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Abstract
Detailed chemical structures of stoichiometric and rich premixed laminar
flames of methyl hexanoate were investigated over a flat burner at 20 Torr.
Molecular beam mass spectrometry was used with tunable synchrotron vacuum ultraviolet (VUV) photoionization for low pressure flames of methyl
hexanoate. Mole fraction profiles of temperatures and stable and intermediate species, as well as temperature profiles, were measured in the flames. A
detailed chemical kinetic reaction mechanism for high temperature studies
of small alkyl ester flames was extended to include combustion of methyl
hexanoate, and the resulting model was used to compute mole fraction profiles in each flame and compare computed values with experimentally
measured values. Reaction pathways for the fuel were identified, with good
agreement between measured and computed species profiles. Implications
of these results for future studies of larger alkyl ester fuels are discussed.
1. Introduction
Interest in fuels derived from biomass has emerged due to decreasing availability of petroleum-based fuels, as well as concerns about CO2 production
and the potential of renewable fuels. Addressing these issues as well as improving the performance of internal combustion engines running on biodiesel fuel requires knowledge of the combustion chemistry of that fuel. The
main objective of the current article is to refine biodiesel combustion kinetic
models based on experimental studies and computer simulations.
One important class of biofuels under intense consideration as biofuels are
vegetable oils that have been processed by trans-esterification to make “biodiesel fuel”, alkyl esters of the desired molecular size and combustion characteristics to be viable diesel fuels [1-3]. These biodiesel fuels have Cetane
Numbers (CN) comparable with those of conventional, petroleum diesel
fuels and generally perform well in conventional diesel engines. However,
some biodiesel combustion properties are somewhat different from those of
conventional diesel fuels, such as somewhat lower soot production [4], possibly higher NOx production [5], and somewhat anomalous early production
of CO2 from biodiesel combustion. These differences have been related to
the fact that biodiesel fuel molecules have a terminal methyl ester group that
has subtle effects on its chemical kinetics of combustion.
There is still a need, however, to understand how the terminal methyl ester
moiety present in biodiesel fuel molecules influences the laminar flame ki-
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netics, and the most successful strategy has been to study laminar flames of
methyl and ethyl esters that are much smaller that the C18 and C16 methyl
esters found in biodiesel fuel. Laminar flame simulations have been carried
out for low pressure premixed flames of small alkyl ester fuels, including
methyl formate, methyl acetate, methyl propanoate, methyl propenoate,
methyl butanoate, methyl crotonate, methyl isobutanoate, as well as ethyl
formate, ethyl acetate, ethyl propanoate, ethyl propenoate, and vinyl acetate
[6-8], all of which have studied in particular the kinetic effects of the alkyl
ester group and how the HOCO and CH3OCO radicals affect pyrolysis and
flame propagation. At the large size, kinetic models have been developed
for methyl palmitate, methyl stearate, methyl oleate, methyl linoleate,
methyl linolenate, methyl decanoate, and methyl decenoate [6-9], but those
studies have addressed homogeneous, or 0D applications.
The present work provides experimental results for low pressure premixed
laminar flames of methyl hexanoate/O2/Ar at stoichiometric conditions and
slightly fuel-rich conditions, combined with computed results for both of
these flames. This fuel was selected to address methyl ester fueled flames in
which the alkyl group was longer than in previous flame studies, in part to
see if the kinetic modeling could be able to predict the behavior of the larger
methyl esters and partly to see if the experiments could successfully probe
these more complex flames.
2 Experiments
Extensive experimental data were obtained on the structure of burnerstabilized flames of methyl hexanoate (MHe) at low pressure conditions,
and at various equivalence ratios (φ). Measurements in low-pressure flames
were performed using the time-of-flight mass spectrometer with molecular
beam flame sampling system and with photoionization by tunable vacuum
ultraviolet (VUV) synchrotron radiation generated at the Advanced Light
Source (ALS) of Lawrence Berkeley National Laboratory. Mole fraction
profiles of reactants, major flame products and many intermediates were
obtained in each flame studied.
