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8 ABSTRACT: The paper presents an experimental and modeling study of the chemical structure of laminar premixed
9  stoichiometric H,/CH,/C;Hs/O,/Ar flames stabilized on a flat burner at 1, 3, and S atm. The flame structure was simulated
10 using four different detailed chemical kinetic mechanisms proposed in the literature for oxidation of small hydrocarbons. The
11 width of the zone of consumption of the fuel components was shown to differ appreciably at the three pressures. Hydrogen was
12 shown to have the largest consumption zone, while propane has the smallest one. The kinetic analysis provided an explanation
13 for the observed phenomenon, which assumes the formation of additional pathways for hydrogen and methane production in the
14 flames of ternary fuel mixtures. Comparison of the measured and simulated flame structures shows that all the mechanisms
15 satisfactorily predict the mole fraction profiles of the reactants, products, and some intermediates at atmospheric and elevated
16  pressures. It is noteworthy that the mechanisms adequately predict the spatial variations in the mole fractions of free radicals,
17 including the H, OH, and CHj; radicals, within the pressure range. However, some drawbacks of the mechanisms used have been
18 identified. The mechanisms were shown to overpredict the mole fractions of some unsaturated hydrocarbons, including ethylene
19 and acetylene, at elevated pressures. Therefore, the rate constants of the crucial reactions responsible for production/
20  consumption of these species, as well as their pressure dependences, should be specified, and the mechanisms should be refined.
21 To provide a deeper insight into the combustion chemistry of ternary fuel mixtures, one should focus on the structure of rich
22 flames.

23 Il INTRODUCTION

24 Natural gas is widely used in the electric power industry and in

25 thermal power production as fuel for gas turbines and steam

26 boilers and in transport. Natural gas has an advantage over coal

27 and oil products as its use produces significantly less hazardous

28 emissions; in addition, natural gas has a higher detonation
. . 1,2

29 resistance and a comparatively low cost. "~ Although natural gas

and kinetics of the oxidation processes has not been sufficiently s1
investigated, especially at elevated pressures close to the s2
pressures in actual internal combustion engines. 3

Combustion of binary mixtures of hydrogen and methane or s4
propane has been studied most thoroughly. In most studies of ss
the combustion of hydrogen—hydrocarbon mixed fuels, the s¢
flame speeds for such fuels mixed with air have been measured. s7

30 mostly consists of methane, it may also include heavier
31 hydrocarbons: from C,Hs to C4H,,. The percentage of
32 hydrocarbons in produced natural gas depends on the gas
33 field and on the season.’ Therefore, it is necessary to carry out a
34 thorough study of the combustion of blended fuels containing
35 not only methane but also heavier hydrocarbons, as the
36 composition of these fuels is always crucial for their combustion
37 and ignition. On the other hand, the addition of hydrogen (or
38 syngas) to conventional hydrocarbon fuels is a promising
39 method for improving the characteristics of combustion
40 processes in internal combustion engines. Addition of 20—
41 30% hydrogen to hydrocarbons® extends the concentration
# limits of combustion (which is especially important for clean
43 fuelss), makes their ignition easier, and reduces the temperature
44 of the final combustion products. Therefore, adding hydrogen
45 to compressed or liquefied natural gas is considered to be a
46 relatively simple method for reducing emission of carbon-
47 containing compounds and NO, in the exhaust of internal
48 combustion engines. Combustion of blended fuels consisting of
49 hydrogen and hydrocarbons is of great interest to researchers,
50 as the mutual influence of these compounds on the chemistry

—
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In addition, in a few papers, autoignition delays in shock tubes ss
and oxidation in a flow reactor have been investigated. These so
studies have shown that adding hydrogen to hydrocarbons 6o
accelerates the combustion process of such a blended fuel and, ¢
in contrast, adding hydrocarbons slows down the combustion ¢
of hydrogen. It is important to note that, according to the 63
available experimental data on flame speed, Le Chatelier’s ¢4
principle does not usually work; i.e., the flame speed in H, + 65
C,H, fuel mixtures increases nonlinearly as the hydrogen 6s
concentration varies from 0 to 100%. This suggests that the ¢7
combustion processes of hydrogen and hydrocarbons mutually s
influence each other and cannot be considered separately. If 6o
measurements of the flame speed are performed in a sufficiently 70
narrow range of H, concentration in a H, + C,H, mixture, the 71
effect of changing the H, concentration change will be 7
described by a nearly linear relation. 73
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Such observations are described, for example, in ref 6. In
measuring the flame speed at atmospheric pressure in the
counterflow configuration, the authors of this study found that
addition of hydrogen to methane—air and propane—air flames
resulted in a considerable increase in their speed. The flame
speed was found to depend linearly on the hydrogen addition
in the range of its concentration up to 50% for methane flames
and up to 25% for propane flames. Similar results were also
obtained for mixtures of natural gas with hydrogen and air
(equivalence ratio (¢p) = 0.6—1.4) at a pressure of 1 atm and an
initial temperature of 300 K.” At the same time, Hu et al.’
measured the flame speed of H, + CH,/air mixture at
atmospheric pressure. It was shown that, at a hydrogen
concentration in the fuel exceeding 60%, the dependence of the
flame speed changes nonlinearly as the H, concentration
increases to 80%. Above this concentration, the dependence of
the flame speed becomes linear again. Similar results were
obtained in studies’ of the laminar flame speed of methane/
hydrogen/air mixtures at 1 atm. Using the heat flux
method,'”"" Konnov et al."”~"” measured the flame speed of
methane/air mixtures with H, and/or CO, additives with the
H, concentration in H,/CH, mixtures being 40% or lower. The
equivalence ratio was varied in the range ¢ = 0.8—1.4 and the
pressure was 20—100 kPa. Hermanns et al.'"* determined that
dependence of H, + CH, + air flame speeds on the
composition and the initial temperature in the H, concen-
tration range from 0 to 50% can be described by relatively
simple empirical relations. However, at higher hydrogen
concentrations, simple dependences were not obtained.

Similar conclusions have been also made in ref 18. The
authors proposed a theoretical model for evaluating the flame
speed of binary hydrogen and methane mixtures based on the
data describing the speed of individual mixtures of these fuels
with air. It was established that, in H, + CH, mixtures in the H,
concentration range from 0 to 50% and from 90 to 100%, the
flame speed increased linearly with increasing percentage of H,.
However, when the H, concentration grew from 50 to 90%, the
flame speed increased nonlinearly. Chen et al."’ proposed an
improved method for evaluating the flame speed of hydrogen/
methane mixtures. In this method, calculation is conducted
using not only data on the flame speed of individual fuels but
also data on the speed of binary mixtures of H, + CH, with air.

It is interesting to note that, according to the available data,
adding hydrogen to different hydrocarbons differently affects
their oxidation. For example, Park et al.”’ studied combustion
of H, + CO + CH, and H, + CO + C;Hg mixtures at 1—4 atm
by measuring the flame speed in a counterflow configuration. In
accordance with their data, replacement of part of CH, with
C,;Hg in the mixtures considerably decreased the flame speed.
Kinetic analysis showed that this effect may be related to the
high concentration of CH; radicals (which are formed to a
greater extent from C;Hj than from CH,). This eventually
leads to a reduction in the H concentration due to their
recombination with CH;, which, in turn, decreases the net rate
of the chain-branching reaction H + O, & O + OH.

