
Available online at www.sciencedirect.com 

Proceedings of the Combustion Institute 36 (2017) 543–551 
www.elsevier.com/locate/proci 

Contributions to improving small ester combustion 

chemistry: Theory, model and experiments 

Daniel Felsmann 

a , 1 , Hao Zhao 

b , 1 , Qiang Wang 

b , Isabelle Graf a , 
Ting Tan 

b , Xueliang Yang 

b , Emily A. Carter b , Yiguang Ju 

b , 
Katharina Kohse-Höinghaus 

a , ∗

a Department of Chemistry, Bielefeld University, Universitätsstraße 25, D-33615 Bielefeld, Germany 
b Department of Mechanical and Aerospace Engineering, Princeton University, Princeton, NJ 08544, USA 

Received 26 November 2015; accepted 25 May 2016 
Available online 11 June 2016 

Abstract 

Biodiesel combustion models demand detailed understanding of the reactions undertaken by the ester 
functional group in the molecule. Investigations of the chemistry of small methyl esters can contribute to this 
goal. We have thus chosen methyl propanonate (MP) as a representative ester molecule in a study combining 
theory, model, and experiments. As an advantage, its reactions are also amenable to high-level theoretical 
calculations. Based on recent theoretical calculations (Tan et al., 2015), a new kinetics model for small es- 
ter combustion was developed and validated. New experimental results were obtained here in an extensive 
range of conditions, including full speciation in laminar low-pressure flames at two different stoichiome- 
tries ( φ = 0.8 and 1.5) using electron ionization (EI) molecular-beam mass spectrometry (MBMS) and flame 
speed measurements in a spherical confined chamber (1–6 atm). Comparison of the experimental data to the 
present model shows overall improved performance. Some specific new reaction pathways to form methanol, 
methylketene, methyl acetate, and acetic acid from the fuel radicals were identified and will permit more 
detailed insights into the combustion properties of methyl propanoate. 
© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Biofuels have received increasing attention
in the attempt to develop more sustainable
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transportation strategies because of their re- 
newable nature and perceived potential to reduce 
carbon dioxide and soot emissions [1,2] . The main 

biofuels used today are ethanol and biodiesel, 
and the combustion chemistry of biofuels has 
been the focus of recent research reviews [3,4] . 
Biodiesel commonly consists of a mixture of 
saturated and unsaturated long-chain ( ∼C 12 –C 22 ) 
mono-methyl- and -ethyl esters developed from 
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ransesterification of animal fats and plant oils
4,5] . Several previous investigations have focused
n long-chain esters [6,7] ; it was found that the
ster functional group affects the fuel oxidation
nd formaldehyde formation at low temperature.
herefore, detailed knowledge of the reaction
inetics of the methyl ester functional group re-
ains central to provide specific insight into the

hemistry distinctive to methyl esters. 
More profound knowledge about the reaction

inetics enabled by the ester functional group
resent also in the larger molecules in biodiesel
an be achieved by investigating methyl esters with
horter chains of C 1 –C 4 , namely methyl formate
MF), methyl acetate (MA), methyl propanoate
MP), and methyl butanoate (MB). The short side
hains of these small esters allow the investigation
f unique pathways to form CH 2 O and methanol
rising from the low bond dissociation energies of 
he C 

–C and C 

–O bonds next to the ester func-
ional group. Such knowledge needed to improve
he combustion kinetics for small ester molecules
an then be used also in mechanisms for the more
elevant larger esters in biodiesel. Extensive com-
ustion results for MF, MA, and MB have been
resented already in the literature [8–12] . Diffu-
ion flame extinction measurements [7] showed that