3 Results
Figure 1 shows profiles of mole fractions of the major compounds in flames
of MHe (φ=1 and 1.3), at 20 Torr, together with calculated values which
will be discussed below. These profiles show that the width of the combustion zone in all of the low pressure flames is about 7 mm. In addition to the
major species shown in Fig. 1, in both flames the following intermediates
are identified (and their mole fraction profiles measured): methyl radical,
methane, acetylene, ethylene, formaldehyde, methanol, propyne, ketene,
propene, acetaldehyde, propane, vinylacetylene, 1.3-butadiene, 2-butene, 1butene, propylenoxide, methyl propenoate, and methyl 3-butenoate. Mole
fractions of these compounds, as expected, differ from the stoichiometric to
the fuel-rich flame. In the stoichiometric flame (Fig. 1), mole fraction profiles were measured for acetone, acetic acid, n-butanal and methyl propionate, while the mole fractions of allene and methyl formate were measured
only in the rich flame.
The two laminar premixed flames were modeled using the present kinetic
reaction mechanism, using the Chemkin Pro burner stabilized laminar flame
software]. Experimentally measured temperature profiles were used as input, and the energy equation was not solved. Each flame reached a solution
with approximately 240 spatial points in the flame, and the computed
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chemical species mole fractions were computed and compared with the experimental results.
re 3 demonstrates a very good agreement between measured and computed
levels of this methyl 2-propenoate species in both flames. The computed
species profiles are more localized in space than the experimental values,
but the magnitudes of this species agree well with experimental values.
Sequential decomposition of the methyl ester radicals produces significant
amounts of CO2 at relatively early stages in the overall reaction, with most
of the early CO2 produced by decomposition of CH3OCO [10-12]. Production of early CO2 by methyl esters limits the ability of methyl esters to reduce soot production in diesel combustion compared to other oxygenated
hydrocarbon fuels [12].
Most of the computed other intermediate species mole fractions agree well
with the measured mole fractions. The measured formaldehyde mole fractions are compared with computed results for the four flames at 20 Torr
pressure in Fig. 2 and the comparisons of mole fractions of methyl 2propenoate are shown in Fig. 2 for the low pressure stoichiometric flames of
methyl hexanoate. The formaldehyde results agree extremely well, and
overall good agreement was found for numerous species, including CH3,
CH4, C2H2, C3H4, methyl propanoate, methyl crotonate, and acetone in
most or all of the flames. Somewhat poorer or inconsistent agreement in
some flames was observed for ketene, methyl ketene, and ethene. Ethene is
an interesting case, where the computed ethene mole fractions are systematically lower than the measurements in most of the flames. The same trends
have been observed in past studies for low pressure laminar premixed
flames studied in the same ALS facility [7,8], and the complex analysis used
to determine ethene mole fractions may require further attention to resolve
these differences.
4 Conclusions
The present results provide new experimental data from premixed laminar
flame experiments for methyl hexanoate that had not been studied previously, experiments in which a large number of intermediate species mole
fractions have been measured. The kinetic models developed to simulate
these flames have provided predictions of major and many other species
mole fractions with good accuracy, although some refinements are needed.
The kinetic mechanism for methyl hexanoate was constructed based on current model parameters for other fuels, and no mechanism refinements were
made subsequent to the initial model production, and extensions of the same
approach to larger and more complex alkyl ester fuels may be possible with
considerable confidence. The present experiments and kinetic modeling are
restricted to high temperature combustion regimes and further analysis is
necessary to extend the mechanisms and the degree of confidence to low
temperature oxidation of alkyl esters. While the reactions consuming this
fuel and its subsequent major radicals, reaction rates, thermochemistry and
reaction pathways seem to be quite well understood
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Fig. 1. Mole fraction profiles versus height above burner for stoichiometric
(left) and rich φ=1.3 (right) methyl hexanoate/O2/Ar flames; triangles – O2,
squares – H2O, diamonds – CO, circles – CO2, pluses – methyl hexanoate,
dashed line – temperature (right axis), solid curves – modeling.
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Fig. 2. Mole fraction profiles versus height above burner for stoichiometric
(left) and rich φ=1.3 (right) methyl hexanoate/O2/Ar flames; symbols – experiment, curves – modeling.

