected, equation 2 and equation 23 are equivalent for non-oxygenated fuels
validating the applicability of the proposed index OESI. The constants utilized in the present
work are summarized in Table 6-2.
Table 6-2: Constants used in equations (2) and (23), for the calculation of TSI and OESI
respectively
TSI (Eqn. 2)

OESI (Eqn. 23)

a

b

a'

b'

3.742

-7.242

39.496

-8.91
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Figure 6-4: OESI vs. [n+m/4-p/2]/SP. Correlation equation: OESI = 39.496 ([n+m/4p/2]/SP) – 8.91. R2 = 0.9937

6.1.5 Experimental Results and Sooting Tendency Analysis

The results obtained from the smoke point measurements of the oxygenated compounds
under study are displayed in Table 6-3 along with the TSI values calculated with equation 2,
and the OESI values calculated with equation 23. The negative OESI values found in the
table can be attributed to the arbitrary selection of proposed end values (0 for ethane and 100
for naphthalene). The negative sign indicates that these compounds have lower sooting
tendencies than ethane. The correlation could have been re-scaled for limits between 0 and
100 but it was kept the same for simplicity and consistency with the values previously
reported in the literature. The TSI values for the C-5 compounds were plotted against oxygen
content in Figure 6-5, which shows a poor correlation (R2 = 0.28).
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Table 6-3: Results obtained for smoke point, TSI and OESI for each tested oxygenated
compound
i

Name

Smoke point [mm]

TSI

OESI

26.5
24.8
27.7
29.1
26.3
24.8
25.9
24.1
28.5
29.3
24.4
26.7
26.0
25.7
22.2
25.9
26.7
32.5
29.2
28.5
27.9
24.6
24.4
28.6
23.0
39.4
40.0
29.5
29.7

2.21
2.58
3.83
3.26
4.38
5.12
4.59
5.46
3.49
2.98
5.02
3.95
4.27
4.13
5.59
6.73
6.29
3.68
4.89
5.20
5.47
7.20
7.02
4.92
7.84
3.34
3.02
6.42
6.32

3.01
3.04
1.81
1.26
2.34
3.06
2.55
3.39
1.48
0.54
2.43
1.44
1.73
1.09
1.76
1.77
1.44
-1.00
-0.12
0.10
0.30
1.55
0.81
-0.61
1.38
-2.39
-2.98
-1.55
-1.60

2.80
4.13
1.61
6.59
7.23
5.18
10.25
4.91
5.03
60.56
7.06
17.53

-2.89
-2.68
-1.34
0.01
3.55
2.22
-1.22
2.33
2.44
47.67
3.65
8.27

C-5 Compounds
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

n-Pentane
1-Pentene
1-Pentanol
2-Pentanol
3-Methyl 1-butanol
2-Methyl 1-butanol
2-Methyl 2-butanol
Methyl tert butyl ether
Sec butyl methyl ether
1-Pentanal
2-Pentanone
3-Pentanone
3-Methyl 2-butanone
Cyclopentanone
2-cyclopenten-1-one
Dimethoxypropane
Ethyleneglycol monopropyl ether
Valeric acid
Methyl butanoate
Ethyl propionate
Propyl acetate
Isopropyl acetate
Methyl crotonate
Ethyl acrylate
Isopropenyl acetate
Diethylenglycol methylether
Diethyl carbonate
Hydroxyethyl acrylate
Ethyl pyruvate

Other Oxygenated Compounds with Different Carbon Number
30
31
32
33
34
35
36
37
38
39
40
41

Acetaldehyde
Dimethoxymethane
1-Butanol
1,2-Dimethoxyethane
Cyclohexanone
Hexanal
Dimethyl Maleate
Heptanal
2-Heptanone
Acetophenone
Ethyl Nonanoate
Dibutyl Maleate

16.4
25.4
31.3
24.4
25.4
30.2
30.8
35.1
34.8
6.6
48.7
34.5
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J

10

8

6
TSI
4

2

0
0

0.1

0.2

0.3

0.4

Oxygen Mass Fraction in the Fuel - Y(O) [m/m]

Figure 6-5: Correlation between C-5 compounds TSI values and oxygen mass fraction
in the fuel. Correlation equation: TSI = 7.356 Y(O) + 2.981. R2 = 0.2864
The resulting trend of increasing sooting tendency with oxygen content (opposite to the
general consensus found in the literature) demonstrates that TSI is not an appropriate index
for oxygenates.
Such a trend is inverted when the Oxygen Extended Sooting Index (OESI) defined in this
study is used, as shown in Figure 6-6.
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Figure 6-6: Correlation between C-5 compounds OESI values and oxygen mass fraction
in the fuel. Correlation equation: OESI = -12.65 Y(O) + 4.094. R2 = 0.662

Therefore, the OESI correlation is in agreement with previous studies [5-43] showing that
increasing the oxygen content reduces the sooting tendency and will be used to evaluate the
sooting tendencies of the different oxygenated species studied in this work. However, the
coefficient of determination is still poor (R2 = 0.66), suggesting that oxygen content is not the
only controlling factor of the sooting tendency of a fuel, but that differences in the molecular
structures and functional groups have different contributions as well. Furthermore, it can be
observed that compounds with the same or similar oxygen content possess different sooting
tendencies.
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6.1.5.1 Alcohols and Ethers:
Figure 6-7 shows the sooting tendencies measured for alcohols and ethers in comparison with
n-alkanes at the same carbon number. The n-alkane values for compounds not tested in this
study (ethane, propane, n-butane, n-octane, n-undecane, n-dodecane) were taken from the
reported data by Olson et al. [104]. Consistent trends cannot be identified from the figure.
However, it can be observed that alcohols with methyl groups have higher sooting tendencies
than linear alcohols which can be attributed to the effects of branching, which tends to
significantly increase the sooting tendency.
n-alkanes
Linear Alcohols
Methyl Alcohols
Ethers
4

3

2

1
OESI
0
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-3
2.5
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n

Figure 6-7: Measured sooting tendencies of alcohols and ethers in comparison with nalkanes as a function of their carbon number (n)
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6.1.5.2 Carbonyl Compounds:
Figure 6-8 shows the sooting tendencies measured for aldehydes and ketones in comparison
to n-alkanes with the same carbon number. It can be observed that aldehydes are more
effective in suppressing soot than ketones. The sooting tendencies decrease slightly as the
carbonyl group shifts toward the centre of the carbon-chain. Aldehydes are more effective in
supressing soot than alcohols and ethers, which is consistent to the trends reported by PepiotDesjardins et al. [99]. All oxygenated species possess a lower sooting tendency than their nalkanes counterparts with the exception of cyclic compounds. Acetophenone was not
included in the figure for graphic quality purposes as it possesses a significantly larger
sooting tendency than all other species considered. This can be attributed to its aromatic
content, as aromatics generally exhibit high sooting tendency.
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Figure 6-8: Measured sooting tendencies of carbonyls in comparison with n-alkanes as a
function of their carbon number (n)
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6.1.5.3 Esters:
Figure 6-9 shows the sooting tendencies of esters and carboxylic acids in comparison to nalkanes with the same carbon number.
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Ethyl Ester
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Butyl Ester
Carboxilic Acid

8

6

OESI

4

2

0

-2
0

2

4

6

8

10

12

14

n

Figure 6-9: Measured sooting tendencies of esters and carboxylic acids in comparison
with n-alkanes as a function of their carbon number (n)

Propyl esters produce more soot than methyl and ethyl esters. Butyl esters seem to produce
more soot than its correspondent same carbon number alakanes. This trend was identified by
McEnally and Pfefferle [100] and was explained due to six-centered reactions, such as the
elimination of propene from propyl formate shown in Figure 6-10.
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Figure 6-10: Example of butyl esters six-centered reactions [100]
This reaction decreases half of the soot-reducing potential of the ester because two oxygen
atoms are trapping a single carbon atom. In the ideal scenario, each oxygen atom would bind
one carbon atom. Furthermore, this reaction promotes soot formation because it converts the
carbon-chain on the ether side into propene, which is a more effective soot precursor than
ethylene, the main product of n-alkanes [179]. Zhang and Boehman [180] have shown that
this type of reactions is important in motored engines.

6.1.6 Comparison of OESI with YSI for Individual Compounds
McEnally and Pfefferle [100] and Barrientos and Boehman [177] showed a good agreement
between the TSI and YSI data for non-oxygenated fuels, within the uncertainties of both soot
indices. They concluded that YSI and TSI are equivalent measures of the sooting tendency.
Therefore, it is worthwhile to study how the OESI results obtained in this study compare with
the YSI values for oxygenated compounds obtained by McEnally and Pfefferle [100]. The
YSI values from McEnally and Pfefferle [100] and OESI for the oxygenated and nonoxygenated compounds under study are shown in Table 6-4.

From Table 6-4, similar trends can be identified between both indices. In both studies DGM
and DEC presented the lowest sooting tendencies. This is in disagreement with previous
studies by Ren et al. [34] where both compounds were found to be less effective than
alcohols in suppressing soot formation [34]. This can be explained by the differences in
carbon number. Ren et al. [34] compared the sooting characteristics of DGM and DEC, both
compounds with a carbon number of 5, against ethanol which has a carbon number of 2.
Carbon number has a prominent effect on the sooting tendency of fuels, as proven in various
studies [71-77,100].
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Table 6-4: Comparison of calculated OESI and YSI values from McEnally and Pfefferle
[100] for C-5 oxygenated and non-oxygenated compounds
Compound

OESI

n-Pentane

3.01

YSI
McEnally and Pfefferle [100]
-8.9

1-Pentene

3.04

14.7

1-Pentanol

1.81

-7.7

2-Pentanol

1.26

-0.3

3-Methyl 1-butanol

2.34

2.4

2-Methyl 1-butanol

3.06

3

2-Methyl 2-butanol

2.55

3.9

Methyl tert butyl ether

3.39

1.7

Sec butyl methyl ether

1.48

-2.8

1-Pentanal

0.54

-14.4

2-Pentanone

2.43

-14.4

3-Pentanone

1.44

-14.4

3-Methyl 2-butanone

1.73

-5.9

Dimethoxypropane

1.77

-21.7

Ethyleneglycol monopropyl ether

1.44

-7.5

Methyl butanoate

-0.12

-18.2

Ethyl propionate

0.1

-15.6

Propyl acetate

0.3

-9.3

Isopropyl acetate

1.55

-10.4

Diethylenglycol methylether

-2.39

-23.8

Diethyl carbonate
-2.98
-23.4
* Compounds listed in Table 5-3 not found in Table 6-4 were left out on purpose since no YSI data is available

From the results obtained it can be concluded that at a given carbon number, the sooting
tendency increases in this order: primary-alcohols < di-ethers < n-alkanes. This trend is in
agreement with the one reported by McEnally and Pfefferle [100]. However, some results
found in this study differ from those based on the YSI scale. For instance, it was found in this
study that secondary alcohols possess lower sooting tendency than primary alcohols. It was
found in general that methyl and ethyl esters have lower sooting tendencies than ethers, also
in agreement with the results obtained by McEnally and Pfefferle. However, there are
discrepancies in the values obtained within the ester compounds. This can be attributed to
uncertainties from both methods and the fact that in the present study the compounds were
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tested pure, while McEnally and Pfefferlle added oxygenated dopants to a lightly sooting
base flame.

