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Abstract

A detailed chemical kinetic reaction mechanism is developed for the five major components of
soy biodiesel and rapeseed biodiesel fuels. These components, methyl stearate, methyl oleate,
methyl linoleate, methyl linolenate, and methyl palmitate, are large methyl ester molecules,
some with carbon-carbon double bonds, and kinetic mechanisms for them as a family of fuels
have not previously been available. Of particular importance in these mechanisms are models
for alkylperoxy radical isomerization reactions in which a C=C double bond is embedded in the
transition state ring. The resulting kinetic model is validated through comparisons between
predicted results and a relatively small experimental literature. The model is also used in
simulations of biodiesel oxidation in jet-stirred reactor and intermediate shock tube ignition
and oxidation conditions to demonstrate the capabilities and limitations of these mechanisms.
Differences in combustion properties between the two biodiesel fuels, derived from soy and
rapeseed oils, are traced to the differences in the relative amounts of the same five methyl
ester components.
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INTRODUCTION

Fuels derived from plant oils [1, 2] have emerged in recent years as viable supplements
or replacements for petroleum-based fuels. There is still considerable uncertainty about many
aspects of bio-derived fuels, ranging from the capacity to produce large amounts of such fuels,
the economics of producing them, and the impacts of removing plant products from animal and
human food chains. At the same time, it is important to assess the combustion aspects of bio-
derived fuels to compare them to more conventional fuels, including their ignition, oxidation,
and potential for toxic emissions, and there are many such experimental studies taking place.
Computer simulations of such combustion processes, including chemical kinetic studies, can be
used to carry out some of these studies, accompanied by laboratory and engine experiments.

Chemical kinetic modeling studies require a detailed kinetic reaction mechanism for the
components of a fuel and the intermediate chemical species that are produced during
combustion, as the fuel is converted to final products. Bio-derived fuels are similar to
petroleum-based fuels in that their final products are primarily carbon dioxide and water, but
there are many intermediate species produced during biofuel combustion that are not present
in combustion of more conventional fuels. In addition, in contrast with petroleum-based fuels,
biofuels contain oxygen atoms within the primary fuel molecules, which can change the rates
and reaction pathways of ignition and oxidation processes and can produce additional, different
chemical pollutant emissions. For example, oxygen atoms in the biofuels have been shown to
reduce soot production in diesel engines, both in engine experiments [3] and in kinetic
modeling analysis [4], and biofuels may also affect engine emissions of nitrogen oxides [1,5]. A

recent very thorough review of the effect of biodiesel fuels on diesel engine emissions has been



published by Lapuerta et al. [6], which not only summarizes current observations of these
effects but also offers possible explanations for these observations. These observations are
presented primarily in terms of how the incorporation of biodiesel fuel to conventional diesel
fuel results in changes in engine operating conditions. Lapuerta et al. describe how adding
biodiesel fuel to conventional diesel fuel leads to changes in injection timing, fuel viscosity,
energy density due to the presence of O atoms in biodiesel fuels, reduced aromatic content,
lower sulfur content of biodiesel fuels, and others as well, all correlated with the amount of
biodiesel fuel added. In contrast, the present work shows how changes in chemical kinetic
properties due to variations in biodiesel fuel composition affect some features of diesel engine
combustion. These and other distinctions must be properly described by a detailed chemical
kinetic reaction mechanism. Furthermore, since biofuels are most commonly used as additives
to conventional hydrocarbon fuels, a combined reaction mechanism for a mixture of biofuels
and petroleum fuels would require all of the kinetic features of both types of fuels, making such
mechanisms extremely large and complex.

Some bio-derived fuels can be used to supplement conventional gasoline for use in
spark-ignition engines, fuels including ethanol and butanol, while other types of bio-derived
fuels are most useful as supplements or replacements for conventional fuels in diesel engine
combustion. The present study is directed towards understanding the combustion of biofuels
intended for use in diesel engine environments, specifically those large methyl ester species
commonly used as biodiesel fuels.

Biodiesel fuels can be produced from a wide variety of vegetable oils [1,2]. Each plant

oil has a somewhat unique variety of large acid molecules in its oil, and these distinctions are



retained when the oils are converted to large alkyl esters via the well-known esterification
process [2]. When methanol is used in the esterification process, these components are large
methyl esters, each with a long linear chain of carbon atoms. Some of these carbon chains are
saturated and others have a small number of unsaturated C=C double bonds. The presence of
unsaturated bonds has important implications regarding the thermal stability of the fuels [1],
and as discussed below, double bonds also have a strong effect on the kinetics of the fuel
ignition and commbustion. The common way of identifying these methyl ester components is
to denote the length of the carbon chain (as 'X') and the number of double bonds ( as 'Y') in the
form of CX:Y. Thus methyl stearate, which has a saturated chain of 18 C atoms with no double
bonds is denoted as C18:0 and methyl linoleate is denoted as C18:2, or a carbon chain with 18 C
atoms and two double bonds.

The two most commonly used biodiesel fuels are soy oil biodiesel (also called "soy
methyl ester" or SME) in the United States and rapeseed oil biodiesel (or "rapeseed methyl
ester", RME) in Western Europe. Interestingly, both consist primarily of the same 5 major
components, methyl stearate (C18:0), methyl oleate (C18:1), methyl linoleate (C18:2) methyl
linolenate (C18:3) and methyl palmitate (C16:0). These components are shown schematically in
Fig. 1, showing the close relationship between all 5 of these components. The H atoms are not
indicated in this diagram, but there are 3 H atoms where the carbon atom is labeled with a 'p’,
two H atoms where the carbon is labeled with 's', 'a', or 's¢,', and one H atom where the carbon
is labeled with 'v'. The notation system CX:Y is not entirely sufficient to describe actual
biodiesel fuel components, since in principle there could be many possible locations of the

double bond in biofuel component (C18:1), but methyl oleate (C18:1) consistently has the



double bond at the same location at the exact center of the carbon chain, as shown in Fig. 1b.
The same consistency is a feature of the other unsaturated methyl esters shown in Fig. 1, and
this consistency plays a significant role in development of kinetic reaction mechanisms for these
fuel components as described below. The molecular biology of the production of fatty acids in
plants and animals is a very active field at the present time, and a good summary of some of
this work can be found in Wallis et al. [7]. Based on the fuel components shown here, these 5
components were selected for inclusion in the present study, and they provide a suitable basis
for a wide variety of representative kinetic studies of biodiesel fuel.

Table 1 summarizes the approximate fractions of each component in SME and RME,
with values taken from the literature, as well as the measured cetane numbers (CN) for each
component. Also shown are values of the Derived Cetane Number (DCN), determined by
Alexander and Ratcliff [8] using an Ignition Quality Tester (IQT). The precise relationship
between the conventional CN, which is measured in a CFR engine under a specific set of
conditions, and the DCN, which is measured under somewhat different conditions, has not
been established, but for the purposes of this study, both quantities display the same trends.
These data will be documented and discussed below, but one important fact is that the relative
compositions of species in RME and SME are not the same; the major component of RME is
methyl oleate, with only one C=C double bond, while the major component of SME is methyl
linoleate, which has two C=C double bonds.

Some other large methyl ester mixtures derived from plant oils have the same
components as the fuels modeled in the present study. The same 5 methyl esters are the major

constituents of palm oil, jatropha oil, corn oil, cottonseed oil, linseed oil, safflower oil,



sunflower oil, and tallow methyl ester fuels, although each of these fuels has unique fractions
of each of the 5 components [1,9]. Although the present study is focused on two particular
mixtures of these 5 components in RME and SME, the present kinetic reaction mechanism is
equally valid for these other methyl ester fuels, simply by specifying different initial amounts of
each of the 5 components as initial conditions for a computation, based on the compositions of
the methyl ester fuel to be studied. The general field describing and understanding in
fundamental terms the similarities and differences in the molecular compositions of the methyl
ester species mixtures derived from different plant oils, animal fats, and algae is rather new,

but some of these issues are discussed by Graboske and McCormick [1] and by Wallis et al. [7].

