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Effect of ethanol (EtOH) addition to unburnt gas mixture on the species pool in a fuel-rich flat, premixed,
laminar ethylene flame at atmospheric pressure is studied experimentally and by chemical kinetic mod-
eling. Mole fraction profiles as a function of height above burner of various stable and labile species
including reactants, major products and intermediates (C1–C4 hydrocarbons) are measured using molec-
ular beam mass spectrometry with electron ionization in C2H4/O2/Ar and C2H4/EtOH/O2/Ar flames. The
experimental profiles are compared with those calculated using three different chemical kinetic mecha-
nisms. Performances and deficiencies of the mechanisms are discussed. An analysis of the mechanisms is
carried out in order to identify the reason of the ethanol effect on the mole fraction of propargyl, the main
precursor of benzene. A modification of some mechanisms in order to improve their capability to predict
acetylene and diacetylene mole fraction profiles is proposed.

� 2012 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

Recent extensive studies of the combustion chemistry of oxy-
genates have been motivated by the ability of these compounds
to decrease concentrations of various toxic species such as CO,
NOx, and soot in combustion products. This is of great practical sig-
nificance not only for environmental protection, but also for pro-
moting combustion in internal combustion engines, gas turbines,
furnaces, and other combustion devices. The study of the combus-
tion mechanism of oxygenates and their blends with hydrocarbons
is of particular importance for the development of novel biofuels
and their blends with conventional fossil fuels to meet the needs
of the transport and power industries. A comprehensive survey
of investigations of combustion chemistry for various oxygenated
fuels can be found elsewhere [1].

One of the most promising oxygenates for practical use is etha-
nol, which is currently produced on an industrial scale from bio-
mass. Using blends of petroleum-based fuels with biofuels, such
as ethanol, is commonly suggested with the aim to reduce carbon
dioxide emission from combustion of fossil fuels. However, when
ethanol is added to conventional fuels, an increase in concentra-
tions of carbonyl compounds in combustion products occurs under
ion Institute. Published by Elsevier
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certain conditions [2]. Therefore, the combustion chemistry of eth-
anol and its blends with other hydrocarbons is of particular inter-
est. Experimental data on spatial variations in concentrations of
various species in flames are a major source of information on
the chemistry and chemical kinetic mechanism of combustion for
a particular fuel. For this reason, considerable effort has been made
to elucidate the structure of premixed and diffusion flames of eth-
anol [3–6] and its blends [7–16] with various hydrocarbons.

Kohse-Höinghaus et al. [3] and Vandooren et al. [4,5] studied
the structure of premixed ethanol/oxygen/argon flames stabilized
on a flat burner at 50 mbar using electron-ionization molecular
beam mass spectrometry (EI-MBMS). Saxena and Williams [6]
measured spatial variations in concentrations of reactants, final
products, and some stable intermediates in partially premixed
and nonpremixed counterflow C2H5OH/O2/N2 flames at atmo-
spheric pressure using microprobe sampling and chromatography.

The effect of the addition of ethanol on the combustion of var-
ious hydrocarbons has been investigated by measuring concentra-
tions of various species in premixed flames of ethylene [7,8],
propylene [9,16], heptane [10,11], gasoline [12], and in diffusion
ethylene flames [13–15] with the addition of ethanol. Ethylene is
an important intermediate product formed in large amounts dur-
ing oxidation of heavy hydrocarbons. Thus, ethylene flame can be
used as a simplified model to study the combustion of conven-
tional hydrocarbon fuels. It is suggested that the trends revealed
in the analysis of the effect of ethanol addition on ethylene
Inc. All rights reserved.
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combustion will be true for other hydrocarbon fuels. In the above-
mentioned studies of ethylene/ethanol systems [7,8,13–15],
emphasis was primarily on the effect of ethanol on the formation
of soot and polyaromatic hydrocarbons (PAHs) that are soot
precursors.

In our earlier work [7], we discussed a contribution of recent
studies [8,13–15] to the understanding of ethanol effect on ethyl-
ene flames. Previously [7] we investigated the effect of ethanol
addition on the formation of precursors of PAHs and soot in low-
pressure (30 torr) premixed rich ethylene flames by studying the
structure of ethylene flames with and without ethanol using
molecular beam mass spectrometry with synchrotron VUV radia-
tion and computer modeling based on a detailed kinetic mecha-
nism. The mechanism was created by combining two
mechanisms from the literature: the mechanism of Frenklach
and coworkers [17,18] for ethylene combustion and the ethanol
oxidation mechanism proposed by Marinov [19]. The model was
shown to qualitatively describe the structure of the flames and cor-
rectly predict general trends in the effect of ethanol addition on the
mole fractions of intermediate products in the flame. The mole
fraction of benzene and propargyl radicals, the main PAH precur-
sors, was found to be lower in the flame with ethanol than in the
pure ethylene flame. Analysis of the main reaction pathways for
benzene formation in the flames with and without ethanol has
shown that when part of ethylene in the initial combustible mix-
ture is replaced with ethanol, the fraction of carbon forming soot
precursors decreases due to the existence of ethanol reaction path-
ways producing species that later do not yield PAHs and soot pre-
cursors. This conclusion is in agreement with those made by Wu
and coworkers [8].

This paper reports an extension of our previous work [7] to the
case of atmospheric pressure. Our goal was to study how the
replacement of part of ethylene with ethanol in an atmospheric-
pressure premixed fuel-rich ethylene/oxygen/argon flame would
influence the species pool in the flame. Due to the current interest
in the problem of soot reduction in combustion products, in the
present study, as in [7], we used fuel excess conditions and paid
particular attention to species that could be involved in the forma-
tion of soot precursors. Using EI-MBMS and numerical modeling,
we studied and compared the structure of two flat flames with
the same equivalence ratio u = 1.7: a pure ethylene flame and a
flame in which ethylene was partially replaced with ethanol. The
experimental results were compared with numerical results ob-
tained using three different detailed chemical kinetic mechanisms.
2. Experimental procedure