6.1.7 C-5 Oxygenated Hydrocarbon Fuels Group Additivity Study

A group contribution approach was used to analyze the sooting tendency of different
oxygenated fuels and how sooting tendency correlates with the oxygen functional groups
contained within the fuel. The results are based on OESI measurements of individual pure
oxygenated and non-oxygenated compounds with a molecular structure containing five
carbon atoms. This carbon number was selected because it is long enough for the compounds
to be in liquid state (required due to experimental constraints), and short enough to assure
that almost all categories of functional groups are tested and that the effect of every
modification of functional group is significant enough. This approach was selected in
contrast to the fuel blends studied by Pepiot-Desjardins et al. [99] since it is believed that the
quantitative prediction of the sooting tendency of new fuels can best be achieved from the
contribution of their individual hydrocarbon constituents [78]. Moreover, pure sooting
tendency values could be of relevance for kinetic modeling efforts. The present work is
intended to corroborate trends found in the literature by means of the OESI in regards to the
relative impact of different functional groups (both oxygenated and non-oxygenated) in
contributing to suppression of soot formation.

Group contribution methods consist of subdividing the chemical compounds into a set of
simple structural units in such a way that the thermochemical properties of those compounds
can be calculated from constants associated with the smaller units. Each simple unit has a
specific numerical contribution to the property that is to be estimated, and these contributions
are additive. These methods are very attractive due to their simplicity since only the structure
of the molecule is needed to perform the calculations. Their accuracy depends on the
property to be estimated, the type of method and the complexity of the molecule.
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Many different contribution methods have been proposed in the literature for the estimation
of thermochemical or physical properties [85,181-184]. Among the existing group
contribution methods, the Benson method [181] was selected because it considers not only
the contribution of each functional group but also the interaction of one group with its
neighbours. This is essential for a precise estimation of the sooting tendency, since it allows
all soot formation pathways to be considered. As proposed in Benson’s method, a group is
assigned to every atom enclosed in a compound except to the oxygen atoms double-bonded
with carbon atoms, such as those forming carboxylic and carbonyl groups.
It must be acknowledged that some geometric description about the chemical structure of the
molecules, such as the structural isomerism (order of the bond connections) or the
stereoisomerism (configurations cis/trans) is not considered in the present method. All the
functional groups included in each of the compounds tested (listed in Table 5-3) are listed in
Appendix D. In this table and in the following ones, Cd represents a double-bonded carbon
atom.
The group contribution model assumes a linear contribution of each functional group to the
sooting tendency. The contributions from all the groups comprising a fuel molecule are then
added to predict the final sooting tendency:
(Eqn. 25)
(

∑

where Nji is the number of groups of type j composing compound i, and Cj is the specific
contribution of group j. The optimal values for the group contributions, shown in Table 6-5,
were determined by least square fitting, which is equivalent to maximize the coefficient of
determination (R2= 0.945) between OESI predicted with equation 25, OESIi(predicted), and
those directly determined with equation 23, OESIi:
(Eqn. 26)
∑(

(
∑(

with

̅̅̅̅̅̅̅
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∑

A detailed explanation of the method used for determining the values of the specific
contributions (Cj) is provided in Appendix E.
Table 6-5: Functional groups and contributions for the prediction of OESI
j
1
2
3
4
5
6
7
j
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Group (non-oxygenated)
[C-(C)(H)3]
[C-(C)2(H)2]
[C-(C)3(H)]
[C-(Cd)(H)3]
[C-(Cd)(C)(H)2]
[Cd-(H)2]
[Cd-(C)(H)]
Group (mono-oxygenated)
[C-(CO)(H)3]
[C-(CO)(C)(H)2]
[C-(CO)(C)2(H)]
[C-(O)(H)3]
[C-(O)(C)(H)2]
[C-(O)(C)2(H)]
[C-(O)(C)3]
[Cd-(CO)(H)]
[Cd-(O)(C)]
[CO-(C)(H)]
[CO-(C)2]
[CO-(Cd)(C)]
[O-(C)(H)]
[O-(C)2]

Cj
0.813
0.511
1.428
1.512
0.624
0.144
0.953
Cj
0.871
0.083
-0.669
-0.026
0.429
0.374
1.428
0.518
0.022
-1.375
-0.097
-0.420
-1.297
-0.988

j
22
23
24
25
26
27
28
j
29
30

Group (di-oxygenated)
[C-(O)2(C)2]
[CO-(CO)(C)]
[CO-(O)(C)]
[CO-(O)(Cd)]
[O-(CO)(H)]
[O-(CO)(C)]
[O-(CO)(Cd)]
Group (tri-oxygenated)
[CO-(CO)(O)]
[CO-(O)2]

Cj
2.176
-0.750
-0.272
-0.618
-2.644
-1.525
-0.901
Cj
-1.436
-2.414

The optimal correlation obtained is shown in Figure 6-11. It is important to note that group
additivity methods rely largely on the limitations imposed by the accuracy and extent of the
experimental database. Therefore, measurements of additional C-5 compounds that could add
additional contribution groups may impact the contribution values presented in this paper.
However, given the number of compounds and groups considered in the present work’s
database, it is arguable that these variations will be significant.
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Figure 6-11: Correlation between OESI predicted with equation 25 and determined
with equation 23. Coefficient of determination: R2=0.9446

Different observations can be made from the contribution values for each functional group:


The contribution values decrease on average as the oxygen content increases, which
is in agreement with the general consensus in the literature [5-41]. The average values
for non-oxygenated, mono-oxygenated, di-oxygenated and tri-oxygenated groups are
0.855, -0.082, -0.648 and -1.925, respectively.



The range of contribution values for a fixed oxygen content is quite broad, confirming
the important role of the chemical configuration of the compounds in the soot
formation and oxidation processes.



Among the non-oxygenated groups, those with a higher fraction of carbon-carbon
bonds have a greater contribution to the sooting tendency than those with higher
concentration of carbon-hydrogen bonds, also in agreement with previous work.



Among the mono-oxygenated groups, a lower contribution to the sooting tendency
can also be observed when C-(O) bonds are involved, but not in the case of C-(CO)
bonds. Groups involved in alcohols (j=20) and aldehydes (j=17) have the lowest
contributions, suggesting they are more effective in suppressing soot. Groups
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involved in ketones with high contributions (j=8) get balanced by groups with low
contributions (j=9, j=10, j=18), having as a net effect low sooting tendencies. Ethers
(j=11 and j=21) have moderate to low contributions. In general carbonyl groups were
found to be more efficient than hydroxyl and ether groups for soot suppression.
Alcohols appear to be more efficient than the ether groups. This is in agreement with
trends found by Westbrook et al. [43] and McEnally and Pfefferlle [100].


Among the poly-oxygenated groups (di and tri), carbon-carbon bonds also have
higher contribution to the sooting tendency than carbon-hydrogen bonds. CO-(O) and
O-(CO) groups, both constituting the basis of a carboxylic functional group, have
much lower contribution than the C-(O)2 group, which constitutes di-ethers.



The high contribution of group C-(O)2(C)2 (j=22) can be explained by its branching
properties. Pepiot-Desjardins et al. [99] concluded that branched molecules have a
higher tendency to produce soot. When compared with a typical methylene group C(C)2(H)2 present in branched hydrocarbons, C-(O)2(C)2 possesses a non-beneficial
effect (higher contribution) which is in agreement with the results of PepiotDesjardins et al.



Acids, being more chemically unstable, have lower sooting tendency than esters. The
O-(CO)(H) (j=26) group has a high negative contribution to the sooting tendency. It
is recommended to test other acid compounds to confirm this finding, since the
present data base is very limited for this type of compound.



Unsaturated compounds (through groups involving double bonded carbons (Cd))
show, in general, slight increases in sooting contribution with respect to their
saturated counterparts.



Diethyl carbonate (DEC) was found to have a superior capacity for suppressing soot
formation than other compounds. This can be attributed to its high oxygen content
and also the presence of the CO-(O)2 group (j=30) which showed a significant
negative contribution to the sooting tendency. This result is in agreement with those
of Ren et al. [33] and McEnally and Pfefferle [100].
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6.1.8 Comparison with Previous Structural Group Analyses

This section provides a comparison between the methodology and results found in the
present work and the structural analysis developed by Pepiot-Desjardins et al. [99].
Pepiot-Desjardins et al. [99] used a statistical group contribution method in order to identify,
quantify and interpret the effect of the oxygen moieties contained in different structures on
the sooting tendency of oxygenated fuels. They developed their method making use of
several experimental databases found in the literature and also a new extensive set of smoke
point measurements for mixtures of a base fuel with oxygenated dopants. The TSI was used
to analyze the experimental results. Pepiot-Desjardins et al. [99] noted that adding even small
quantities of oxygenates to diesel fuels will generate significant reductions of soot emissions.
Oxygenates are mostly linear or slightly branched paraffins containing oxygen moieties,
while diesel fuel is a mixture of several hundred hydrocarbon molecules containing up to
20% of aromatics. Therefore, replacing part of these compounds with high sooting tendencies
contained in diesel with paraffin chains will reduce soot formation, independently of the
quantity and nature of the oxygen additive, a phenomenon referred to as the “dilution effect”.
Hence, the dilution effect, replacing highly sooting molecules, must be decoupled from the
oxygen itself in order to assess the molecular effects of the oxygen structures on the sooting
tendency.
The approach used in the present work simplifies the analysis by eliminating the dilution
effect since the fuels were tested in pure form. Furthermore, by constraining the data base to
a single carbon chain length, the uncertainties of the group additivity method are reduced as
suggested by Cohen and Benson [181]. In the work of Pepiot-Desjardins et al. [99], a base
fuel consisting of a blend of 65% n-heptane and 35% toluene was used with the assumption
that data on TSIs can be described by means of the structural contributions of the fuel,
regardless of the type of base fuel. In their work, an arbitrary contribution value was assigned
to the base fuel as a starting point.
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The present work expanded the database studied by Pepiot-Desjardins et al. [99] which
included only eight C-5 oxygenated fuels corresponding to ethers, esters, ketones and
aldehydes (diethylenglycol methylether, dimethoxypropane, ethyl propionate, methyl
butanoate, diethyl carbonate, 2-pentanone, 3-pentanone and pentanal). Additionally, sooting
tendencies of acetaldehyde, dimethyl maleate, acetophenone, ethyl nonanoate and dibutyl
maleate were reported for the first time in this work. Many multi-oxygenated compounds
were incorporated including acids, which were not tested by Pepiot-Desjardins et al. [99].
Sooting tendency contribution values for groups j = 10, 13-16, 19, 23, 25, 26, 28 and 29 of
Appendix D are introduced for the first time by this work as well.
Some similarities can be identified between the present work and that by Pepiot-Desjardins et
al. [99]. Ethers and alcohols were found to be more effective than esters in reducing soot
formation for the same quantity of oxygen. Ketones and aldehydes (carbonyl groups), in
general, were found to have a high impact in suppressing soot. Both studies demonstrated
that branched molecules have a higher tendency to produce soot. However, as stated before
TSI is not a good sooting tendency predictor for oxygenates and therefore the results
obtained in both works cannot be directly compared.
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6.2 Sooting Tendencies of Biofuel Blends of Commercial Interest
Sooting tendencies of ethanol-gasoline, 1-butanol-gasoline, iso-butanol-gasoline, and
biodiesel-diesel blends were determined and analyzed. The fuel blends tested are shown in
Table 5-5. A brief description of these fuels and their advantages and disadvantages as
transportation fuels are described in the following section.