In accordance with the majority of the literature data, no
crucial changes are observed in the dependence of the flame
speed of H, + C,H, mixtures on the pressure and/or
temperature. Okafor et al.”' used a constant-volume fan-stirred
combustion chamber to measure the dependence of the flame
speed of H, + CH, + air mixtures (¢ = 0.8, 1.0, and 1.2) with
the H, concentration in the fuel mixture varying from 0 to
100% at 1 atm at an initial temperature of 350 K. . It was

established that the flame speed depended nonlinearly on the
hydrogen concentration in H,/CH, mixtures for all values of ¢.
In a similar way, the flame speed was measured in a C;Hg + O,
+ He + H, mixture (¢) = 0.6) at 20 atm and an initial
temperature of 298 °C.”* Although the authors stated that they
observed a linear dependence of the flame speed versus H,
fraction in the range from 0 to 35% in the mixture with
propane, according to ref 22, it is clear that this dependence is
not quite linear. Vu et al.”®> measured the speed of CH,/H,/
CO/air and C;Hg/H,/CO/air flames (¢ = 0.8—1.2) at
pressures of 1—4 atm and an initial temperature of 298 °C. It
was shown the flame speed also increased nonlinearly as the
fraction of H, was raised. Using a constant-volume fan-stirred
combustion chamber, Donohoe et al.** measured the speed of
H,/CH,/0,/He flames (¢ = 0.7—1.3), with an H, fraction of
50—90% in the mixture with CH, at 1—5 atm and in an initial
temperature range from 300 to 450 K. . As in the other studies,
the flame speed increased nonlinearly as the fraction of
hydrogen in the fuel mixture was increased. Halter et al.”’
showed that, at higher pressures (3 and S atm), addition of
hydrogen (the mole fraction of H, in the fuel was varied from 0
to 0.2) resulted in a nonlinear growth in the speed of CH, +
H,—air flames, whereas at atmospheric pressure the flame speed
in such mixtures increased linearly with increasing concen-
tration of the hydrogen additive. Thus, in contrast to the other
studies, Halter et al.>® demonstrated that a change in the
pressure affected the behavior of the flame speed at various
fractions of hydrogen in the fuel. This may indicate that, under
these conditions, there is a change in the mechanism of
interplay between the H, and CH, oxidation process.
However, addition of hydrogen not only increases the flame
speed of hydrocarbon mixtures, but also affects the parameters
of their autoignition. For example, Petersen et al.*® used a
shock tube to investigate the autoignition of lean (¢ = 0.5)
CH,/H, mixtures (80/20% and 60/40%) at 18—2S atm and a
temperature of 1140—1550 K. Addition of hydrogen to
methane was shown to result in 3-fold and 10-fold reductions
in the autoignition delays at 20 and 40% H,, respectively, in the
mixture with CH,. The authors note that addition of 20—40%
hydrogen does not significantly change the activation energy of
autoignition of the methane/hydrogen mixture compared to
pure methane. In the previously mentioned study,”* mixtures of
natural gas with hydrogen were studied at 1, 10, and 30 atm.
Natural gas was simulated by mixtures of C,/C,/C3/C,/Cs
hydrocarbons of compositions 81.25/10/5/2.5/1.25 and 62.5/
20/10/5/2.5. Using a shock tube and a rapid compression
machine, autoignition delays were measured in hydrocarbon
mixtures with 30, 60 and 80% H, additives in the temperature
range 850—1800 K and at ¢p = 0.3—1. The autoignition delay
time was shown to reduce with increasing fraction of hydrogen.
Similar results were obtained by Zhang et al.” for H,/CH,/O,/
Ar mixtures in a shock tube at 5—20 atm and temperatures of
1000—2000 K. The authors also ascertained that adding
hydrogen promotes the combustion of methane or decreases
the autoignition temperature (at fixed ignition time) or
decreases the autoignition delay (at fixed temperature). When
the fraction of hydrogen in a CH, + H, mixture increases, the
dependence of autoignition delays on temperature differs
drastically from the two limiting cases (pure methane and pure
hydrogen). For pure methane, as the pressure grows, the
autoignition delay decreases (in the temperature range 1250—
2000 K). For pure hydrogen, increasing the pressure results in a
prolonged autoignition delay (in the range of temperatures
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Energy & Fuels

1000—1250 K). In a 60% H, and 40% CH, mixture, the
autoignition delay does not depend on the pressure, indicating
a complex interaction between the oxidation reactions of H,
and CH, in this system. Kinetic analysis of the calculated
autoignition delays of H,/CH,/O,/Ar mixtures showed that, in
this system, the promoting impact of hydrogen can be
attributed to the increased concentration of H, O, and OH in
the reacting mixture.

The promoting effect of hydrogen on hydrocarbon oxidation
was also observed by Dagaut and Nicolle.”” They investigated
the oxidation of hydrocarbon/H,/air mixtures (¢ = 0.3, 1, 2) in
a jet-stirred reactor at 1 atm in the temperature range 900—
1450 K. A CH,/C,H,/C,H, (89.3%/8.9%/1.8%) mixture
simulated natural gas into which hydrogen was introduced
(volume fraction was 40 or 75%). Addition of 40 and 75%
hydrogen (at constant ¢) reduced the characteristic temper-
ature corresponding to the peak concentrations of CO and
C,H, (intermediate products of fuel oxidation) by 100 and 200
K, respectively. This effect was especially pronounced for lean
mixtures. The observed effect, according to the authors, is
related to the fact that increasing the initial fraction of hydrogen
increased the concentration of HO, radicals, which finally
produced hydroxyl: HO, + H < H,0,; H,0, + M & OH +
OH. As low-temperature oxidation of hydrogen and hydro-
carbons occurs mainly in reactions with OH, these reactions
generally accelerate the fuel oxidation. Dagaut and Dayma”®
also found the promoting effect of oxidation of a CH,/C,Hg
mixture (10:1) by an H, additive under elevated pressure. Just
as in ref 27, at a pressure of 10 atm, replacement of 40 and 75%
of CH,/C,H4 mixture with hydrogen resulted in decreases of
50 and 100 K, respectively, in the temperature corresponding to
the maximum emission of C,H, in the products. Analysis of the
results of numerical modeling has shown the promoting effect
to be related to an increase in the concentration of OH radicals,
determining the rate of low-temperature oxidation.

Investigation of the chemical flame structure is the most
informative approach to the study of the impact of a hydrogen
additive on the mechanism of reactions in hydrocarbon/air
flames. De Ferrieres et al.” investigated the structure of CH,/
C,H,/C3H,/0,/N, flames (¢ = 0.74, 1.0) (mixtures simulating
natural gas) without and with 20 and 60% H,, stabilized on a
flat burner at 0.079 atm. Using microprobe sampling, followed
by gas chromatography analysis and Fourier transform infrared
spectroscopy, the authors measured the concentration profiles
of stable species, including the reactants CH,, C3Hg, H,, and
O,, the final products CO,, CO, and H,O, and stable
intermediates C,H,, C,H,, and C;H¢. The authors also carried
out numerical simulation of the investigated flames using
different mechanisms and analyzed the reaction pathways.
Consequently, it has been found that hydrogen addition to lean
hydrocarbon flames increases the reaction rate of hydrogen
abstraction from different hydrocarbon molecules, thus raising
their oxidation rate. As a result, the concentration of
hydrocarbons, which are soot precursors, in the flame becomes
significantly lower.