P has a different fuel reactivity from other small
ethyl esters. Unfortunately, kinetic studies for MP

emain scarce. Recently, the ignition of MP was
tudied using reflected shock waves [13] , and the
esults were compared with existing models de-
eloped from similarity rules of molecular struc-
ures. Moreover, laminar flame speeds of MP were
easured at atmospheric pressure [14] and MP

ow-pressure flame studies were also reported [15] .
ecently, a comparative pyrolysis study of methyl
nd ethyl propanoate included numerical simula-
ions and shock tube measurements at elevated
emperatures and 1.5 atm [16] . Furthermore, theo-
etical calculations were recently performed on the
-abstraction by OH [17] and H-abstraction reac-

ions at the methoxy group of methyl esters [18] .
ecent high-level quantum chemistry and kinet-

cs computations have addressed the decomposi-
ion and isomerization of MP radicals [19] ; also,
-abstractions from MP by H/O/OH/CH 3 /HO 2 

ave been calculated [20] . These newly calculated
eaction rates and their pressure dependences devi-
te significantly from those estimated from the sim-
larity rules. However, only a few measurements of 
pecies concentrations in flames and flame speeds
t elevated pressure are available. It is unclear how
he change in predicted reaction rates and pathways
ill affect MP oxidation in flames. 

In the present study, based on the knowledge
f high-level theoretical calculations of MP re-
ctions [19,20] , our goal is to obtain new mea-
urements of species distribution in low-pressure
ames and flame speeds at elevated pressure, and to
develop a new kinetics mechanism to gain de-
tailed insights into the reaction kinetics of MP.
Specifically, full speciation measurements of MP
oxidation at 40 mbar were made at two different
stoichiometries ( φ = 0.8 and 1.5) using low-
pressure flat flames. Flame speed measurements
were carried out at atmospheric and elevated pres-
sures up to 6 atm. A new MP mechanism then
was developed using the new rate constants for
unimolecular dissociation and isomerization kinet-
ics of MP radicals, as well as H-abstraction reac-
tions from MP by H/O/OH/CH 3 /HO 2 determined
by ab-initio calculations, incorporating our recent
methyl acetate mechanism [10] . To examine the
predictive capability of the model within a broad
range of conditions, the model was compared to
the new species and flame speed measurements in
this study as well as existing datasets in the litera-
ture [14,15,21] . 

2. Ab-initio reaction rate calculations and kinetics 
modeling 

Previously, we developed a successful methyl ac-
etate mechanism [10] using a combination of high-
level quantum chemistry, kinetics computations,
and experimental measurements. By contrast, the
few existing theoretical and experimental studies
of MP decomposition [21] and H-abstraction by
OH [17,22] and HO 2 [23] exhibit large discrepan-
cies between theory [17] and experiments [22] for
H-abstraction rates by OH and in species profiles
of MP pyrolysis [21] . 

Therefore, high-level ab-initio RRKM master-
equation calculations using the VARIFLEX code
[24] were performed to determine rate coefficients
for H-abstractions from MP by H, CH 3 , OH, HO 2 ,
and O [20] and for subsequent unimolecular reac-
tions of the three MP radicals produced from H-
abstraction [19] . The asymmetric Eckart approx-
imation was employed to account for quantum
tunneling in all kinetics calculations. Details of the
calculations are available in [19,20] . Figure S1 and
Table S1 schematically represent important reac-
tions included in this work, while Fig. S2 shows an
example that the use of reaction rates from simi-
larity rules can lead to inconsistent results. Specifi-
cally, rovibrational properties of all studied critical
points were determined at the DFT-M08-HX/cc-
pVTZ level of theory [25] . For the H-abstraction
reactions from MP, the stationary point energies
were then refined at the CCSD(T)/cc-pV X Z ( X =
D,T,Q) level [26] . The energy extrapolation [27] to
the complete basis set (CBS) limit using the en-
ergies with the cc-pVDZ, cc-pVTZ basis sets, re-
ferred to as CBS(D–T), are in good agreement
with the corresponding CBS limit using the cc-
pVTZ and cc-pVQZ bases (CBS(T–Q)) for the re-
actions MP + H/O/OH/CH 3 /HO 2 . For consistency
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with other methods used in [19] , the former CBS
extrapolation was used in the kinetics calculations
for all fiv e studied abstraction reaction systems.
Rate constants for MP H-abstraction by H, CH 3 ,
and O were obtained using (E, J)-resolved TST-
RRKM theory within the one-dimensional (1D)
separable-hindered-rotor approximation for all tor-
sions, where the rotational potential energy surface
(PES) for the low-frequency torsional mode was
obtained by a relaxed surface scan at the DFT-
M08-HX/cc-pVTZ level. For MP H-abstraction by
OH and HO 2 , the ring-like structures of transition
states suggest strong coupling between the internal
rotations, so the multi-structure all-structure (MS-
AS) method [28] was applied to predict partition
functions of both reactants and transition states
in MP + OH/HO 2 reaction systems. In the MS-AS
method, all distinguishable conformers were ex-
pected to contribute to the total partition func-
tion according to Boltzmann weighting, the struc-
tures and relative energies of which were obtained
using DFT-M08-HX/cc-pVTZ. The predicted par-
tition functions were then utilized to obtain rate
constants using canonical TST. Figure S3 depicts
the predicted total H-abstraction rate of MP by
OH compared to literature reports, which clearly
demonstrates the success of the current approach. 