6.2.1 Advantages and Disadvantages of Biofuels Blends as Transportation Fuels

Alcohols and biodiesel can be mixed with petroleum products (gasoline and diesel), which
directly displaces petroleum consumption, and can be burned in traditional combustion
engines with virtually no or only small modifications needed, depending on the content of the
blend [185]. Ethanol-gasoline mixtures most commonly have five to ten percent ethanol by
volume (E5 – E10) and biodiesel-diesel blends most commonly have two to twenty percent
biodiesel by volume (B2 – B20).
Ethanol and ethanol-gasoline blends are considered to be promising potential substitutes for
petroleum gasoline in conventional SI engines. Ethanol is a biomass-based renewable,
biodegradable, alternative fuel that can be produced from cellulosic biomass, agricultural
feedstock, and byproducts from crops such as corn, wheat, sugar cane, plants, and wood
waste through distillation and fermentation processes [5].
Ethanol has a higher octane number (108), broader flammability limits, higher flame speeds
and higher heats of vaporization than gasoline [186]. These properties allow for a higher
compression ratio, shorter burn time and lean burn operation, which lead to theoretical
efficiency advantages over gasoline in a spark ignition engine. Due to the high octane
number of ethanol, improved brake thermal efficiency can be achieved in conventional SI
engines by increasing the compression ratio without engine-knock phenomena. Furthermore,
harmful exhaust emissions and greenhouse gases (GHGs) can also be reduced because of the
oxygen content (approximately 35% wt.) in ethanol [5]. Ethanol possesses a high latent heat
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of vaporization (3-5 times higher than gasoline) which provides lower temperature intake
charge and increases the volumetric efficiency [187].
However, ethanol has some disadvantages including a lower energy density than gasoline,
corrosiveness, low flame luminosity, lower vapor pressure, miscibility with water, and
toxicity to ecosystems [186]. Due to low vapor pressure and high boiling point, ethanol
causes poor engine performance in cold conditions [5]. Moreover, the lower heating value
and stoichiometric air to fuel ratio of ethanol are relatively lower compared to those of
gasoline. Therefore, to achieve the same power and torque as gasoline, a larger amount of
ethanol fuel must be supplied to the combustion chamber, resulting in a higher fuel
consumption rate.
Studies by Yoon et al. [5] in SI engines found that combustion of ethanol blends emitted less
NOx (approximately 15%) than that of conventional gasoline fuel. This trend is primarily due
to the low combustion temperature with a high latent heat of vaporization, and the oxygen
content of ethanol. The high latent heat leads to a decreased temperature of the charge
mixture due to cooling effects during the intake process in the combustion chamber.
Additionally, the oxygen content of ethanol fuel blends provides more oxygen in the
combustion chamber and results in an additional leaning effect. Yoon et al. reported [5] a
significant decrease of the total hydrocarbon (THC) emissions from ethanol blends in
comparison to pure gasoline. The main reason for the decreased THC emissions is that the
high content of oxygen in ethanol fuel leads to more complete combustion, which effectively
suppresses the creation of incomplete combustion products. Therefore, ethanol lowers the
probability of producing unburned hydrocarbon emissions. Yoon et al. also concluded that
the use of ethanol reduces the CO emissions due its wide flammability and more complete
combustion characteristics. All these trends increase with increasing the ethanol content in
gasoline-ethanol blends. However, very few studies have examined ethanol PM effects.
Butanol is an alcohol produced from the same feedstock as ethanol including corn, sugar
beets, and other biomass feedstock. Butanol is a potential alternative to ethanol and offers
many benefits including a much higher heating value (36.4 MJ/kg in contrast to the 24.8
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MJ/kg of ethanol) [188-191]. This feature, combined with the higher stoichiometric air to
fuel ratio, allow higher blending levels of butanol in gasoline than ethanol without changing
regulations, engine control systems, and distribution networks [192]. Additionally, butanol has
a lower latent heat of vaporization than ethanol which could reduce problems with fuel
atomization and combustion during cold start conditions that are typical with alcohol fuels.

Furthermore, butanol is less corrosive and less prone to water absorption than ethanol, which
allows it to be transported using the existing fuel supply pipelines [189,190]. Figure 6-12
shows the molecular structures of the four butanol isomers. n-Butanol (or 1-butanol) is the
main component in biobutanol [193].

Figure 6-12: Molecular structures of butanol isomers [188]

Research on the emissions of butanol-gasoline blends is available in the literature [188,191,
194-202]. However, no existing research in regards to butanol effects on PM emission in
gasoline engines is known by this author.

Rice et al. [195] found that the alcohol blended fuels exhibited lower CO emissions than pure
gasoline mainly due to a “leaning” effect caused by the lower stoichiometric air to fuel ratios
of the fuels due to their partially oxidized nature. Lastly, it was found that NOx levels were
modestly lower for the alcohol fuels due to their lower energy densities resulting in lower
peak flame temperatures.

Dernotte et al. [201] examined the emissions characteristics of several butanol-gasoline
blends on a volume basis using a port fuel-injection SI engine and found that blends with 60
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and 80% butanol produced 18% and 47% more THC emissions than neat gasoline,
respectively. The 80% butanol blend also displayed a noticeable decrease in NOx emissions
at all equivalence ratios tested. It was also found that this blend was the only one which did
not produce lower CO emissions than gasoline.

While butanol-gasoline blends have been extensively researched in spark-ignition engines,
there is limited information available on engine performance and emissions using neat nbutanol [188]. Wigg et al. [202], who examined the emissions of neat n-butanol, ethanol, and
gasoline, showed that gasoline and butanol were closest in engine performance.
Measurements of hydrocarbons showed that neat n-butanol produced approximately three
times as much THC as that of gasoline suggesting that the fuel is not atomizing as well as
ethanol and gasoline. CO emissions for both ethanol and butanol were identical over the
range of equivalence ratios and offered a 12% reduction in emissions in the rich region over
gasoline. NOx emissions of butanol were 17% lower than that for gasoline at stoichiometry.

Wigg [188] argued that the use of butanol as a future biofuel is uncertain since a promising
approach for its production has yet to be established. For the past 30 years ethanol has had
most of the technological and policy support and has seeded the market for renewable
alcohol motor fuel. Much research is required to establish butanol as a viable alternative to
ethanol and gasoline fuels.
Biodiesel is a renewable fuel derived from lipids such as vegetable oils and animal fats.
Biodiesel is used as a substitute for conventional diesel fuel with some definite benefits to the
emissions output. In a report released by the United States Environmental Protection Agency
(EPA) [14], results showed a general decrease in PM, CO and THC emissions with
increasing biodiesel content in heavy duty vehicles. Along with these improvements, the
EPA reported an increase in NOx emissions when using biodiesel rather than conventional
diesel. Multiple studies have observed this phenomenon that results from the use of biodiesel
[203,204]. Many refer to it as the “biodiesel NOx effect”, which adds to the need for
additional control systems of NOx emissions in the form of engine controls and aftertreatment methods and devices. One approach is to alter the fuel injection strategy to
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circumvent the NOx effect [205]. Another technology is exhaust gas recirculation (EGR)
which reduces NOx emissions by circulating a portion of an engine’s exhaust gas back to the
engine cylinders. In a diesel engine, the exhaust gas replaces some of the excess oxygen in
the pre-combustion mixture lowering the flame temperature and the oxygen concentration of
the working fluid [206]. In general, as NOx is reduced, the PM increases, resulting from the
lowered oxygen concentration.
For high level blends of biofuel, modifications to the vehicle may be necessary, such as
changing the materials used for fuel lines, larger volume fuel injectors, appropriate
compression ratios, and engine controls modification [185]. High concentrations of ethanol
are known to deteriorate some compounds used in fuel system components due to two key
problems associated with the intrinsic fuel properties of ethanol. First, many materials
degrade in the presence of alcohols, and second, alcohols are more conductive than gasoline
and will promote galvanic corrosion [207]. Key materials which should be identified in the
engine include brass, zinc, lead, and aluminum. Plastics and rubber components also are
degraded by the effects of ethanol as well. Biodiesel blends higher than B20 require special
handling and may require equipment modifications [208].
Biodiesel has a solvent effect and it can clean a vehicle's fuel system and release deposits
accumulated from previous petroleum diesel use. The release of these deposits may initially
clog filters and require filter replacement in the first few tanks of high-level blends.
Moreover, a higher percentage of biodiesel (above 20%) means lower energy content per
gallon. High-level biodiesel blends can also impact engine warranties, gel in cold
temperatures, and cause microbial contamination in tanks. Brass, bronze, copper, lead, tin,
and zinc will oxidize biodiesel fuels and create sediments. Lead solders and zinc linings
should be avoided, as should copper pipes, brass regulators, and copper fittings. The fuel or
the fittings will tend to change color and sediments may form, resulting in plugged fuel filters
[209].
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6.2.2 Sooting Tendency Results and Analysis of Biofuel Blends

The results of smoke point measurements for the fuel blends in
Table 5-5 are displayed in Table 6-6. The OESI and TSI values of the test fuels are shown in
Figure 6-13 to Figure 6-16 plotted against the biofuel concentrations in the blends.
Table 6-6: Smoke points of biofuel blends of practical use
Smoke Point [mm]
Ethanol-Gasoline Blends
Base Gasoline
E10
E15
E20
E30
E50
E75
E85
1-Butanol-Gasoline Blends
1-BuOH0
1-BuOH10
1-BuOH20
1-BuOH30
1-BuOH50
1-BuOH75

15.1 ± 0.7
16.4 ± 0.5
17.1 ± 0.7
19.5 ± 0.5
21.6 ± 0.5
30.5 ± 0.7
38.7 ± 0.7
43.1 ± 0.7
15.1 ± 0.7
17.8 ± 0.7
20.9 ± 0.7
23.6 ± 0.5
33.5 ± 0.7
41.4 ± 0.7

Iso-Butanol-Gasoline Blends
15.1 ± 0.7
16.8 ± 0.7
19.2 ± 0.7
21.2 ± 0.7
28.4 ± 0.7
36.6 ± 0.7
41.4 ± 0.7

i-BuOH0
i-BuOH10
i-BuOH20
i-BuOH30
i-BuOH50
i-BuOH75
i-BuOH100
Biodiesel-Diesel Blends
ULSD (Base Diesel)
B10
B20
B30
B40

14.5 ± 0.7
15.2 ± 0.7
16.5 ± 0.7
19.5 ± 0.7
21.1 ± 0.7
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Figure 6-13: Ethanol-gasoline blends. Relation of the calculated OESI and TSI with
percentage of ethanol (by volume) in the blend. Correlation equations: OESI = 13.65 –
0.26504 %Ethanol (R2 = 0.917); TSI = 13.798 – 0.226 %Ethanol (R2 = 0.896)
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Figure 6-14: 1-Butanol-gasoline blends. Relation of the calculated OESI and TSI with
percentage of 1-Butanol (by volume) in the blend. Correlation equations: OESI = 15.47
– 0.26897 %1-Butanol (R2 = 0.934); TSI = 14.94 – 0.22594 %1-Butanol (R2 = 0.926)
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Figure 6-15: Iso-butanol-gasoline blends. Relation of the calculated OESI and TSI with
percentage of Iso-butanol (by volume) in the blend. Correlation equations: OESI =
15.394 – 0.21314 %Iso-butanol (R2 = 0.932); TSI = 14.974 – 0.17744 %Iso-butanol (R2 =
0.924)
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Figure 6-16: Biodiesel-diesel blends. Relation of the calculated OESI and TSI with
percentage of biodiesel (by volume) in the blend. Correlation equations: OESI = 53.612
– 0.45298 %Biodiesel (R2 = 0.959); TSI = 48.736 – 0.33755 %Biodiesel (R2 = 0.9351)
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The negative sign of some of the OESI values in Table 6-6 indicate that these fuels have
lower sooting tendencies than ethane (lower end point chosen for OESI correlation). In all
the gasoline and diesel blends the rate of decrease in sooting tendency when oxygenated fuels
where added is shown to be approximately linear, which is in agreement with average
particulate emissions results collected from the literature [30,98]. It can be observed for all
fuel blends that the decrease in sooting tendency is under predicted with TSI with respect to
that obtained with OESI. Therefore, these results validate the OESI as an accurate predictor
of the sooting tendencies of these blends.
Figure 6-13 to Figure 6-16 show that alcohols suppress the sooting tendency of gasoline at a
faster rate than the esters contained in biodiesel do with diesel fuel. This can be attributed to
the combined effect of “dilution” (higher oxygen content) as explained before, with the
higher effectiveness of alcohols in reducing soot formation than esters. Kinetic modelling
studies by Westbrook et al. [43] showed that as oxygenated fuels are blended with the base
hydrocarbon fuel the CO2/CO ratio increases in the products, and the total carbon in the
unsaturated species in the products is much lower. Examination of the kinetic pathways
associated with the ignition of these oxygenates showed that nearly all of the oxygen atoms
initially present in the oxygenates react directly to produce CO and some slight quantities of
CO2. The strong CO bond remains intact during the ignition, so the C atom in this bond never
becomes available for soot production. In the case of alcohols such as methanol the reaction
path is as follows:
(R. 9 )