The flames were stabilized on a Botha–Spalding flat burner at
atmospheric pressure. The burner consisted of a perforated brass
disk 16 mm in diameter and 3 mm thick (diameter of holes
0.5 mm, hole separation 0.7 mm) placed in a brass housing with
a cooling jacket. The burner was filled with 3 mm diameter stain-
less steel balls to uniform flow speed at the burner surface and
to thoroughly heat the flow. The effective burner diameter was
16 mm, the same as that of the perforated disk. The cooling jacket
was thermostated by water at 90 �C. Inlet gas fluxes were set by
mass flow controllers (MKS Instruments Inc.). The ethanol flux
was introduced into the fresh mixture by passing of a flow of argon
through an EtOH-filled bubbler thermostated at 40 �C. In the pres-
ent work, two flames with the same equivalence ratio (u = 1.7)
were studied: an ethylene flame (C2H4/O2/Ar = 0.088/0.155/0.757)
and a flame with a 1:1 ratio of ethylene to ethanol (C2H4/
C2H5OH/O2/Ar = 0.044/0.044/0.155/0.757). In both flames, the flow
rate of the cold mixture, temperature of which was 293 K, was
maintained at 25.8 cm3/s.
Species mole fractions in the flame as a function of height above
the burner (HAB) were measured using the MBMS setup in Novo-
sibirsk, which is detailed in [20,21] and has been used previously
to measure atmospheric-pressure flame structures, see, e.g.,
[22,23]. The flame-burning area was sampled by a thin-walled
quartz cone nozzle with a 40� inner angle, a 0.08 mm orifice diam-
eter, and 0.08 mm wall thickness at the probe tip. The central part
of the supersonic jet was extracted by a stainless steel skimmer
and ionized in the ionization source of the mass spectrometer.
The MBMS setup was equipped with a MS-7302 quadrupole
mass-spectrometer with soft electron-impact ionization (spread
in ionization energies of ±0.25 eV, this corresponds to basis width
of the electron energy distribution function). Electron energies
were selected for each species analyzed in order to obtain a sig-
nal-to-noise ratio high enough, without interferences from frag-
mentation of other species. Energies of ionizing electrons for
most of the species were the same or close to those used by Bharg-
ava and Westmoreland in [24], who studied the structure of rich
ethylene/oxygen/argon flames stabilized on a flat burner at 20 torr.
The signal intensity at m/z = 39 (propargyl radical) was measured
at higher electron energy than that used in [24] (see Table 1). More
details are given in Section 4.

Mole fraction profiles were derived from intensity profiles using
the following procedure. All intensity profiles were normalized to
the argon profile to eliminate the dependence on the temperature
of the sample. Reactants (C2H4, C2H5OH, O2) were calibrated to
match the initial cold-flow mole fractions. Mole fractions of the
intermediate species were evaluated using a technique similar to
those used in our previous work [7] and by other authors [25].
Ion signal intensity (Ii) is related to the mole fraction of species i
(Xi) at temperature T and the setup sensitivity to this species (Si)
by the simple relation

Ii ¼ SiðTÞXi; ð1Þ

The sensitivity Si can be represented as

SiðTÞ ¼ AriðEÞDðmÞFðT; PÞN; ð2Þ

where A is a constant of proportionality; ri (E) is the ionization
cross-section for species i at electron energy E; D(m) is the mass dis-
crimination factor [26–28]; F(T,P) is an empirical function that re-
lates the molecular beam density to the flame pressure P and
local temperature T, N is the flux of ionizing electrons. The function
F(T,P) is determined by the geometric and gas-dynamic characteris-
tics of the sampling cone and skimmer and is the same for all spe-
cies in the probe. Eqs. (1) and (2) for species i and j lead to the
following relation:

Ii=Ij ¼ ½riðEiÞ=rjðEjÞ�½DðmiÞ=DðmjÞ�½Xi=Xj�; ð3Þ

Mole fraction of species i can be evaluated if the ion signals of
species i and j and the mole fraction of species j are known. Here,
species j is considered as a reference species with known mole
fraction, which is determined through direct calibration (reactants)
or C-, O- element balance (CO2, H2O). Ionization cross sections for
most of the species were taken from the NIST Electron Impact
Cross Section Database [29]. For species for which data were not
available in the NIST database, ionization cross sections were taken
from [30] or estimated by the method described in [31]. Mass dis-
crimination factors were determined experimentally using a num-
ber of multicomponent mixtures of known composition consisting
of gases with different molecular weights (the main component of
the mixtures was argon). These mixtures were preliminary heated
to 473 K to prevent clustering of argon in the molecular beam.
These experiments showed that the D(mi)/D(mj) ratio was very
close to unity under our experimental conditions.

The ratio of CO and CO2 mole fractions in the post-flame zone
was evaluated by Eq. (3). The individual mole fractions of CO and



Table 1
Species measured in the pure ethanol flame and in the ethylene/ethanol flame. IE: ionization energy (from [39]); r(E): electron ionization cross section (literature references are
given); RICS (relative ionization cross section): calibration using Eq. (3).

m/z Species Species name IE (eV) r (E) Energy of ionizing electrons (eV) Calibration method, comments

Westmoreland [24] Used in this work

2 H2 Hydrogen 15.43 [29] 17.2 18.0 RICS vs H2O
16 CH4 Methane 12.71 [29] 14.5 15.0 RICS vs H2O
18 H2O Water 12.62 [29] 15.05 15.0 O-element balance
26 C2H2 Acetylene 11.41 [29] 12.4 12.4 RICS vs C2H4

28 C2H4 Ethylene 10.53 [29] 12.2 13.0 Direct
28 CO Carbon monoxide 14.01 [29] 16.5 15.0 C-element balance
30 CH2O Formaldehyde 10.88 [29] 12.85 13.0 RICS vs O2, not separated
30 C2H6 Ethane 11.55 [29] –
32 O2 Oxygen 12.07 [29] 14.5 16.5 Direct
39 C3H3 Propargyl radical 8.68 [29] 9.9 12.0 RICS vs O2

40 C3H4 Allene 10.22 [29] 11.4 13.0 RICS vs O2, not separated
40 C3H4 Propyne 10.48 [29]
40 Ar Argon 15.76 - 18.0 16.3 -
42 C3H6 Propene 9.74 [29] 11.4 12.0 RICS vs O2, not separated
42 CH2CO Ketene 9.6 [31] –
44 CH3CHO Acetaldehyde 10.22 [31] 11.4 12.0 RICS vs C2H5OH
44 CO2 Carbon dioxide 13.80 [29] 16.0 16.0 C-element balance
46 C2H5OH Ethanol 10.5 [30] – 16.0 Direct
50 C4H2 Diacetylene 10.18 [29] 11.25 12.0 RICS vs CO2

54 C4H6 1,3-Butadiene 9.23 [29] 11.25 Direct
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CO2 in the post-flame zone were calculated by C atom balance and
were then used to determine mole fraction profiles of these spe-
cies. The H2O mole fraction in the post-flame zone and H2O mole
fraction profile were obtained by O atom balance. Mole fractions
of other species were evaluated using Eq. (3). The mole fraction
uncertainty for the flame reactants and major products (C2H4,
C2H5OH, O2, CO, CO2, H2O) was estimated to be ±15% of the maxi-
mum mole fraction values. For other species, mole fractions were
determined to within a factor of about 2.