De Ferrieres et al.’’ investigated the influence of a 60%
hydrogen additive on the combustion of a CH,/C,Hs/C;H;
mixture both experimentally and numerically. The lean flames
of these mixtures with O, and N, (¢ = 0.74) were stabilized on
a flat burner at 1 atm. The flames were sampled with a quartz
microprobe, and the composition of the samples was analyzed
by chromatography—mass spectrometry, gas chromatography,
and Fourier transform infrared spectroscopy. The results

obtained demonstrated that, just as in the flame of natural
gas at low pressure,” at a pressure of 1 atm, addition of H, led
to acceleration of the oxidation of C; hydrocarbons due to the
increased contribution of the recombination reaction H + C,Hj,
involving CH; formed. This explains the decrease in the
concentrations of C,H, and C,H, in the flame of natural gas
with addition of 60% H,.

At the same time, addition of hydrogen to very rich methane
flames may lead to an increase in the concentration of C,—C,
hydrocarbons, which are precursors of polycyclic aromatic
hydrocarbons (PAH) and soot.”" Replacement of 40% CH, by
H, in rich flames (¢ = 2.2—-2.42) at 1 atm resulted in a
considerable increase in the concentrations of C,—C, hydro-
carbons in both the reaction zone and the postflame zone. This
study demonstrates that the effect of the H, additive on the
concentration of intermediate combustion products that are
precursors of PAH and soot may depend on specific conditions
such as the fuel/oxidant ratio, the coefficient of dilution of the
fuel mixture with inert gas, initial temperature, pressure, etc.

Thus, the above literature survey shows that, despite the
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numerous experimental and modeling studies of combustion of 283

multicomponent gas mixtures containing hydrogen, methane,
and other hydrocarbons, the process of mutual influence of the
components of these mixtures is not sufficiently clear. Although
data on the flame structure provide most of the information on
the elementary processes occurring in the flames and thus serve
as a basis for validating proposed kinetic models of fuel
combustion, such data in the literature are limited. Moreover,
they have been obtained at low and atmospheric pressures,
whereas the flame structure of such mixtures at elevated
pressures has not been investigated at all. This was the main
motivation for our present study. The goals of this study were
the following: (1) to obtain experimental data on the chemical
structure of H,/CH,/C;Hg/O,/Ar flames stabilized on a flat
burner at pressures from 1 to 5 atm using molecular-beam mass
spectrometry (MBMS) with soft electron ionization, allowing
identification and measurement of mole fractions of labile
combustion products, including atoms and radicals; (2) to
perform numerical simulation of the structure of these flames
using four detailed chemical kinetic mechanisms for combus-
tion of small hydrocarbons; (3) to reveal the deficiencies of the
kinetic mechanisms by comparing the experimental and
modeling results, and by analyzing the production and
consumption reaction pathways of the fuel components and
some key intermediates.

B EXPERIMENTAL DETAILS

The chemical structures of the flames of hydrogen/methane/propane/
oxygen/argon mixtures at 1, 3, and S atm were examined using a
quadrupole mass spectrometer with a molecular-beam sampling
system and electron ionization. Although the experimental setup,
experimental methodology, and procedure of the experimental data
reduction have been described in detail in our previous papers,*>** a
brief description of these is provided below.

Laminar flames of premixed stoichiometric H,/CH,/C;Hg/O,/Ar
mixtures were stabilized on Botha—Spalding-type burners.** Atmos-
pheric-pressure flames were stabilized on a burner with a perforated
brass matrix 16 mm in diameter. The matrix was 3 mm thick, the
diameter of the holes was 0.5 mm, and the spacing between the hole
centers was 0.7 mm. For experiments at elevated pressures (3 and §
atm), we used a burner with a perforated brass matrix 6 mm in
diameter and 2 mm thick with a hole diameter of 0.2 mm and a hole
center-to-center spacing of 0.26 mm. The burners could be moved in
the vertical direction with the help of a micrometer screw mechanism.
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The distance between the burner surface and the probe tip was
measured with a cathetometer with an accuracy of up to +0.01 mm.
To stabilize the flames at 3 and 5 atm, the burner was placed in a high-
pressure chamber, which was pressurized with nitrogen throughout the
experiment. The chamber was designed to operate at pressures of up
to 10 atm. It was equipped with a lateral flange for a window which
provided optical access for operator view. Nitrogen for pressurizing the
chamber was supplied through the inlet in this flange to prevent
condensation of water on the window and therefore to provide its
transparency during the experiment. The pressure in the chamber was
regulated with a diaphragm pressure regulator on the exhaust line and
was maintained at a set level with an accuracy of up to 1%. The
chamber was also equipped with a safety valve and a gauge for pressure
control. The top flange of the high-pressure chamber was connected to
the sampling probe flange of the molecular-beam mass spectrometric
setup.

The composition of the fresh mixture and the conditions of flame
stabilization are shown in Table 1. The linear velocities of the fresh

Table 1. Molar Composition of Fresh Mixtures and
Conditions of Stabilization of H,/CH,/C;Hg/0O,/Ar Flames

reactant mole fraction

gas mixture
velocity at
ress. burner surf.
?atm) 1) H, CH, C;Hg 0, Ar (cm/s)
1 1.0 0.019 0.019 0.019 0.143 0.8 23.2
3 1.0 0.019 0.019 0.019 0.143 0.8 39.2
S 1.0 0.019 0.019 0.019 0.143 0.8 23.5

mixture above the burner at different pressures were chosen so that the
flames were visually flat and stable at a certain pressure and so that the
temperature values in the postflame zone were as close to each other
as possible. This allowed us to minimize the effect of the burning
temperature on the chemical kinetic processes in the flames at different
pressures and thus to analyze more accurately the pressure effect on
the flame structure. The mass flow rates of the fresh gas mixture
components were set with mass flow controllers (MKS Instruments
Inc.). The burner temperature was maintained at 348 K with water
supplied by a thermostat into the cooling jacket of the burner.

Flames were sampled with a conical quartz probe with an internal
opening angle of 40° and a tip orifice diameter of 0.04 mm. The wall
thickness of the probe near the tip was 0.08 mm, which allowed the
thermal perturbation of the flame by the probe to be minimized. The
freely expanding gas jet in the probe was skimmed into a molecular
beam, which, having passed through a modulator and a collimator,
entered the electron ionization region. Using soft ionization (electron
scattering energy of +0.25 eV) allowed us to neglect the contributions
of fragment ions to most of the measured mass peaks, which
significantly alleviated the identification of the combustion products.
The energy of electrons was selected individually for each species
analyzed in order to obtain a sufficiently high signal-to-noise ratio and
prevent interferences caused by fragmentation of other species. The
species whose mole fraction profiles were measured in this study are
shown in Table 2. Table 2 also lists their ionization energies, the
energies of ionizing electrons used in this work, the ionization cross
sections at the electron energy used with the corresponding reference,
and the calibration method applied.

