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Abstract

A study of formation and destruction of NO in adiabatic laminar premixed flames of CH4 + O2 mix-
tures diluted with N2 or Ar (with various dilution ratios) in a range of equivalence ratios at atmospheric
pressure is presented. Nitric oxide was seeded into the flames using mixtures of diluent gas + 100 ppm of
NO. The heat flux method was employed to measure adiabatic burning velocities of these flames. Nitric
oxide concentrations in the post-flame zone at 10, 15 and 20 mm above the burner surface were measured
using probe sampling. Burning velocities and NO concentrations simulated using a previously developed
chemical kinetic mechanism were compared with the experimental results. The conversion ratio of NO
seeded into the flames was determined. The kinetic mechanism accurately predicts burning velocities over
the range of equivalence ratios and NO conversion in the rich flames. Significant discrepancies between
measured and calculated NO conversion in the lean and near-stoichiometric flames were observed and
discussed.
� 2009 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

Keywords: Burning velocity; Nitric oxide; Laminar flame; NO conversion
1. Introduction

Exhaust Gas Recirculation (EGR) is consid-
ered as the basic method to control Homogeneous
Charge Compression Ignition (HCCI) combus-
tion [1]. The application of EGR in HCCI engines
has a number of effects on the combustion process
and emissions:
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� preheating effect: the inlet charge temperature
increases due to hot EGR gases;
� dilution effect: the introduction of the EGR

gases leads to a reduction of the oxygen
concentration;
� heat capacity effect: the total heat capacity of

the mixture of the EGR gases, air, and fuel will
be higher owing to the higher heat capacity of
carbon dioxide and water vapor;
� chemical effect: unburned hydrocarbons, CO,

CO2, NO, H2O, etc. in the EGR gases are
chemically active and could moderately affect
reaction rates.
ute. Published by Elsevier Inc. All rights reserved.
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To address these effects and also NO reburning
processes in flames, a number of studies have been
performed in methane flames with admixture of
NO at sub-atmospheric pressures [2–16] as well
as at atmospheric and higher pressures [17–22].

A summary of experimental results obtained in
premixed CH4 + O2 + N2 + NO flames at various
conditions is given in Fig. 1, where conversion
ratio of NO versus initial concentration of NO
in the flames is plotted. Here, conversion ratio
was determined as the ratio of destroyed [NO]
to [NO] added initially to the fresh mixture. One
can see that all experimental data were obtained
in the flames with initial [NO] additive higher than
1000 ppm. Lean (/ = 0.86) premixed CH4/O2/N2

and H2/O2/N2 flames stabilized on a McKenna
burner at atmospheric pressure with addition of
0.11–0.33% of NH3, NO and N2O were studied
by Martin and Brown [21]. Using microprobe
gas sampling, relationships between NO and
N2O formation in the post-flame zone and addi-
tion of NH3, NO and N2O to combustion mixture
were determined. The relative error of the mea-
surements of NO concentration in the post-flame
zone was about ±10–50%. The effect of addition
of 1000 ppm of NO on the structure of premixed
CH4/air flames in a range of equivalence ratios
0.8–1.7 was studied by Jansohn et al. [18]. A nozzle
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Fig. 1. Conversion ratio of nitric oxide in a number of
CH4 + O2 + N2 + NO flames at various conditions
derived from measurements obtained by different
research groups. Filled squares: [18], equivalence ratios
/ = 0.8–1.66 (specified on the plot), pressure p = 1 atm;
filled right triangle: [21], / = 0.85, p = 1 atm; filled
diamonds: [22], / = 0.8–1.66 (specified on the plot),
p = 1 atm; open diamond: [2], / = 1, p = 10 torr; open
circle: [3], / = 1, p = 10 torr; open up triangle: [4], /
= 1, p = 10 torr; open down triangle: [5], / = 1,
p = 10 torr; open square: [6], / = 1, p = 10 torr; open
left triangle: [23] (lines indicate modeling results
obtained in this work), / = 0.8 and 1.27, p = 25–30 torr.
burner was used for flame stabilization and con-
centrations of stable species were determined. A
comparison of the measurements and modeling
using the mechanism of Miller and Bowman [24]
in the rich (/ = 1.25) undoped flame showed an
under-prediction of NO concentration in the
post-flame zone by a factor of 2. On the other
hand, in the flame seeded with 1000 ppm of NO
the modeling over-predicted the NO concentra-
tion by a factor of 1.2 at the same experimental
conditions. Feng et al. [22] studied the structure
of burner-stabilized CH4/O2/Ar flames doped
with NO (960–1070 ppm) using a quartz micro-
probe sampling and subsequent chemilumines-
cence analysis. They found that the modeling
using the mechanism of Lindstedt et al. [25]
under-predicts NO concentrations in the post-
flame zone at rich conditions (/ = 1.3–1.4) by a
factor of 1.5–2. In very rich flames (/ = 1.4–1.7)
and in lean ones (/ = 0.8–1.0) the modeling how-
ever satisfactory predicts NO concentration.