The uncertainties indicated above are mainly due to calibration
errors. The effect of ethanol on the species mole fraction profiles
(that is the change in a mass peak intensity signal when the fuel
is changed from pure ethylene to ethylene/ethanol mixture) is
determined within the accuracy of measurement of mass peak
intensity. The measurement errors of mass peak intensities are
mainly statistical and are reduced in the experiments to minimum
by increasing (within reasonable limits) the measurement time
and the number of measurements of signal intensity for every
mass peak. The resulting uncertainty in determination of mass
peak signal intensity depends on many factors (background signal,
species mole fraction in the flame, setup sensitivity to a particular
species, etc.) and is different for various mass peaks, but for most
species, which we measured, this uncertainty is not higher than
10%.

Flames temperature profiles were measured by a Pt/Pt+10%Rh
thermocouple welded from wire 0.02 mm in diameter, covered
with a thin layer of SiO2 to prevent catalytic recombination of rad-
icals on the thermocouple surface. The resulting thermocouple had
a diameter of 0.05 mm and a shoulder length of about 3 mm, pro-
viding negligible heat losses to the cold ends. The construction of
the mounting unit for the thermocouple was described earlier
[20]. A correction for radiation heat loss was applied as described
elsewhere [32,33]. The temperature was measured with an accu-
racy of ±25 K.

The sampling probe inevitably induces gas-dynamic and ther-
mal perturbations in the flame. This probe effect was taken into ac-
count as described in [23]. Gas-dynamic perturbations were
accounted for by shifting the mole fraction profiles upstream by
the distance DZ � d

ffiffiffiffi
Q
SV

q
, where d is the diameter of the probe ori-

fice, Q is the volumetric flow rate through the orifice, S is the area
of the orifice, and V is the linear velocity of the flow riding onto the
probe [34]. The maximum shift corresponds to the position of the
probe near the burner and comprises about 0.5 mm (Q = 0.98 cm3/
s, V = 16 cm/s, S = 5.54 � 10�5 cm2, d = 0.08 mm). For consideration
of thermal perturbations, temperature profiles were measured
using the thermocouple positioned at 0.2 mm from the tip of the
probe. These temperature profiles were used as input data for com-
puter simulation of the flame structure.
3. Modeling

Numerical modeling was performed using the PREMIX code
from the CHEMKIN II package. Three different detailed chemical ki-
netic mechanisms were employed.

The first chemical kinetic mechanism (mechanism 1) was sim-
ilar to that used in [35] and in our previous work [7]. It consisted
of two parts: the base mechanism for hydrocarbon oxidation
developed by Frenklach and co-workers [17,18] and the ethanol
oxidation mechanism taken from Marinov [19]. The base mecha-
nism (Frenklach’s) includes pyrolysis and oxidation of C1 and C2

species, formation of heavy linear hydrocarbons up to C6 species,
formation of benzene and further reactions leading to pyrene,
and oxidation pathways of aromatic species. There are three ver-
sions of this mechanism available: for 90 torr, 1 bar, and 10 bar.
In the present kinetic study, we used the second version. However,
this mechanism does not include ethanol and the products and
reactions of its transformation, so they were taken from Marinov’s
mechanism. The reactions selected from the ethanol mechanism
were the initial reactions of the molecules themselves such as
hydrogen abstraction and unimolecular decomposition, along with
reactions of the resulting products that eventually produced spe-
cies present in the base mechanism. The thermodynamic data were
also combined to provide the required input data. The resultant
mechanism contained 121 species and 708 reactions, of which 20
species and 164 reactions were added from the ethanol mecha-
nism. This kinetic mechanism together with thermochemistry
and transport data files in Chemkin format is given in Supplemen-
tal material (mmc1). To ensure that the combined mechanism had
the same predicting ability for the pure ethylene flame as the base
mechanism, we simulated the ethylene flame structure using both
mechanism 1 and Frenklach’s mechanism. As a result, complete
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agreement was obtained between mole fraction profiles of various
species obtained with these mechanisms. We also tested mecha-
nism 1 and the original Marinov’s mechanism against earlier
experimental data obtained by Leplat et al. [5] for the structure
of a low pressure ethanol flame. The following results were ob-
tained: (a) Marinov’s mechanism reproduces quite satisfactorily
the experimental results, (b) mechanism 1 gives very close mole
fraction profiles to those obtained with the original Marinov’s
model (the differences between the calculated profiles using differ-
ent models are much less than the errors of the experiments). Fur-
thermore, we simulated, using these mechanisms, the structure of
a premixed atmospheric pressure ethanol flame (C2H5OH/O2/
Ar = 0.088/0.155/0.757, other flame conditions were the same as
described in Section 2) and also observed mole fraction profiles,
obtained with these mechanisms, to be in close agreement.

The second mechanism (mechanism 2) was combined similarly
to the first one with the only difference that the USC-Mech-II
mechanism developed by Wang et al. [36] was used as the base
mechanism. The resultant mechanism contained 116 species and
823 reactions, of which 5 species and 39 reactions were taken from
Marinov’s mechanism for ethanol oxidation. This kinetic mecha-
nism together with thermochemistry and transport data files in
Chemkin format is given in Supplemental material (mmc2). Mech-
anism 2 was found to give the same mole fraction profiles in the
pure ethylene flame as the base USC-Mech-II mechanism.

The third mechanism (mechanism 3) was the one proposed by
Konnov for combustion of small hydrocarbons [37]. This mecha-
nism involves the reactions of ethanol, so that it was used as re-
leased by the developer (without any modifications). It consists
of 1208 reactions involving 127 species.