To convert the signal intensity I; into the mole fraction X; of the ith

species, electron-energy-dependent calibration factors (relative to
argon) K/, were used:
I X
K, A= i A
I, X, (1)

The mole fraction of argon at each height above the burner changed
only slightly due to the high dilution of the reactant gases, so it can be
assumed as nearly constant (X,, = 0.8). The calibration factors for the
reactants (H,, CH,, C;Hg, O,), the major products (CO, CO,), and
some stable intermediates (acetylene, ethylene, ethane) were

354
3SS

380

determined by direct calibration experiments with gas mixtures of 381

known composition. These mixtures were preliminarily heated to 470
K to prevent argon clustering during molecular beam formation in the
probe. The signal intensity I, was measured in all flame and
calibration experiments at the same electron energy (16.2 eV). It is
noteworthy that the calibration factors for the species did not depend
on pressure (at least, in the range from 1 to S atm). This indicates that
increasing the pressure does not influence the processes of molecular
beam formation and thus demonstrates the adequacy of our
experimental data provided in this paper. The calibration factor for
H,0 was evaluated using the H-balance equation and the signal
intensity of mass peak 18 in the postflame zone.

Table 2. Species Whose Mole Fractions Were Measured in the Flames”

m/z formula species name IE (eV)
1 H hydrogen atom 13.6

2 H, hydrogen 1543
15 CH;, methyl radical 9.84
16 CH, methane 12.71
17 OH hydroxyl 13.02
18 H,O0 water 12.62
26 C,H, acetylene 11.41
28 C,H, ethylene 10.53
28 CcO carbon monoxide 14.01
30 C,Hq ethane 11.52
30 H,CO formaldehyde 10.88
32 0, oxygen 12.07
40 Ar argon 15.76
40 C;H, allene 10.22
propyne 10.48
42 C;H, propene 9.74

42 C,H,0 ketene 9.617
44 C;Hy propane 10.94
44 CO, carbon dioxide 13.77

o(E) (A% E (eV) calibration
0.13* 16.65 RICS vs H,
0.157%° 18 direct
0.241%° 132 RICS vs CH,
0.018%° 14.35 direct
0.2, EST* 16.65 RICS vs H,0
0.143% 15.4 H material balance
0.182% 12.3 direct
0.237%° 12.3 direct
0.069°° 15.4 direct
0.126* 12.3 RICS vs C,H,
0.053%° 115 RICS vs C,Hg
0.102% 14.35 direct
16.2 direct
0.816% 132 RICS vs CO,, not separated
0.685% 132 RICS vs CO,, not separated
0.351%° 12.3 RICS vs CO,, not separated
0.24, EST*’ 12.3 RICS vs CO,, not separated
0.154°° 12.3 direct
0.13* 15.4 direct

“IE, ionization energy (reference data); o(E), electron ionization cross section at the electron energy E and reference (EST, 6(E) was estimated);

RICS, relative ionization cross-section method.
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The calibration factors for the other species, including H, OH, and
CH; radicals, were determined by the relative ionization cross section
(RICS) method proposed in ref 38. The same procedure has been
used and described in detail in our previous papers, for example, in ref
39. This method is based on the fact that the calibration factor Kj/,, is
proportional to the ionization cross section o/(E) at the electron
energy E. Thus, the unknown calibration factor of an intermediate
species in the flame is related to the known calibration factor for the
stable species nearest in mass as follows: K5, = K,/a.[0:(E;)/05(Es)],
where the subscript i corresponds to the intermediate species, and the
subscript “S” corresponds to the nearest species with the known
calibration factor. The values of the ionization cross sections at a given
electron energy were taken from the NIST Electron-Impact Cross
Sections for lonization and Excitation Database.*®

The ionization cross sections of OH and ketene at the energies
indicated in Table 2 were estimated from their ionization cross
sections at 70 eV. The ratio of the ionization cross sections of two
different species at an electron energy differing from the ionization
potential by the same amount is known to be very close to the ratio of
the ionization cross sections of these species at an energy of 70 eV.
Thus, knowing the ionization cross section of ketene at 70 eV and the
dependence of the ionization cross section of a reference species (for
example, propene) on the energy of ionizing electrons, we can evaluate
the ionization cross section of ketene for lower energy. The ionization
cross section of ketene at 70 eV was evaluated using the method
proposed in ref 37. For OH, the ionization cross section at 70 eV was
taken from ref 36, and H,O was used as a reference species.

As can be seen from Table 2, the species corresponding to mass
peaks 40 (allene + propyne) and 42 (propene + ketene) were not
separated due to very low difference between the ionization potentials
of the respective species. The calibration factor in this case was
calculated as the average value of the calibration factors of individual
species.

Typical statistical and relative uncertainties of MBMS signals are
below 20%° as the standard deviation for poor signal-to-noise ratios is
around 20%. Therefore, a relative comparison of each species from
different measurements and at different pressures offers good
precision. The resultant accuracy of determining the mole fraction
of the reactants and major stable products (O,, H,, CH,, C;Hg, CO,,
H,0, CO, C,H,, C,H,) was, as a rule, +20% of the maximum value of
their mole fractions in the flame. For the other species, the mole
fractions were determined within a factor of about 2. The uncertainties
indicated above are mostly related to the calibration errors and the
inaccuracies of the ionization cross sections used.

Flame temperature profiles were measured by a Pt/Pt + 10% Rh
thermocouple located ~0.05 mm from the tip of the sampling probe in
high-pressure flames and 0.2 mm from the probe tip in atmospheric-
pressure flames. The location of the thermocouple relative to the
probe tip and the burner during the experiments at 1, 3, and 5 atm was
controlled using a cathetometer. The thermocouple was manufactured
from a wire with a diameter of 0.02 mm. To prevent catalytic effects on
the thermocouple’s surface, it was coated with a thin layer of SiO,. The
resulting thermocouple had a diameter of 0.03 mm. The length of the
thermocouple shoulders was 8 mm (4 mm each). The length-to-
diameter ratio of the thermocouple was therefore >100, so the heat
losses into the cold ends of the thermocouple may be neglected. The
mounting unit of the thermocouple was similar to that described in
detail in our previous work.*” The temperature values measured with
the thermocouple were corrected for radiative heat losses as described
in refs 41 and 42. The measurements of the temperature profiles were
repeated several times. The maximum scatter of the measured
temperatures in the postflame zone of all flames did not exceed +40
K. Nearly the same scatter of the measured values was in the zone of
the temperature gradient in the flame at 1 atm. However, when the
temperature gradients were high enough, which was observed in the
flames at 3 and 5 atm, the scatter of the measured values was as great
as +150 K.

To correct the experimental profiles of the species’ mole fractions
for the gas dynamic perturbations caused by the probe in flames, we
shifted them upstream to the burner by several probe orifice diameters.

We used the same method as in our previous studies.””** All the
species mole fraction profiles of each flame were shifted by the same
distance. This distance was chosen so that the lowest height above the
burner at which the water mole fraction reached a maximum was the
same as that at which the maximum temperature was reached. In
particular, for our flame conditions, the shift of the profiles was 0.3,
0.02, and 0.06 mm at 1, 3, and S atm, respectively.