Measurements of NO conversion in the flames
doped with lower concentration of nitric oxide
were not reported. Numerical simulations, e.g.
[7,17,19,23,26] based on the GRI-Mech. 2.11
[27], 3.0 [28], and Miller–Bowman kinetic mecha-
nism [24] showed that in the lean flames doped
with low concentration of NO (on the average less
than �600 ppm) its consumption does not exceed
10%. This fact was used for calibration of NO
fluorescence signals in flames at atmospheric and
higher [17,19], as well as at sub-atmospheric pres-
sures [7,23,26]. Thomsen et al. [19] calibrated NO
fluorescence signal in premixed lean (/ = 0.6)
CH4/O2/N2 flames stabilized on a McKenna bur-
ner at pressures 1–14 atm with addition of
157 ppm of NO. They assumed that no NO is
destroyed in the flame front of these flames, and
validated their assumption by computer modeling,
which predicted less than 5% NO destruction.
Bessler et al. [17] performed their calibration using
a lean premixed flame (/ = 0.95) stabilized on a
McKenna burner doped with NO (300–
600 ppm). It was concluded that in this flame
decomposition of NO additive was less than 10%.

Thus, the literature showed that the degree of
NO reburning in flames depends on the stoichi-
ometry and on initial concentration of NO seeded
into fresh mixture. Although there was no direct
experimental proof, it was generally accepted that
small amounts of NO seeded into lean flames are
not consumed (within ±10 %) and can be used
for, e.g., LIF signal calibration.

The original goal of the present work was
therefore to investigate NO reburning mostly in
rich premixed methane flames at atmospheric
pressure for validation of the Konnov detailed
kinetic mechanism [29]. The heat flux method
was used for flame stabilization. This method
allows accurate measurements of the laminar
burning velocities and facilitates comparison of
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the measured concentrations of stable products
with the modeling. During this study it was
noticed that small amounts of NO seeded into
CH4 + O2 + N2 mixtures are consumed not only
in rich, but also in lean flames. This unexpected
finding motivated experiments in CH4 + O2 + Ar
flames to avoid interference of the NO natively
formed from molecular nitrogen. In the following,
these experimental results are presented and com-
pared with the modeling; performance and defi-
ciencies of the modeling are finally discussed.
2. Experimental details

Adiabatic flames were stabilized using the heat
flux method [30] on a perforated plate burner of
improved design [31], which has been a part of
the experimental setup described elsewhere
[32,33]. The temperature of the fresh gas mixture
was controlled by a water cooling system in the
burner’s plenum chamber, and during the experi-
ments it was maintained at 298 K.

In the present work, the flames of the mixtures
of CH4 + O2 + N2 seeded with NO and without
additive, as well as of CH4 + O2 + Ar + NO mix-
tures in a range of equivalence ratios were studied.
The mixtures doped with NO were prepared using
the mixture of N2 or Ar with 100 ± 3 ppm addi-
tion of NO. All gases, including N2 + NO and
Ar + NO mixtures, were supplied by Air Liquide.
The stated purity of methane, oxygen, nitrogen
and argon were 99.995% or better. Two nitrogen
diluted flames with the dilution factor D = O2/
(O2 + N2) equal to 0.209 and 0.18 as well as argon
diluted flame with O2/(O2 + Ar) ratio of 0.17 were
studied.