PREVIOUS STUDIES

While engine-based engineering studies of biodiesel fuels have been carried out for
some years [1], careful kinetic studies have begun to appear only in the past few years, and this
applies equally to laboratory experiments, engine experiments, and to computational studies.
This is easily understood by noting that biodiesel fuels consist of rather large molecules. Such
molecules have low vapor pressures, making it difficult to carry out gas-phase laboratory
experiments in facilities most commonly used for kinetic studies such as shock tubes, flow
reactors, stirred reactors and laminar flames. The large number of heavy atoms and the
asymmetry of the large methyl ester molecules have made it difficult to build kinetic reaction
mechanisms for them until very recently. The sizes of the molecules continue to be too large
for most theory techniques, such as electronic structure methods. Fortunately, both laboratory

experiments and kinetic models have begun to emerge very recently as these limitations have



found new solutions. In addition, single-cylinder engine studies of combustion of biodiesel
fuels are being used [9-12] to evaluate the performance characteristics of these fuels.

Combustion of small methyl and ethyl ester fuels has been studied for some time in
spatially homogeneous studies in shock tubes, flow reactors, and rapid compression machines,
and also in low pressure premixed laminar flames [13-23]. These studies provide a valuable
basis for detailed kinetic reaction mechanisms to simulate the oxidation of the methyl ester
moiety combined with a hydrocarbon group.

Very recently, experiments and kinetic modeling studies have begun to appear in which
methyl and ethyl esters with much larger hydrocarbon radicals are featured. These studies
have examined ignition and combustion of alkyl esters from methyl and ethyl hexanoate and
methyl and ethyl heptanoate to methyl decanoate [24-33], followed closely by extensions to
methyl stearate and rapeseed methyl ester [34-37].

Several important points have been made regarding the general features of combustion
kinetics of large methyl esters. Zhang and Boehman [38] used a motored engine to study
combustion of methyl and ethyl octanoates, providing insights into the relative reactivity of
different H atoms in the C8 alkyl chains of these molecules, in particular the a-site adjacent to
the C=0 in the alkyl esters. Dagaut et al. [34] carried out jet-stirred reactor (JSR) experiments
using rapeseed methyl ester (RME) fuel, describing the major reaction pathways for oxidation
of the major components of RME. No detailed chemical kinetic mechanism was then available
specifically for the large methyl ester components, but Dagaut et al. showed that most of the
trends observed could be described quite well in terms of a detailed chemical kinetic reaction

mechanism for n-hexadecane. These computations demonstrated that, for saturated methyl



esters, most of the important combustion properties are extremely similar to those of a
saturated alkane fuel without the attached methyl ester group.

Kinetic mechanisms published in 2008 for the saturated methyl ester fuels methyl
hexanoate [25] and methyl decanoate [29] demonstrated that detailed kinetic mechanisms for
larger methyl esters were possible and could provide the same level of accuracy and detail as
past kinetic mechanisms for iso-octane, n-heptane, and other large alkanes [39-41]. Dayma et
al. [25] carried out JSR experiments to validate their own new kinetic mechanism for methyl
hexanoate. In contrast, in the absence of available experimental data for methyl decanoate
combustion, Herbinet et al. [29] used experiments from related fuels for validation purposes,
including shock tube experiments [42,43] using n-decane as the fuel, JSR experiments using
RME as the fuel [34], and motored engine experiments using mixtures of n-heptane and methyl
decanoate [10-12]. The similarities in ignition behavior of the saturated species n-decane and
methyl decanoate demonstrated that the long saturated straight-chain portions of both fuels
were primarily responsible for their rates of ignition, the same conclusion as that reached by
Dagaut et al. [34] which compared the combustion of RME with n-cetane. The mechanisms for
two unsaturated methyl decenoate isomers [30] examined the role of unsaturated C=C double
bonds in inhibiting low temperature RO, isomerization reactions that had been shown to be
important in hydrocarbon alkylperoxy radical isomerization reaction sequences [39,40], finding
that carbon double bonds inhibit RO, isomerization, consistent with concurrent studies in which
the primary fuel was a purely hydrocarbon species with such a carbon double bond [12,44-46].

Hakka et al. [47] examined oxidation of mixtures of n-decane and methyl palmitate (at a

ratio of 74/26 in the fuel) in a jet-stirred reactor at temperatures from 500K to 1100K,



observing a pronounced NTC region extending from about 600K to 750K, with a conventional
reaction region for temperatures above about 800K. Bax et al. [48] reported similar results of
JSR experiments for mixtures of n-decane and methyl oleate with the same fuel ratio of 74/26,
again observing a strong NTC region over the temperature range of 600K to 750K. Thus the two
mixtures of n-decane with either methyl palmitate or methyl oleate showed very similar
reaction behavior under these JSR conditions. Both of these studies were very important
because they provided the first laboratory experimental data that could be used for model
validation of any of the 5 individual biodiesel components in the present model development
study, although neither study included detailed chemical kinetic reaction mechanisms for the
methyl ester components in these mixed fuels. Both Hakka et al. and Bax et al. did comment
extensively on possible mechanistic explanations for their observations.

Two important reviews have appeared recently, and both are excellent summaries of
large bodies of experimental engine studies of biodiesel fuels [49] and a great deal of kinetic

modeling literature [50].

MECHANISM DEVELOPMENT

The detailed chemical kinetic reaction mechanism for the present fuel species was
assembled by combining several major parts. The first part consists of a "core" mechanism,
which involves small molecule submechanisms for species such as H,, CO, CH4 and others as
large as butane or pentane. For many of the elementary reaction in this core mechanism, rates
have been studied experimentally or computed from first-principles electronic structure

techniques. For the present study, we have adopted a recent small molecule mechanism of
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Curran et al. [51] which itself was built onto an even more basic H,/O, mechanism [52,53]. In
addition, since the long straight-chain portions of methyl stearate and methyl palmitate are
structurally identical to n-alkane molecules of similar length, we have included the n-alkane
kinetic mechanisms developed recently for n-alkanes as large as n-hexadecane [41] and have
extended those mechanisms to include n-Cy7Hsg to treat the 1-C17H3s5 n-alkyl radical that can be
produced from breaking the bond between the methyl ester group in methyl stearate and the
long carbon chain containing 17 C atoms. The third part of the present mechanism represents
the elementary species, reactions and reaction rates describing the large methyl ester fuels
themselves and their oxygenated intermediates produced during oxidation. Unfortunately, for
most practical hydrocarbon and related fuels, and particularly for these large alkyl ester fuel
species, site-specific, temperature dependent reaction rates have not been measured or
computed, so the rates of most reactions of such fuels must be estimated. To facilitate those
estimates, we have built on the recent studies of smaller methyl esters noted above, which
have established that H atom abstraction reactions depend mostly on the type (i.e., primary,
secondary, tertiary, allylic, vinylic) of C-H bond is being broken. Rates of radical decomposition
via B-scission, additions of molecular O, to alkyl radicals, rates of alkylperoxy radical
isomerizations, and many other reactions of the methyl alkylperoxy radical isomerizations have
been estimated based on past experience [39-41,51], with alkylperoxy systems.

In previous detailed chemical kinetic reaction mechanisms for the large hydrocarbon
fuels n-heptane [39] and iso-octane [40], we identified 25 different classes of elementary
reactions generally believed to play a role in the oxidation of such fuels. Using reaction rates

most often measured or estimated for similar reactions in much smaller hydrocarbon
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molecules, we assigned similar rates expressions and product distributions to the same
reactions in the larger fuel molecules. Such an estimation process involves uncertainties, and
better rate expressions would be valuable in refining these reaction mechanisms. At the same
time, sensitivity analyses of these rate expressions have not shown unusually great sensitivities
to most of these reaction rate expressions. In addition, computed results using these estimated
rate expressions have led to reliable computed predictions of combustion rates for these fuels,
so we have continued to use this technique for other classes of hydrocarbon fuels [41,54,55].
The same general approach is used by Battin-Leclerc et al. [27,28,56-58] who use the EXGAS
software to automatically generate new detailed chemical kinetic reaction mechanisms for
other large hydrocarbon and other fuels, with similarly good results. Until high quality
theoretical techniques become able to compute reaction rates of elementary reactions of large
hydrocarbon species, this estimation technique will continue to be used extensively.