B COMPUTER SIMULATION

The flame structure was simulated using the PREMIX " code
from the CHEMKIN II software package."* To take into
account the probe cooling effect on the flame, the calculations
were performed with measured temperature profiles as input
data using the TGIV keyword. The calculations were made
using the temperature profiles measured experimentally in the
flames perturbed by the probe. Thus, the energy conservation
equation has not been solved.

The profiles of the net rates of production of individual flame
species were calculated using the KINALC software, "> which is
a postprocessor of the output files of the PREMIX code from
the CHEMKIN II software package. For the KINALC software
to be applied, the mechanism should consist only of irreversible
reactions; ie., the original mechanism was primarily trans-
formed into irreversible reactions using the MECHMOD

software.*® Tt is to be remembered that, despite the use of 46

irreversible reactions in the postprocessing, the resulting rates
of production for reversible reactions are provided in the paper.
In the simulation, four most recently developed mechanisms for
the oxidation of small hydrocarbons were used. Table 3
contains summary information on these mechanisms, including

487
488
489
490 t3
491

the number of reactions and species, and the year of 492

publication.

Table 3. Reaction Mechanisms Used for Modeling the Flame
Structure

mechanism no. species no. reactions year ref
AramcoMech 1.3 253 1542 2013 47
AramcoMech 2.0 493 2716 2016 48
Marinov et al. 15§ 689 1998 49
USC Mech I 111 784 2007 50

B RESULTS AND DISCUSSION

Figure 1 shows the measured temperature profiles in the
burner-stabilized flames of H,/CH,/C;H; fuel mixtures at

pressures of 1, 3, and S atm. As seen, the temperatures in the
postflame zone at 3 and S atm are rather close and are ~280—
2500
5 atm —
X 2000 \q] mi AAAA
o —3 athAA
3 1500 Ll A 1 atm
s o« A
8 1000 {g7
£ o
© 500
0

0.0 0204 06081012 14
Height above the burner, mm

Figure 1. Measured temperature profiles in premixed laminar
stoichiometric H,/CH,/C;Hg/O,/Ar flames stabilized on flat burners
at 1, 3, and S atm.

DOI: 10.1021/acs.energyfuels.7b01597
Energy Fuels XXXX, XXX, XXX—=XXX

493

494

495 f1
496
497


http://dx.doi.org/10.1021/acs.energyfuels.7b01597

499
500
S0
S0.
503
S0
505
506
507
508
509
S10
S1
S1
S13
S14

5 =

i

S

Energy & Fuels

1 atm

3

atm

5 atm

Mole fraction

N
O0U666-0-0—o-———

0,20
0,16
0,12
0,08

0,04

05 10 15

2,0

0,00
25 00

Height above the burner, mm

02 04

0,6 0,8 0,0

Height above the burner, mm

0,2

0,4
Height above the burner, mm

0

6

0,8

1,0

Figure 2. Measured and simulated profiles of mole fraction of oxygen and major products in H,/CH,/C;Hy flames at 1, 3, and 5 atm. Symbols,
experimental data; curves, modeling using the AramcoMech 2.0 mechanism. Red symbols in the right parts of the plots correspond to the
equilibrium mole fractions of the respective species.
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Figure 3. Mole fraction profiles of fuels in stoichiometric H,/CH,/C;Hs/O,/Ar flames at pressures of 1 (left), 3 (middle), and S atm (right).
Symbols, experiment; curves, simulation using different chemical kinetic mechanisms. The large red symbols in the right parts of the plots

correspond to the thermodynamic equilibrium mole fractions of H,.

300 K higher than the temperature at 1 atm. As the pressure
grows, the width of the reaction zone decreases to ~0.85,
~0.35, and ~0.25 mm at 1, 3, and S atm, respectively. Figure 2
contains the measured mole fraction profiles of oxygen and the
primary combustion products (CO,, H,0), compared to the
results of calculations using the AramcoMech 2.0 mechanism.
The calculations were performed using three other kinetic
mechanisms, and for all the species indicated above, all the
mechanisms provided very close predictions of mole fraction
profiles; thus, in Figure 2 we show only the numerical results
obtained using AramcoMech 2.0. As seen from Figure 2, the
experimental data are in good agreement with the modeling
results. It can also be seen that in the postflame zone (at
distances of 2.5, 1, and 1 mm from the burner at 1, 3, and §
atm, respectively), the measured and calculated mole fractions
of O,, CO,, and H,0 coincide, within the measurement error

limits, with the calculated thermodynamic equilibrium mole
fractions.

To analyze the mutual influence of the parent fuels on the
kinetics of their oxidation, we compared the measured and
calculated mole fraction profiles of the fuels at different
pressures (Figure 3). It can be seen from Figure 3 that
hydrogen is not fully consumed in all the flames; therefore, it is
difficult to determine the width of its consumption zone. In any
case, it is greater than the consumption zone of methane. It can
also be seen that the consumption zone of propane is even
smaller than the consumption zone of methane. The observed
trend persists when the pressure is increased. In addition, it
should be pointed out that both the measured and calculated

S1S
516
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S19
520 f3
521
522
523
524
525
526
527

mole fraction profiles of hydrogen have a characteristic kink s2s

near the burner surface (at distances of 0.6, 0.2, and 0.15 mm at

529

1, 3, and S atm, respectively), and the mole fraction profiles of s30
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Figure 4. Profiles of rates of hydrogen production (H, ROP) in individual reactions in H,/CH,/C;Hs/O,/Ar flames at 1, 3, and S atm

(AramcoMech 2.0).
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Figure 5. Profiles of rates of methane production (CH, ROP) in individual reactions in H,/CH,/C;H/O,/Ar flames at 1, 3, and S atm

(AramcoMech 2.0).

CH, and C;Hj, do not have it. It is evident that this shape of the
H, profile is related to the simultaneous processes of its
production and consumption in the reaction zone of the flame.
It is noteworthy that different widths of the consumption zones
of fuel components were also observed by De Ferrieres et
al.>”*° in a flame of natural gas and hydrogen (40%/60%): the
consumption zone of H, was greater than those of C;H; and
CH,. It can also be seen from Figure 3 that, at pressures of 1
and 3 atm, the measured and calculated mole fractions of
hydrogen at distances of 3 and 1 mm from the burner surface,
respectively, are much higher than its equilibrium mole fraction.
As the pressure rises to 5 atm, this divergence decreases
considerably.