Methanol reacts with dominant subsequent H-atom abstraction until a carbon bonds to
oxygen. Therefore, almost every O atom in the oxygenate removes one C atom from the pool
of species that can produce soot. However, the reaction of methyl esters is somewhat
different. Westbrook et al. [43] studied methyl butanoate which molecular structure is as
follows:
(R. 10 )
(
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The methyl ester group has two O atoms which are both bonded to a single C atom. The
double (C=O) bond of esters is very difficult to break. Westbrook et al. [43] found than ester
radical in the biodiesel structure is not consumed by thermal decomposition to any
appreciable degree. Instead, it is consumed primarily by abstraction of H atoms by OH and H
radicals, and the weakest C-H bonds are at the CH2 groups in the hydrocarbon segment.
Therefore, the hydrogen abstraction by OH and H radical can occur in the secondary C-H
bond, which is the weakest bond in the molecular structure. Once H abstraction builds
(

, subsequent β-scission between C-C backbone

structure leads to propene, which is a major precursor of soot formation and the methoxy
formyl radical, which decomposes primarily to CO2 +CH3 according to:
(R. 11 )
(
Kinetic modeling found that during combustion of the ester, approximately half of the
reaction pathways resulted in both O atoms remaining bonded to the single C atom. As a
result, CO2 was produced directly and the two O atoms together removed only one C atom
from the pool of reactive hydrocarbons that could produce soot. Therefore, alcohols are more
effective in suppressing soot than esters.
Figure 6-17 shows a comparison of the OESI values and trends of the alcohol-gasoline
blends. It can be observed that ethanol is more efficient than butanol in reducing sooting
tendencies. This can be attributed to the higher oxygen content of ethanol in comparison to
butanol. Among the 2 butanol isomers, 1-butanol is slightly more effective on suppressing
soot formation that iso-butanol. This can be explained by the alcohol position on the
molecular structure. As demonstrated by many authors [43,99,100] oxygenates located at the
periphery of the carbon-chain are more accessible for reacting and produce smaller
hydrocarbons that are less effective as soot precursors.
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Figure 6-17: Comparison of OESI values among alcohol biofuels tested against
percentage of alcohol content (by volume)
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6.3 Development of Improved Gasoline PM Index

Aikawa et al. [94] developed a PM index (PMI) that predicts PM emissions in practical
gasoline engines based on fuel physical and chemical properties. Aikawa et al. [94] argued
that the PM Index could accurately predict not only the total particulate number (PN) trend
but also the total PM mass from gasoline engines, regardless of engine type or test cycle.
Double bond equivalent (DBE) is used in this correlation to account for molecular effects on
soot formation. However, DBE is a measure of how unsaturated a hydrocarbon is and it does
not account for all fuel molecular structural effects known to have an impact on soot
formation such as branching, aromaticity and carbon chain length. Furthermore, PMI does
not account for oxygenate functional group effects on the sooting tendency, because DBE
does not account for oxygen content. Therefore, an investigation for developing an improved
PM correlation for SI engines based on fuel properties was conducted.

There are two main fuel factors that influence PM emissions in gasoline engines. These are
the fuel molecular structure effects, which have been studied for many years on laboratory
scale flames as described in Chapter 2, and fuel physical properties such as volatility. Aikawa
et al. [94] demonstrated that vapor pressure has a great impact on SI PM emissions. Fuels
with higher vapor pressures will evaporate more rapidly into the gas phase, thereby
mitigating soot formation. Therefore, SI PM emissions can be expressed as a function of
these two fuel property effects in addition to the engine conditions and parameters
accordingly:
(Eqn. 27)
(

[

(

(

]

Engine parameters and conditions could also amplify fuel property effects on PM emissions,
and thereby:
(Eqn. 28)
(

[

(
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(

]

According to the Aikawa et al.’s [94] correlation (DBE+1) accounts for the fuel molecular
effects. It is important to note that the “+1” was used to account for PM contributions of fuels
with a DBE of zero, which it is a somewhat arbitrary number (why not 0.5, 2, etc.?). In this
work it is proposed that a sooting index that relates inherent molecular effects of the fuel with
soot formation would be a better parameter. Therefore, OESI it is proposed in contrast to
DBE. Another benefit of using OESI in contrast to DBE is that OESI provides a lumped
parameter to determine the chemical effects component of equation 26 without detailed
speciation of the gasoline used.

Vapor pressure is an important property of automotive gasoline fuels. The vapor pressure can
affect proper cold starting of the engine, vapor lock tendency in older engines without fuel
injection (e.g., carbureted engines), and quality of starting in engines with fuel injection
[210-211]. Aikawa et al. [94] evaluated the vapor pressure at a range of temperatures, and
found that a temperature of 443 K gave the best correlation between particulate emissions
and the PM Index. The vapor pressure was not a direct measurement, but came from an
empirical relation between the normal boiling point of each component and its vapor pressure
at 443 K. Cold start conditions have been attributed to produce the highest PM in gasoline
engines. Therefore, the Reid vapor pressure (RVP), which is a common measure of
the volatility of gasoline, defined as the absolute vapor pressure exerted by a liquid at 37.8
°C in a chamber with a vapor/liquid volume ratio of 4:1 while following the test method
ASTM-D-323, could be a better measurement as proposed by Leach et al. [95]. Furthermore,
gasoline technical specifications most often report vapor pressure in terms of the RVP.
However, the ASTM-D-323 as initially developed and adopted in 1927 is not applicable for
use with many oxygenated compounds, such as alcohols, because of trace amounts of water
present in the test. ASTM D-4953 provided a modification to the test to allow for the
measurement of the vapor pressure in gasoline with oxygenates [212]. The ASTM D-4953
has two different procedures: Procedure A is essentially identical to D-323 but without water,
giving results identified as “dry vapor pressure” that should be indistinguishable from RVP.
Procedure B involves other test modifications and yields the “dry vapor pressure equivalent”
(DVPE), a correlation equation which is applied to provide results equivalent to procedure A.
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These ASTM methods use a defined vapor/liquid ratio. Andersen et al. [213] argued that
while the vapor pressure is independent of the vapor/liquid ratio for a pure compound, this is
not true for mixtures, such as gasoline. Even highly volatile compounds that are present at
small concentrations can contribute greatly to the vapor pressure, but their impact on the
measured vapor pressure is progressively reduced with an increasing vapor/liquid ratio.

Andersen et al. [213] determined Reid vapor pressures for alcohol-gasoline blends containing
5-85% by volume of alcohol. It was found that most alcohols form near-azeotropic mixtures
with hydrocarbons in gasoline that affect the vapor pressure of the blend in a non-ideal
manner. When blending alcohols with gasoline, especially shorter chain alcohols such as
methanol and ethanol, the blend exhibits reductions in distillation temperatures and does not
behave like an ideal mixture. This phenomenon is ascribed to interference by the nonpolar
hydrocarbons in gasoline with the intramolecular hydrogen bonding between the polar
alcohol molecules [214] and interference by the alcohol with molecular interactions between
the hydrocarbons. Due to the increasing use of bioalcohols in gasoline blends it is important
to have an accurate understanding of the vapor pressures of such blends and how they impact
the combustion process and output emissions.

In this work a modification of the PM Index is proposed and denoted as Modified PM Index
(MPMI), which is defined as:
(Eqn. 29)
∑

where

(

indicates the weight fraction of the added substance. The weight fraction accounts

for the fuel constituent's concentration effect on PM emissions.

By non-dimensionalizing equation 28 with respect to a reference fuel, or in this case the base
fuel, there is the additional benefit of restricting the correlation to fuel effects.
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(Eqn. 30)
(
(

The

)

)

(
(

)

)

correlation should be interpreted as a mean to predict how different fuels and

additives will affect soot formation in a specific SI engine at a specific operating condition.

The

values for the fuels in Table 5-6 are shown in Table 6-7. The RVPs were

determined using the AICHE Design Institute for Physical Properties (DIPPR) database of
physical and thermodynamic properties of pure chemicals [215].The EEE gasoline used in
this work as base gasoline is specified by Paragon Laboratories, Inc. to have a RVP of 61kPa.
Table 6-7: Smoke points, OESI, and MPMI values of tested fuels
i
1
2
3
4
5
6
7
8
9

Blend
Base gasoline
Base + 2,2,4 Trimethylpentane
Base + Dodecane
Base + Ethylbenzene
Base + α-Methylstyrene
Base + 1,2,4 Trimethylbenzene
Base + Divinylbenzene
Base + Napthalene
Base + Ethanol

SP [mm]
15.0 ± 0.7
16.0 ± 0.7
16.0 ± 0.7
14.0 ± 0.7
13.3 ± 0.5
13.0 ± 0.7
11.6 ± 0.7
10.2 ± 0.5
19.1 ± 0.7

OESI
18.40
17.11
17.88
20.43
22.18
23.10
26.98
29.06
7.02

RVP [kPa]
61.00
56.75
57.29
56.00
56.08
56.29
56.41
56.64
44.70

MPMI
30.16
30.15
31.21
36.48
39.54
41.03
47.83
55.78
15.70

∆MPMI
-0.05
3.46
20.94
31.09
36.04
58.56
84.91
-47.94

Aikawa et al. [94] compared their PMI results with vehicle PN emissions obtained using the
New European Driving Cycle (NEDC). The PN emissions reported data can be found in
Appendix F. Therefore, the obtained MPMI values were normalized and plotted against the
PN emissions reported by Aikawa et al. [94] as shown in Figure 6-18.

