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Abstract

Autoignition delay timess, of methyl crotonate, methyl acrylate, ethyl baiate, ethyl crotonate, and ethyl acrylate
were studied in shock tube experiments. A serienigtfures diluted with argon, of varying fuel/oxygequivalence
ratios (=0.25, 0.4, 1.0, and 2.0), were measured behinelctetl shock waves over the temperature range83-12
1930 K, pressure range of 7-9.65 atm, during withehlogarithm oft varies linearly as a function of the inverse
temperature for all equivalence ratios. The ignitielay time decreases as temperature rises. Tfendence of

on temperature, and reactant concentrations isigivan empirical correlation. The results provadatabase for
the validation of small saturated and unsaturattdre kinetic mechanisms at elevated temperaturgéspeessure
combustion.
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1. Introduction

Biodiesel is an alternative fuel which can be usesuch as esters. As biodiesel surrogate, methyhbate
directly to a diesel engine without modifying thegine (MB) has been the target of many published stufies
system. Basically, biodiesel can be attained b¥3]. The first detailed mechanism for the combustd
transesterification of oils and fat that come fronMB has been developed by Fisher et al. [6¢luding
oleaginous plants, used vegetal oils, and aninmdlija 264 species and 1219 reactions. This mechanism has
It has been the focus of a considerable amourgagfnt been used by Marchese et al. {@simulate their results
research because it is renewable and reduces @i¥ained in a flow reactor at 12.5 atm, over the
emission of some pollutants. Its production andhae temperature range 500-900 K and at different
increased significantly in many countries arouné thequivalence ratios of 0.35-1.5. Later, Huynh andliVi
world, including the United States, Austria, Francel8] developed an improved MB pyrolysis model by
Germany, ltaly, and it is in nascent status in manysing ab initio technique. Other recent investwai
others. It has the major advantages of having higkave also attempted to improdB kinetic mechanism
biodegradability, excellent lubricity and no sulfuras approach other model biodiesel molecules. Gail. e
content [2]. It can be stored just like mineralsgieand [9] modified the Fisher's mechanism and investigate
hence does not require separate infrastructure.uShe the MB combustion in a jet stirred reactor, an &b
of biodiesel in conventional diesel engines resuits flow diffusion flame, and a Princeton variable @
substantial reduction in emission of unburnedlow reactor. Their new numerical model consists of
hydrocarbons, carbon monoxide and particulate [3R95 species and 1498 reactions. Metcalfe et al} [10
Some technical problems facing biodiesel include thhave published comparative investigation on the
reduction of NOx exhaust emissions and thexidation of MB and ethyl propanoate (EP) in shock
improvement of cold flow properties among such aiibe at 1 and 4 atm, over the temperature range-110
oxidative stability and economics. Neverthelessl670 K. It was found that EP is faster to ignitarttMB.
increasing cetane number will cause significarffollowing this work, measurements of ignition defay
reductions in the NOx emissions due to shortertigmi MB have been completed by Dooley et al. [11]. The
delay times and the resulting lower average contnust autoignition data were obtained from rapid comgoess
temperatures [4]. machine(RCM) over the temperature range 640-949 K

Biodiesel contains from 10 wt% to 12 wt% oxygenat compressed gas pressures of 10, 20, and 40tatm a
which lowers energy density and the particulatgarying equivalence ratios of 1.0, 0.5, and 0.3#0Bq
emission [2]. Furthermore, saturated and unsamiratet al. [12] studied the pyrolysis of three methgtees:
methyl or ethyl esters are the mainly compounds a@hethyl acetate, methyl propionate, and MB behind
biodiesel fuels, containing carbon chains of twetre reflected shock tube by measuring L£time-histories
more atoms in length [5]. Because of this chemicaiver temperature range from 1260 to 1653 and at
structure, both their experimental and simulatituties pressure from 1.4 to 1.7 atm. It found that the,CO
are difficult. Circumvention of this problem is byyields were not strongly dependent on the alkylirtcha
selecting of a surrogate molecule containing theesa length. The combination of the Fisher et al. mdégl
chemical functional group as real biodiesel fu¢l f|ew and the theoretical work of Huynh and Violi [8]
experimental and kinetic data are available in thaccurately recover the experimental measured, CO
literature about the oxidation of oxygenated conmuisu  yields. However, very few detailed kinetic data éav
been reported for unsaturated esters. Sarathy g3l
" Corresponding author: hayet.bennadji@ensic.inptynén studied methyl crotonate (MC) in a comparative
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methyl ester, MB. The experiments were carriediout the last pressure transducer. Fresh reaction restur
an opposed flow diffusion flames for a mixturewere prepared daily in a 20 L stainless steel tasikg
containing 4.% fuel, 426 O,, 58% N, and in jet stirred standard manometric methods. Before each introzlucti
reactor at a residence time of 70 ms, over ttof the reaction mixture, the reaction section washied
temperature range 850-1350 K for a mixture of 09075 \ith pure argon and evacuated, to ensure the ralsidu
fuel under stoichiometric conditions at 1 atm puess gas to be mainly argon. Research grade Argon, hieliu