Early kinetic modeling studies of methyl butanoate [14-16] established many reaction
pathways and reaction rates describing oxidation of the methyl ester group, and subsequent
kinetic modeling work for other small alkyl esters [22] refined these methyl ester mechanisms.
Herbinet et al. [29] extended the same approach to describe combustion of methyl decanoate,
and Dayma et al. [25,26] employed the same type of extension of methyl butanoate mechanism
to larger methyl ester fuels. Herbinet et al. [30] then examined the importance of C=C double
bonds within the methyl decanoate structure and proposed mechanistic techniques to describe
the kinetic features introduced by these double bonds, leading to detailed chemical kinetic
reaction mechanisms for two distinct isomers of methyl decenoate. In particular, Herbinet et

al. concluded that C=C double bonds within the straight-chain carbon portion of methyl
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decenoate inhibited intramolecular H atom abstraction reactions that are important processes
for low temperature oxidation and ignition of saturated hydrocarbons. This role of C=C double
bonds in a straight chain was observed previously in isomers of hexene [44-46] and described
kinetically in modeling analysis of Mehl et al. [44] and Bounaceur et al. [46], so the inhibition of
low temperature reactivity of methyl decenoate relative to methyl decanoate by Herbinet et al.
is very consistent with the behavior of other fuels. This observation is a central issue in the
kinetics of the present fuels, since methyl stearate, methyl oleate, methyl linoleate and methyl
linolenate differ structurally only by the introduction of C=C double bonds into methyl stearate.
In the present modeling study, we have adopted most of the kinetic features developed
by Herbinet et al. [29,30], appropriately extended to the significantly longer C chains in methyl
stearate and methyl palmitate, and we have employed the same approach of Herbinet et al.
and Mehl et al. [44] to describe the influences of the C=C double bonds. The results of the
additional C=C double bonds in methyl linoleate and methyl linolenate are described below.
Curran et al. [39,40] used an approach of defining 25 reaction classes that describe most
of the kinetic functions that are important in hydrocarbon oxidation reaction mechanisms. We
have followed Herbinet et al. [30] by using the same reaction classes, but with modifications as
needed for the special conditions of the species in this biodiesel fuel mixture. Because of these
methyl ester components, there are a significant number of new types of reactions, or at least
new conditions for existing reaction classes. It is those new features that are responsible for
the differences in combustion behavior between each of the five major fuel components. For
example, as seen in Table 1, the cetane number (CN) of the major saturated species methyl

stearate is approximately 101, while the corresponding methyl ester with one double C=C bond
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(methyl oleate) has a CN = 59, methyl linoleate with two C=C double bonds has a CN = 38, and
methyl linolenate with three C=C double bonds has a CN = 23. Since the 4 molecules have the
same size and structure, except for the presence of C=C double bonds in the carbon chain,
those differences in reactivity, most notably in the low temperature regime, must be due to the

kinetics and thermochemistry involving the double bonds.

REACTION CLASSES
The high temperature submechanisms for the five biodiesel components are the same
as those used previously for other types of fuels, consisting of:
1. Fuel unimolecular decomposition
2. H atom abstraction from the fuel
3. Alkyl and ester alkyl radical decomposition
4. Alkyl and ester alkyl radical + O, to produce alkene and HO, directly
5. Alkyl and ester alkyl radical isomerization
6. Abstraction reactions from alkenes by OH, H, O, and CHs.
7. Addition of radical species to alkenes
8. Alkenyl radical decomposition
9. Alkene decomposition
Since three of the biodiesel components have one or more double C=C bonds, these
reaction classes must be generalized somewhat to include these unsaturated fuel species, and

the term "alkyl" radical has been extended to include alkyl and similar radicals (i.e., alkyl ester)
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containing a methyl ester group. We discuss these issues briefly and refer the reader to
Herbinet et al. [29,30] for further details.

For each of the five fuel components, the fuel is assumed to decompose primarily by
breaking C-C bonds. For the three fuels containing one or more C=C double bonds, no
unimolecular decomposition was included that involved breaking any of the double bonds. In
the methyl ester group, initiation can occur by breaking either of the C-O bonds or by breaking
the C-(CO) bond, although as noted by Osmont et al. [59], these bonds are stronger than the C-
C bonds in the long chain. We have written all of these reactions in the exothermic addition
direction, so the decomposition rates are then computed from the recombination reaction
rates and microscopic reversibility. In addition, for the unsaturated fuel species, molecular
reactions such as retroene decompositions are included, using the approach of Metcalfe et al.
[15] as implemented by Herbinet et al. [30]. For the saturated and unsaturated fuel
components, molecular elimination producing methyl ethanoate and a stable unsaturated
hydrocarbon chain was also included, again following Herbinet et al. [29,30].

Abstraction of H atoms from each fuel molecule depends on the type of abstracting
radical species and on the C-H bond energy of the H atom being abstracted. In Fig. 1, the types
of C-H bonds at each site are identified. The C-H bond (Sco in Fig. 1) at the site adjacent to the
methyl ester group is relatively weak, and we use abstraction rates adopted from those from
tertiary C-H sites in other molecules. The C-H bonds in both terminal methyl groups are
assumed to be equal to those in conventional primary C-H sites. The remainder are

conventional primary and secondary C-H sites, as well as conventional allylic and vinylic C-H
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bonds associated with the C=C double bonds. All of these rates are tabulated in Herbinet et al.
[27,30] or Curran [60].

Diagrams of methyl stearate, methyl oleate, methyl linoleate and methyl linolenate are
shown in Fig. 1, where the methyl ester group is at the right side of each molecule diagram.
The type of C-H bond at each C site is illustrated by the letter (p, s, a, v, and s, for primary,
secondary, allyl, vinyl, and the weakened secondary bond described in the previous paragraph),
and each Cis labeled to illustrate the numbering system used in the kinetic reaction
mechanism.

Alkyl and ester alkyl decomposition reactions are primarily B-scission reactions of the
radicals produced from H atom abstraction reactions from each of the fuel species, primarily
breaking C-C bonds. Such reactions generally produce a smaller hydrocarbon radical and
another species with a new C=C double bond. We also include B-scission reactions that break a
C-H bond, producing an H atom product and a new C=C double bond. These reactions are
written in the exothermic, addition direction, with the decomposition rates calculated from the
addition rate and microscopic reversibility. All of the reaction rates for these decomposition
reactions follow the same rules as in Herbinet et al. [29,30]. Due to the presence of numerous
C=C bonds in three of the fuel components, abstraction of an allylic H atom produces
mesomeric,resonantly stabilized pairs of radicals, each of which is considered in subsequent
reactions, as described by Herbinet et al. [30]. Waddington reaction sequences, in which an
olefin adds OH at a double bond, followed by O, addition and internal isomerization, were
included in the reaction mechanisms for the unsaturated methyl ester fuel components but

were not found to be significant in contributing to fuel consumption.
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Alkyl and ester alkyl radical isomerization reactions follow the rate rules developed in
the past for purely hydrocarbon fuel molecules. The rates of these reactions are determined
from the number of atoms in the transition state ring which is responsible for the internal
abstraction and by the strength of the C-H bond being broken, as described in previous
mechanisms [29,30,39,40]. However, in some of the present fuels, the H atom being
abstracted can be located at a vinylic site, so the activation energy for that internal abstraction
is increased by 15 kcal/mol to reflect that stronger C-H bond, making such isomerization
reactions relatively quite slow.

In previous kinetic mechanisms [29,39-41,55] for saturated hydrocarbon species, the
submechanisms for the oxidation of the conjugate olefin species were lumped, reflecting the
fact that the concentrations of these olefin species were expected to be rather small. However,
the present mechanism must take into account that methyl oleate is one of 16 olefins that can
be produced from methyl stearate, so we must at least treat methyl oleate with a site-specific
reaction mechanism, since methyl oleate will be present as a major component of the biodiesel
fuel. Similarly, oxidation of methyl oleate leads to methyl linoleate as one of 15 di-olefins that
can be produced. Again, since methyl linoleate is a major component in SME and RME
biodiesel fuels, its concentration will be relatively large and its consumption should be treated
in considerable detail, particularly including site-specific H atom abstraction reactions and
subsequent low temperature reaction sequences. The same principle applies to methyl
linolenate, which is one of 14 tri-olefins that can be produced from methyl linoleate. Thus, in
the present mechanism, we have chosen to include accurate, detailed site-specific reaction

rates for methyl oleate, methyl linoleate, and methyl linolenate, but the other 15 olefins, 14 di-
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olefins and 13 tri-olefins are treated as lumped species, in the same way that we treated alkene
and alkenyl radicals in reaction classes 6-9 in past mechanisms for saturated hydrocarbon fuels.
Also note that there are a multitude of other di-olefin species not based on methyl oleate and
tri-olefin species not based on methyl linoleate that are possible in these fuels that are treated
as lumped species.

