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1 Introduction

A sustainable energy future will likely involve increased use of biofuels such as biodiesel. On the other
hand, concerns about the associated costs and environmental neutrality, prompts a closer look at biofuel
production methods with the goal of improving the sustainability of the process. While biodiesel is
mainly produced by methanol-based transesterification of fatty acid triglycerides in acidic or alkaline
media, the possibility of using other alcohols are being explored with increasing interest [1, 2]. Successful
system level tests of ethyl ester as biodiesel have been reported [3, 2]. The possibility of using mixtures
of methanol and ethanol in the transesterifcation of soy bean oil have been explored by Joshi et al. [4]
concluding that the resulting methyl and ethyl ester mix can offer improved physical properties.

Further use of various alkyl esters beside methyl esters in combustion engines can be guided by un-
derstanding their relative combustion and physico-chemical properties through systematic experimental
studies. Previous studies by Metcalfe et al. [5] explored the relative ignition of the ester isomers, ethyl
propanoate (EP), and methyl butanoate (MB), concluding that the EP is more readily ignited than MB
under the same conditions. In a recent study of the ignition of selected C3 oxygenated hydrocarbons, the
current authors showed that ethyl formate (EF) is more reactive than its ester isomer, methyl acetate
(MA) [6].

In this study new experimental data for EP and ethyl acetate (EA) are reported. Together with
literature data for methyl formate (MF), EF, MA, and MP, their ignition behavior is explored to reveal
the effect of methyl and ethyl ester groups on the same carboxylic acid. This relative behavior is further
put into perspective by considering the effect of ester isomers as exemplified by the three surrogates,
MP, EP and MB. These comparisons are done for mixtures of fuel, oxygen and argon under conditions
of constant equivalence ratios, ¢, oxygen/argon ratios, D and nominal pressures, p, over a range of
post-reflected shock temperatures, 7.

2 Experimental technique

Ignition delay times are obtained using a 5 cm inner diameter shock tube described previously [7]. Test
mixtures are prepared in a 90 L mixing tank and allowed to mix for approximately 24 hours. In the
course of preparing the test mixtures, volumes of the injected liquid fuel are chosen such that the resulting
partial pressure after complete evaporation is less than 50% of its vapor pressure at room temperature in
order to avoid fuel condensation. The purities of EP and EA are 99+% and 99.5%, respectively. Those
of the other fuels are reported in their earlier studies [7, 10, 6]. The shock tube is helium driven and
the shock velocity is obtained from pressure signals of four fast-response pressure transducers mounted
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Figure 1: Methyl propancate (MP) and ethyl Figure 2: Comparison of methyl acetate (MA) and
propanoate (EP) ignition trends for stoichiometric ethyl acetate (EA) - isomer and alkyl ester effects
mixtures with argon/oxygen ratios, D, of 14.2 at for rich mixtures (¢ = 2.0) with argon/oxygen ra-
10 atm. tios, D, of 24 at 10 atm.

50 cm apart close to the end wall. The post-reflected shock temperature is calculated using the one-
dimensional shock equations in the GasEq software package [8]. Ignition delay times are determined from
CH emission profiles obtained using a photodiode with a filter centered at 430+10 nm. Uncertainty in
the calculated temperature results from the uncertainties in the shock velocity and composition of the
combustible gas. It is estimated that the average temperature uncertainty in this work is between 10
K and 25 K. In this study, ignition delay times are obtained for EA and EP while the other data are
obtained from previous work in our laboratory on alkyl ester ignition [7, 9, 10, 6].

3 Results and discussion

The results of the relative behavior are presented as ignition delay times plotted against inverse tem-
peratures for test mixtures with the same equivalence ratio, ¢, argon/oxygen ratio, D, and nominal
pressures, p. Variations in the post-reflected shock pressure are corrected by a power-law based on the
known dependence of ignition delay times on pressure:

T o p? (1)

where 7 is determined from correlating ignition delay times at various pressures.