The methodology of the measurements of
burning velocity was described in details earlier
[30,32]. The experimental uncertainties in burning
velocity measurements are mostly the results of
the small random errors in gas velocities and the
determination of the conditions of the zero net
heat flux from the thermocouples measurement
of temperature distribution on burner surface. A
detailed analysis and quantification of burning
velocity errors was reported earlier [32], and the
overall accuracy of the burning velocity measure-
ments was estimated to be better than ±0.8 cm/s
(double standard deviation with 95% confidence
level). Concentration measurements were carried
out using non-cooled quartz probe with inlet
diameter of 0.9 mm, 6 mm external diameter and
wall thickness of 1 mm. The sampled gas was
ducted to the gas analyzers through a condition-
ing unit, a membrane pump and a filter. Water
(dew point 5 �C) was removed from the gas sam-
ple in the conditioning unit by rapid chilling with-
out dissolution of gas components in the liquid
phase. As a consequence, the measured concentra-
tions were compared to the modeling results recal-
culated to a dry basis. The probe used introduces
gas-dynamic and thermal perturbations into the
flame that may affect measured species concentra-
tions. A detailed analysis of the errors associated
with the probe influence on the measurements
results (due to flame perturbation by the probe,
conversion of the sampled gas in the probe,
etc.), as well as sampling methodology were
reported earlier [33]. To eliminate the probe effects
in concentration measurements, we did not
attempt to resolve spatial concentration profiles
and performed sampling in the post-flame zone
only. To measure nitric oxide concentration, the
Fisher Rosemount Model 951A NO/NO2 chemi-
luminescence analyzer was used. Before each set
of measurements the sampling and analyzing sys-
tem was calibrated with a mixture of 100 ppm of
NO in nitrogen (or argon). Instrumental errors
of the analyzer, and calibration procedure were
discussed earlier [33]. In the present work, the
measurements of NO or NOx (the sum of NO
and NO2) were indistinguishable within the exper-
imental accuracy. The flame modeling described
below confirms that in the post-flame zone of
interest the concentration of NO2 was always
below 0.5% of that of NO. However, a possible
NO2 formation from NO in the probe was not
neglected. In the present work, the total concen-
tration of NOx was measured and attributed to
the NO concentration in the post-flame zone.
Taking into account all error sources, the uncer-
tainty in the measurement of NO concentration
was evaluated [33] to be always better than 10%.
Sampling was performed at heights of 10, 15
and 20 mm above the burner surface. Simulta-
neously with [NO] measurements, the measure-
ments of the concentrations of CO, CO2 and O2

were also carried out. Comparing them with the
simulated [CO], [CO2] and [O2], the range of
equivalence ratio, where the flame is less affected
by the ambient air entrainment, was established
according to the procedure used before
[31,33,34]. The measurements of [NO] within this
range only are presented below.
3. Modeling

A detailed C/H/N/O reaction mechanism for
the combustion of small hydrocarbons was used
for the modeling [29]. The current version of the
mechanism consists of 1207 reactions among 127
species. This mechanism has been validated with
experimental data available for oxidation, igni-
tion, and flame structure of hydrogen, carbon
monoxide, formaldehyde, methanol, methane,
ethane, propane, and some of their mixtures
[29,32,33]. The CHEMKIN II collection of codes
[35,36], including transport properties [37] from
Sandia National Laboratories, were used. Multi-
component diffusion and thermal diffusion
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Fig. 2. Adiabatic burning velocities at atmospheric
pressure and initial gas temperature of 298 K. Open
symbols: measurements in NO-doped flames, solid
symbols: measurements in undoped flames. Circles and
squares: CH4 + O2 + N2 flames with dilution factor
D = 0.18 and 0.209, respectively; triangles: CH4 + O2 +
(Ar + NO) flames with D = 0.17. Lines: modeling, solid
lines: NO-doped flames, dashed lines: undoped flames.
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options were taken into account. Adaptive mesh
parameters were GRAD = 0.1 and CURV = 0.5.
Modeling of a flame structure was carried out tak-
ing into account downstream heat losses. For this
purpose, the structure of the adiabatic flame was
first modeled. Then, the calculated adiabatic tem-
perature profile was modified downstream from
the flame front assuming a constant temperature
gradient of 100 K/cm as: Tx<0 = Tad, Tx>0 = Tad

� 100x, where x is the axial distance from the
flame front in cm. The temperature decrease due
to the heat losses to the environment with the gra-
dient as large as 100 K/cm was observed experi-
mentally by van Maaren et al. [38,39]. These
measurements were directly taken into account
in approximation of the temperature profiles used
in our calculations. Finally, the flame structure
was simulated with the corrected temperature pro-
file using the ‘‘burner-stabilized flame” option in
the PREMIX code.