In the case of olefin species from methyl stearate, methyl oleate is modeled as a
primary fuel species, with reactions from Classes 1-5 as summarized above, but with some of
the C-H bonds consisting of abstractions from allylic and vinylic sites, decompositions that vary
depending on the location of the double bond in methyl oleate, and isomerization reactions of
the methyl oleate radicals that depend on the location of the double bond. All of the other
olefin species from methyl stearate are treated in lumped fashion.

Herbinet et al. [30] note that abstraction of an H atom from an allylic site in methyl
oleate results in a resonantly stabilized radical. For example, abstraction of an H atom from the
8-site in methyl oleate produces the mod9d8j radical species, which is resonantly equivalent to
the mod8d10j radical. This leads then to two possible C-C bonds that can be broken by B-
scission of this radical, one by breaking the #6 C-C bond in mod9d8j to produce mh6j and 1,3-
C1,2H5,, a hydrocarbon di-olefin species, or by breaking the #11 C-C bond in its resonantly
stabilized isomer mod8d10j to produce a methyl ester di-olefin species mu8d10d and the alkyl
radical 1-C;H1s. The possibilities grow as the number of double bonds increase in methyl
linoleate and methyl linolenate, and these are all included in the present mechanisms.

For the lumped olefins, di-olefins and tri-olefins with methyl ester groups included, each

species is assumed to react via H atom abstraction reactions with H, O, OH, HO,, CHs, CH;0,
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CHs0,;, C;H3, CoHs, and O,, producing a single lumped radical that is then assumed to
decompose to smaller species and eventually to small, usually unsaturated radicals in the C; - C4
core kinetic mechanism. For example, the mod2d9d di-olefin is consumed by these H atom
abstraction reactions to produce the mod9dxdj radical, and the mod3d9d, mod4d9d and most
other related di-olefins also produce the same lumped radical mod9dxdj. However, the
mod9d12d di-olefin, which is methyl linoleate, is consumed by site-specific H atom abstractions
that produce site-specific radicals including mod9d12d2j, mod9d12d3j, mod9d12d4j and all the
others to mod9d12d18j. Each of these di-olefin radicals then can decompose via B-scission to
unique products depending on the structure of the di-olefin radical. The same logic applies to
the many lumped tri-olefin species mod9d12dxxd except for the specific tri-olefin

mod9d12d15d, which is methyl linolenate and is treated in a site-specific manner.

LOW TEMPERATURE MECHANISMS

For the most part, low temperature oxidation reaction pathways encountered in alkane
fuels are the same for methyl ester fuels. Curran et al. [39,40] divided the low temperature
mechanism into 16 distinct reaction classes, as well as a variety of other miscellaneous steps,
most of which we have adopted without changes, just as Herbinet et al. [29,30] constructed
their mechanisms via the same reaction classes. The most important low temperature reaction
classes involve alkylperoxy radical isomerization pathways [61] that begin with the addition of
molecular oxygen to alkyl-like radicals, followed by isomerization of the resulting alkylperoxy
and esteralkylperoxy (RO,) radicals to produce hydroperoxyalkyl radicals. These and

subsequent reaction sequences of low temperature oxidation occur at rates that are very
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similar to the analogous reactions that are now familiar in low temperature hydrocarbon
kinetics [29,30,39,40].

The presence of a methyl ester group in all of these fuel molecules and the presence of
C=C double bonds in some of them modify the rates of some of the specific reactions. These
modifications have been explored in detail in past kinetic studies of methyl ester fuels [25-30]
and hydrocarbon fuels containing C=C double bonds [44-46], and the present mechanism
combines both of these features as needed for each fuel component. In particular, internal
abstraction of an H atom at an allylic site is assumed to have the same A factor as internal
abstraction from a conventional site, but with a reduced activation energy due to the weaker C-
H bond being broken. Following Mehl et al. [44] and Bounaceur et al. [46], we have assumed
that RO, and 0,QOH isomerizations do not proceed if a double bond is contained within the
transition state ring for the reaction. In the mechanism of Herbinet et al. [30] for methyl
decenoate, the double bond was assumed to contribute an additional 15 kcal/mol to the energy
barrier for these isomerization reactions, and we have simply extended this barrier to a level
where the reactions cannot take place at any practical rate. This class of isomerization reaction,
and the degree of interaction of the RO, group with the imbedded C=C double bond, needs
further attention from both theoretical and direct experimental studies.

The resulting reaction mechanism contains more than 4800 chemical species and nearly
20,000 elementary chemical reactions. The thermochemical data file and the detailed chemical
kinetic reaction mechanism are available on our web page at
https://www-pls.lInl.gov/?url=science_and_technology-chemistry-combustion

and this includes the species and bond location naming system being used.
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MODEL VALIDATIONS

There are only a few laboratory-scale experiments that provide data that can be used to
test chemical kinetic reaction mechanisms for biodiesel fuel and its components, all of which
have begun to appear in the past few years. In addition, existing biodiesel fuels and their
individual components have been tested to determine their cetane numbers for diesel ignition.
We have used as much as possible of this available kinetic literature to attempt to validate the
present kinetic mechanisms, for the individual methyl ester components and for the composite
biodiesel fuels. In addition, we have carried out some purely numerical "experiments" to
compare the combustion properties of the biodiesel components and mixtures with other
hydrocarbon species that are commonly found in diesel fuels. We begin with the simulations of
the experiments in which one specific component of the biodiesel fuel was studied. At the
same time, it is very clear that more systematic kinetics experiments are needed to refine
existing models, especially the present 5-component mechanism.

Hakka et al. [47] studied the oxidation of a mixture of 26% methyl palmitate/74%
n-decane, a second mixture of 26% n-hexadecane/74% n-decane, and a third case where the
fuel was entirely n-decane. In each case, the total fuel mole fraction was 0.002. All three
experiments were carried out at atmospheric pressure for stoichiometric fuel/O, mixtures,
highly dilute in helium. A temperature range from 550K to 1100K was examined, and the
residence time in the JSR was 1.5s. In all three experiments, the overall reaction revealed two
separate regions of high reactivity. The first reactive period occurs at JSR temperatures
between 500K and 700K, rising to a maximum conversion of approximately 60% at 650K, then

falling close to zero at about 775K, then increasing again above about 800K to a final value of
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100% fuel conversion at higher temperatures. For the mixture of n-decane and methyl
palmitate, Hakka et al. reported that the overall reactivity of the mixture of the two fuel
components showed the same two ranges of considerable reactivity, shown by the fractional
conversion of the two fuel components in Fig. 2.

We have used the Chemkin software package [62] to simulate these JSR experiments,
and our kinetic model shows results that are very similar to the experimental results. Both the
experiments and computed results show a slightly greater conversion of the methyl palmitate
than the n-decane in the low temperature reaction region, while the two fuel conversions are
nearly equal in the higher temperature range. The two distinct reaction regimes are shown
very strongly in both the experimental and computational results, and the agreement between
the experimental and computational results is excellent. The slightly greater amount of low
temperature conversion of methyl palmitate than that of n-decane can be attributed primarily
to the weakly bound H atoms at the '2' site adjacent to the methyl ester group in methyl
palmitate [28-30,36,37], so the total rate of methyl palmitate consumption is slightly greater
than that of n-decane.

The primary reaction intermediates such as CO, CO,, CH4, and CH30H show very good
agreement between experiment and modeling results. Comparisons between computed and
experimentally measured intermediate species mole fractions are shown in Figures 3 and 4.
Fig. 3 shows comparisons for some of the major 1-alkenes, all of which show evidence of the
low temperature reaction regime as well as the higher temperature reactivity. Details of the

kinetic results show that these 1-olefins are produced both by the n-decane fuel component
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and by the methyl palmitate component. The peak concentrations of these olefins decrease
steadily as their sizes increase, from 60 ppm for 1-heptene to about 3 ppm for 1-tridecene.