Regarding unimolecular reactions for MP radi-
cals, the PES was obtained at the CCSD(T)/CBS(T-
Q)//DFT-M08-HX/cc-pVTZ level. Multi-well
multi-channel RRKM/master equation [29] calcu-
lations were employed to obtain temperature- and
pressure–dependent rate coefficients within the
1D separable-hindered-rotor approximation for all
torsions. The details for these calculations can be
found in [19] . 

With these newly predicted rates, a new MP
model was developed based on our previous stud-
ies on methyl acetate [10] and acetylene [30] (to in-
clude species beyond C 3 ). There was no attempt
to optimize the rates to fit any particular experi-
ments. The CHEMKIN software [31] was used in
numerical simulations. Multicomponent molecular
diffusion and Soret diffusion are included in the
simulation calculation. Normalized gradient and
curvature tolerances were set to 0.02 to obtain con-
verged solutions. 

3. Experimental methods 

3.1. Flame speed measurements 

Flame speed experiments were conducted at
Princeton University in a heated, high-pressure
constant-volume spherical chamber. The chamber
was housed in a temperature-controlled oven. Liq-
uid methyl propanoate was vaporized at 400 K
in a separated vaporizer before filling the spheri-
cal chamber through electrically heated lines. The
mixture compositions were prepared by using the
partial pressure method. The initial pressure was 
varied from 1 to 6 atm. For each case, the helium 

concentration was adjusted to control Lewis num- 
ber and flame temperature to prevent ignition dif- 
ficulty, excessive thermal expansion, cellular insta- 
bility, buoyancy effects, and extrapolation errors. 
Experimental conditions are shown in Table S2. 
The quiescent combustible mixture was centrally 
ignited. The unsteady flame propagation speed 

was quantified directly using high-speed Schlieren 

imaging at frame rate of 8000. Details of the ap- 
paratus, procedures of flame speed extraction, and 

experimental uncertainties are described elsewhere 
[32,33] . In brief, smoothed flame-radius vs. time- 
history data was collected in an automated flame- 
edge detection and circle-fitting program. The un- 
stretched flame speeds relative to the burned gas, 
Sb 0 , were calculated using the nonlinear extrapo- 
lation method by Chen [34] , and this extrapolated 

flame velocity can be converted to the un-stretched 

propagation speed relative to the unburned gas, 
Su 0 , using the calculated density ratio [31] . Uncer- 
tainties in the flame speeds were calculated from the 
root-mean-square sum of the uncertainties in the 
flame-radius measurement and initial conditions. 

3.2. Low-pressure flame experiments 

Low-pressure flame experiments were per- 
formed at Bielefeld University using an EI-MBMS 

instrument described earlier [35] . In short, laminar 
premixed MP flames were stabilized on a moveable 
water-cooled flat bronze burner with a matrix 
diameter of 65 mm. The liquid fuel was supplied 

by a syringe pump and evaporated at 400 K and 

600 mbar in the evaporation vessel, while gases 
were metered by calibrated mass-flow controllers 
using appropriate gas conversion factors. Two 

conditions with a cold gas velocity of 72.96 cm/s 
(at 333 K and 40 mbar) were chosen; a fuel-rich 

flame ( φ = 1.5; molar percentages of 11.5% MP/ 
38.5% O 2 / 50% Ar) and a fuel-lean flame ( φ = 0.8; 
6.9% MP/ 43.1% O 2 / 50% Ar). 