As can be observed from the plot the MPMI values follow the engine PN emissions trends.
The ethanol blend MPMI value displayed a higher deviation from the engine PN emission in
comparison to the other test fuels and was not included in the plot. This can be attributed to
the alcohols non-linear effect on fuel vapor pressure as explained above. The direct
conclusions to these results is that fuel properties have an impact in PM emissions and that
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more engine data with different chemical species (i.e., oxygenates, paraffins, olefins and
naphthenes) is required for validating these indices. Moreover, engine PM mass should be
considered as well for validation purposes rather than PN emissions.
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Figure 6-18: Relation of the calculated ∆MPMI and the ∆NEDC PN emissions [94].
Correlation equation: ∆NEDC PN emissions = 0.054524∆MPMI – 0.23518 (R2 = 0.929)

Figure 6-19 shows a comparison between the PMI values reported by Aikawa et al. [94] and
the MPMI determined in this work. As observed a non-linear correlation can be established
between both indices.
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Figure 6-19: MPMI vs. PMI [94]
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6.4 Estimation of Opacity Tendency in Diesel Engines via Smoke Points

6.4.1 Abstract
Oxygenated fuels in diesel engines represent an alternative to conventional petroleumderived fuel to achieve current European emissions standards (EURO 5), especially with
regard to particulate matter (PM), where the reduction of the limit in mass concentration is
80% compared to that for the previous EURO 4 standard. Among these oxygenated fuels,
biodiesel- and ethanol-diesel blends have great potential in reducing smoke opacity and,
therefore, the particulate matter emitted. The smoke point is a technique used for determining
the sooting tendency of kerosene and aviation fuels and it can be used as an indicator of
smoke opacity. The smoke point technique can also be used with an extensive variety of fuels
including automotive diesel fuels. This work proposes a new methodology for estimating the
decrease in diesel engine exhaust opacity when different ethanol- and biodiesel-diesel blends
are used instead of conventional diesel fuels. Different binary biodiesel-diesel and ethanoldiesel blends were tested in a smoke point lamp together with ternary ethanol-biodieseldiesel blends. The results of binary blends were compared to the opacity obtained in a light
duty diesel engine operating in a steady state mode confirming that the volumetric air to fuel
ratio to smoke point ratio accurately reproduces the decreasing trend in opacity, when
normalized to a conventional diesel fuel, as a function of the percentage of biodiesel or
ethanol in the blend. In this way, tests of ternary ethanol-biodiesel-diesel blends on a smoke
point lamp could predict the trend in smoke opacity when a diesel engine is fuelled with such
fuel mixtures [165].
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6.4.2 Motivation and Objectives

Ethanol, which is more commonly used in spark-ignition engines, presents more challenges
when used in conventional diesel engines. Ethanol has a low cetane number, low lubricity,
and a limited miscibility with diesel fuel [166]. Despite all these disadvantages, the 35%
oxygen content due to its molecular composition, three times the oxygen content of biodiesel,
makes ethanol very attractive as a diesel blending agent.

With the aim of increasing the miscibility of ethanol in diesel fuel, additives are used to
ensure the stability of blends. Biodiesel molecules have a polar end with an affinity for
ethanol, which is also polar in nature, but also a nonpolar carbon chain similar to diesel.
Therefore, biodiesel can be used as a stabilizing agent. In addition, its high cetane number
and good lubricating properties offset reductions in those properties due to ethanol [216].
There are numerous studies on emissions in compression ignition engines fuelled with these
ternary blends [217-219]

This work proposes a new methodology focused on the application of the smoke point
technique to fuels used in diesel engines. The smoke point of a reference diesel fuel together
with different soybean biodiesel-diesel, ethanol-diesel, and ethanol-biodiesel-diesel blends
were determined with a standard smoke point lamp. The sooting tendencies determined based
on the smoke point measurements of the binary blends were compared to the opacity
obtained from a light duty diesel engine operating in a high load steady state mode without
EGR. Ternary blends were used to predict the trend in smoke opacity when a diesel engine is
fuelled with them, showing the role of esters and alcohol groups in reducing smoke tendency.
Although the smoke point values do not represent a real estimation of the opacity in the
engine, which depends not only on the fuel employed but also on the engine conditions, this
method can serve as a qualitative comparison between different fuels and their opacity
tendency, showing the relative decrease in opacity when a diesel blend is used instead of pure
diesel fuel.
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6.4.3 Methodology

As suggested by Yang et al. [88] the constant

is more important than

in the TSI

correlation because it is the slope that determines how the TSI changes with respect to the
fuel property MW/SP, while the intercept only determines the line’s position relative to the
origin, which is related to the arbitrary selection of the reference compounds. The same can
be implied for the OESI constants. Therefore, by assuming the OESI to be only directly
proportional to the ([

]/SP) ratio and taking diesel as reference base fuel, the

OESI for diesel can be written as:
(Eqn. 31)
(

)

Considering that the OESI of any other given fuel can be expressed in the same way, the
combination of both values will be given by equation 32. Therefore, the ratio of a particular
compound OESI to the one by the reference fuel (diesel) will equal the ([
]/SP) ratios of both compounds, which will be the parameter employed in this study to
present the objective results.
(Eqn. 32)
(

)

(

)

For clarity and simplicity purposes the following notation will be used throughout the rest of
this section:
(
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6.4.4 Results and Discussion

6.4.4.1 Biodiesel-Diesel Blends
Lapuerta et al. [16] reviewed the effect of biodiesel on diesel engine emissions. According to
this work, even though some authors report an increase in particle emissions when biodiesel
is used, mainly due to an increase of hydrocarbons, the general agreement in the literature is
that PM and opacity decrease when biodiesel is used instead of conventional diesel fuel.

The Environmental Protection Agency (EPA) correlated PM emissions as a function of
biodiesel percentage with data from several works [14]. This correlation is presented in
equation 33.
(Eqn. 33)

Figure 6-20 shows the opacity and ([(

]/SP) ratio as a function of the percentage of

biodiesel (%v/v) in samples tested. The results follow an exponentially decreasing trend
according to:
(Eqn. 34)

(Eqn. 35)
(

(

)
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Figure 6-20: Variation of opacity and [(A/F)st]/SP ratio with the % v/v of biodiesel
The exponential coefficients of equations 34 and 35 are quite similar. Only the pre-factors of
equations 34 and 35 are different, which practically correspond to the values registered for
pure diesel, as expected. Normalizing the values of opacity and [(

] ratio with

respect to the reference diesel fuel, as in the EPA correlation, the following equations were
obtained, which are plotted in Figure 6-21.
(Eqn. 36)

(Eqn. 37)
(

(
(
(

)
)
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Figure 6-21: Normalized variation of biodiesel opacity ratio and [(A/F)st]/SP ratio with
respect to reference diesel fuel

A good correlation between the exponential coefficients can be observed again. Therefore,
some conclusions can be obtained:


Particulate matter emissions closely follow the trend observed in opacity when the
engine is fuelled with biodiesel-diesel blends.



The normalized [(A/F)st/SP] ratios can reproduce quite accurately the exhaust gas
opacity trends, especially with relative low (no more than 30% v/v) biodiesel content
in the blend. A deviation of only 2.19% between opacity and MW/SP ratio was
registered for a B30 blend; meanwhile, a maximum deviation of 7.5% was registered
for pure biodiesel. In the following sections only these normalized parameters
referring to reference diesel fuel will be presented.
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6.4.4.2 Ethanol-Diesel Blends
Figure 6-22 shows the values of opacity and [(A/F)st/SP] ratio normalized to the reference
diesel fuel. In this case the results were depicted as a function of percentage of ethanol
(%v/v) in the blend. The normalized correlations are shown as follows:
(Eqn. 38)

(Eqn. 39)
[(
[(

]
]

As in the previous section, the normalized opacity measured on the engine in the selected
operating mode follows an exponential decrease with the percentage of ethanol in the fuel
blend. Also [(A/F)st/SP] ratio correlates well with the reduction in opacity. In this case, the
maximum deviation obtained is 9.42% for pure ethanol compared to 12.19% for pure
biodiesel, as reported in the previous section. The deviation for ED17, the blend with the
highest ethanol percentage tested in the engine, was only 1.54%. Therefore, the normalized
values of [(A/F)st/SP] provide again a good estimation of the opacity tendency presented by
these types of oxygenated compounds.
Moreover, Figure 6-22 shows a sharper reduction (about 5 times) in both parameters when
the percentage of ethanol is increased compared to that of biodiesel blends presented in
Figure 6-21. This result can be associated with the higher oxygen content on the molecular
structure of ethanol compared to biodiesel, the lower C/H mass ratio of ethanol-diesel blends
[220] and the lower cetane number of ethanol compared to biodiesel, which leads to a longer
ignition delay. Therefore, the fuel burned in the premixed combustion phase increases,
decreasing the fuel burned during the diffusion combustion phase. As a consequence, soot
formation and emission is reduced [221]. Also, as showed in Section 6.1.7 esters are less
effective in suppressing soot formation than alcohols.
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Figure 6-22: Normalized variation (with respect to reference diesel fuel) of opacity and
[(A/F)st]/SP ratio with the % v/v of ethanol

6.4.4.3 Effect of Oxygen Functional Groups
To validate that the reduction in opacity due to an oxygenated fuel depends not only on the
oxygen content but also on the functional group present in the fuel, Figure 6-23 shows the
results of normalized opacity obtained during engine tests for biodiesel and ethanol blends as
a function of the oxygen percentage in the blend. Equations 40 and 41 show the normalized
correlations obtained in this work.
(Eqn. 40)

(Eqn. 41)
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Figure 6-23: Normalized variation (with respect to reference diesel fuel) of opacity with
the oxygen content in the blend

As Figure 6-23 shows, for the same oxygen content, the exhaust opacity of a diesel engine is
greater when fuelled with a biodiesel-diesel blend instead of an ethanol-diesel blend.
Combining equations 40 and 41 expresses this difference by equation 42:
(Eqn. 42)

The same trend is obtained using the normalized [(A/F)st/SP] ratio, as shown in Figure 6-24
and setting equations 43 and 44, whose exponential coefficients are very similar to those
obtained based on the opacity ratio.
(Eqn. 43)
[(
[(

]
]
(Eqn. 44)
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According to these results, for a given oxygen percentage, a ternary mixture of ethanolbiodiesel-diesel should present a normalized [(A/F)st/SP] ratio between those obtained for
the binary biodiesel-diesel and ethanol-diesel blends. Equation 45, also depicted in Figure
6-24, shows how the coefficient of the exponential fit is between those obtained with binary
mixtures. Although exhaust opacity tests were not carried out with ethanol-biodiesel-diesel
blends, as suggested by results shown in this work, it is possible to predict that the
normalized opacity produced by them should be intermediate between binary blends.
(Eqn. 45)
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]
]
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Figure 6-24: Normalized variation of [(A/F)st]/SP ratio with the oxygen content in the
blend
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Chapter 7 : IMPACT OF ESTER STRUCTURES ON SOOT
OXIDATIVE REACTIVITY OF BIODIESEL

7.1 Temperature Programmed Oxidation Analysis of Soot

7.1.1 Reproducibility of Previous Finding by Zhang and Boehman
As described in the literature review on Section 3.3, Zhang and Boehman [61] studied the
impact of the fuel-bound oxygen contained in a fatty acid ester on the soot oxidative
reactivity in a simplified combustion system using a diffusion flame burner with well
controlled test conditions. In their study methyl crotonate (MC) derived soot was compared
with n-pentane (PEN) derived soot. Temperature programmed oxidation (TPO) of both
samples did not provide statistically significant differences in reactivity. However, as can be
observed in Figure 3-10, MC derived soot may be slightly more reactive that PEN derived
soot.

The first step on this work was to identify if this result could be reproduced given that a
different burner setup was used. The same amount of overventilated conditions (same excess
air percentage) used by Zhang and Boehman [61] were utilized for the flow calculations of
this study and the carbon atom flow rate was kept constant as recommended in works by Puri
[171] and Gupta [172]. As shown in Figure 7-1 the trend observed by Zhang and Boehman
[61] has been reproduced on this work.