Figure 4 shows the computed and experimental levels of some of the unsaturated
methyl ester intermediate species, specifically the methyl ester (1-olefin methyl ester) in which
the double bond is located at the end farthest from the methyl ester group. Both 1-olefins and
unsaturated 1-olefin methyl esters are direct products of B-scission following the abstraction of
an H atom in the saturated linear chain in methyl palmitate. For example, if an H atom is
abstracted at the '11' location in the linear carbon chain (see Figure 1), then there are two
major B-scission reactions of the resulting mhd11j radical. These would be:
mhd11j = mn9j + 1C;Hy,
mhd1lj = medlld + pC4Hs
Thus this specific abstraction reaction produces stable intermediates 1C;H;4 and med11d (11-
dodecene methyl ester), and these are both major products of this reaction as seen in Figures 3
and 4.

It is interesting to note that the 1-olefin concentrations are significantly higher than
their corresponding 1-olefin methyl esters. Since all of them are produced by decomposition of
H atom abstraction reactions, one should expect a general ratio of 3:1 of 1-olefins:1-olefin
methyl esters, if the initial concentrations of the n-alkane and the saturated methyl ester were
equal. That is, each abstraction from the n-alkane would produce approximately 2 olefins,
while each saturated methyl ester should produce one 1-olefin and one 1-olefin methyl ester.
The observed ratios of these species types are roughly consistent with the initial fuel

composition.
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Overall, the present mechanism produces agreement with experimental results of
Hakka et al. [47] that is very similar to the agreement provided by Herbinet et al. [36]. The
paper of Herbinet et al. provides an excellent and extensive analysis of these experiments of
Hakka et al. The present mechanism shows a slightly greater low temperature selectivity for
unsaturated methyl esters than the model of Herbinet et al., but these minor differences are
due to small differences in reaction rate rules for the low temperature reaction classes. Both
models are based largely on the past work of Herbinet et al. [29] and both provide a reliable
submechanism for methyl palmitate over the entire temperature range of the experiments.

Bax et al. [48] repeated the same JSR experiments as those of Hakka et al. [47], replacing
the methyl palmitate with an equal initial mole fraction of methyl oleate, again mixed with 74%
n-decane, for a total fuel mole fraction of 0.002. They presented their results for their
n-decane/methyl oleate mixture, combining them with the measurements from Hakka et al. in
order to describe the differences between a saturated methyl ester and another methyl ester
with one C=C double bond. This double bond, shown schematically in Fig. 1, is located in the
middle of the Cyg straight chain. The results of Bax et al. show fuel component conversions for
the n-decane/methyl oleate mixtures that are very close to those of the n-decane/methyl
palmitate mixtures. Experimental levels of major intermediate species produced by the two
fuel mixtures were also quite similar to those in the n-decane/methyl palmitate mixture, but in
the high temperature regime, oxidation of the methyl oleate mixture was found to be slightly
faster than the mixture with methyl palmitate.

Our computed results for the n-decane/methyl oleate mixture show good agreement

with experimental values of Bax et al. The computed and experimental values for conversion of
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methyl oleate and n-decane are shown in Fig. 5, with somewhat greater conversion at lower
temperatures for methyl oleate than for n-decane in these mixtures. It is important to note
that these values represent simple consumption of the two fuel molecules, not overall rate of
oxidation, and the most significant difference between methyl oleate and n-decane is the fact
that methyl oleate has 6 H atoms with C-H bond strengths that are significantly lower than
those in n-decane. These weakly bound, easily abstracted H atoms are the two H atoms
bonded at the C atom adjacent to the methyl ester, as well as 4 H atoms bonded at allylic sites
in methyl oleate, due to the presence of the centrally located double bond.

Comparisons between experimentally measured and computed species profiles for the
major intermediates are shown in Fig. 6. Overall agreement for these and other major species
are good, indicating that the main features of the oxidation are being reproduced accurately.

Similar to the case above with methyl palmitate, model results for the n-decane/methyl
oleate mixtures produce significant levels of species that are produced from B-scission of the
radicals formed from H atom abstraction from the fuel. Many of those species produced from
n-decane are the same as those also seen in the n-decane/methyl palmitate experiments of
Hakka et al. [47], which is sensible since n-decane provides 74% of the fuel in both fuel
mixtures. However, the presence of the double bond in the middle of the methyl oleate
molecule leads to a wide range of stable products with two double bonds that are not observed
in the results of Hakka et al.. Bax et al. describe a variety of mechanisms that can lead to large
hydrocarbon diene species, with one of the double bonds representing the initial double bond

imbedded in the oleate fuel species, as well as a second double bond resulting from the B-
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scission of the alkenyl ester radical. Bax et al. also describe a wide variety of methyl ester diene
species, which have the same formation pathways as the hydrocarbon diene intermediates.
Bax et al. did not report a lengthy list or extensive figures with concentrations of these
hydrocarbon and methyl ester diene species, instead emphasizing a smaller number of
illustrative examples, but our model calculations are consistent with their analysis and some of
the main species they plot also appear in our computed results as significant products. We did
observe one interesting point that should have implications for future refinements and related
model developments. For fuel species that are large and have complex structures, and methyl
oleate has both properties, there are many opportunities in kinetic mechanisms for multiple
reaction pathways to occur, and it is quite possible to produce an accurate prediction of some
integrated property such as an ignition delay time, burning velocity, or overall rate of reaction,
and still not describe the complete details of the reaction. This is particularly true in the low
temperature regime, where a combination of resonantly stabilized radicals, complex
decompositions of oxygenated radicals where as many as 5 or 6 possible reaction pathways are
possible, and multiple pathways for large radical isomerization are possible, all make it
extremely challenging to identify all of the elementary reactions that can occur. Experience has
demonstrated that, in most cases, the most important feature is the impact that these choices
make on the chain branching and propagation rates of the reaction, which will affect the
integrated variable that is being predicted, so that often the choice of specific reaction
pathways makes little difference. However, when the species concentrations of selected
intermediates are used to test the mechanism, the details of the mechanism may appear faulty.

For the purposes of the present model development effort, we place particular value on the
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very good agreement between the overall reactivity and the major species concentrations,
which are predicted well.

The third set of mechanism validation results is the experimental JSR study of Dagaut et
al. [34] in which rapeseed methyl ester (RME) was used as the fuel. Three mixtures were
studied at atmospheric pressure and a residence time of 0.07s, at equivalence ratios of 0.25,
0.5, and 1.0, and a fourth mixture at atmospheric pressure, a residence time of 0.1s and an
equivalence ratio of 1.5. Two additional experiments were carried out at 10 atm pressure and a
residence time of 1s for equivalence ratios of 0.5 and 1.0. The atmospheric pressure mixtures
were studied for operating temperatures from 900K to 1400K, and the 10 bar experiments
were studied for temperatures from 800K to about 1200K. Each experiment used a low initial
RME concentration (0.05% fuel), with the initial O, required for the given equivalence ratio, and
a high degree of dilution by N,. Dagaut et al. carried out kinetic model simulations using
n-hexadecane as a surrogate for RME, and their n-hexadecane model showed a good degree of
agreement between the model and experiments for a large number of intermediate and final
product species. As noted earlier, those results have significant implications with respect to
definition of useful surrogates for complex fuels.

Biodiesel fuel is different from conventional diesel fuel in that common diesel fuel
contains many hundreds of individual hydrocarbon species, while biodiesel fuel contains a small
number of unique, repeatable components. Dagaut et al. [34] described their RME fuel as "a
complex mixture of Cy4 - C,, esters with highly saturated carbon chain. The composition of the
fuel was 0.1% C14, 5.4% C1g, 92.0% Cy3, 2.0%Cy and 0.5% C,,, with mostly one double bond on

the acid chain." Schonborn et al. [9] list similar but not exactly the same fractions, and Van
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Gerpen et al. [63] from the US National Renewable Energy Laboratory reported C16:0 (4.3%),
C18:0(1.3%), C18:1 (59.9%), C18:2 (21.1%) and C18:3 (13.2%). We have used these values from
Van Gerpen et al. for our RME surrogate to simulate the experimental results of Dagaut et al.
and other RME and SME simulations below, and they are the values used in Table 1 above.