To explain the large width of the hydrogen consumption
zone in the H,/CH,/C;Hg flames, we analyzed the main
reaction pathways of its production at 1, 3, and 5 atm. Figure 4
shows the profiles of the rates of hydrogen production (H,
ROP) in the reactions making the major positive contribution
to the total rate of hydrogen production near the burner surface
at 1, 3, and 5 atm. The key pathways of hydrogen production
are the interactions between hydrogen atoms and form-
aldehyde, methane, and propane molecules. Reaction RI1
makes the major contribution to the total rate of hydrogen
production:

CH,O + H < HCO + H, (R1)

The second in importance is the reaction of the H atom with
methane:

CH, + H & CH, + H, (R2)

The reactions between H and the propane molecule ss9
producing propyl and isopropyl radicals (reactions R3 and seo
R4) yield somewhat smaller values of H, ROP. The profiles of sl
H, ROP for these stages are located somewhat closer to the s62
burner surface compared to the profiles of reactions R1 and R2. 563

CHg + H+e H, + n-C;H, (R3) <4

C;Hgy + H & H, + i-C;H, (R4) <5

Although the absolute rates of reactions R1—R4 increased s66
with pressure, their relative contributions to H, formation sz
practically did not change (Figure 4). Thus, the greater width of ses
the consumption zone of hydrogen in the H,/CH,/C;H,/O,/ 569
Ar flame, compared to those of propane and methane, results s70
from the production of hydrogen in the reactions of H atoms 571
with formaldehyde, methane, and propane. Consumption of s72
molecular hydrogen occurs in the flames via the reactions of 573
chain branching H, + O <> H + OH and chain propagation H, 574
+ OH < H + H,0. 575

A similar analysis was carried out for methane, for which the 576
consumption zone width in the flame is, as mentioned above, 577
somewhat higher than that of propane. Figure 5 shows the 5781
profiles of the rates of methane production (CH, ROP) in the s79
reactions making the major positive contribution to the total sso
rate of methane production. It can be seen that the ss1
recombination of methyl radical and hydrogen atom (reaction ss2
RS) plays the crucial role in methane production in the flame. 583

CH;+H+M& CH, + M (RS) ga4
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The contribution of the other reactions to the production of
methane is negligibly small. Reactions R2 and RS form a cycle

585
586
587
588
589
590
59
592
593
594
595

of methane consumption to produce a methyl radical, which is
later transformed into methane: CH, <> CHj. Both reactions
proceed with the H consumption and hydrogen and/or
methane production. It is also worth noting (Figure S) that
the relative contributions of the above reactions of methane
production practically do not change with pressure.

The above arguments explain the observed delay in the
consumption of hydrogen and methane in the flame. However,
it is not clear why propane is consumed faster than methane:
596 reactions similar to reaction RS with similar kinetic parameters
s97 are present in the mechanism, for example, n-C;H, + H <
sos C3Hg, i-CsH, + H < C;Hg, as well as some others, which
s99 should also impede the consumption of propane near the
600 burner surface; however, this was not observed in the
601 experiment or in simulation.

et

To explain this fact, the reaction pathways of methane and 602
propane consumption included in the AramcoMech 2.0 603
mechanism were analyzed in all flames. Comparison shows co4
that the number of the pathways of methane consumption cos
differs significantly from that of propane consumption. éo6
Methane is consumed in five different reactions, while propane co7
consumption occurs in 33 steps. It is likely that the processes of ¢os
propane production in recombination of n-propyl or isopropyl 609
radicals with hydrogen atoms occur, but their rates are small 610
compared to the total rate of propane consumption, and they 611
cannot significantly influence the shape of the mole fraction 612
profile of propane in the flame. 613

Figure 6 shows the measured and calculated mole fraction
profiles of CO. As can be seen, all mechanisms predict well the 615
experimental data; moreover, the predictions given by the 616
mechanisms are very similar. It can be seen that, as the pressure 617
increases from 3 to S atm, both the peak and postflame CO 618
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Figure 8. Mole fraction profiles of formaldehyde, acetylene, ethylene, ethane, and C;H, (allene + propyne) and C;Hg + C,H,O (propene + ketene)
in stoichiometric H,/CH,/C3Hg/O,/Ar flames at pressures of 1 (left), 3 (middle), and S atm (right). Symbols, experiment; curves, simulation using
different chemical kinetics mechanisms.

mole fractions slightly decrease. As the postflame temperatures
of these flames are similar, we can speak of an increase in the
completeness of combustion as the pressure rises. This is also
seen from a comparison of the measured and equilibrium mole
fractions of CO in the postflame zone of the flames: at a
pressure of S atm, the postflame mole fraction of CO is close to

its equilibrium mole fraction.

Figure 7 demonstrates the mole fraction profiles of H, OH,
and CHj radicals in the H,/CH,/C;Hg/O,/Ar flame at 1, 3,
and S atm. As seen, the rise of pressure insignificantly affects
the peak mole fractions of the radicals in the flames, although

they were expected to decrease with pressure, as was

demonstrated previously in hydrogen"’2 and methane® flames.
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Figure 9. Profiles of rates of production (ROP) of acetylene and ethylene in the crucial reactions in the flame of H,/CH,/C;Hs/O,/Ar at 1, 3, and 5
atm (AramcoMech 2.0). The reaction numbers as they appear in AramcoMech 2.0 are indicated in the legends. Curves with black circles: total rates
of production of acetylene (top) and ethylene (bottom). The reactions corresponding to the numbers provided are listed in Table 4 (for acetylene)
and Table S (for ethylene). The production rate profiles for reactions having contributions less than 5% are not shown.

The mole fractions of the major flame radicals are known to
depend si§niﬁcantly on the flame temperature.

Earlier’® we were able to determine their decrease with
increasing pressure because, under those flame conditions, the
flame temperature remained practically constant at all
pressures. Unfortunately, we could not find conditions for
H,/CH,/C;H; flames under which their postflame temper-
atures would be equal at different pressures (Figure 1).
Therefore, the trend of reduction in the peak mole fraction of
radicals with pressure is seen in Figure 7 only when the
pressure changes from 3 to $ atm, as under these conditions the
postflame temperatures practically did not differ (Figure 1). It
can also be noted that, as the pressure rises, the measured and
calculated mole fractions of H and OH radicals in the postflame
zone (at a distance of 2—3 mm from the burner surface)
approach the equilibrium values.

Analysis of the employed chemical kinetic mechanisms has
shown that the reduction in the mole fraction of H radicals is
primarily related to the reaction H + O, (+M) « HO, (+M),
the contribution of which to the consumption of H atoms
increases with a rise in pressure. As the H mole fraction also
largely determines the concentration of hydroxyl, mostly due to
the reaction H + O, <> O + OH, the mole fraction of OH also
decreases. In a similar way, the mole fraction of CH; decreases
due to an increase in the contribution of the reaction CH; + H
+ M < CH, + M to its consumption with increasing pressure.

Figure 8 shows the measured and simulated mole fraction
profiles of formaldehyde, primary C, hydrocarbons, and the
species whose contributions to the respective mass peaks were
not separated (allene + propyne and propene + ketene). As is
seen, all the mechanisms similarly predict the mole fraction
profiles of most of these species in flame, except for
formaldehyde and C;H, (allene + propyne). At 1 atm, all the
models well predict the peak mole fractions of the
intermediates. However, at pressures of 3 and 5 atm, the

calculated peak mole fractions are 1.5—2 times larger than the
experimental values for all the species except for C,Hs The
measurements demonstrated that increasing the pressure from

667
668
669

1 to 5 atm insignificantly affected the peak mole fractions of 670

these intermediates: for all the species, except for C,Hy, the
peak mole fractions are reduced by a factor of 1.3—1.5.
However, the results of simulation show the opposite trend for
these species: a 1.2—1.8-fold increase in their peak mole
fractions. For C,Hg, the models underpredict the measured
peak mole fractions by about a factor of 2—2.5. In addition, the
calculated peak mole fraction of C,Hg practically does not
change with pressure, whereas, according to measurements, it
does not change only in the pressure range from 1 to 3 atm; as
the pressure is further increased from 3 to S atm, it is reduced
by a factor of ~1.7.