As explained in the experimental section (Section 5.2.3.1) a temperature of 550 °C for
oxidation was used for all fuels in this study in contrast to the 500 °C used by Zhang and
Boehman [61] since as described by Yehliu [168] and Johnson [173] it provides a reliable
regeneration temperature in practical DPFs. Therefore, the next step was to corroborate that
this temperature variation would be able to replicate the trends observed in Figure 7-1. Figure
7-2 shows that, in effect, the trend is reproducible at this oxidation temperature of 550 °C.
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Figure 7-1: Comparison of normalized mass profiles obtained by Zhang and Boehman
[61] and on this work for the oxidation of methyl crotonate derived soot and n-pentane
derived soot during isothermal oxidation at a temperature of 500 ºC
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Figure 7-2: Normalized mass profiles for the oxidation of methyl crotonate derived soot
and n-pentane derived soot during isothermal oxidation at a temperature of 550 ºC

7.1.2 Quantification of Apparent Rate Constant

A clear fundamental understanding of the role of active sites in carbon kinetics and especially
how to quantify these phenomena has been the scope of multiple researches thought out the
years. Laine et al. [222] argued that an apparent rate constant for the carbon-oxygen reaction
cannot be obtained on the basis of the total surface area (TSA) of the reacting carbon. An
apparent rate constant should depend only on the reaction temperature and not on the extent
of reaction or, possibly, the type of carbon used. Laine et al. [222] showed, in the case of a
graphitized carbon black, that the rate constant based on TSA increased continuously with
conversion (burn- off). However, when the constant was expressed per unit of active surface
area (ASA), taking into account the formation of a stable carbon-oxygen complex, it was
essentially unchanged with conversion. Therefore, works based on thermogravimetric
analysis (TGA) by Radovic et al. [144], Yehliu [154] and Jenkins et al. [223], utilized the
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following rate expression for carbon oxidation as a way to measure the apparent rate constant
of oxidation:
(Eqn. 46)

where

is the soot mass at time ,

is the apparent rate constant [1/Pa/min], and

, is

the oxygen partial pressure [Pa]. Since the oxidizer in this work consisted of ultra-zero air at
20 psi (~22 % of oxygen) the oxygen partial pressure is 30.33 Kpa. Radovic et al. [144]
noted that

is a lumped parameter which depends on the concentration of carbon active

sites.

Reactivity studies of coals and chars by Jenkins et al. [223] indicated that there are three
distinct regimes in the burn-off curve of a carbon material. In the first regime, as the reaction
rate increases slowly, three processes take place: (1) the system is purged of nitrogen; (2)
there is a buildup of oxygen complexes on the char’s surface; and (3) the char undergoes
activation, which leads to the increased rate. This regime is followed by a period in which
increase in the burn-off is directly proportional to the increase in time, indicating a zero-order
reaction. As activation proceeds, the surface area per unit weight increases up to some
maximum value. Offsetting this process there is a corresponding weight decrease. Hence a
constant effective active-site concentration is maintained. The third region occurs, when the
surface area per unit weight starts decreasing, thereby leading to a reduced rate. Therefore,
integrating equation 46 at the zero-order reaction region gives:
(Eqn. 47)
(

where

is the initial soot mass,

is the time of oxidation start. The apparent rate

constant can be determined by plotting the rate of mass lost obtained with the TGA curves
against the oxidation time, times the oxygen partial pressure, following the procedure
described by Yehliu [154].
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7.1.3 Results and Discussions
Figure 7-3 shows all the TGA oxidation curves obtained for all tested fuels found in Table
5-8. Table 7-1 shows the volatile organic fractions and derived apparent rate constant for all
fuels studied. The results show that ester compounds contained in biodiesel do have an
impact on soot oxidative reactivity and soot characteristics in contrast to the claims made by
Zhang and Boehman [61]. Methyl esters with shorter alkyl chains are more reactive which
indicates that the embedded oxygen in the fuel structure leads to the formation of soot with
more active sites.
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Figure 7-3: Normalized mass profiles for the oxidation of all tested fuels derived soot
during the isothermal oxidation at a temperature of 550 ºC
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Figure 7-4: Comparison of methyl esters and B100 derived soot normalized mass
oxidation profiles
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Figure 7-6: Comparison of C5 methyl esters and n-pentane derived soot normalized
mass oxidation profiles
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Figure 7-7: Comparison of methyl decanoate and n-dodecane derived soot normalized
mass oxidation profiles
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Table 7-1: VOF and apparent rate constant of tested fuels
i

Compound

Formula

Bond Type

Conformation

VOF [%]

1

Methyl butyrate

C5H10O2

0

-

9.83

2.27

2

Methyl crotonate

C5H8O2

1

trans, 2

5.12

1.71

3

Methyl hexanoate

C7H14O2

0

-

9.37

2.08

4

Methyl undecanoate

C12H24O2

0

-

7.49

1.58

5

Methyl oleate

C19H36O2

1

cis, 9

5.19

1.58

6

n-pentane

C5H12

0

-

7.49

1.55

7

n-dodecane

C12H26

0

-

3.37

1.32

8

U.S. standard #2 diesel

-

-

-

3.27

1.52

9

Low aromatic diesel

-

-

-

3.23

1.32

10

B100

-

-

-

5.61

1.62

[1/Pa/min]

As shown in Figure 7-4 methyl butyrate exhibits the highest soot reactivity of all the esters
tested with an apparent rate constant approximately 1.4 times higher than methyl oleate soot.
However, as the carbon chain length increases the differences in reactivity among the esters
are less significant. For instance the apparent rate constant of methyl hexanoate soot is 1.3
times higher than methyl oleate soot and methyl undecanoate soot has the same apparent rate
constant than methyl oleate soot. Therefore, these results show that the impact of fuel-bound
oxygen on the reactivity of soot becomes less significant as the carbon chain length
increases.

Figure 7-5 shows that B100 derived soot has a slightly more rapid mass loss rate than diesel
derived soot during the isothermal oxidation process. However, the difference in reactivity
between the biodiesel and the diesel soots is less pronounced than the trends found by Song
et al. [54,59], who observed appreciable differences in oxidative reactivity between
biodiesel-derived soot, diesel-derived soot and Fischer-Tropsch (FT) diesel-derived soot
from a turbodiesel engine. These differences can be attributed to the dramatic difference in
the soot formation environment between the well-controlled diffusion flame tests and the
very complex diesel combustion process. Many secondary effects of biodiesel addition in
diesel engines can contribute to the higher soot reactivity trends found in the literature. For
instance the reduction of sulfur dioxide generated during combustion, which could poison the
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catalysts in the DPF, by biodiesel addition could contribute to the higher soot reactivity rates
[149]. Other factors that differ from biodiesel combustion and might affect the DPF
regeneration are the combustion temperature [224], the aromatic content [140], the volatility
of condensed hydrocarbons (VOF) [146-148], and changes in NOx emissions [49] as covered
in Section 3.3.

Dec [225] developed a conceptual model for diesel combustion to describe the major
chemical and physical steps that occur during diesel combustion. According to this model,
shown in Figure 7-8, shortly before the end of the compression stroke of the piston, diesel
fuel is injected in a number of liquid jets into hot, highly compressed air and residual
combustion products in the combustion chamber. Each fuel jet vaporizes rapidly and entrains
and mixes with hot air. The hot air steadily raises the temperature of the vaporized fuel while
simultaneously increasing the ratio of air to fuel. This mixture eventually ignites in the gas
phase while still under quite fuel rich conditions, with a local equivalence ratio of about 3
(i.e., three times as much fuel as could be fully oxidized by the air mixed locally with the
fuel). The location of this fuel-rich premixed ignition is identified as the dashed curve in
Figure 7-8. The products of this ignition cannot be oxidized completely, due to the absence
of sufficient oxygen. Therefore, these incompletely oxidized species such as CO, H2, and
small intermediate hydrocarbon species including acetylene, ethene, propene, and others then
react to produce soot which is later consumed in a diffusion flame environment farther
downstream of the ignition region. The same unsaturated hydrocarbon species have been
identified as major contributors to soot production in both diesel engines and laboratory scale
flames. In the case of biodiesel, the oxygen atoms initially present in the oxygenates react
directly to produce CO and some slight quantities of CO2. The strong CO bond remains intact
during the ignition, so the C atom in this bond never becomes available for soot production.
Based on this model another potential explanation of the reactivity differences found in this
work and the ones in Song et al. [54, 59], is that in spray flame combustion, the differences in
density between diesel and biodiesel alter air entrainment into the spray and shift the
stoichiometry within the flame, which impact the derived soot.
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Figure 7-8: Phenomenological description of the major features of diesel combustion
from experimental studies of Dec [225]

Williams et al. [55] found that aromatic content does not contribute to soot reactivity
variations. However, in Figure 7-5 it can be observed that the low aromatic diesel fuel has a
lower reactivity than a conventional diesel fuel. This result is in agreement with the findings
of Song et al. [54, 59], where FT diesel-derived soot, which do not possess aromatics, had a
significantly lowered reactivity than diesel-derived soot. Therefore, these results suggest that
higher aromatic content may increase soot reactivity. However, more testing is required to
corroborate this finding which is out of the scope of the present work.
Figure 7-6 shows a comparison of the reactivity of the C-5 esters derived soot with the
corresponding n-alkane. Methyl butyrate exhibits a higher reactivity than n-pentane and also
than methyl crotonate, which possesses a double bond in its structure. This result suggests
that not only the degree of saturation but also the type of bond and locations has an effect on
the soot reactivity.
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Figure 7-7 shows in a similar way a comparison between undecanoate and n-dodecane both
with a C-12 carbon chain length. As in the C-5 fuels comparison, the methyl ester derived
soot has a higher reactivity than the corresponding n-alkane. However, in the C-12 fuels this
reactivity difference is smaller with the undecanaote having an apparent rate constant
approximately 1.2 times higher than n-dodecane, while in the C-5 fuels methyl butyrate has
an apparent rate constant approximately 1.5 times higher than n-pentane. This confirms that
the impact of the ester effect on the soot reactivity is reduced by increasing the alkyl chain
length.
As shown in Figure 7-4 methyl oleate possesses a slightly lower reactivity than B100. Methyl
oleate represents approximately 23% of the composition of a typical soy-bean derived
biodiesel while methyl linoleate represents approximately 55% of the composition.
Therefore, it would be interesting to compare the reactivity of both esters. Moreover, methyl
linoleate has two double bonds in contrast to the one double bond of methyl oleate. However,
methyl linoleate is a solid at room temperature which made it incompatible with the burner
setup which requires the fuels to be in the liquid state. The same can be said about methyl
palmitate, which represents approximately 12% of the composition of a typical soy-bean
derived biodiesel. Based on previous results, it may be inferred that methyl palmitate soot
would exhibit a slightly higher reactivity than methyl oleate given that it possess a lower
carbon chain length and no double bonds in its molecular structure. Therefore, the slightly
higher reactivity of B100 in comparison to methyl oleate can be explained by the combined
effect of all the methyl esters that comprise biodiesel.