Each of the Dagaut et al. experiments was simulated using the present reaction
mechanism for the 5-component mixture representing RME. The overall agreement between
computed results and experimental values was generally satisfactory, with all of the major
trends reproduced well, but with agreement for individual species profiles varying from very
good to marginal. Using the stoichiometric mixture experiments at 10 bar pressure for
illustration, some of the major species are shown in Fig. 7a and the major olefin species are
shown in Fig. 7b, showing generally good agreement. Experimental results are shown as
symbols, computed results as solid lines. However, in some specific examples, the agreement is
not particularly good. For example, in the stoichiometric mixture at 10 atm shown in Fig. 7a,
the computed and experimental CO and CO, values both agree fairly well, but the values for H,
do not agree as well, with the experimental values continuing to increase with increasing JSR
temperature, while the computed results reach a maximum value at about 950K, and then
decrease steadily. Since this example is at stoichiometric fuel/oxygen conditions, the H, should
be expected to decrease eventually, but the experimental results provided here indicate that
the H, has not reached its maximum value at 1150K.

Most H, consumption is due to reaction with OH to produce H,O + H, but the reaction
rate of OH with most hydrocarbon species is larger than its rate of reaction with H,, so the

presence of significant levels of hydrocarbon will keep the OH level too low to consume much
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of the H,. The same is true of CO, which also is oxidized primarily by reaction with OH, and its
rate of reaction with OH is also smaller than the rate of OH with most hydrocarbons. Once all
or most of the remaining hydrocarbon species have been consumed, the H, and CO are rapidly
consumed. As seen in Fig. 7b, the computed level of C,H, is lower than that found in the
experiments by about a factor of two, so the computed OH level is probably higher than that of
the experiments, resulting in a more rapid consumption of H, in the computed results. It is a bit
odd that the CO is being consumed quite rapidly from 1000K to 1150K in the experiments while
the H; level continues to increase over this temperature interval. Under most conditions, the
CO and H, consumption tend to follow somewhat parallel curves, so this difference between
the computed and measured H, results merits further study.

The trends in levels of 1-olefins seen experimentally are reproduced quite well by the
model, decreasing steadily as the size of the 1-olefin increases. However, the computations
show that the 1-butene level computed by the model is a bit lower than in the experiments,
and a modest inversion is computed in the relative levels of 1-butene and 1-pentene. This
inversion may be due to minor errors in the assumed product distributions of the low
temperature kinetic reaction pathways for these large methyl ester fuels. Further study of
these product distributions is needed.

Computational extensions of the operating temperature of the experiments of Dagaut
et al. to temperatures lower than those examined experimentally, specifically to 500K, showed
no NTC behavior or low temperature reaction activity in the atmospheric pressure experiments
of Dagaut et al. However, similar computational extensions to lower operating temperatures

for the Dagaut et al. experiments at 10 bar pressure showed a modest low temperature
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reaction region, extending to about 550K. Computed results at these lower temperatures can
be seen in Fig.7, including the computed fractional fuel conversion for methyl oleate and
methyl palmitate shown in Fig. 7c, showing the low temperature oxidation and slight NTC
behavior quite clearly. The computations at 10 bar and an equivalence ratio of 0.5 showed a
smaller but still noticeable amount of low temperature reactivity.

Even with the computed low temperature reactivity at 10 bar, the results of Dagaut et
al. [34] and the model calculations indicated that RME oxidation at these conditions is in
contrast with the JSR experiments of Hakka et al. [47] and Bax et al. [48], which showed
extensive levels of low temperature reaction as low as 500K. The lower fuel concentrations of
Dagaut et al. (0.05% fuel compared with 0.2% fuel in the Hakka et al. and Bax et al. studies), the
shorter residence times of Dagaut et al. (0.07s compared to 1.5s), and the higher heat capacity
of the N, diluent used by Dagaut et al. compared with He in the Hakka et al. and Bax et al.
experiments, all combine to make the low temperature reaction much less prominent in the
Dagaut et al. experiments.

The experiments of Dagaut et al. [34] provide valuable data for testing biodiesel fuel
kinetics, in particular since there are so few careful kinetic experiments in the literature. As we
will discuss below, there is good reason to believe that low temperature fuel reactivity plays a
significant role in diesel fuel ignition that is reflected in the cetane number of such fuels. The
absence of detectable low temperature reactivity at the conditions in most of the Dagaut et al.
RME experiments is unfortunate because it limits our ability to use the experiments to test the
low temperature portions of the reaction mechanism. This illustrates well that one valuable

application of a kinetic model is to provide guidance when planning an experimental program,
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to be sure that important features will be examined if possible. Of course, it is also important in
these experiments to limit their exothermicity, so in some conditions it may not be practical to
address some issues of interest. The most significant achievement of the work of Dagaut et al.
was to demonstrate the ability of an alkane kinetic mechanism, specifically for n-hexadecane,

to reproduce so much of the intermediate and high temperature reactivity of RME.

NUMERICAL EXPERIMENTS

In the absence of a more extended body of validation data for these fuels, we have
carried out two series of numerical experiments under conditions that have been studied rather
extensively for other types of fuels. We then use the computed results to demonstrate the
capabilities of this kinetic mechanism, and some of the computed results suggest that the
mechanisms have some of the important features of combustion of biodiesel fuels that could

be valuable.

JET-STIRRED REACTOR SIMULATION

For the first tests, each of the 5 biodiesel component fuels in Fig. 1 was examined in the
JSR under the same experimental conditions as those used by Hakka et al. [47] and Bax et al.
[48], except that for these new simulations, the fuel consists of a single methyl ester with no
accompanying n-decane. For each simulation, a stoichiometric fuel/O, mixture was used with
0.2% fuel, diluted by helium, at atmospheric pressure and a residence time of 1.5s.

Each fuel component responded somewhat differently under these conditions, as

shown in Fig. 8. The two saturated methyl esters, methyl stearate and methyl palmitate, show
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very similar behavior, with a pronounced low temperature reaction zone extending to about
70% fuel consumption. The only small difference between these fuels can be seen at the
minimum values for each curve at about 750K, where the methyl palmitate shows slightly less
conversion at this point. The methyl ester with one double bond, methyl oleate, shows
somewhat less low temperature reactivity than the saturated fuels, but still considerable
reactivity, including somewhat more fuel conversion than either methyl stearate or methyl
palmitate for temperatures above 700K.

The two remaining components, methyl linoleate with two double bonds, and methyl
linolenate with three double bonds, show significantly different behavior from the first three
components. Methyl linoleate shows relatively little low temperature reactivity, with a small
NTC region at 700K, while methyl linolenate shows even less low temperature reactivity, with a
small amount of reaction near 700K but no NTC behavior under these conditions.

It is interesting to compare the results of these calculations with the known cetane
numbers for each of these individual fuels. Using values from Table 1 taken from Knothe [49]
for cetane numbers, methyl stearate has a CN=101, methyl palmitate has CN=86, methyl oleate
has CN=59, methyl linoleate has CN=38, and methyl linoleate has CN=23. The correlation
between the low temperature reactivity and cetane number is striking. Boehman et al. [10]
emphasized the correlation of ignition delay and autoignition behavior of diesel and surrogate
diesel fuels, and Stein et al. [64] related ignition delay with CN, and those results and the
present kinetic analyses show clearly that low temperature reactivity, ignition delay,
autoigntion and cetane numbers are all intimately connected. That is, fuels with greater

amounts of low temperature reactivity and heat release have shorter ignition delays and
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therefore ignite earlier and have higher cetane numbers than fuels that have less low
temperature reactivity. Of course, cetane number depends on additional factors as well as
ignition delay time, but the trend of cetane number increasing in roughly the same manner as
the amount of low temperature reactivity is significant.

We then combined the 5 biodiesel components into two different mixtures, one
representing the nominal composition approximating the composition of RME and the other
representing the nominal composition of SME, using the fractions listed in Table 1. New JSR
calculations were carried out for these two surrogate biodiesel blended fuels at the same
operating conditions as for the 5 individual fuels and for the Hakka et al. and the Bax et al.
experiments. The results of these two computed histories are shown in Fig. 9. There are two
important features of these results. First, all five components can be seen to react together,
rather than sequentially, but at rather different overall rates for the RME and SME mixtures.
This means that, for each fuel mixture, the more reactive components produce radicals that are
then used by the less reactive components, producing a sort of "average" behavior for the
mixture. The net low temperature reactivity of the RME biodiesel mixture is significantly
greater than that of the SME mixture, suggesting that RME biodiesel should be expected, on the
basis of these computations, to have a higher CN than the SME biodiesel fuel. While the data
are sometimes confusing, most sources indicate that the CN for SME fuel is about 47 and about
54 for the RME fuel [65]. Graboski and McCormick [1] average a large group of values
determined for both biodiesel fuels to arrive at an average CN for SME biodiesel of 51 and 53
CN for RME biodiesel. Both results are generally consistent in attributing RME fuel with a larger

CN than SME fuel, and the relative amounts of low temperature reactivity shown in Fig. 9



33

certainly show more low temperature reactivity for RME fuel. Experimental JSR studies for the
5 methyl ester components in these fuels, corresponding to the results of Fig. 8, and direct
comparisons in a common facility of the different types of biodiesel fuel would be valuable to
confirm this set of predictions and the correlations between ignition in a laboratory facility and
the CN.