To analyze the reaction pathways of nitric
oxide transformation in the flames, an investiga-
tion of N-element fluxes from species to species
was performed using the KINALC code [40], a
post-processor of the output files of the PRE-
MIX code. Since the element flux analysis should
be carried out with a reaction mechanism con-
taining irreversible reactions only, the original
mechanism [29] was first converted into the irre-
versible form by the MECHMOD code [41]. The
Flux Viewer code [42] was used to visualize N-
fluxes.
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Fig. 3. Concentration of NO at different distances from
the burner in post-flame zone of the flames of
CH4 + O2 + N2 mixtures (D = 0.209) doped with NO
and undoped. Lines: modeling; symbols: experiment.
Solid lines and diamonds: [NO] at 10 mm from the
burner surface; dashed lines and circles: [NO] at 15 mm;
fine dashed lines and triangles: [NO] at 20 mm.
4. Results and discussion

Figure 2 shows adiabatic burning velocities
measured at atmospheric pressure in the flames
of CH4 + O2 mixtures diluted with both N2 and
Ar seeded with NO and without additive (for N2

diluted flames). Simulated burning velocities in
these flames are also presented. Modeling shows
that the chemical kinetic mechanism accurately
reproduces burning velocities of these flames in
the whole range of equivalence ratios. One can
see that NO additive does not result in appreciable
change of the flame burning velocity within the
experimental uncertainties. The modeling results
also showed that within typical resolution of
numerical calculations (±0.2 cm/s) addition of
NO does not influence the flame burning velocity.

Figures 3 and 4 represent measured and calcu-
lated concentrations of NO (dry basis) as func-
tions of equivalence ratio at 10, 15 and 20 mm
above the burner surface in CH4/O2/N2 flames
(D = 0.209 and 0.18, respectively) without NO
additive and doped with NO. A good qualitative
agreement between experimental and numerical
results is observed over the range of equivalence
ratios for both doped and undoped flames. How-
ever, some quantitative discrepancies between the
simulated and experimental data are evident. The
model satisfactory reproduces the experimental
data in both undoped flames over the range of
equivalence ratios. In the flames doped with NO,
the model overestimates NO concentrations in
the lean mixtures.
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Fig. 4. Concentration of NO at different distances from
the burner in post-flame zone of the flames of
CH4 + O2 + N2 mixtures (D = 0.18) doped with NO
and undoped. Lines: modeling; symbols: experiment.
Solid lines and diamonds: [NO] at 10 mm from the
burner surface; dashed lines and circles: [NO] at 15 mm;
fine dashed lines and triangles: [NO] at 20 mm.
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Measured and calculated NO concentrations in
the post-flame zone of CH4/O2/(Ar + NO) flame
(D = 0.17) are shown in Fig. 5. Calculated [NO]
are in quite good agreement with the measured
values in stoichiometric and rich flames regardless
of a slight overestimation (by �3 ppm). In the
lean flames, serious discrepancy between simu-
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Fig. 5. Concentration of NO at different distances from
the burner in post-flame zone of the flames of
CH4 + O2 + (Ar + NO) mixtures (D = 0.17). Lines:
modeling; symbols: experiment. Solid lines and dia-
monds: [NO] at 10 mm from the burner surface; dashed
lines and circles: [NO] at 15 mm; fine dashed lines and
triangles: [NO] at 20 mm. Crosses are modeling with
GRI 3.0 chemical kinetic mechanism.
lated and measured [NO] is observed. Calculated
[NO] are almost independent of equivalence ratio,
whereas experimental values rapidly decrease with
decreasing /. Maximum difference (�23 ppm)
between calculated and measured [NO] is at /
� 0.75. One can see that the discrepancies between
the measured and calculated [NO] are in excess of
the measurement uncertainties discussed above as
well as earlier [33]. Taking into account all error
sources, the uncertainty in the measurement of
NO concentration was evaluated [33] to be always
better than 10%. Repetition of the experiments in
methane + air flames [33] 6 years later on a perfo-
rated plate burner of improved design with new
probes, gases and calibrating mixtures [31]
revealed small differences in the measurements of
[NO] not exceeding 3–5 ppm. In the present work,
the comparison of the [NO] in flames without
additive and doped with NO is much more
straightforward, being performed at the same con-
ditions within a few consecutive days. Therefore,
the measurements of NO in the mixtures doped
with NO are likely correct and the kinetic model
appears to be responsible for these discrepancies.