Mole fraction profiles of major intermediates ardaf and Oxygen specified to be 99.995% pure, were

products were measured together with that of t.rsupplied by Messer and were used without further

reactants. They concluded that both fuels havelaimi """~ "
reactivity and )r/)roposed that unsaturated estersIdepu”flcat'on' Methyl and ethyl esters (>99% purajres

have more tendencies to soot formation than satira SUPPlied by Sigma-Aldrich Co. As shown in Fig.,
esters. Furthermore, recently, Gail et al. [14]visted Was defined as the time interval between the pressu
new experimental results for the oxidation of MCiath rise measured by the last pressure transducerocitne t
were performed in a jet stirred reactor at 1 atespure, arrival of the reflected shock wave and the risethef
over the temperature 850-1400 K, under twoptical signal by the photomultiplier up to 50% itsf
equivalence ratio® =0.375, 0.75 with a residence time maximum value. The mixtures and the conditions for
of 70 ms. In addition, a new detailed kinetic met&a this investigation were selected to understand and
for MC has been proposed by analogy with reactions predict the effect of the concentration, the edeivee
the MB mechanism [9]. Overall, their kinetic mode ratios on the ignition delay times for each fueidsd.
reproduced the experimental data fairly well. _In addition, to compare the ignition properties thé
However, no studies about the ignition delay t|memethyl and ethyl esters taking in account the eftdc
of the unsaturated small esters were pen‘ormedntjehthe double bond. The thermodynamic data for eatgh es

reflected shock tube, as well as the effect ofdbeble . . :
bond on the autoignition are even scarce. The aiins were generated in the form of NASA polynomials gsin

this study are to provide more information on thTHE_RGAS software [18], based on Benson’s group
combustion characteristics of esters as model 2dditivity method [19].

biodiesel, as well as to compare the reactivityvieen |
methyl and ethyl esters, and the effect of the toub
bond on the autoignition of small esters.

|

]

|

2. Experimental | /
The ignition delay timet is an important chemici > E

kinetic characteristic of combustion compoundsthis ~. !

study, experiments were performed in reflected kt & L/’ k

tube setup which was reported in detail elsewhdr®],( (,9)’ PR

a

[16], [17]) and only a brief description is giverrh. Reflected |
Autoignition delay times have been measured in shock |
stainless steel shock tube; the reaction and thesrdr ! \,\

parts were respectively 400.6 and 90 cm in lengith a ‘ T ) )
7.8 and 12.82 cm in diameter and were separatégdy P/ Mo ] w’\w‘\
terphane diaphragms. These diaphragms were ruptured [~ 77
by suddenly decreasing the pressure in the space Time, s

separating them, that allowed us to keep the same o o ) )
pressure (5.3 bar) in the high pressure part for 4rig.1. Dgte_rmmghon of_ the ignition delay time ngi
experiments. The driver gas was helium. The indide@H* emission diagnostic and pressure traces from an
and reflected shock velocities were measured by fo§XPeriment atb=0.25 and mixture of 1% MC, 6%;0
piezo-electric pressure transducers located aldreg tand 93% Ar.

reaction section. By using the same notations s, Taple 1

and 17], the pressure; Bnd temperaturesTof the test  Methyl and ethyl esters included in this study

gas behind the reflected shock wave were deriveh fr.
the values of the initial pressure in the low puess Species Formula Structure
section (ranging from 10 to 40 kPa) and of thedant  Methyl Crotonate _ _
shock velocity by using ideal one-dimensional shock  (MC) CHgOz  CHCH=CH(C=0)OCH
equations. The error on the temperature was affblt 2 Methyl Acrylate |\ CH,=CH(C=0)OCH