To analyze the reaction pathways in flames, we investigated C-
element fluxes from species to species using the Kinalc code [38], a
post-processor of Premix output files.
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Fig. 1. Temperature profiles measured by the thermocouple positioned at 0.2 mm
from the tip of the sampling probe in pure ethylene flame and in the ethylene/
ethanol flame.
4. Results and discussion

Table 1 shows the species measured in the flames studied: reac-
tants (C2H4, O2, C2H5OH), major stable products (CO, CO2, H2, H2O),
and intermediate species (C1–C4 hydrocarbons). Also shown in this
table are their ionization energies, literature data on ionization
cross-sections, energies of ionizing electrons (used in this work
and those used by Bhargava and Westmoreland [24] for compari-
son), and the calibration method used. The set of species that we
expected to detect in the flames was determined from the results
of previous numerical simulations using mechanism 1. We selected
species that, according to the simulation data, have relatively high
mole fractions (not lower than 10 ppm). Unfortunately, we were
unable to measure with reasonable accuracy the signal intensities
at m/z = 15 (CH3), 17 (OH), 27(C2H3), 41 (C3H5), 52 (C4H4),
77(C6H5), and 78 (C6H6), despite the fact that to measure them,
we used energies of ionizing electrons even higher than those used
by Bhargava and Westmoreland [24]. Some of these species (CH3,
C3H5, C4H4, C6H6) were, however, measured successfully in low
pressure conditions [7]. We suppose that in the case of atmo-
spheric pressure conditions the reasons of the failure of the species
measurement could be as following: first, low signal to noise ratio
due to a high background signal at the corresponding m/z ratios,
and, second, the actual concentrations of these species are indeed
lower than the detection limit. Some masses correspond to species
that had very close ionization energies, in particular, m/z = 30
(formaldehyde CH2O and ethane C2H6), 40 (allene and propyne
having a common formula C3H4), and 42 (propene C3H6 and ketene
CH2CO). In our previous study [7], synchrotron VUV radiation with
high energy resolution was used for ionization, so we could sepa-
rate these species, however in this work we were unable to identify
these compounds separately due to fairly wide spread (specified
above) in electron energies. Experimental temperature and mole
fraction profiles for all detected species together with mole frac-
tion profiles calculated using mechanisms 1, 2, and 3 in both pure
ethylene and ethylene/ethanol flames are given in the tables in
Supplementary material (mmc3).
4.1. Temperature and major species

Temperature profiles of the flames measured near the sampling
probe at 0.2 mm from its tip are presented in Fig. 1. As can be seen
from the figure, replacing 50% of ethylene with ethanol does not re-
sult in a significant change in the temperature distribution. The
width of the flame zone remains much the same, about 1 mm.
The post-flame temperature in the ethylene flame us 1680 K, and
in the flame with ethanol, it is only 20 K higher. However, this
change is less than the uncertainty of the thermocouple measure-
ments. The fact that the temperature distribution in both flames is
practically the same facilitates comparison of mole fraction profiles
of species and hence the reaction kinetics in these flames because
in considering the processes in the flames at the same height above
the burner, one can neglect the temperature effect.

Measured and simulated mole fraction profiles of reactants
(C2H4, O2, C2H5OH) and major products (CO, CO2, H2, H2O) in both
flames (with and without ethanol) are shown in Fig. 2. Because the
calculations with the three chemical kinetic mechanisms give sim-
ilar mole fraction profiles for these species, Fig. 2 shows only the
profiles calculated with mechanism 1. As seen from Fig. 2, the
experimental and modeling results indicate that replacing 50% of
ethylene with ethanol in the fresh mixture leads to a change in
the composition of the final products, i.e., to an increase in the
mole fractions of CO2, H2O, and H2 and a decrease in the CO mole
fraction. The width of the flame zone, however, does not change
(this is also evident from the temperature profiles in Fig. 1). One
can conclude that reaction mechanism 1 (and other mechanisms)
well reproduces the mole fraction profiles of reactants, as well as
H2 and CO2 in these flames. Some disagreement can be observed
only for water and carbon monoxide, but it is within the measure-
ment error. In both flames, the mole fractions of CO measured in
the post-flame zone are about 15% higher than the calculated val-
ues. This is almost beyond the measurement error and can be ex-
plained by the fact that in the determination of the carbon



Height above burner, mm

M
ol

e 
fra

ct
io

n

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.180.18

C2H4

CO2

CO

Height above burner, mm
0 1 2 3 40 1 2 3 4

M
ol

e 
fra

ct
io

n

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

O2

H2

C2H5OH

H2O

Fig. 2. Mole fractions profiles of reactants and major products in pure ethylene and ethylene/ethanol flames. Symbols: experiment, lines: modeling using mechanism 1. Open
symbols and solid lines are for pure ethylene flame, filled symbols and dashed lines correspond to ethylene/ethanol flame.

1844 I.E. Gerasimov et al. / Combustion and Flame 159 (2012) 1840–1850
material balance in the post-flame zone, carbon-containing prod-
ucts other than CO and CO2 were not taken into account.
4.2. C1–C2 hydrocarbons and oxygenated species

Figure 3 shows mole fraction profiles of methane, acetylene,
and acetaldehyde and combined mole fractions of formaldehyde
and ethane in the ethylene and ethylene/ethanol flames. As can
be seen, the maximum mole fraction of these species in the flames
is about 0.1–0.8%.
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give good qualitative and quantitative predictions of the methane
mole fraction profile in the pure ethylene flame.

The experimental data show that in the flame with ethanol, the
maximum total mole fraction of formaldehyde and ethane is about
30% higher than that in the pure ethylene flame (upper right plot in
Fig. 3). As can be seen from Fig. 3, an increase in the maximum total
mole fraction of these species is also predicted by all the models
considered. The models demonstrate that in the ethylene/ethanol
flame, the maximum mole fraction of ethane is lower and the max-
imum mole fraction of formaldehyde is higher than in the pure
ethylene flame. In particular, according to mechanism 1, in passing
from the ethylene flame to ethylene/ethanol flame, the maximum
mole fraction of ethane decreases from 6.1 � 10�4 to 5.1 � 10�4

and that of formaldehyde increases from 1.55 � 10�3 to 2 � 10�3.
This implies that an increase in the total mole fraction of these spe-
cies in the ethylene/ethanol flame is due only to an increase in the
mole fraction of formaldehyde.