Thus, all the mechanisms used satisfactorily reproduce the

experimentally observed tendency of the peak mole fractions of ¢s3

H,CO, C,H,, C,H,, allene + propyne, and propene + ketene to
decrease with a rise in pressure from 3 to S atm. However, all
the mechanisms predict an increase in the peak mole fractions
of these species as the pressure rises from 1 to 3 atm, which is
not observed experimentally. Note that a similar result was
obtained in our previous study, in which, in addition to other
issues, the effect of the pressure change within the same limits
on the peak mole fractions of ethylene and acetylene in
methane flames was investigated.” It was found in that study
that, as the pressure rose from 1 to 3 atm, the mechanisms used
(AramcoMech 1.3 and GRI-Mech 3.0) predicted an increase in
the peak mole fractions of C,H, and C,H,, whereas we
observed their reduction in the experiment. Analysis of the
reaction pathways allowed us to state that this disagreement is
related to the fact that those models do not adequately predict
the pressure-dependent chemistry of acetylene and ethylene
production and need to be improved.
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In this study, we also analyzed the pathways of production
and consumption of acetylene and ethylene for the
AramcoMech 2.0 mechanism. Figure 9 shows the profiles of
the rates of production and consumption of acetylene and
ethylene in the key reactions in H,/CH,/C;H; flames at
different pressures. It is seen from the plots in Figure 9 that
active production and consumption of ethylene in flame occur
slightly closer to the burner than those of acetylene. In addition,
it is to be noted that the maximum total rates of production of
C,H, and C,H, increase by factors of ~20 and ~16 with a
pressure rise from 1 to 3 atm, respectively, but with a further
pressure increase to S atm, they change only slightly. However,
the total rates of consumption of these species also increase
with pressure, so that the mole fractions of acetylene and
ethylene in the flame eventually do not change so significantly
with pressure (Figure 8).

The reaction numbers of which are provided in the legends
for the plots in Figure 9 are listed in Tables 4 and S. In order to

Table 4. Reactions Providing the Largest Contribution to

the Total Rate of Acetylene Production (AramcoMech 2.0)
and Their Integrated Contributions (%) to the Production
(+) and Consumption (—) of Acetylene at 1, 3, and 5 atm

contribution to total C,H,
production (consumption) (%)

reaction
no. reaction 1 atm 3 atm S atm
302 CH; +H < CH, + H, 56.78 48.31 40.97
266 C,H, + H (+M) < C,H, 15.01 23.30 31.05
(+M)
308 C,H, (+M) < H,CC (+M) 11.74 9.67 9.31
848 CH; + C,H, < C;H; 5.23 7.28 8.51
309 CH, + O & CH, + CO —-19.10 -19.10 —18.63
310 CH, + O & HCCO + H —76.38 —76.37 —74.52

numerically evaluate the contribution of each reaction to the
total rate of production of acetylene or ethylene, we calculated
the integrated rates of all reactions involving acetylene and
ethylene in the flame (w;) in the same way as was done
previously:**

o0 © o)
w, = f o/ dt = / — dx
0 0o v ()

where @] is the local rate of the ith reaction, mol/(cm>s), v is
the local gas velocity (cm/s), and « is the distance from the
burner (integration was carried out over the entire flame zone).
The obtained values of @; were normalized by the sum of the
integrated production or consumption rates of acetylene and

ethylene in all the reactions. Thus, we obtained the
contributions of the reactions to the production or con-
sumption of acetylene and ethylene. These values (in percent)
are given in Tables 4 and 5.

As seen from Figure 9, the reaction of the vinyl radical with
the hydrogen atom is the main pathway for acetylene
production in the flames: C,H; + H « C,H, + H, (reaction
302). In addition, acetylene is produced from vinyl by the
reaction C,H; (+M) < C,H, + H (+M) (reaction R266, which
is the reverse of reaction 266) and by the reaction of vinylidene
isomerization with third-body participation H,CC (+M) «
C,H, (+M) (reaction R308). Acetylene is also produced by the
allyl decomposition reaction C;H;—S < CHj; + C,H, (reaction
R848). Notice that the maximum of the rate of this reaction is
slightly shifted to the burner compared to those of other
reactions. Acetylene consumption mostly proceeds in its
reactions with the oxygen atom (reactions 309 and 310), and
their contribution does not change with pressure.

Reactions 266 and 308 in the AramcoMech 2.0 mechanism
have rate constants which depend on pressure. As seen from
Table 4, the integrated contribution of reaction 266 to the
production of acetylene increases more than 2-fold (from ~15
to ~31%) as the pressure increases from 1 to S atm. This may
be the reason for the decrease in the contribution of the main
reaction of its production (reaction R302) as the pressure
increases (from ~57 to ~41%). The fact that the model and the

730
731
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733
734

752
753
754
78S

experiment give opposite trends for the peak mole fraction of 756

acetylene with pressure in the range from 1 to 3 atm indicates a
need to thoroughly investigate pressure dependence of the rate
constant of the reaction C,H; (+M) < C,H, + H (+M). This,
however, is beyond the scope of the present study.

Ethylene is produced in the reactions of monomolecular
decomposition of the n-propyl radical n-C;H, <& C,H, + CH,
(reaction R698), decomposition of the ethyl radical C,Hs (+M)
< C,H, + H (+M) (reaction R207), and interaction between
propylene and the hydrogen atom C;Hy + H < C,H, + CH;
(reaction 694). Its consumption mainly proceeds in reactions
with H, O, and OH (Figure 9 and Table S). As is seen from

767

Table §, just as in the case with acetylene, the contribution of 768

different reactions to the total integrated rate of ethylene
consumption does not change with pressure. Among the three
above-mentioned reactions of ethylene production, reaction
207 has a pressure-dependent rate constant, so its contribution
to the total integrated rate of ethylene production increases
with pressure. When the pressure increases from 1 to 3 atm,
this contribution is nearly doubled (from 10.85 to 21.06%), and
with a further pressure rise, it increases to approximately 25%.
It seems likely that the pressure dependence of the rate
constant of this reaction should be revised in order to obtain

Table S. Reactions Providing the Largest Contribution to the Total Rate of Ethylene Production (AramcoMech 2.0) and Their
Integrated Contributions (%) to Production (+) and Consumption (—) of Ethylene at 1, 3, and § atm

reaction no. reaction
698 C,H, + CH; « n-C;H,
207 C,H, + H (+M) & C,H; (+M)
694 C;Hg + H & C,H, + CH;
247 CH,+H <+ CH; + Hy
256 C,H, + O & CH,CHO + H
285 C,H, + O & CH; + HCO
248 C,H, + OH < C,H; + H,0

contribution to total C,H, production (consumption) (%)

1 atm 3 atm S atm
54.44 53.70 51.88
10.85 21.06 25.51
29.61 20.42 17.59

—12.39 —13.87 —-12.35

—16.00 —14.57 —-13.92

—19.56 —-17.81 —-17.02

—-50.14 —51.65 —54.46
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05 atm
m 3 atm
o 1atm