To determine quantitative species profiles, gas 
samples were extracted from the flame via a 
quartz nozzle (300 μm diameter, 25 ° opening an- 
gle) and further expanded into a first pumping 
stage ( ∼10 −4 mbar). The formed molecular beam 

was guided through a skimmer into the ionization 

region where molecules were ionized by a pulsed 

EI source; resulting ions were detected by a reflec- 
tron time-of-flight MBMS with a mass resolution 

of ∼4000. 
Quantification followed established routines 

and calibration procedures [35,36] . For major 
species mole fractions, the elemental balance 
of C, O, and H was taken into account re- 
sulting in an uncertainty of ∼20%. For inter- 
mediate species, direct calibration measurements 
were performed when possible with an associ- 
ated uncertainty of ∼30%. All other intermediate 
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Fig. 1. Laminar flame speed of mixtures of (a) MP/air at 1 atm, 400 K, and variable equivalence ratio; (b) MP/N 2 /O 2 /He 
at φ = 1.4; and (c) φ = 0.8 for elevated pressures. Symbols: experiment, lines: present model, dashed lines: DM [7] , dotted 
line: present model with DM [7] MP reactions. 
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uantifications rely on the relative-ionization-
ross-section method (RICS) [37] or convolution of 
iterature ionization cross sections with the known
nergy distribution of the ionizing electrons [35] ,
esulting in estimated uncertainties of factors 2–4. 

Flame temperature profiles (given in Fig. S6)
ere obtained from the pressure in the first pump-

ng stage following [38] and calibrated at a height
 = 20 mm in the exhaust by OH planar laser-
nduced fluorescence, excited in the (A 

2 �+ −X 

2 �,
-0) band in the range of 282.6–282.7 nm with a dye
aser pumped by a Nd:YAG laser. Detection was
erformed with a combination of a monochroma-
or and an intensified camera as described in [10] .
emperatures of 2167 K ( φ = 1.5) and 1890 K ( φ =
.8) at h = 20 mm resulted with an uncertainty of 
50 K. 

. Results and discussion 

.1. Flame speeds at elevated pressures 

Figure 1 shows the comparison of predicted and
easured flame speeds for MP/air mixtures at vari-

ble equivalence ratio and for MP/N 2 /O 2 /He mix-
ures at elevated pressures, respectively. It is ob-
erved that the present model predicts the flame
peed dependence on equivalence ratio and pres-
ure much better than the Diévart et al. [7] model
here abbreviated as DM), developed mainly from
he similarity rule, especially for mixtures in air and
or the rich condition ( Fig. 1 a and b). 

For MP/air combustion, the flame speed at
tmospheric pressure and 400 K reaches a maxi-
um of 56 cm/s near φ = 1.2. The overall trend

s well predicted by the present model within
 10%, while the DM model over-predicts the
ame speed in a broad range of equivalence ra-
ios. Using our new model and replacing the new
ub-mechanism for MP decomposition with the

P reactions of DM shows no significant change
n the prediction of the flame speed compared to
he original DM model. Therefore the improved
predictability of our model can clearly be at-
tributed to the high-level theoretical rate calcula-
tions of H-abstractions of MP and the subsequent
decomposition of MP radicals, which play an
essential role in MP consumption and interme-
diate species production. Figure 1 b and c show
that the MP flame speed decreases rapidly with an
increase of pressure. For the rich case ( Fig. 1 b),
the measured and predicted flame speeds agree
well. However, for the lean case ( Fig. 1 c) both
models significantly over-predict the flame speeds
at elevated pressure by 20–35%, which is much
larger than the experimental uncertainty ( ∼5%)
that arises from fuel concentration, flame insta-
bility, ignition kernel shape, and the extrapolation
method. Although the new model predicts the
flame speed slightly better than DM, both models
fail to capture the pressure dependence, demon-
strating that some uncertainties still remain for lean
combustion at elevated pressure. Specifically, at
higher pressure the uncertainty from the fuel con-
centration becomes smaller and no serious flame
instability was observed experimentally. Moreover,
at higher pressure the Markstein length decreases,
corresponding to lower uncertainty from flame
speed extrapolation. Therefore the difference be-
tween experiment and prediction at higher pressure
should mainly reflect the uncertainty of the model.