In the flames studied, one of the major intermediate C2 hydro-
carbons is acetylene. According to our experimental data (bottom
left plot in Fig. 3), its maximum mole fraction reaches 0.8% at about
1 mm from the burner surface in the pure ethylene flame. In the
ethylene/ethanol flame, this maximum is also at 1 mm, but its
magnitude is lower and reaches about 0.6%. The mole fraction of
acetylene in both flames decreases monotonically with distance
from the burner surface. All three mechanisms provide adequate
predictions of experimental profiles of acetylene mole fraction at
distances from the burner smaller than 1 mm. At a height of
1 mm or more, all mechanisms predict a monotonic decrease in
acetylene mole fraction, as is observed in the experiment. How-
ever, in this zone, mechanisms 1 and 2 predict a slow consumption
of acetylene: at 4 mm from the burner surface, its mole fraction in
both flames is only about 20% lower than the maximum one. Only
mechanism 3 (Konnov’s model) gives a decrease in the acetylene
mole fraction in this zone that is similar to that observed in the
experiment. Specifically, the results of both the experiment and
modeling with mechanism 3 indicate that in the ethylene flame
at 3.5 mm from the burner, the mole fraction of acetylene is
approximately four times lower than its maximum value.

The measurements and simulations with the three mechanisms
show that the mole fraction of acetaldehyde (bottom right plot in
Fig. 3) in the ethylene/ethanol flame is significantly higher than
that in the pure ethylene flame. This was to be expected because
acetaldehyde is one of the major products of ethanol oxidation.
The experimental data presented for acetaldehyde are probably
slightly overstated since propane (C3H8) can contribute to the sig-
nal intensity at m/z = 44. In addition, the modeling predicts its
mole fraction to be an order of magnitude lower than the mole
fraction of acetaldehyde. The occurrence of a signal in the zone
of about 1.0–2.5 mm from the burner surface is probably due to
a contribution from some other species.

Figure 4 presents mole fraction profiles of ketene and pro-
pene. In the ethylene/ethanol flame, the measured maximum to-
tal mole fraction of these species is lower than in the pure
ethylene flame. Simulations using all three mechanisms also
show a reduction in the maximum of the total mole fraction
of these species in passing from the ethylene flame to the ethyl-
ene/ethanol flame. However, as can be seen from the figure, the
mechanisms give different maximum total mole fractions of
these species. In particular, in the pure ethylene flame, it is
approximately 3.0 � 10�3, 0.7 � 10�3, and 1.5 � 10�3 for mecha-
nisms 1, 2 and 3, respectively. Since the total mole fraction of
these species is determined experimentally to within a factor
2, it is difficult to conclude which of the models is more appro-
priate for predicting the mole fraction. One can say that all the
models provide a qualitatively adequate description of the effect
of ethanol on the total mole fractions of these species.
4.3. C3–C4 hydrocarbon intermediates

The mole fraction profiles of C3H4 and C3H3 (propargyl) are pre-
sented in Fig. 5, and those of diacetylene (C4H2) in Fig. 6. Propene,
which was already discussed above, also belongs to this group of
species (C3–C4 hydrocarbons).

The signal intensity at m/z corresponding to C3H4 is contributed
mainly by allene and propyne; therefore, the experimental profiles
for C3H4 presented in Fig. 5 are profiles of the total mole fraction of
these species. The calculated profiles shown in this figure also cor-
respond to the sum of the mole fractions of these species. All three
models are seen to satisfactorily predict the mole fraction profiles
of C3H4 in both flames. Similarly to the experimental data, they
predict a reduction in the maximum mole fraction of C3H4 in the
ethylene/ethanol flame.

As we have mentioned in the Experimental Procedure section,
the profile of signal intensity at m/z = 39 corresponding to C3H3

was measured at a higher electron energy (12 eV) than those used
by other authors (for example, 9.9 eV [24], 9 eV [40]). For this rea-
son, we were not able to measure the signal intensity at m/z = 39
with an acceptable signal-to-noise ratio at energies lower than
12 eV. Since propargyl is a key species in rich flames as it takes part
in the formation of soot precursors, we sought to measure its mole
fraction. According to gas phase ion energetics data from the NIST
Standard Reference Database [39], the signal intensity at m/z = 39
(C3Hþ3 ) at an electron energy of 12 eV can also be contributed by
C3H4 and C4H6 (1,3-butadiene). However, from data of [41], during
photoionization at a photon energy of about 12 eV, the contribu-
tion to the C3Hþ3 ion signal from C3Hþ4 is less than 10%. If to assume
that for electron ionization this contribution is also not significant
(less than 10%), then the main contribution (except for propargyl)
is from 1,3-butadiene (m/z = 54). We measured the intensity pro-
file at m/z = 54 at an ionizing electrons’ energy of 12 eV in the pure
ethylene flame and performed direct calibration of our setup for
1,3-butadiene using a calibration mixture of 1,3-butadiene/argon.
This procedure allowed us to determine that the mole fraction of
1,3-butadiene in the flame is not higher than 50 ppm. This amount
of 1,3-butadiene contributes no more than 4% to the signal at m/
z = 39 in the flame. Fig. S1 in Supplemental material (mmc4) shows
an ionization efficiency curve for m/z = 39, which we measured in
the ethylene flame at a height above burner of 0.8 mm (this corre-
sponds to maximum of the signal at m/z = 39). This curve does not
have any indications of possible contribution to the signal at m/
z = 39 from fragmentation of other species. Therefore, under our
experimental conditions, the major contribution to the signal at
m/z = 39 is believed to be from propargyl.
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Fig. 7. The scheme of the main reaction pathways of propargyl formation in the
pure ethylene flame.
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The measurements showed that the mole fraction of propargyl
in both ethylene and ethylene/ethanol flames reached a maximum
in a zone of 0.7–1.2 mm from the burner surface. In addition, the
maximum mole fraction in the flame with ethanol was approxi-
mately half that in the pure ethylene flame. Although the simula-
tion using three different mechanisms give different maximum
mole fractions of propargyl in the flames, all the mechanisms pre-
dict that the maximum mole fraction of propargyl is lower (though
only slightly) in the ethylene/ethanol flame than in the ethylene
flame, as in the experiment. The experimental and numerical re-
sults are in agreement with our earlier experimental and numerical
data for fuel-rich, premixed ethylene and ethylene/ethanol flames
at low pressure [7], which also showed a reduction in the maxi-
mum mole fraction of propargyl when part of ethylene in the un-
burnt mixture was replaced with ethanol. Although we did not
measure concentrations of soot and of aromatic species in the pres-
ent work, the very fact that the addition of ethanol resulted in a
reduction in the C3H3 mole fraction suggests a slowing of forma-
tion of soot precursors under the given conditions.