The onset of ignition was detected by OH* radicalEth (Ihgﬁ(t:zgnoate
emission at 306 nm through a quartz window with a y(EB) CgH120, CH;CH,CH,(C=0)OCHCH;

hotomultiplier fitted with a monochromator at teed
P " Ethyl Crotonate ¢ 110,  CH.CH=CH(C=0)OCHCH,

of the reaction part (the window was located atrfi of (EC)
the end-plate of the tube). The quartz window WasEthy:Eﬁtgwate CeHeO, CH,=CH(C=0)OCHCH;
located at the same place along the axis of the as (EAC)



Table 2

Mixture compositions, shock conditions, and igmitaelay times

Test gas composition

Fuel @ Ps (atm) Ts (K) T (us)
X(%)  XO,(%) Xa (%)
0.25 0.5 12 87.5 7.2-8.35 1346-1510 7.33-90.8
MC 1 0.5 3 96.5 7.6-9 1453-1593 18.32-91.12
1 1 6 93 7.85-8.82 1305-1582 17.34-348
2 0.5 1.5 98 7.14-8.48 1476-1800 10.96-178.8
0.25 0.5 9 90.5 7.6-8.74 1388-1521 4.05-46.3
MAC 1 0.5 2.25 97.25 7-8.27 1434-1624 7.14-75.4
1 1 4.5 94.5 7.26-9.62 1341-1510 10.25-205
2 0.5 1.125 98.38 7.31-8.58 1485-1765 16.9-95
0.25 0.5 16 83.5 7.75-8.8 1280-1454 4.2-188.6
1 0.42 3.33 96.25 7.65-9.22 1307-1740 5.5-1485
EB 1 0.5 4 95.5 7.75-8.5 1385-1635 2.3-112
1 1 8 91 7.8-9.15 1296-1474 10.95-321.5
2 0.5 2 97.5 7-8.55 1532-1922 3.5-88.5
0.25 0.5 16 83.5 7.5-8.95 1357-1627 6.4-62.9
1 0.42 3.13 96.45 6.7-8.6 1411-1817 4.8-176.5
EC 1 0.5 3.75 95.75 7.5-8.5 1350-1653 22-242
1 1 7.5 91.5 7.8-9.33 1284-1524 4.7-138
2 0.5 1.875 97.63 7.24-8.4 1402-1885 12.23-240
0.25 0.5 12 87.5 7.75-9 1347-1517 4.2-19.6
1 0.4 2.4 97.2 7.6-8.97 1404-1835 4.37-86.2
EAC 1 0.5 3 96.5 7.74-9.2 1389-1688 7.45-45.84
1 1 6 93 7.75-9.33 1328-1575 5.22-96.7
2 0.5 15 98 7.42-8.46 1509-1833 4-55.4

Note: All mixture composition data are provided on alenoeasis. The equivalence rafi@® ) is calculated based on
the C-O molar ratios of the experimental and sioitietric conditions. Pand Ts are the pressure and temperature
immediately behind the reflected shock wawvis the ignition delay time.

3. Results and Discussion

3.1. Ignition times

In this work, ignition timest were measured from
shock tube experiments using Okadical emission at
306 nm over a wide range of temperatures, pressur
fuel concentrations, and equivalence ratios as stlaw
Table 2. Figs. 2 to 6 display the evolutiontofs a
function of the temperature inverse for each esisr
can be seen, increasing the temperature and ttgeoxy
molar fraction, with a constant ester molar fractio
(0.5%), involve shorter. This is understandable since
the increase of oxygen concentration can lead to
significant increase in the concentration of O &id
radicals under lean conditions. The experimentah da
also show that thet decreases as the ester:
concentration increases from 0.4% £1.0) to 1.0%
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(® =1.0). The same general trends have been found tfnperature behind reflected shock tube. Symbais ar
many hydrocarbon and esters ignition delay timexperimental data. Solid line represents igniti@tag

measurements [10].

times calculated from correlation.
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3.2. Ignition times correlation equation which present a statistical goodness of fit, drvRlue,
From a regression analysis of all the present dat@,99.
ignition times were found to scale with tempera,ture:l_able 3

oxygen, and fuel concentrations, this power Ila . i .
dependence has been applied to present the Var.mctio\%ummary of correlations found by fitting experirant

. _ b
ignition time as an empirical Arrhenius type coatein: data using the form = Aexp(-E/RT )[esterl[{O;]

T = Aexp(-E/RT )[esterf[O,]° (see table 3). The Ester Parameters

temperature and pressure ranges of the different A E a b
experiments, and measuredare shown in Table 2.