Sensitivity analyses were conducted for
rich and lean cases at 1 and 6 atm using the
present model (Fig. S4). The results show that
the flame speed is controlled by chemistry of 
small species at both conditions. The flame
speed at rich conditions is dominated by the two
competing reactions H + O 2 → O + OH (R 1 ) and
CH 3 + H( + M) → CH 4 ( + M) (R 2 ). R 1 is the major
branching reaction at high temperature, and R 2
is the main termination reaction at fuel-rich con-
ditions because of large mole fractions of CH 3
and H. With the small uncertainties of these two
reactions, the rich flame speed is well predicted
by both models. However, for the fuel-lean con-
dition, with larger O 2 and OH concentrations,
the termination reaction H + O 2 ( + M) → HO 2 ( + M)
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Fig. 2. Major species mole fractions in the fuel-rich MP 

flame and the measured temperature profile (dotted line, 
right axis). Symbols: experiment, lines: present model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(R 3 ) tends to be more important than R 2 . The
sensitivity analysis shows that the competing reac-
tions R 1 and R 3 as well as CO + OH �CO 2 + H
dominate the flame speed. Furthermore,
the competing pairs HCO + O 2 → CO + HO 2
(R 4 ) and HCO( + M) → H + CO( + M) (R 5 ) as
well as CH 3 + H( + M) → CH 4 ( + M) (R 2 ) and
CH 3 + HO 2 → CH 3 O + OH (R 6 ) also affect the
flame speed. R 4 and R 5 , recently investigated by
Santner et al. [39] , have relatively higher uncertain-
ties which may cause the discrepancies in the lean
case. Note that the change of MP decomposition
rates has only small effect on the predicted flame
speeds in the sensitivity analysis, implying that the
current model may still have uncertainties in small
species reactions such as C 3 H 5 O and C 2 H 3 O 2 after
MP radical decomposition at elevated pressure. 

4.2. Combustion chemistry of MP in flat 
low-pressure flames 

The current model was also tested for specia-
tion under low-pressure conditions, using premixed
flames of MP at φ = 1.5 and 0.8, and compared
to the widely recognized models of Diévart et al.
[7] , DM, and Yang et al. [15] (here abbreviated as
YM). Only the fuel-rich case is shown here; the
fuel-lean flame data are presented in the Supple-
mental material (Figs. S7–S11) along with a table
of all quantified species including their calibration
method, electron energy, and literature ionization
threshold (Table S3). 

Figure 2 shows the main species (MP, O 2 , Ar,
CO, CO 2 , H 2 and H 2 O) mole fraction profiles along
with the predictions from the present model, cal-
culated with the given temperature profile as a
function of the height above the burner, h . Most
species profiles and their burnt gas values are rea-
sonably well predicted with some noted discrepan-
cies ( ∼2%) for H 2 O and CO 2 that can potentially
be attributed to the neglect of OH ( ∼2% mole frac- 
tion) in the main species evaluation or the uncer- 
tainty in the temperature. 

Figure 3 shows the reaction path flux for MP ox- 
idation for φ = 1.5 at h = 2.5 mm corresponding to 

a temperature of 1370 K where most intermediates 
show their maximum mole fractions. 