The computed results in Fig. 9 show quite strongly that RME is more reactive than SME,
with considerably more low temperature reactivity. The results for the individual components
in Fig. 8 provide the explanation for the differences in the composite fuels. From Table 1 we
noted that the most prevalent component in RME is methyl oleate, while the corresponding
major component in SME is methyl linoleate. Fig. 8 shows that the oleate is considerably more
reactive in the low temperature regime than the linoleate, which provides more low

temperature reactivity and a higher CN for RME than for SME.

HOMOGENEOUS AUTOIGNITION OF BIODIESEL FUELS

The intermediate temperature (700K - 1100K) autoignition of hydrocarbon fuels has
been used widely to test chemical kinetic reaction mechanisms for many fuels. The original
source of this class of problems was the series of shock tube experiments carried out by
Adomeit and colleagues. In these studies, ignition of n-heptane, n-decane, and iso-octane
[43,66,67] was studied, showing very clearly a region of negative temperature coefficient (NTC)
of reaction, with the amount of NTC behavior depending on the molecular structure of the fuel,
as well as on equivalence ratio and pressure. Subsequently, the same test conditions have

been used to test reaction mechanisms for many other fuels [37,39-41,55,57,58], and further
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experiments have been carried out to compare the intermediate temperature ignition of other
fuels [54]. Part of the value of such experiments and kinetic modeling is the fact that n-heptane
and iso-octane are primary reference fuels (PRF) for octane ratings of automotive fuels, and it
has been interesting to use these shock tube experiments and simulations to relate other fuels
to the PRF references. In particular, the relative reactivity of different fuels in the NTC region
can be used to provide insights into the octane and cetane ratings of different fuels [55].
Therefore, as another test of the present biodiesel fuel species kinetic models, we
carried out autoignition simulations for each single-component methyl ester fuel component,
one at a time, for stoichiometric mixtures of each single-component methyl ester fuel in air
under the same conditions as those studied by the Adomeit group, specifically at 13.5 bar
pressure, assuming reflected shock wave conditions. The results of these calculations are
summarized as lines in Fig. 10. Each line represents the ignition delay for one of the methyl
ester components from Fig. 1. All five methyl esters have nearly equal ignition delay times at
high temperatures, differing primarily at temperatures below about 900K. The two saturated
species, methyl stearate and methyl palmitate, have nearly identical ignition delay times over
the entire temperature range, including in the NTC regime. For comparison, we have plotted
the experimental results for n-heptane ignition reported by Ciezki et al. [66] at the same shock
tube conditions, and the methyl palmitate and methyl stearate results are similar to the
n-heptane values over the entire temperature range. The ignition delay times for the next two
components, methyl oleate and methyl linoleate, are quite close together in Fig. 10, with the

oleate slightly faster to ignite, and the slowest to ignite is methyl linolenate.
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As discussed above for the single-component JSR simulations, the ignition delay times of
the 5 individual methyl ester fuel components in the NTC region align in the same order as their
cetane numbers. The two saturated methyl esters have cetane numbers of 101 and 86, methyl
oleate and methyl linoleate have cetane numbers of 59 and 38, and methyl linolenate has a
cetane number of 23.

We again used the simulated 5-component RME and SME simulant mixtures as defined
above to carry out the same ignition delay calculations as the individual fuels, and these results
are indicated as symbols in Fig. 10. These computed values for RME and SME biodiesel are very
nearly identical with each other and are very similar to the computed results for methyl oleate
and methyl linoleate. The similarities of the biodiesel mixtures to the single component fuels
methyl oleate and methyl linoleate are not surprising, since both RME and SME biodiesel
consist largely (~80%) of the same two unsaturated components. It is also worth noting that
the cetane numbers of both biodiesel blends are close to 50, and the cetane numbers of methyl
oleate and methyl linoleate are 59 and 38, respectively. Earlier, we observed that the
differences in oxidation rates between RME and SME were greater in the atmospheric pressure
JSR simulations (Fig. 9) than the differences in the 13.5 bar results shown in Fig. 10. Further
study of the influences of operating conditions on ignition rates in these types of operating
conditions could be very instructive. In particular, the results in both Fig. 9 and Fig. 10 describe
stoichiometric fuel/oxidizer conditions, and relative ignition rates for rich mixtures might
approach diesel ignition conditions better than stoichiometric mixtures.

Computed ignition delay times [41,55] for n-hexadecane are also shown as filled circles

in Fig. 10; n-hexadecane is the reference fuel for cetane ratings, with a defined CN = 100.
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These computed ignition delay values are significantly shorter than the values computed for
methyl stearate or methyl palmitate. Finally, although not shown in the figure, computed
ignition delay times for 2,2,4,4,6,8,8-heptamethyl nonane, the other primary reference fuel for
cetane number with CN = 15, is slightly slower to ignite than methyl linoleate (CN=38) and
slightly faster than methyl linolenate (CN = 23). At this time, with considerable uncertainties in
the details of the present kinetic models for the methyl ester fuels, it is not possible to make
strong statements concerning correlations between CN and computed ignition delay time.
Individual shock tube ignition delay experiments for the 5 methyl ester fuel components of this
study over the NTC region would be very valuable, in order to refine the mechanisms. In
addition, it may be unreasonable to expect either JSR or shock tube ignition to have the same
fuel-dependence as either cetane or octane numbers.

Reaction path analysis of the ignition of the 5 methyl esters provides additional
guidance to those families of reactions that also need attention to refine the present modeling
predictions. Each methyl ester begins to react following the arrival of the reflected shock wave,
beginning with initiation via unimolecular decomposition and then reacting by H atom
abstraction. The fuels with multiple C=C double bonds react preferentially via H atom
abstraction at the allylic sites. For the early period of autoignition, and at the higher
temperatures where the next reaction steps involve alkyl radical decomposition, uncertainties
in the kinetic mechanism are relatively minor. At lower temperatures, molecular O, adds at the
sites of the H atom abstraction, producing an alkyl ester version of RO, radicals, which then

proceed to transfer H atoms internally via radical isomerization. This is the point where the
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different numbers of C=C double bonds make a difference in the overall reaction rates of the
methyl ester biodiesel fuel components.

Each RO, isomerization proceeds via a transition state ring that includes the C-O-Oe as
well as some number (i.e., 1, 2, 3, or 4) of C atoms in the long chain of the radical, and finally an
H atom bonded to the target C atom. In alkane fuels, the rate of the isomerization depends on
the number of C atoms in this transition state ring, and on the energy of the C-H bond that is
broken by the internal abstraction by the RO,. Different transition state rings have different
contributions to ignition rates, because each ring size makes a different contribution to the
overall rate of chain branching and chain propagation [68-72]. Transition state rings with 5
atoms, which abstract the H atom adjacent to the C-O-Oe which is abstracting the H atom, lead
almost entirely to chain propagation, producing mainly an olefin species and HO, radicals, and
6-membered transition state rings lead to products that decompose rapidly into one OH radical
and two relatively stable intermediate species. Transition state rings with 7 atoms are most
important for providing relatively stable QOOH radical intermediates, which can add to another
0, molecule, then proceed to further isomerization reactions and ultimately to multiple small
radical species, including 2 or more highly reactive OH radicals. These multiple radicals are thus
responsible for most low temperature ignition of hydrocarbon and methyl ester hydrocarbon
species.