Similarly to our previous findings [7] for low-pressure condi-
tions, at atmospheric pressure the experimental reduction of prop-
argyl maximum mole fraction as ethanol is added to unburnt
mixture is significantly higher than computational (about two
times in experiment vs 1.2 or less times in modeling with different
mechanisms). This indicates that the chemical kinetic models are
unable to predict quantitatively the effect of ethanol addition to
the flame of ethylene on C3H3 maximum mole fraction, while they
are well in qualitative predicting. The results of a recent study by
Frassoldati et al. [42] for propene and propene/ethanol fuel-rich
premixed flames at 40 mbar also show that, when 50% of propene
are replaced with ethanol, the experimental reduction of C3H3

mole fraction, which was measured using both EI-MBMS and
MBMS with vacuum-ultraviolet photoionization [16], is about
2.2–2.5 times. However, the calculations performed in [42] using
POLIMI mechanism [43] showed only �1.4 times reduction of
propargyl mole fraction. Therefore, the under-prediction of the
reduction of C3H3 mole fraction due to ethanol addition is a com-
mon deficiency of all the models discussed above. In this context,
the models have need of an improvement.

As in [7], in this work we analyzed the reaction pathways of
propargyl formation in both flames in order to ascertain the rea-
sons for the reduction in the maximum mole fraction of propargyl
under the given conditions. According to all three mechanisms
considered, the maximum of the rate of propargyl production
and its mole fraction are in the range of heights above the burner
from 1.0 to 1.3 mm. Below are the results of analysis of the reaction
pathways of propargyl formation in this range, namely, at 1.1 mm.

Figure 7 shows the main pathways of propargyl formation in pure
ethylene flame. Contributions, according to different mechanisms, to
the total rate of production of each intermediate species through the
pathways shown in Fig. 7 are listed in Table 2. Analysis of mechanism
1 for the ethylene flame showed that the main precursor of C3H3 is al-
lene, which, reacting with H radicals (aC3H4 þH() C3H3 þH2) and
OH radicals (aC3H4þOH() C3H3 þH2O), provides 71.2% of the total
rate of C3H3 production in this zone of the flame. A major contribution



Table 2
Contributions to the total rate of production of each intermediate species through the
pathways shown in Fig. 7. C (consumption) means that the reactions providing the
pathway proceed in reverse direction.

Major pathways (see Fig. 7) Percentage of the total rate of production of
the product

Mechanism 1 Mechanism 2 Mechanism 3

aC3H4 ? C3H3 71.2 11.6 14.5
C2H2 ? C3H3 25.7 60.8 21.8
aC3H5 ? aC3H4 90.8 53.5 38.0
C2H3 ? aC3H5 51.0 C –
C2H4 ? aC3H5 9.2 48.5 –
C2H4 ? C2H3 93,0 89.0 92.2
C2H3 ? C3H6 18.0 16.4 81.0
C3H6 ? aC3H5 30.1 50.0 88.6
C2H3 ? C2H2 89.5 79.0 69.8
C2H2 ? aC3H4 C C 29.4
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(25.7%) to the rate of propargyl formation also comes from the reac-
tion of acetylene with CH2 ðC2H2 þ CH2 () C3H3 þHÞ. Allene, in
turn, is formed from the allyl radical through the reaction
aC3H5 þH() aC3H4 þ H2, which provides 90.8% of the total rate
of C3H4 production. The allyl radical aC3H5 is formed from the vinyl
radical C2H3 ðC2H3 þ CH3 () aC3H5 þH) or directly from ethylene
ðCH2 þ C2H4 () aC3H5 þHÞ, which, reacting with the H radical
ðC2H4 þ H() C2H3 þH2Þ and OH radical ðC2H4 þ OH() C2H3þ
H2OÞ, provides 93% of the total rate of C2H3 production. Formation
of C3H5 also occurs from C2H3 through propylene C3H6, but this path-
way is not significant in the mechanism 1. Formation of acetylene
also takes place in the reactions involving C2H3: the bimolecular
decomposition C2H3ðþMÞ () C2H2 þHðþMÞ and the reaction with
the participation of a hydrogen atom C2H3 þH() C2H2 þH2. To-
gether, these reactions give 89.5% of the total rate of C2H2 production.
All these pathways are in many respects very similar to those at low
pressure [7] (see Fig. S2 in Supplemental material (mmc4)). The only
difference is that at atmospheric pressure acetylene contributes to
C3H4 and C3H3 formation as described above, whereas these path-
ways are very weak at low pressure. Under low pressure conditions,
the main reactions responsible for acetylene consumption are two
reactions with atomic oxygen forming CH2+CO and HCCO+H.

The reaction pathways described above also take place in mech-
anisms 2 and 3, and they differ only slightly. In particular, in mech-
anism 2, only 11.6% of C3H3 is formed from C3H4, and the main
precursor of C3H3 is C2H2, whose reactions with CH2 species in
the ground and excited states provide 60.8% of the total rate of
C3H3 production. The formation of C2H2 follows the same pathway:
C2H4 ? C2H3 ? C2H2. The main feature that distinguishes mecha-
nism 3 from mechanism 1 is that C3H5 is formed not directly from
C2H3, but through propylene C3H6 (C2H3 þ CH3 () C3H6), which
reacts with the H radical (C3H6 þ H() C3H5 þH2) and OH radical
ðC3H6 þ OH() C3H5 þ H2O) to yield C3H5.

The above analysis using all three mechanisms suggests that in
the ethylene/ethanol flame, the pathways of propargyl formation
are largely similar to those in the ethylene flame. C3H3 formation
involves the same species starting from ethylene.