Similar values of the activation energy for the M@d Me 3.198-21 5125 0.01 137
EC as for MAC and EB were found, ranging from - MAC 9.22E-28 69.48 -0.47 -1.36
51.25 to -69.48 K cal/mol. However, that of EAC hasEB 2.26E-26 65.80 -0.04 -1.76
different order of magnitude compared to the othersgc 1.96E-28 54.89 0.79 15
Besides, equations derived for this study show that — _, . 4.98E-17 37.98 0.26 104

MC and EAC power dependence coefficients (a) are : . —
positive while those of MAC, EB, and EC are negativNote: Concentrations ([ ]) are in mol/émt is in
and the @ power dependence coefficients (b) aré€conds, the activation energy (E) is in Kcal/maokl R
negative. A plot such as this can be seen in Rigs.6 is the universal gas constant.




3.3. Comparison between esters

The comparisons between esters are plotted in Fi¢
7 to 9. Ignition delay times for a saturated etbgter
(EB) are compared with an unsaturated ethyl e&€) (
at stoichiometric mixture of 0.5% fuel (see Fig. M)is
seen that EB ignites faster than EC. This diffeeeimc
reactivity can be attributed to the effect of theuble
bond B-position of the ester function which gives more
stability to ignite for the conjugated and unsatieda
esters than those saturated ones. However, Sattdy
[13] have studied oxidation of MC and MB in
comparative investigation in an opposed flow diffas
flames and in jet stirred reactor. Their experiraeni
results indicate that both fuels have similar redgt
Furthermore, as shown in Fig. 8, the unsaturatets fu
MC and EC are compared fd» =1 and at the same
molar fraction of carbon atom (2.5%). It was fouhdt
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both fuels have similar reactivity. By contrasteth Fig- 7. Effect of unsaturation on ignition delayés:

reactivity comparison between MAC and EAC (see Fiqc.

omparison between EB and EC ignition delay times

9) under shock tube conditions ®f=1 and at the same 10F Stoichiometric mixtured=1) and 0.5% of fuels.

molar fraction of carbon atom (2%), shows that th
behavior of each fuel varies slightly dependingtba

temperature domain: at higher temperatures, grea
than 1500 K, MAC is more reactive than EAC.
However, at lower temperatures, below 1500 K, EA(
ignites faster than MAC. Nevertheless, Metcalfeaket

[10] have published comparative investigation oa th
oxidation of two saturated esters, MB and EP inckho
tube at 1 and 4 atm, and over the temperature ran
1100-1670 K. It was found that EP is faster to tigni
than MB. This phenomenon is due to the six-centere
unimolecular decomposition of EP into ethylene an
propanoic acid. Consequently, the reactivity ofsthe
two products is responsible for the faster ignitigriEP.

Recently, Walton et al. [2Qberformed ignition of MB

and EP using a rapid compression facility over th
temperature range 935-1117 K, at pressure of 4.6-1¢
atm, and over equivalence ratios ®f=0.3-0.4. They
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Fig. 8. Comparison between MC and EC ignition delay

also found that that EP ignites more rapidly thaB.M ;
imes at equal molar fraction of carbon atom (2.5%)

This reactivity has explained by faster unimoleculal
decomposition of EP leading to the formation o~
ethylene and propanoic acid as showing by the wofks
Schwartz et al. [21] and Metcalfe et al. [10].

1000 7
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3.4. Comparison with chemical kinetic model

The detailed chemical kinetic mechanisms oxidatio .. 100+
for the esters investigated is currently unde ]
development by using EXGAS [23], a computel
package developed to perform the automatic geoerati
of detailed kinetics models for the gas-phase didda
A small portion of this study has been devotedh® t
comparison of the experimental data against exgstir
chemical kinetics models. Therefore, the comparisc
was only made to the chemical kinetic model ofli@
ester which consists of 1516 elementary reactioms a
301 species proposed early by Galil et al. [14].ifThe
model has been validated at atmospheric pressute an

temperature range below 1300 K under jet stirreBlig. 9. Comparison between MAC and EAC ignition
reactor and counterflow flame. Simulations havenbealelay times at equal molar fraction of carbon atom
achieved using the SENKIN software package af2%).

CHEMKIN 11 [24]. In general, as we can see in Fi§.1
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the mechanism shows a good agreement with measuféfl M.S. Graboski, R.L. McCormick, Prog. Energy
ignition delay times of stoichiometriah£1l) and rich Combust. Sci. 24 (1998) 125-164.