MP is mainly consumed by H-abstractions 
from H, OH, and O, leading to three differ- 
ent radicals: CH 2 OCOC 2 H 5 , CH 3 OCOCHCH 3 , 
and CH 3 OCOCH 2 CH 2 (25.2%, 33.2%, and 

35.9%); 14.4% of CH 3 OCOCHCH 3 isomerizes to 

CH 2 OCOC 2 H 5 . 
The three fuel radicals decompose mainly by 

β-scission to CH 2 O + C 2 H 5 CO (44.0% of the fuel) 
and C 2 H 4 + CH 3 OCO (42.1% of the fuel), and in- 
deed, the highest mole fractions produced in the 
flame were detected for CH 2 O and C 2 H 4 (8.0 ×10 −3 

and 1.8 ×10 −2 ). Figure 4 (a–d) accordingly shows 
the mole fraction profiles of CH 2 O, C 3 H 5 O, C 2 H 4 , 
and C 2 H 3 O 2 along with the modeling results; note 
that the EI-MBMS detection doesn’t permit us to 

identify the structures of C 3 H 5 O, and C 2 H 3 O 2 . 
The comparison demonstrates the excellent pre- 

dictive capability of the present model for these 
species. The predicted mole fractions of the pri- 
mary stable species CH 2 O and C 2 H 4 ( Fig. 4 a and 

c) are in very good agreement with the measure- 
ments, better than the other two literature mod- 
els. Regarding the corresponding radicals from the 
first β-scission reactions, C 3 H 5 O and C 2 H 3 O 2 ( Fig. 
4 b and d), these exist at much lower concentra- 
tions due to their high reactivity, and their quan- 
tification is only achieved within a factor of 2–
4. C 3 H 5 O ( Fig. 4 b) is severely under-predicted by 
all models (by ∼20 × for the present model and 

YM and ∼45 × for DM); note also the interest- 
ing shape. In the present model, both possible iso- 
mers CH 3 COCH 2 and C 2 H 5 CO are represented, 
enabling better reproduction of the experimental 
profile shape. C 2 H 3 O 2 ( Fig. 4 d) decomposes to 

CO 2 + CH 3 very fast; it is not included in the model 
of Diévart et al. [7] and severely under-predicted 

(by ∼10 3 ×) by Yang et al. [15] , while the present 
model shows an appreciable performance predict- 
ing it as CH 3 OCO. 

Figure 4 e provides the mole fraction for 
methanol CH 3 OH (maximum 8.6 ×10 −4 ), best pre- 
dicted by the present model, while DM and 

YM under-predict the mole fraction by factors 
of ∼2 and ∼8, respectively, a considerable de- 
viation for a stable species. Methanol, together 
with methylketene, is identified to be a product 
from the fuel radical CH 3 OCOCHCH 3 via the H- 
association reaction CH 3 OCOCHCH 3 + H which 

leads to the highly vibrationally excited species 
CH 3 OCOCH 2 CH 3 

∗ that decomposes very quickly 
to CH 3 OH + CH 3 CHCO, in analogy to our recent 
findings for MA [10] . In the schematic diagram in 

Fig. S1b, this reaction sequence is labeled as D. 
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Fig. 3. Reaction pathway analysis at 90% fuel consumption showing the net carbon flux for reactants, main intermediates, 
and products at φ = 1.5, h = 2.5 mm, T = 1370 K. 
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his new pathway, not included in the other mech-
nism, results from the pressure–dependent nature
f the association reaction between H and MP rad-

cals and enhances the prediction quality consider-
bly. This reaction sequence is a unique feature in
he combustion behavior of MP, since it produces
ore methanol than the common CH 3 + OH �
H 3 OH. 

Figure 4 f presents C 3 H 4 O, assumed to be
ethylketene and quantified accordingly, as the

econd product of the aforementioned reaction.
he experimental mole fraction of 2.7 ×10 −4 is
ell reproduced by the present model, while DM
ver-predicts by a factor of ∼10 and YM under-
redicts by a similar amount. The substantially
improved performance of the present model is en-
couraging and demonstrates the value of the up-
dated rate constants for MP-related reactions. 

Further important species in the combustion
of MP are CH 3 and C 2 H 5 , which are produced
by C 

–O bond scission of C 3 H 5 O and C 2 H 3 O 2 .
CH 3 then further reacts by radical recombination
to CH 4 ( ∼9 %) and by recombination to C 2 H 6
( ∼64 %). Reactions of C 2 H 5 lead to the formation
of C 2 H 2 by consecutive H-abstractions and by H-
abstraction and O-addition to ketene (C 2 H 2 O) via
C 2 H 3 and CH 2 CHO. The results for these species
are presented in Fig. 5. 