For ethanol, there are two main reaction pathways in the flame.
According to mechanism 1, about 46% of the total consumption
rate of ethanol are due to its decomposition to form C2H4

ðC2H5OHðþMÞ () C2H4 þH2OðþMÞ) or C2H5 ðC2H5OH
ðþMÞ () C2H5 þ OHðþMÞ), which is almost completely trans-
formed to C2H4 ðC2H5ðþMÞ () C2H4 þHðþMÞ). The remaining
54% of the total consumption rate of ethanol are due to the reac-
tions producing oxygen-containing species, such as CH2O and
CH2CO. These species react primarily with the formation of HCO
and HCCO, which in turn yield CO and CO2. Therefore, the part of
ethanol that transforms through this pathway is not involved in
the formation of propargyl and, apparently, the formation of soot
precursors. In mechanisms 2 and 3, the ethanol consumption reac-
tions producing ethylene contribute 44% and 39%, respectively, to
the total consumption rate of ethanol. The remaining ethanol is in-
volved in reactions leading to the formation of CH2O and CH2CO,
which are finally oxidized to CO and CO2.

Thus, from the results of modeling using the mechanisms con-
sidered, it follows that the reduction in the propargyl mole fraction
in the atmospheric-pressure ethylene/ethanol flame compared to
the pure ethylene flame is due to the existence of ethanol reaction
pathway producing species that later do not yield C3H3. A similar
conclusion for low-pressure conditions was made in our previous
work [7]. The pressure has, therefore, no crucial effect on the path-
ways of propargyl formation and on the mechanism of C3H3 reduc-
tion due to ethanol addition to ethylene flame.

As can be seen from the experimental data in Fig. 6, the maxi-
mum mole fraction of diacetylene is about five times lower in
the ethylene/ethanol flame than in the pure ethylene flame. All
three chemical kinetic models predict a decrease in the diacetylene
mole fraction over the entire flame zone when ethanol is added to
the fresh combustible mixture. However, this decrease is not as
significant as in the experiment and is a factor of 1.4–1.7 for differ-
ent mechanisms. Furthermore, attention is drawn to the difference
between the experimental and simulated ratios of the maximum
mole fraction of diacetylene to its mole fraction in the post-flame
zone (for definiteness, at 4 mm from the burner). In particular,
for the ethylene flame, the experimental value of this ratio is about
3. As for modeling with mechanisms 1 and 2, this ratio is about 1.4,
and according to simulation with mechanism 3, this ratio is closer
to that derived from the experiment and is approximately 2.5.
Thus, one can see that as in the case of acetylene, mechanisms 1
and 2 give a smaller decrease in the diacetylene level in the
post-flame zone than those observed in the experiment and in sim-
ulation using mechanism 3. The indicated discrepancies for both
acetylene and diacetylene motivated us to analyze mechanisms
1–3 in order to ascertain the reasons for the overestimation of
the mole fractions of these species in the post-flame zone and to
modify mechanisms 1 and 2 to resolve the discrepancies. The re-
sults obtained are discussed in the section below.

4.4. Analysis of the mechanisms and modification of mechanisms 1 and
2

To determine the reasons for the overestimation of the acety-
lene level in the post-flame zone by mechanisms 1 and 2, we cal-
culated the sensitivity coefficients of C2H2 to all reactions and
performed an analysis of the reaction pathways responsible for
production and consumption of acetylene at different heights
above the burner in the pure ethylene flame for all three
mechanisms.

In the zone with the maximum production rate of acetylene
(0.8–1.2 mm), the main reactions of its transformation and its pro-
duction and consumption rates turned out to be similar for differ-
ent mechanisms. However, as the post-flame zone is approached,
there is a significant difference in the pathways of C2H2 consump-
tion between the mechanisms. The calculations showed that in
mechanism 3 (Konnov’s mechanism), reaction R1 plays the great-
est role in the post-flame zone:

C2H2 þ OH() CH2COþH ðR1Þ

Its contribution to the total consumption rate of acetylene
reaches 67.7% in the post-flame zone. In mechanisms 1 and 2, this
reaction gives only 39.2% and 17.6% of the total consumption rate,
respectively. That substantial difference in reaction rate could be
attributed to the difference between the reaction rate constants
used in these mechanisms. In mechanisms 1 and 2, the reaction
rate constant is given by kR1 = 2.18 � 10�4T4.5 exp (1000/RT), the
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units are cm, mole, cal, K. This expression was first proposed by
Miller and Melius [44]. Woods and Haynes [45] measured concen-
trations of different hydrocarbons in rich ethylene/air flames at
atmospheric pressure and compared their data with the results
of flame structure modeling using the mechanism [44]. They
encountered the same problem as we do: the kinetic mechanism
they used overestimated the concentrations of C2H2 and CH4 in
the post-flame zone compared to their experimental data. Woods
and Haynes [45] proposed several modifications for the kinetic
mechanism that allowed them to achieve good agreement between
experimental and numerical results. In particular, they proposed to
replace the rate constant for R1 with the following expression:
kR1 = 1.1 � 1013 exp (�7170/RT). The very expression is used in
Konnov’s mechanism for reaction R1.

Reaction (R2) plays the most important role in C2H2 production
along the entire flame zone:

C2H3ðþMÞ () C2H2 þHðþMÞ ðR2Þ

In all mechanisms, this reaction contributes about 70–80% to
the overall acetylene production in the zone of acetylene accumu-
lation. In the post-flame zone, this reaction has lower significance;
nevertheless, its contribution is about 20–30%. Therefore, reaction
R2 plays a key role in the acetylene accumulation process, but its
rate constant is specified differently in different mechanisms. In
Konnov’s mechanism, it is given by kR2 = 2.1 � 1014 exp(�39,740/
RT) [46]. USC-II mechanism uses the expression kR2 = 3.86 �
108T1.62 exp (�37,048/RT) [47], and in Frenklach’s mechanism,
reaction R2 is defined in the reverse form with the rate constant
k�R2 = 5.6 � 1012 exp (�2400/RT) [48]. Our calculations showed
that in the flame zone up to 1.2 mm from the burner, the sensitiv-
ity coefficient of C2H2 to reaction R2 is twice that in the post-flame
zone, i.e., an increase in the rate constant of reaction R2 will result
in an increase in the difference between the maximum and
post-flame levels of C2H2.