The [NO] measurements given above can be
represented in terms of NO conversion ratio,
which is usually defined as Conv. ratio = 1 �
([NO]dop � [NO]undop)/[NO]add, where [NO]dop

and [NO]undop are the NO concentrations in
doped with NO and undoped flames, respectively,
[NO]add is the NO concentration in initial com-
bustion mixture. Though this definition in CH4/
O2/N2 flames assumes subtraction of the two val-
ues of the same order of magnitude thus increas-
ing relative uncertainty, it addresses, on the
other hand, concerns on the possible modification
of the sample composition in the probe. At each
equivalence ratio the composition of the gases in
the non-cooled probe was the same with exception
of the nitric oxide itself. Any systematic error
caused by, e.g., surface reactions, would then be
largely compensated. Figures 6–8 show the NO
conversion ratio derived from the experimental
and modeling results at different heights above
the burner. The absolute error in determining
the values of conversion ratio derived from the
experiments is about ±0.06. Simulation results
show that in near-stoichiometric and lean flames
the nitric oxide originally present in the fresh mix-
ture is consumed only slightly (NO conversion is
close to zero), whereas in rich flames notable
destruction of NO is observed. The model satis-
factory reproduces the conversion ratio of NO
in rich flames. However, contrary to the modeling
results, experimental data show a considerable
consumption of NO in near-stoichiometric and
lean flames. In these flames, measured NO conver-
sion ratio is about 0.2.

The occurrence of NO conversion in the rich
flames is due to NO reburning processes, which
were quite well studied earlier, e.g. [22,23]. An
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Fig. 7. Conversion ratio of NO in CH4 + O2 + N2

flames doped with NO. Lines: modeling; symbols:
measurements. Solid line and diamonds: at 10 mm
above the burner; dashed lines and circles: at 15 mm;
fine dashed lines and triangles: at 20 mm.
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Fig. 8. Conversion ratio of NO in CH4 + O2 + Ar
flames doped with NO. Lines: modeling; symbols:
measurements. Solid line and diamonds: at 10 mm
above the burner; dashed lines and circles: at 15 mm;
fine dashed lines and triangles: at 20 mm. Crosses are
modeling with GRI 3.0 chemical kinetic mechanism.
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attention should be given to the fact that NO con-
sumption in lean and near-stoichiometric flames is
not predicted by the present, nor by other models
[24,25,27,28], while it is observed experimentally.
As evidence, in Figs. 5 and 8 we provide some val-
ues of NO concentration (at 15 mm above the
burner surface) and conversion ratio calculated
using GRI 3.0 mechanism [27] for CH4/O2/
(Ar + NO) flame. As can be seen, GRI-Mech.
3.0 is similar to the Konnov mechanism [29] in
predicting concentration of NO in post-flame
zone and NO conversion ratio. The results
obtained in the present work qualitatively agree
with the experimental data available in the litera-
ture (see Fig. 1). The NO conversion ratio was
found to depend strongly on both composition
of initial gas mixture and concentration of NO
additive (Fig. 1). For example, increasing the con-
centration of NO additive from 0.6% up to 3%
gives the rise of conversion ratio in lean (/
= 0.8) CH4/N2/O2 flame from 12% up to 17%
[23]. Modeling performed in that work also pre-
dicts approximately the same values of NO con-
version ratio. However, it should be emphasized
that in all studies mentioned in the introduction
the concentration of NO additive were higher
than about 1000 ppm.