(¢=2) mixtures at 0.5 % fuel. However, it overpreslict[6] E.M. Fisher, W.J. Pitz, H.J. Curran, C.K.
the experimental data of lean mixtur@=0.25) by a Westbrook, Proc. Combust. Inst. 28 (2000) 1579-1586

factor of 2-3. [71 A.J. Marchese, M. Angioletti, F.L. Dryer, Proc.
10007 Combust. Inst. 30 (2004), Work-inprogress postet-1F
il 0 ©=0.25 — — Model 03.
¢ @1 —— Model [8] L.K. Huynh, A. Violi, J. Org. Chem. 73 (2008%9
Ao ®=2 —— Model 101.
[9] S. Gail, M. Thomson, S.M. Sarathy, S.A. Syed, P
51007 Dagaut, P. Diévart, A.J. Marchese, F.L.Dryer, Proc.
o Combust. Inst. 31 (2007) 305-311.
= [10] W. K. Metcalfe, S. Dooley, H. J. Curran, J. M.
s s Simmie, A. M. El-Nahas, M. V. Navarro, J. Phys.
104 A Chem. A 111 (2007) 4001-4014
2 ] [11] S. Dooley, H.J. Curran, J.M. Simmie, Combust.
E Flame 153 (2008) 2-32.
[12] A. Farooq, D.F. Davidson, R.K. Hanson, L.K.
Huynh, A. Violi, Proc. Combust. Inst. 32 (2009) 247
1 253.
0.5 0.55 0.6 0.65 0.7 0.75 08 [13] S.M. Sarathy, S. Galil, S.A. Syed,M.J. Thoms®en,
100017 (K) Dagaut, Proc. Combust. Inst. 31 (2007) 1015-1022.

Fig. 10. Comparion of modeling and measured ignitio[14] S. Gail, S.M. Sarathy, M.J. Thomson, P. DiévBr
delay times of MC, for mixtures at%=0.5% and Dagaut, Combust. Flame 155 (2008) 635-650.
different equivalence ratio. Symbols are experiment[15] R. Fournet, J.C. Baugé, F. Battin-Leclerc,. Int

data. Lines are modeling data. J.Chem. Kinet. 31 (1999) 361-379.
[16] N. Belmekki, P.A. Glaude, I. Da Costa, R. Ruefr
4. Conclusions F. Battin-Leclerc, Int. J. Chem. Kinet. 34 (2002)21

An ignition time database for small esters ignitioril83.
has been generated at high temperatures and h{gi] B. Sirjean, F. Buda, H. Hakka, P.A. Glaude, R.
pressure from shock tube experiments using optickburnet, V. Warth, F. Battin-Leclerc, M. Ruiz-Lopez
diagnostic from excited OH* emission at 306 nm. FoProc. Combust. Inst. 31 (2007) 277-284.
each fuel a global correlation for ignition deldgpneé [18] C. Muller, V. Michel, G. Scacchi, G.M. Céme, J
applicable over a wide experimental range has beé&im. Phys. 92 (1995) 1154-1177.
proposed. The detailed chemical kinetic mechanisnf$9] S.W. Benson, Thermochemical Kinetics, second
oxidation for the esters investigated here is aulye ed.John Wiley and Sons, Inc.New York, 1976.
under development by using EXGAS. Furthermorg20] S.M. Walton, M.S. Wooldridge, C.K. Westbrook,
methyl crotonate oxidation under shock tube coodgi Proc. Combust. Inst. 32 (2009) 255-262.
was modeled using a detailed kinetic reactiof?l] W.R. Schwartz, C.S. McEnally, L.D. Pfefferla,
mechanism (301 species and 1516 elementary reagtioRhys. Chem. A 110 (2006) 6643-6648.
proposed recently. Overall, acceptable agreemeats wW22] W.K. Metcalfe, C. Togbé, P. Dagaut, H.J. Carra
obtained between experimental data and th&M. Simmie, Combust. Flame 156 (2009) 250-260.
computations for stoichiometric and rich mixtures a[23] S. Touchard, R. Fournet, P.A. Glaude, V. Wakh
0.5% of ester, the lean mixtur$=0.25) showed some Battin-Leclerc, G. Vanhove, M. Ribaucour, R. Minett
disagreement. This new experimental data presaéntedProc. Combust. Inst. 30 (2005) 1073-1081.
this study provide critical kinetic targets to avate [24] R.J. Kee, F.M. Rupley, J.A. Miller, Sandia
model performance, and should prove useful fdraboratories Report, SAND 89-8009B, 1993.
researchers engaged in kinetic model development of
biodiesel oxidation.
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