(#848) CH3+CzH2=CsH5E C,H,
(#308) CoHa(+M)=H,CC(+M) [

(#266) CoHp+H(+M)=CoHs(+M) F

(#302) CoHg+H=CaH+ Ho

ECZHZ+O=CH2+CO (#309)

 ——C2+ O=HCCO+H (#310)

(2)

(b)

(#207) CZH4+H(+M)=CZHS(+M)'F H 05 atm
C2 4 | 3 atm
(#698) C,H,4+CH3=n-C;H; EI = 1atm

(#694) CaHe+H=C;H.+CH, |umm——
m—C,H,+H=C,H+H, (#247)
—CH,+0=CH;+HCO (#255)
Sm—C,H,+0=CH,CHO+H (#256)

-02H4+0H=02H3+H20 (#248)

-0.3 -0.1 0.1 0.3

Sensitivity coefficient

-0.18

-0.13 -0.08 -0.03 0.02

Sensitivity coefficient

0.07 0.12

Figure 10. Sensitivity coefficients of acetylene (a) and ethylene (b) in H,/CH,/C;Hg/O,/Ar flames at 1, 3, and 5 atm. The sensitivity coefficients
are calculated for the heights above the burner corresponding to the maximum mole fractions of C,H, and C,H,, respectively.

779 reasonable agreement between the experiment and the model
780 for the pressure influence on the peak mole fraction of ethylene
781 in the flame.

782 Although the production/consumption rates can be used to
783 identify the reaction pathways related to the species of interest,
784 they do not necessarily reflect the correlation between the rate
785 parameters and the simulated profiles. Thus, a sensitivity
786 analysis was also performed to make reasonable suggestions for
787 updating the mechanisms. The sensitivity coefficients of C,H,
788 and C,H, were calculated for the whole range of heights above
789 the burner. However, a comparison of the sensitivity
790 coefficients of the selected species at different pressures is
791 reasonable only for the heights above the burner where these
792 species reach maximum mole fractions. Parts a and b of Figure
793 10 show the sensitivity coeflicients of C,H, and C,H,,
794 respectively, at the heights above the burner corresponding to
795 the maximum mole fractions of these species. The C,H,
796 sensitivities were calculated at 0.63, 0.2, and 0.13 mm from
797 the burner at 1, 3, and S atm, respectively. The sensitivities of
798 C,H, were calculated at 0.54, 0.17, and 0.11 mm from the
799 burner at 1, 3, and S atm, respectively.

80 The most sensitive reactions only are shown in Figure 10. It
gol is interesting to note that all these reactions were mentioned
802 above as the reactions playing a key role in the formation/
803 consumption of acetylene and ethylene. As is seen from the
804 diagrams in Figure 10, the formation of acetylene and the
80s formation of ethylene are very sensitive to the rate constants of
806 reactions 310 and 248, respectively. These reactions, as shown
807 above (see Tables 4 and S), play a crucial role in the
808 consumption of these species. Reactions 302 and 694 also
809 exhibit high sensitivity coefficients. However, it is noteworthy
810 that the pressure change in the range from 1 to S atm results in
811 a notable increase in the sensitivity coefficients of the reactions
812 CH, + H (+M) < C,H; (+M) (reaction 266) and C,H, + H
813 (+M) < C,H; (+M) (reaction 207) only. This implies that
814 varying the rate constants of these reactions can have different
815 effects on the calculated peak mole fractions of C,H, and C,H,
816 at different pressures. While the sensitivity coeflicients of
817 reactions 302 and 694 slightly decrease with pressure, the
818 sensitivities of other reactions remain virtually unchanged.
819 Therefore, the sensitivity analysis also shows that revising the
820 rate constants of reactions 266 and 207 can help in obtaining
821 reasonable agreement between the experimental and model
822 results for the pressure influence on the peak mole fractions of
823 acetylene and ethylene in the flame.

—_

— =

—_ =
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B CONCLUSION 824

Using the experimental method and numerical modeling, we s2s
studied the thermal and chemical structures of stoichiometric s26
flames of blended fuel H,/CH,/C;Hj stabilized on a flat burner s27
at atmospheric and elevated pressures. Molecular-beam mass s28
spectrometry was employed to measure the mole fraction 829
profiles of the initial components of the fuel mixture, the main 830
combustion products, and intermediates, including the mole 831
fraction profiles of H atoms and OH and CH; radicals. 832

Comparison of the experimental data with the results of 833
numerical modeling has shown that all four mechanisms 834
satisfactorily predict the distribution of the mole fractions of the 835
initial reactants, the final combustion products, and most of the 836
intermediate flame species. Agreement is observed at both 837
atmospheric and elevated pressures. All the mechanisms used in 838
modeling give close mole fractions of the flame species in spite 839
of the different numbers of reactions and components and s40
dates of issue. Moreover, for all the mechanisms, the differences 841
between the modeling and experimental results were similar. 842
This indicates that the authors developing new models focus 843
mostly on the model extension, i.e., the addition of new species 844
and reactions involving them (e.g,, AramcoMech 2.0), rather s4s
than on the revision of the rate constants of “well-known” 846
reactions and their pressure dependences. Clearly, this is due to 847
the lack of reliable experimental data suitable for validating the 848
mechanisms, but this problem has been pointed out. 849

The consumption zones of the fuel components have been sso0
established to be significantly different. Hydrogen (H,) was ss1
shown to have the widest consumption zone in the flames, ss2
while C;H; had the narrowest one. Analysis of the ss3
consumption rates of the fuel components has shown that ss4
this effect is related not only to the different reactivities of the sss
fuel components, but also to the fact that the presence of 8s6
methane and propane gives rise to additional pathways of 857
hydrogen production, resulting in a significant expansion of the 8s8
width of the H, consumption zone in flames. The pathways of ss9
methane production, including CH; + H + M < CH, + M, 860
CH; + HO, & CH, + O,, and CH; + HCO < CH, + CO, ss1
play an important role in flames containing increased mole 862
fractions of H and CHj radicals due to the presence of 863
hydrogen and propane, respectively, in the unburnt gases. 864

At atmospheric pressure, all the mechanisms used satisfac- 865
torily predict the peak mole fractions for intermediate 866
hydrocarbons (ethylene and acetylene) that play an important se7
role in the formation of polycyclic aromatic hydrocarbons, as 868
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869 well as for allene + propyne, propene + ketene, and
870 formaldehyde. However, as the pressure is increased to 3
871 atm, the same mechanisms overpredict the peak mole fraction
872 of all these species. The analysis of the pathways of production
873 and consumgtion of C,H, and C,H, in the AramcoMech 2.0
874 mechanism™ at atmospheric and elevated pressures revealed
875 the key reactions responsible for these processes. The observed
876 disagreement seems to be due to the incorrect pressure
877 dependences of the rate constants of the reactions C,H; (+M)
878 < C,H, + H (+M) and C,H; (+M) < C,H, + H (+M) used
879 in these models, which therefore need to be refined. The
8s0 experimental data obtained may be used for testing other
881 kinetic mechanisms not mentioned in this paper that simulate
ss2 the combustion of multicomponent fuel mixtures containing
883 hydrogen, methane, and propane.
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