Figure 1 shows the ignition delay times of methyl propanoate, MP, and ethyl propanoate at an
average pressure of 10 atm for stoichiometric mixtures with argon/oxygen ratio of 14.2. The data for
MP are obtained from Ref. [10] while the EP data are from this study. The ignition delay times of
MP are approximately 20% longer than those of EP. The increased reactivity of EP is thought to be
associated with the presence of the ethyl group bonded to the carboxylic acid part of the ester. The ethyl
group, with a secondary C—H bond site offers a more vulnerable site for attack by H-abstracting radicals
such as H, OH, HOy and CHs. Further, as shown by El Nahas et al. [11], the concerted elimination of
ethene and propionic acid in EP is more favorable than other unimolecular reactions that these esters
can undergo. This leads to increased reactivity especially at reaction onset when the radical pool is not
high in concentration. The analogue reaction is not possible for MP.

The same trend is observed for methyl and ethyl esters of acetic acid, MA and EA as shown in
Fig. 2. The MA data are from Ref. [10]. In this case, the ignition delay times of MA are approximately
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Figure 3: Methyl and ethyl formate ignition trends
for stoichiometric mixtures with argon/oxygen ra-
tios, D, of 18.8 at 12 atm. The methyl formate
correlation is based on a previous study [7].

Figure 4: Comparison of MB, MP and EF - isomer
and alkyl ester effects for stoichiometric mixtures
with argon/oxygen ratios, D, of 14.2 at 10 atm.

40% longer those observed for EA, especially at lower temperatures. In Ref. [10], it was observed that
MA has the longest ignition delay times compared to other methyl esters of C1-C4 alkanoic acids. The
increased effect of the ethyl group here seems to emphasize the significance of non-terminal C—H bonds
in enhancing the reactivity of these esters.

In Fig. 3 a correlation developed for MF ignition [7] has been used to compare to ignition data for
EF from Ref. [6]. Consistently, the ethyl ester, EF is found to be more reactive than the methyl ester,
MF. The ignition delay times of MF are longer by approximately 25%. It is possible that the absence
of C—H bonds in the formate group modifies the methyl/ethyl ester trends in these formates. It is also
worth noting that the global activation energy of MF was found to be lower than other methyl esters in
Ref. [10].

The methy /ethyl effect as well as isomer effects are illustrated in Fig. 4, where ignition data for MB
from Ref. [9] have been used to compare with MP and EP. Similar to observations by Metcalfe et al.
[5] at lower pressures of 1 atm and 4 atm, EP ignites more readily than its ester isomer, MB under the
conditions investigated. With respect to MP, MB shows longer ignition delay times. The reason for this
behavior is not completely understood.

Extension of this work to other combustion properties is required for better understanding of the
role the alkyl group has in the oxidation of alkyl esters. The investigation of combustion properties
can complement the evaluation of alternative alcohols for transesterification of fatty acid into biodiesel.
However, the gas phase combustion properties must also be considered along with the physical prop-
erties of the resulting esters. Properties such as fuel viscosity and vapor pressures will affect injection,
atomization and droplet evaporation. It seems possible that ethyl ester oxidation will be accompanied
by higher concentrations of intermediate organic acid species which may present increased demands on
material compatibility. These issues need to be addressed as progress is made towards a more sustainable
biodiesel energy economy.

4 Conclusion

The relative ignition behavior of a series of short-chain methyl and ethyl esters is presented based on
new shock tube ignition data and published ignition delay times by the current authors. Comparison
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is based on the shock ignition of homogeneous gas-phase mixtures of esters, oxygen and argon under
the constraint of constant equivalence ratio, argon/oxygen ratio and nominal pressure over a range of
temperatures. It is observed that ethyl esters generally have shorter ignition delay times than the methyl
esters of the same carboxylic acid. This increased reactivity of the ethyl esters is thought to be linked
to the presence of the ethyl group which provides a weaker C-H site for H abstraction reactions as
well as further reactivity enhancement through the more favorable elimination of ethene by concerted
unimolecular reaction to yield the corresponding carboxylic acid. In the case of methyl and ethyl ester
isomers, ethyl esters have shorter ignition delay times for reasons similar to the aforementioned.
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