These results are consistent with the findings by Westbrook et al. [43] who suggested that
carbon atom bonded to one oxygen atom rather than to two is more effective at increasing
PM reactivity since the carboxyl carbon in esters doesn’t much participate in combustion
chemistry because it is released as CO2. Hurt et al. [226] proposed an explanation to the
origin of the characteristic shell/core nanostructure of primary soot particles. A general
thermodynamic theory was developed which governs the equilibrium configuration of
ensembles of disk-like polyaromatic compounds with and without chemical reactivity at edge
sites. According to their theory when insufficient PAHs are available during the soot
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inception period to attain the threshold mass requirement, a soot particle will not transition
into the ordered morphology of the typical shell-core structure. Therefore, soots derived from
low aromatic fuels will possess a more disorganized structure and more active sites for
oxygen to be adsorbed and “burn off” the soot. This may explain some of the results obtained
in this work. Vander Wal and Tomasek [140] argued that differences in the soot growth
mechanisms can be caused by different soot growth species formed during the fuel
decomposition period, which leads to differences in soot nanostructure. Boehman et al. [49]
suggested that although the formation of heavy PAH species leads to an amorphous structure
through the coalescence growth mechanism, the addition of acetylene on the radical sites of
PAH species leads to the formation of graphitic structures through the HACA mechanism.
Therefore, the coalescence growth mechanisms may be more pronounced for combustion and
soot growth conditions with methyl esters which lead to a more amorphous nanostructure.
These effects get reduced by larger alkyl chain lengths. Detailed reaction kinetics
explanations of these results are out of the scope of this research and are suggested as future
work.
Based on table Table 7-1 VOF results several other trends can be identified. As the carbon
chain length increases the VOF is reduced. VOF influences micropore development and
oxidation by providing an increase in internal surface area due to micropore opening in
which oxygen could penetrate and react, therefore increasing soot reactivity. Methyl butyrate
and methyl undecanoate had higher VOFs than their corresponding same carbon length nalkanes. However, methyl crotonate had a lower VOF than n-pentane. This result may
suggest an effect of double bonds in ester composition in reducing VOF. However, more data
is needed to corroborate this and provide a mechanistic explanation of this phenomenon.
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7.2 Raman Spectroscopy Analysis

Raman spectroscopy has been widely used to characterize the microstructure of various
carbonaceous materials such as graphite [227, 228], carbon blacks [229], coals [230], and
diesel soots [61, 174, 231]. The first-order Raman spectra of carbonaceous materials like soot
or coal generally exhibit two intense overlapping peaks, namely the G (or graphite) peak and
the D (or defect) peak. The D lines arise from defects such as edges, which permit vibrations
that are otherwise forbidden by symmetry. In particular, the ratio of the integrated areas for
the D1 and G peaks is associated with edge defects and is a strong indicator of the degree of
graphitization. For a less graphitic material, D1/G is larger. All samples tested had large D
lines and thus large D1/G ratios, and the spectra had the appearance often associated with
sooty carbon.

The Raman spectrum from methyl oleate, a representative biodiesel methyl ester, derived
soot is shown in Figure 7-9 and includes the fitted profiles used for each Raman band
associated with carbons. For comparison, a Raman spectrum for a highly graphitic carbon
[174] is shown in the inset. Figure 7-10 and Figure 7-11 show the Raman spectrum from the
methyl butyrate and n-dodecane derived soots, which represent the least and most graphitic
structures tested respectively.

Figure 7-9: Raman spectra for methyl oleate derived soot
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Figure 7-10: Raman spectra for methyl butyrate derived soot

Figure 7-11: Raman spectra for n-dodecane derived soot

Several spectra were taken for each sample to confirm that the areas tested were
representative. The spectra were “tweaked” to ensure that the fits were consistent (e.g., if all
spectra of a sample were similar but one spectrum had an unusually wide peak, it was re-fit
with a peak width comparable to the others in that sample). The obtained D1/G ratios for all
methyl esters derived soot are compiled in Figure 7-12 and are compared against n-dodecane
derived soot. D1/G ratios are given with error bars to represent the point-to-point variability.
From “least-ordered” to “most-ordered” the soots seem to be: methyl butyrate, methyl
hexanoate, methyl decanoate, methyl oleate, and n-dodecane. These results show a trend that
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is in agreement with the soot reactivity obtained via TPO since more amorphous and disorder
soot is known for being more reactive to soot oxidation. However, the D1/G integrated area
ratios overlap within the uncertainty range of spectra taken, and the ratio values are similar.
Therefore, the overall values do not show statistically significant differences and the results
are not conclusive.
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Figure 7-12: ID1/IG area ratio for methyl esters derived soot in comparison to ndodecane derived soot. Error bars represent 90% confidence interval
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Chapter 8 : CONCLUSIONS AND RECOMMENDATIONS

8.1 Impact of Oxygenated Fuels on Sooting Tendency

8.1.1 Conclusions


A new sooting tendency index for oxygenated and non-oxygenated compounds has
been introduced and validated by comparing trends and values with other
experimental-based indices. The proposed index is denoted as the Oxygen Extended
Sooting Index (OESI), and it accounts for variations in stoichiometric air requirement
of the flame, which the commonly used Threshold Soot Index (TSI) does not.



For non-oxygenated fuels, OESI and TSI are equivalent for calculating sooting
tendencies.



A statistical group contribution analysis was performed on the C-5 compounds
studied in order to distinguish between chemical effects caused by the presence of
each oxygen functional group and determine the relative effectiveness of the various
oxygenated functionalities. Based on the group contribution method, it was observed
that the sooting tendency decreases on average as the oxygen content increases:
mono-oxygenated < di-oxygenated < tri-oxygenated groups.



At a given carbon number and for mono-oxygenated compounds, the sooting
tendency increases in this order: aldehydes < alcohols < ketones < ethers < n-alkanes.



For di-oxygenated compounds, the sooting tendency order was: acids < esters < diethers.



In general, both unsaturation and branching lead to increases in the sooting tendency.



Among tri-oxygenates, diethyl carbonate showed superior soot suppressing capacity.



Sooting tendencies of ethanol–gasoline, butanol-gasoline and biodiesel–diesel blends
were determined using the proposed sooting index. The results validated that the
OESI can be used as a predictor of the sooting tendencies of these blends.
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Bio-alcohols suppress the sooting tendency of gasoline at a faster rate than the esters
contained in biodiesel do for diesel fuel. This can be attributed to the combined effect
of higher oxygen content with the higher effectiveness of alcohols in reducing soot
formation than esters.



Ethanol is more effective than butanol in reducing sooting tendency.



Among the two butanol isomers studied, 1-butanol is slightly more effective at
suppressing soot formation that iso-butanol. This can be explained by the alcohol
position on the molecular structure. Oxygenates located at the periphery of the
carbon-chain are more accessible for reacting and produce smaller hydrocarbons that
are less effective as soot precursors.



A modification of the PM Index introduced by Aikawa et al. [94] is proposed and
denoted as the Modified PM Index (MPMI). This index predicts PM emissions in
practical gasoline engines based on fuel physical and chemical properties. MPMI
relates fuel inherent molecular effects with soot formation through the OESI in
contrast to the double bond equivalent (DBE) proposed by Aikawa et al. [94], which
only accounts for degree of unsaturation, used in the PMI correlation. The use of
OESI in contrast to DBE provides many benefits such as a lumped parameter to
determine the chemical effects without detailed speciation of the gasoline used,
opportunity to account for all fuel molecular structural effects known to have an
impact on soot formation, and inclusion of oxygen functionality effects on soot
formation. The Reid vapor pressure (RVP) is proposed as a direct measurement of
fuel volatility effects instead of Aikawa’s et al. [94] empirical relation between the
normal boiling point of each component and its vapor pressure at 443 K.



By non-dimensionalizing MPMI with respect to a reference fuel there is the
additional benefit of restricting the correlation to fuel effects. Therefore, a prediction
of how different fuels and additives could affect soot formation in a specific SI engine
at a specific operating condition can be attained.



MPMI values were found to correlate well with engine PN emissions trends. The
ethanol blend MPMI value displayed a higher deviation from the engine PN emission
in comparison to the other test fuels which can be attributed to the alcohols non-linear
effect on fuel vapor pressure.
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Smoke point was found to provide a good indication of the smoke opacity for diesel
engines. This work has analyzed how this parameter, in particular the volumetric air
to fuel ratio (A/F) to smoke point (SP) ratio, is also applicable for estimating the
opacity of biodiesel- and ethanol-diesel blends in a reference diesel fuel.



Results showed that the opacity and MW/SP ratio follow an exponential decrease
with the percentage of biodiesel or ethanol in the blend due to an increase in the
oxygen content. Moreover, a sharper decrease was observed when ethanol-diesel
blends were used as fuel. Results also confirmed how not only the increase in the
oxygen content but also the type of oxygen functional group influences the decrease
in exhaust opacity.

8.1.2 Recommendations for Future Work


Corroborate trends and findings obtained in C-5 oxygenated study with other carbon
chain length fuel matrices. These matrices should include alcohols, ethers, aldehydes,
ketones, acids, esters, keto-esters and hydroxy-esters.



Investigate carbon chain length effects in the proposed sooting index (OESI) and the
QSRP developed for predicting sooting tendencies of oxygenated fuels not previously
tested based on the developed group contribution analysis.



Validate the proposed MPMI by obtaining more SI engine data with different
chemical species (i.e., oxygenates, paraffins, olefins and naphthenes), which is
currently based in only 10 fuel blends.



Investigate how engine PM mass trends compare with the MPMI.
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8.2 Linking the Ester Structure to the Soot Characteristics and Soot
Oxidative Reactivity of Biodiesel

8.2.1 Conclusions


Ester compounds contained in biodiesel do have an impact on soot oxidative
reactivity and soot characteristics, by increasing soot reactivity and deriving soot with
a more disorganized and amorphous nanostructure.



Methyl esters with shorter alkyl chains derived soot exhibit higher soot reactivity
which suggests that the embedded oxygen in the fuel leads to the formation of soot
with more active sites.



Methyl butyrate, the shortest alkyl chain length studied, exhibits the highest soot
reactivity of all the esters tested with an apparent rate constant approximately 1.4
times higher than methyl oleate, the largest alkyl chain length studied.



The impact of fuel-bound oxygen on the reactivity of soot becomes less significant as
the carbon chain length increases.



A comparison of the reactivity of C-5 esters derived soot with the corresponding nalkane was performed. Methyl butyrate exhibits a higher reactivity than n-pentane
and also than methyl crotonate which possesses a double bond in its structure. This
result suggests that not only the degree of saturation but also the type of bond and
locations has an effect on the soot reactivity.



Results suggest that higher aromatic content may increase soot reactivity. However,
more testing is required to corroborate this finding which is out of the scope of the
present work.



In the case of methyl ester with no double bonds, as the carbon chain length increases
the VOF decreased. VOF increase improves soot reactivity.



Methyl butyrate and methyl undecanoate had higher VOFs than their corresponding
same carbon length n-alkanes.



Methyl crotonate had a lower VOF than n-pentane. This result may suggest an effect
of double bonds in ester composition in reducing VOF. However, more data is needed
to corroborate this finding.
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Raman spectra D1/G ratios taken for each sample of methyl esters derived soot were
compared to n-dodecane derived soot. No statistically significant differences were
obtained.

8.2.2 Recommendations for Future Work


Characterize the PM samples collected (as received and oxidized) through other
techniques such as X-Ray Diffraction, for evaluating soot crystallite structure (i.e.
crystallite dimensions such as stacking and width) and XPS, to determine the soot
surface elemental composition (i.e., oxygen functional groups attached to soot
surface)



Obtain Transmission Electron Microscopy (TEM) images for soots from the fuels
tested derived soots in order to pursue further analysis of the soot nanostructure and
its relation to soot oxidative reactivity.



Evaluate other fuel effects such as hydroxylation effects and conformation effects (cis
vs. trans) on the soot oxidative reactivity.



Extend the current study to other representative biodiesel methyl esters such as
methyl palmitate and methyl linoleate. However, the current diffusion burner system
cannot operate with fuels that are solid at room temperature. Therefore, a suggestion
for the future work would be to make modifications to the existing burner system,
such as adding a heating chamber that could operate at the melting point of the fuels
of interest.



Investigate other oxygenate structures such as alcohols and ethers for comparison
with the ester structures under study.