We replaced the rate constants of reactions R1 and R2 in mech-
anisms 1 and 2 by the constants used in mechanism 3 and recalcu-
lated the structure of the flames. As an example, C2H2 mole fraction
profiles simulated in pure ethylene flame using the modified
mechanisms 1 and 2 are presented in Fig. 8. For comparison, this
figure also shows the experimental C2H2 profile and those calcu-
lated with the original mechanisms 1–3. It is evident from this fig-
ure that the modification resulted in a considerable reduction in
the acetylene level in the post-flame zone, and, therefore, the mod-
ified mechanisms provide a better fit to the measured C2H2 profile.
For the ethylene/ethanol flame the modified mechanisms also give
better prediction of the C2H2 mole fraction profile.

The concentration of diacetylene C4H2 depends strongly on the
concentration of C2H2, because of the rapid interconversion be-
tween these species by reactions R3 and R4:

C4H2 þ OH() C2H2 þHCCO ðR3Þ
C2H2 þ C2H() C4H2 þH ðR4Þ

Thus, the replacement of the rate constants of reactions R1 and
R2 also resulted in better agreement between the numerical and
experimental profiles of C4H2 mole fraction. As an example, this
is shown in Fig. 9 for the pure ethylene flame.

However, the modification of mechanisms 1 and 2 described
above led to a factor of two increase in the calculated CH4 level
in the post-flame zone. This is mostly due to an increase in the
CH2CO mole fraction resulting from an increase in the R1 reaction
rate, and, hence, an increase in the production rate of methyl rad-
icals through reaction R5:

CH2COþH() CH3 þ CO ðR5Þ
A similar problem was encountered by Woods and Haynes [45].
To solve it, they proposed to add an additional channel of CH2CO
and CH3 consumption (reaction R6) and to increase the rate con-
stant of reaction R7.

CH2COþ CH3 () C2H5 þ CO ðR6Þ
CH3 þ OH() CH2OHþH ðR7Þ

Reaction (R7) accelerates consumption of methyl radicals, and,
therefore, increasing its rate constant decreases the methane mole
fraction in the post-flame zone. The rate constant of reaction R7
proposed in [45] for our temperature range (1600–1700 K) is about
five times higher than that in mechanism 3, and more than an or-
der of magnitude higher than those used in mechanisms 1 and 2.
Following Woods and Haynes [45], we added reaction R6 to mech-
anisms 1 and 2 with the rate constant as proposed in [45] and
changed the rate constant of reaction R7 to that recommended in
[45]. The numerical calculations showed that this additional mod-
ification of mechanisms 1 and 2 adjusts the CH4 mole fraction in
the post-flame zone to the level predicted by the unmodified
mechanisms 1 and 2. All the changes made in mechanisms 1 and
2 are indicated in Supplemental material (mmc4).

We checked that all the above-mentioned modifications in
mechanisms 1 and 2 have only negligible influence on the mole
fractions of the other species discussed in this paper. In addition,
using the modified mechanism 1, we performed a simulation of
the chemical structure of the low-pressure flames investigated in
our previous work [7], and it was found that mechanism 1 with
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the modifications described above is as good as its original unmod-
ified version in predicting experimental profiles under low-pres-
sure conditions. The modifications of the mechanisms, suggested
in this section, should be considered as a possible solution of a
problem and as an invitation to those who develop the kinetic
models to pay attention for the discrepancies (and their reasons)
between models and experiment for acetylene and diacetylene
mole fraction profiles.
5. Conclusions

Effect of ethanol on the species pool in a fuel-rich, premixed,
burner-stabilized ethylene flame at atmospheric pressure was
investigated. Mole fraction profiles of reactants, major products,
and intermediate species (15 in total) in C2H4/O2/Ar and C2H4/
EtOH/O2/Ar flames were measured using a molecular beam mass
spectrometric setup and simulated numerically using three differ-
ent chemical kinetic mechanisms available in the literature. This
investigation showed that the main tendencies in ethanol effect
on the species pool in premixed fuel-rich ethylene flame at atmo-
spheric pressure remain in many ways the same as observed ear-
lier for low pressure conditions [7]: the replacement of a half of
ethylene with ethanol causes a reduction in mole fraction of CxHy

hydrocarbons (C2H2, C3H4, C3H3), but results in increase of mole
fraction of oxygenated hydrocarbons (formaldehyde, acetalde-
hyde). The comparison of the computed and measured mole frac-
tion profiles of different species shows that the mechanisms
qualitatively describe the structure of the flames under study
and satisfactorily predict the general trend of the influence of eth-
anol addition on the mole fractions of major intermediate species
in the ethylene flame.

Some discrepancies between the measurement data and simu-
lation results obtained using the models based on the Frenklach
[17,18] and USC II [36] mechanisms were observed for acetylene
and diacetylene in the post-flame zone of the flames. Analysis of
the reaction pathways in the mechanisms allowed us to identify
the reactions responsible for the formation and consumption of
the intermediates.

Modification of some reaction rates and reaction pathways in
these mechanisms made it possible to improve their predictive
capability with respect to mole fraction profiles of acetylene and
diacetylene.

The experimental and modeling results indicate that the mole
fraction of propargyl radicals, the main precursors of benzene
and PAHs, is lower in the ethylene/ethanol flame than in the ethyl-
ene flame, indicating that ethanol contributes to the suppression of
PAH formation. However, the mechanisms under-predict quantita-
tively the reduction of C3H3 mole fraction due to ethanol addition,
indicating that they have need of a further improvement. Analysis
of the main pathways of propargyl formation in the flame with and
without ethanol has shown that the mechanism of propargyl
reduction consists in the fact that when part of ethylene is replaced
with ethanol in the unburnt mixture, the fraction of carbon form-
ing propargyl decreases due to the existence of ethanol reaction
pathways forming species that later do not yield C3H3. The mech-
anism of propargyl reduction due to ethanol addition to fresh mix-
ture in atmospheric pressure conditions is, therefore, similar to
that in low pressure conditions [7]. This fact together with that
the general trends of ethanol effect on the species mole fractions
in atmospheric and low pressure ethylene flames are very similar
can indicate that the pressure has no noticeable effect on the
mechanism of ethanol influence on the species pool in fuel-rich
ethylene flames. Basing on this observation, we assume that this
mechanism probably can work also at higher pressures, however,
this is a topic of future research.
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