The predictions with the present model show a
very good performance, much improved over the
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Fig. 4. Mole fraction profiles of first decomposition products for the fuel-rich case. Symbols: experiment, thick lines: 
present model, thin lines: DM [7] , dotted lines: YM [15] . 

Fig. 5. Mole fraction profiles of CH 3 , C 2 H 5 , CH 4 , C 2 H 6 , C 2 H 2 , and C 2 H 2 O for the fuel-rich flame. Symbols: experiment, 
thick lines: present model, thin lines: DM [7] , dotted lines: YM [15] . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

two literature models, for all species displayed in
Fig. 5 except for C 2 H 6 with a deviation of less than
a factor of 2. 

The specific structure of the ester functional
group includes two oxygen atoms and there-
fore an increased tendency to build doubly-
oxygenated species even in high-temperature con-
ditions is expected. Indeed, species at masses cor-
responding to C 3 H 6 O 2 and C 2 H 4 O 2 , most likely
methyl acetate (CH 3 COOCH 3 ) and acetic acid
(CH 3 COOH), have been detected in the exper-
iments. A flux analysis with the present model
shows a direct pathway from the fuel radi-
cal, H + CH 3 OCOCHCH 3 → CH 3 + CH 2 COOCH 3
( ∼13 %). CH 2 COOCH 3 then reacts to form methyl
acetate by H-addition – a termination by combi- 
nation –, or isomerizes to CH 3 COOCH 2 ; the lat- 
ter was recently found [10] to produce acetic acid 

by radical association with CH 3 , O, H, or OH and 

subsequent dissociation even in flame conditions. 
Figure 6 presents the measured mole fraction pro- 
files of these two species (quantified as methyl ac- 
etate and acetic acid). 

The present model satisfactorily predicts these 
profiles (within a factor of ∼2 for C 3 H 6 O 2 and ∼1.5 
for C 2 H 4 O 2 ), while they are significantly under- 
predicted by the two literature models. 

Overall, the current model is able to predict 
the majority of species that result from the ini- 
tial MP radicals in very good agreement with the 
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Fig. 6. Mole fraction profiles of C 3 H 6 O 2 and C 2 H 4 O 2 ; 
symbols: experiment, thick lines: present model, thin 
lines: DM [7] , dotted lines: YM [15] . 
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xperiments. Further validation for the perfor-
ance of this new model is given in the Supplemen-

al Material, where it is used to simulate the previ-
us flame measurements by Yang et al. [15] (Figs.
12 and S13) and compared to pyrolysis data mea-
ured and modeled by Zhao et al. [21] (Fig. S14). 

. Conclusions 

In this work, detailed insight into the com-
ustion chemistry of MP has been provided us-

ng a combination of experimental and theoret-
cal kinetics studies that cover a wide range of 
onditions in terms of stoichiometry and pres-
ure. In low-pressure premixed flames at two dif-
erent stoichiometries, 35 species were quantified,
roviding an extensive dataset for a critical ex-
mination. As a complement, flame speed mea-
urements were provided at atmospheric and ele-
ated pressures at both lean and rich conditions.
he experimental results were used to develop a
ew MP model, based on a previously reported
odel for MA and extended by recently calcu-

ated rate constants for MP radical decomposition
nd MP H-abstraction. The performance of this
ew model in comparison with the experimental
ata demonstrated advanced prediction capability
ver the complete experimental range in contrast
o other/previous MP models. Especially the iden-
ification of new reaction pathways led to a sub-
tantial improvement compared to previous mod-
ls not containing these pathways. These include
he formation of methanol and methylketene due
o H-addition to the CH 3 OCOCHCH 3 radical and
onsecutive disproportionation as well as forma-
ion of higher oxygenated intermediate species such
s methyl acetate and acetic acid. 
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