When the transition state ring includes a C=C bond, the rate of the isomerization
reaction is influenced, but there is relatively little guidance on the degree of this influence and
how the double bond affects the internal abstraction at different types of sites (i.e., primary,

secondary, tertiary, allylic, vinylic) from which the H atom is abstracted. In the recent work on
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modeling kinetics of methyl decenoate with one double bond in the fuel molecule, Herbinet et
al. [30] chose to add 15 kcal/mol to the activation energy of any isomerization reaction which
contained a double bond, and that model did a very good job of predicting reliable kinetic
behavior. In contrast, Mehl et al. [44], in a study of oxidation of the three structural isomers of
hexene (CgH1,), and Bounaceur et al. [46], in a study of the isomers of hexene and heptene,
completely eliminated any such isomerization reactions that included a double bond, which is
effectively giving that reaction a very large activation energy barrier due to the double bond.

In the present methyl ester mechanisms, the spacing of the double bonds is important,
as seen in Fig. 1. In methyl linoleate, the two double bonds are separated by one C atom, at
which the C-H bonds are "doubly" allylic, or very weakly bound. In methyl linolenate, the three
double bonds are separated by two of the same type of "doubly allylic" C atom with low C-H
bond energies. Abstraction of the first H atom from methyl linoleate or methyl linolenate is
strongly preferential at these particular allylic sites, and molecular O, adds rapidly to these
sites, which are notable because they are immediately adjacent to a C=C double bond on one
side or both sides of the C-O-O* that has been produced. If the double bond had no effect on
the isomerization reactions, then the H atom on the other side of the double bond would
participate in an isomerization reaction with a 7-membered transition state ring and an H atom
with a very weak allylic bond to its C atom, making the isomerization extremely rapid. When
we tested this assumption by artifically making the double bond have zero effect on the energy
barrier for isomerization, these 7-membered transition state rings dominated the ignition
kinetics, resulting in predictions of ignition for methyl linolenate that were as much as 100

times faster than those values in Figure 10. We continued to increase the activation energy
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barrier due to the C=C double bond being embedded in the 7-membered transition state ring,
always finding ignition to be extremely fast. Only by completely eliminating these isomerization
reactions that contained the double bond were we able to predict ignition for methyl linolenate
that was slower than that for the other methyl esters being studied. Therefore, the present
mechanisms have such reactions excluded entirely, in agreement with recent studies [44,46].
Clearly, there are two major reaction classes where much more information is needed,
and which could be addressed through theoretical tools now available. The first class is the
isomerization across a C=C double bond to refine model predictions for such reactions. Most
significant would be the estimation of the energy barrier due to the embedded double bond.
The second type of reaction for which model refinement is needed and which should be
accessible at present is the nature and rate of the addition of O, to an allylic site in molecules
like these methyl esters. If the dissociation reaction to R + O, is faster than our
thermochemical treatments are predicting, then the isomerization of these RO, species would
be less important, since the enhanced dissociation of the RO, adduct to R + O, would reduce
the isomerization rates by lowering the concentrations of the adducts. The present assumption
that such reactions are very slow results in predicted ignition delay times that are consistent
with the limited observations available for mechanism validation, but this reaction sequence

needs considerable further attention.

FUTURE MECHANISM DEVELOPMENTS
In addition to the contribution of these C=C double bonds to the present mechanisms,

there are many kinetic elements of the present mechanism where refinements would be
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helpful and plans are being made for improvements. A collaboration with Dean and Carstensen
[73] is in place to refine all of the R + O, and subsequent alkylperoxy radical isomerization
reaction pathways and reaction rates. Since the current mechanisms reproduce the features
and extent of the NTC region for hydrocarbon and other species including the present large
methyl ester fuels, we are confident that, even with its known limitations, the present and
related kinetic mechanisms accurately predict the correct relative contributions of chain
branching and chain propagation rates in the NTC regime, and the refinements being planned
must be able to reproduce that balance following the upgrading of the mechanisms. We are
continuing to refine the modeling details of the second generation intermediate species,
particularly the olefin species produced by alkane oxidation. Past mechanisms have lumped the
olefin kinetics in a way that cannot accurately predict olefin consumption or species-specific
product distributions that are becoming more important than in the past. We also continue to
work on refinements in the small-molecule core mechanism that is common to all hydrocarbon
and related fuel oxidation.

Mechanisms like the present methyl ester model continue to evolve as more detail
becomes available from theory and experiments, or when new species begin to be important as
major components of a fuel mixture, such as in a surrogate mechanism for a practical fuel [74-
76]. Itis instructive to note that the first kinetic models of methyl ester fuels, with a goal of
understanding biodiesel fuel combustion, appeared about 10 years ago, and nearly all of the
kinetic models of methyl ester fuels larger than methyl butanoate have been developed in the

past 5 years. This is a very active, dynamic subject area, strongly enabled by rapid growth in
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computing power. This rapid progress is a demonstration of how quickly progress can be made

in a challenging subject area when so many researchers collectively focus their attention on it.
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Table caption

1. Compositions for rapeseed methyl ester (RME) fuel and soy methyl ester (SME) fuel, as
fractions of the five individual methyl esters in this study. Also shown are the measured cetane
numbers (CN) for each of the fuel components and the Derived Cetane Number determined

[ref] by the Ignition Quality Tester.
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Figure captions

1. Diagrams of the structure of 4 biodiesel fuel components, showing the nature of the
carbon/carbon bonds (single vs. double bonds). The naming system used in the modeling is
shown, both the site index number at the bottom of each carbon chain, and the type of
carbon/hydrogen atom bond at each location.

2. Fractional conversion of methyl palmitate and n-decane in a JSR. Lines are computed results
for methyl palmitate (solid line) and n-decane (dashed line), symbols show measured values
from Hakka et al. [47] for methyl palmitate (diamonds) and n-decane (triangles). Mixture has
0.002 total mole fraction fuel (0.26 methyl palmitate/0.74 n-decane), stoichiometric with O,
diluted by helium, atmospheric pressure.

3. Comparisons between experimental results from Hakka et al. [47] (symbols) and computed
values (lines) for selected 1-olefin species with the conditions shown in Fig. 2.

4. Comparisons between experimental results from Hakka et al. [47] (symbols) and computed
values (lines) for selected 1-olefin methyl ester species with the conditions shown in Fig. 2.

5. Fractional conversion of methyl oleate and n-decane in a JSR. Lines are computed results for
methyl oleate (solid line) and n-decane (dashed line), symbols show measured values from Bax
et al. [48] for methyl oleate (diamonds) and n-decane (triangles). Mixture has 0.002 total mole
fraction fuel (0.26 methyl oleate/0.74 n-decane), stoichiometric with O,, diluted by helium,
atmospheric pressure.

6. Comparisons between experimental results from Bax et al. [48] (symbols) and computed

values (lines) for selected major intermediate species with the conditions shown in Fig. 5.
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7. Comparisons between experimental results (symbols) from Dagaut et al. [34] and computed
results for RME oxidation in JSR at 10 bar pressure, stoichiometric RME/O, with 0.05% fuel,
diluted in N, and with a residence time of 1 second. Also shown are computed fractional fuel
conversions for methyl oleate (solid curve) and methyl palmitate (dashed curve).

8. Computed fuel fractional conversions for 5 separate simulations, each with a different
methyl ester fuel. The fuel in each case is given in the legend, for stoichiometric fuel/oxygen,
0.5% fuel, with helium diluent, residence time 1.5s.

9. Computed comparison between oxidation of RME and SME in a simulated JSR,
stoichiometric fuel/oxygen, 0.5% fuel, diluted in helium, residence time 1.5s. The RME and SME
compositions taken from Table 1.

10. Ignition delay times for stoichiometric fuel/air mixtures in a reflected shock environment,
13.5 bar initial pressure. Experimental results [66] for n-heptane/air are shown by asterisks,
other results are kinetic model predictions. Lines show predicted values for each methyl ester

fuel, circles for n-cetane [41], squares and diamonds are predictions for SME and RME.
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Table 1

Ester Fraction of Fraction of Cetane Derived
RME SME Number (CN) Cetane

Number (DCN)

Methyl palmitate Cq7H340, 4.3 6-10 86

Methyl stearate C10H350, 1.3 2-5 101 95.6

Methyl oleate CioH360, 59.9 20-30 59 59.3

Methyl linoleate Ci9H340, 21.1 50-60 38 42.6

Methyl linolenate Ci9H3,0, 13.2 5-11 23 36.1
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