A FTIR (Fourier Transformed Infrared) device coupled to the exhaust of the TGA
could be used in order to measure CO and CO2, which will provide a measurement of
the oxygen concentration and soot internal burn off as a function of time.



Develop a soot sampling apparatus to collect soot samples at multiple vertical
positions in diffusion flames, so that evolution of soot structure and properties in a
co-flow diffusion flame can be determined.
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APPENDIX A.
Information on Compounds Listed in Sooting Tendency
Literature Review
Table A: List of compounds discussed in Section 2.4.1 with chemical formula, acronym
and structure
Oxygenated compound

Acronym

Formula

Dimethylether

DME

C2H6O

Dimethoxy methane

DMM

C3H8O2

Structure
O

O

O

O

Dimethyl carbonate

DMC

C3H6O3
O

O
O

Methyl butanoate

MB

C5H10O2
O

O

Diethyl carbonate

DEC

C5H10O3
O

Diethylene glycol dimethyl
ether (diglyme)

Diethylene glycol dibutyl ether
(butyl diglyme)

DGM

C6H14O3

BDGM

C12H26O3

O

O

O
O

O
O

O

O

Diethyl maleate

DEM

O

C8H12O4
O

Tripropylene glycol methyl
ether

TGPME

C10H22O4

O

HO

O
O

O

O

Diethyl adipate

DEA

C10H18O4

O
O
O

O

Dibutyl maleate

DBM

O

C12H20O4
O
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APPENDIX B.
Sooting Tendency Uncertainty
Table B: Calculated uncertainties of fuels on Table 5-3
i

Name

Smoke point [mm]

TSI

OESI

26.5 ± 1.4
24.8 ± 0.6
27.7 ± 0.8
29.1 ± 0.6
26.3 ± 0.8
24.8 ± 0.8
25.9 ± 0.8
24.1 ± 0.8
28.5 ± 0.8
29.3 ± 0.8
24.4 ± 0.8
26.7 ± 0.8
26.0 ± 0.6
25.7 ± 0.5
22.2 ± 0.7
25.9 ± 0.6
26.7 ± 0.8
32.5 ± 0.8
29.2 ± 1.0
28.5 ± 1.0
27.9 ± 0.8
24.6 ± 1.1
24.4 ± 0.8
28.6 ± 0.8
23.0 ± 0.5
39.4 ± 0.6
40.0 ± 1.2
29.5 ± 0.9
29.7 ± 1.4

2.21 ± 0.37
2.58 ± 0.28
3.83 ± 0.32
3.26 ± 0.29
4.38 ± 0.34
5.12 ± 0.36
4.59 ± 0.35
5.46 ± 0.38
3.49 ± 0.32
2.98 ± 0.30
5.02 ± 0.36
3.95 ± 0.33
4.27 ± 0.31
4.13 ± 0.30
5.59 ± 0.37
6.73 ± 0.36
6.29 ± 0.39
3.68 ± 0.31
4.89 ± 0.37
5.20 ± 0.39
5.47 ± 0.36
7.20 ± 0.48
7.02 ± 0.41
4.92 ± 0.35
7.84 ± 0.37
3.34 ± 0.29
3.02 ± 0.32
6.42 ± 0.40
6.32 ± 0.47

3.01 ± 0.34
3.04 ± 0.17
1.81 ± 0.20
1.26 ± 0.16
2.34 ± 0.21
3.06 ± 0.22
2.55 ± 0.21
3.39 ± 0.23
1.48 ± 0.19
0.54 ± 0.19
2.43 ± 0.22
1.44 ± 0.20
1.73 ± 0.17
1.09 ± 0.15
1.76 ± 0.20
1.77 ± 0.17
1.44 ± 0.20
-1.00 ± 0.17
-0.12 ± 0.20
0.1 ± 0.11
0.3 ± 0.08
1.55 ± 0.26
0.81 ± 0.20
-0.61± 0.18
1.38 ± 0.15
-2.39 ± 0.16
-2.98 ± 0.17
-1.55 ± 0.18
-1.60 ± 0.22

2.80 ± 0.33
4.13 ± 0.32
1.61 ± 0.26
6.59 ± 0.38
7.23 ± 0.39
5.18 ± 0.33
10.25 ± 0.44
4.91 ± 0.32
5.03 ± 0.32
60.56 ± 3.70
7.06 ± 0.35
17.53 ± 0.59

-2.89 ± 0.19
-2.68 ± 0.17
-1.34 ± 0.17
0.01 ± 0.19
3.55 ± 0.22
2.22 ± 0.20
-1.22 ± 0.17
2.33 ± 0.19
2.44 ± 0.19
47.67 ± 2.85
3.65 ± 0.18
8.27 ± 0.23

C-5 Compounds
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

n-Pentane
1-Pentene
1-Pentanol
2-Pentanol
3-Methyl 1-butanol
2-Methyl 1-butanol
2-Methyl 2-butanol
Methyl tert butyl ether
Sec butyl methyl ether
1-Pentanal
2-Pentanone
3-Pentanone
3-Methyl 2-butanone
Cyclopentanone
2-cyclopenten-1-one
Dimethoxypropane
Ethyleneglycol monopropyl ether
Valeric acid
Methyl butanoate
Ethyl propionate
Propyl acetate
Isopropyl acetate
Methyl crotonate
Ethyl acrylate
Isopropenyl acetate
Diethylenglycol methylether
Diethyl carbonate
Hydroxyethyl acrylate
Ethyl pyruvate

Other Oxygenated Compounds with Different Carbon Number
30
31
32
33
34
35
36
37
38
39
40
41

Acetaldehyde
Dimethoxymethane
1-Butanol
1,2-Dimethoxyethane
Cyclohexanone
Hexanal
Dimethyl Maleate
Heptanal
2-Heptanone
Acetophenone
Ethyl Nonanoate
Dibutyl Maleate

16.4 ± 0.8
25.4 ± 0.8
31.3 ± 0.8
24.4 ± 0.8
25.4 ± 0.8
30.2 ± 0.8
30.8 ± 0.8
35.1 ± 0.8
34.8 ± 0.8
6.6 ± 0.8
48.7 ± 0.8
34.5 ± 0.8
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APPENDIX C.
Addinitional Properties of Practical Fuels used in Sooting
Tendency Analysis

Table C-1: Normalized ester composition of B100 in Table 5-4
Ester
methyl palmitate (16:0)
methyl stearate (18:0)
methyl oleate (18:1n9)
methyl vaccinate (18:1n7)
methyl linoleate (18:2)
methyl linolenate (18:3)

(m/m) [%]
11.0
4.2
20.3
2.1
54.5
7.8

Table C-2: Additional properties of fuels in Table 5-8
Property
Cetane Number
Net Heating Value [MJ/kg]
Specific Gravity @ 15.56 °C
% vol Aromatics
% vol Olefins
% vol Saturates
% wt C
% wt H
% wt O

-

U.S. standard #2 diesel
45.6
42.9
0.848
28.6
1.3
70.1
87.03
12.97
0

Low aromatic diesel
56.5
43.2
0.830
<5
0.1
97.7
85.95
14.05
0

Data not included in technical specifications

Table C-3: Normalized ester composition of B100 in Table 5-8
Ester
methyl palmitate (16:0)
methyl stearate (18:0)
methyl oleate (18:1t9)
methyl vaccinate (18:1c11)
methyl linoleate (18:2)
methyl linolenate (18:3)

(m/m) [%]
9.3
4.8
22
1.2
53.6
9.1
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B100
0.885
13.47
0
0.0028
77.15
11.86
11

APPENDIX D. GROUP CONTRIBUTION FUNCTIONAL GROUPS
Table D. Functional groups (Nij) for this study using the Benson group contribution method
j
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Group (j) \ Compound (i)*
[C-(C)(H)3]
[C-(C)2(H)2]
[C-(C)3(H)]
[C-(Cd)(H)3]
[C-(Cd)(C)(H)2]
[Cd-(H)2]
[Cd-(C)(H)]
[C-(CO)(H)3]
[C-(CO)(C)(H)2]
[C-(CO)(C)2(H)]
[C-(O)(H)3]
[C-(O)(C)(H)2]
[C-(O)(C)2(H)]
[C-(O)(C)3]
[Cd-(CO)(H)]
[Cd-(O)(C)]
[CO-(C)(H)]
[CO-(C)2]
[CO-(Cd)(C)]
[O-(C)(H)]
[O-(C)2]
[C-(O)2(C)2]
[CO-(CO)(C)]
[CO-(O)(C)]
[CO-(O)(Cd)]
[O-(CO)(H)]
[O-(CO)(C)]
[O-(CO)(Cd)]
[CO-(CO)(O)]
[CO-(O)2]

1 2 3 4 5
2 1 1 2 2
3 1 3 2 1
1

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
2 3 3 2 1 1 2 2
2 1 1 1 2 1 2
1
1 1
1 2 1
2
1 2 1
1
1
1
1
1
1
1
1
1
1
1
1
1 1
1 1 2
2 1
1 1 1
1
1 1
2
1
1
1
1 1
3
1 1
1
1
1
1
1 1
1
1 1

25 26 27 28 29
2
1

1
1

1

1

1

1
4 2 2 1

1
1

1
1 1 1 1
1
1 1 1 1 1
1 1

1
2 1
1

1
2

1

1
1 1 1 1 1

1
1 1

1

1
1 1 1 1 1 1

2 1 1
1
1
1

* Compound numbers (i) correspond to the ones listed in Table 5-3.
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APPENDIX E.
Calculation of Specific Contibutions


Method for calculation of specific contribution numbers presented in Table 6-5

According to Benson’s method [181] a thermochemical property (P) can be determined by a
relation such as:
(Eqn. E.1)
(

where

∑ (

are the fundamental units regardless of their position in the molecule, each of which

contributes an invariant amount,

, to P. In this method, a group is defined as “a polyvalent

atom (ligancy ≥ 2) in a molecule together with all of its ligands”. A group is written as X(A)i(B)j(C)k(D)l, where X is the central atom attached to i A atoms, j B atoms, etc. For
example, n-pentane consists of two C-(C)(H)3 groups, and three C-(C)2(H)2. The total
number (j) of functional groups corresponding to the number (i) of C-5 compounds is shown
in Appendix D.

Following this methodology, the OESI of a compound (i) can be predicted by adding the
individual contributions (Cj) of all functional groups (j) according to:
(Eqn. E.2)
(

∑

where Nji is the number of groups of type j composing compound i (e.g., N11 = 2, N21 = 3,
and so on).The group contribution model assumes a linear contribution of each functional
group to the sooting tendency.
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According to Benson [181] the determination of the numerical values of group contributions
depends heavily on the experimental values that are available and their accuracy. The values
for the group contributions

are then determined by minimizing the average error (least

square fitting) between the OESI predicted with Eqn. E.2 and those determined in Section
6.1.5 and shown in Table 6-3. Therefore, the

’s are all determined simultaneously by

maximizing the coefficient of determination (R2) through the following equation:
(Eqn. E.3)
∑(

(
∑(

with

̅̅̅̅̅̅̅

̅̅̅̅̅̅̅

∑(
∑

This was done using Excel Solver tool. As indicated by Benson [181] the uncertainties of the
values grow as one enlarges the database with other classes of compounds. Ultimately, the
uncertainty will depend on the reliability-both precision and accuracy-of the experimental
database used for calculating the contribution values.
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APPENDIX F.
Particulate Number Emissions Data used for Development of
Improved Gasoline PM Index

Table F: Data from Aikawa et al. [94] with NEDC PN emissions
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