One can conclude that the conversion of nitric
oxide revealed experimentally in the present work
in lean and near-stoichiometric flames doped with
small amount of NO indicates drawbacks of the
used kinetic model and other models, which dem-
onstrate a near-zero NO conversion in the lean
flames. To understand this discrepancy, the most
important reaction pathways responsible for for-
mation and destruction of NO in different com-
bustion zones in lean and rich flames were
analyzed. Figure 9 shows simulated spatial con-
centrations of NO as well as temperature profiles
in lean (/ = 0.8) and rich (/ = 1.3) Ar-diluted
flames seeded with NO. Modeling shows that
NO additive has no effect on the temperature of
the flames. Only the most relevant fragments of
the NO profiles in flames are shown in Fig. 9.
From the [NO] profiles one can distinguish several
zones of consumption as well as production of
NO in the flames. A specific feature of [NO] vari-
ation in both (lean and rich) flames is a fast NO
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consumption in the preheat zone. In agreement
with earlier observations [6,18], NO removal in
this zone is the result of reactions HO2 + NO M

NO2 + OH (1), NO + OH(+M) M HONO(+M)
(2), CH3O + NO M CH2O + HNO (3) producing
NO2, HONO and HNO. Moving downstream, the
concentration of nitric oxide drops to its first
minimum and then begins to rise again in both
flames. Although the removing of NO in this zone
via reactions (1), (2) and (3) is reinforced by
the termolecular reaction CH3 + NO(+M) M

CH3NO(+M) (6), formation of NO dominates
here because of reactions of accumulated NO2

with H and CH3 radicals (NO2 + H M NO + OH
(4) and CH3 + NO2 M CH3O + NO (5)). Further
downstream decrease of [NO], which is consider-
ably more significant in the rich flame, is due to
consumption of NO because of reactions with
HCCO, CH2 and CH3 radicals yielding HCNO
and HCN: SCH2 + NO M HCN + OH (7),
HCCO + NO M HCN + CO2 (8), HCCO +
NO M HCNO + CO (9), CH3 + NO M HCN
+ H2O (10), CH2 + NO M HCNO + H (11). NO
is formed here primarily from NO2, HONO,
HNO and NH by the reactions (4), (5), (�2) and
HNO + H M NO + H2 (12). In the post-flame
zones of both lean and rich flames, NO formation
is controlled by the reactions of HNO, NH, N
with H, O and OH radicals.

This analysis shows that the key reactions
responsible for production and destruction of
nitric oxide at fuel-lean and rich conditions are
mainly the same. To increase the predicted con-
version ratio of NO in lean flames while keeping
close performance of the mechanism in rich
flames, the pre-exponential factors of rate con-
stants of the key reactions discussed above were
varied within tolerable limits. These tolerable lim-
its comprise uncertainty of the pre-exponential
factors themselves and of the activation energies.
This did not bring significant improvement in
the model behavior. One can also assume that
some missing reactions between NO and radical
species could be included into the mechanism in
such a way that they are more operational in lean
than in rich flames. Analyzing calculated concen-
tration profiles of all species, it was found that
the maximum difference in the peak concentra-
tions of radicals in lean and in rich flames shown
in Fig. 9 does not exceed a factor of 2. This differ-
ence is clearly insufficient to compensate signifi-
cant discrepancy observed in, e.g., CH4/O2/
(Ar + NO) flames (Fig. 5), where over-prediction
in lean flames (23 ppm) is almost an order of mag-
nitude larger than in rich flames (3 ppm).
5. Conclusions

Burning velocity and probe sampling measure-
ments of the concentrations of NO in the post-
flame zone of laminar, premixed, non-stretched
flames of CH4 + O2 mixtures diluted with N2 or
Ar doped with NO (100 ppm in diluent gas) and
without additive were presented. The experimen-
tal data were compared with simulation results
obtained using the Konnov detailed chemical
kinetic mechanism. The model accurately repro-
duces laminar burning velocities in all flames.
Using measured and predicted NO concentra-
tions, the conversion ratio of NO was determined.
Simulation results showed that in near-stoichiom-
etric and lean flames the nitric oxide originally
present in the fresh mixture is consumed only
slightly, whereas in rich flames notable destruction
of NO was observed. The model reproduces the
conversion ratio of NO in rich flames. However,
contrary to the calculation results, considerable
consumption of NO (conversion ratio �0.2) was
observed experimentally in lean and near-stoichi-
ometric flames. To understand a possible mecha-
nism of NO consumption in the fuel-lean
conditions, the most important reactions responsi-
ble for NO transformation in different combus-
tion zones in lean and reach flames were
analyzed. These reactions were found to be mostly
the same in lean and rich conditions.
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