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The nitric oxide (NO) formation in methane (CH4) flames has been widely investigated, with quite a few
kinetic mechanisms available in the literature. However, studies have shown that there are often dis-
crepancies between the simulations using various mechanisms and the experimental results. To elucidate
reactions leading to these discrepancies, experiments were designed to measure the NO formation in the
post flame zone of CH4+0,+N, flames with the oxygen ratio, xo, = 0,/(0,+N,), varying from 0.2 to
0.27. The experiments were carried out on a heat flux burner at atmospheric pressure and 298 K using
saturated Laser-induced fluorescence. The equivalence ratio, ¢, was changed from 0.7 to 1.6. The corre-
sponding laminar burning velocity, S;, for each condition was also measured using the heat flux method.
A comparison was made for the present experimental data and simulation results using the Konnov,
Glarborg, NOMecha 2.0, and San Diego mechanisms, and none of them well reproduced the new NO ex-
perimental data for all investigated conditions. Numerical analyses show that the increment of NO mole
fraction in stoichiometric and fuel-lean flames when the xo, increases is mostly defined by the thermal-
NO production, which is found to be over-predicted, especially by the Konnov and San Diego mechanisms.
The rate constant of reaction NO+N = N,+0 was derived as k = 1.529 x 1013700027 exp(%)
cm? [ mol s over 225-2400 K temperature range. The rate constants of four reactions controlling CH mole
fraction profiles and prompt-NO formation were updated based on the analysis of the literature data that
yields an improved performance of the Konnov mechanism.

© 2020 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

whose predictions uniformly agree with available experimental re-
sults from CH,4 flames is still an unfinished task.

Emission of nitric oxide (NO) from combustion processes has,
for a long time, been an environmental concern, and the more and
more stringent restrictions on NO emissions have driven thousands
of researchers to investigate the underlying chemistry. Due to its
dominance in natural gas and with the simplest chemical struc-
ture among hydrocarbon fuels, the NO formation in methane (CHy)
flames has been examined at various temperatures and pressures.
Nowadays, reaction pathways through the thermal- and prompt-
NO formation, as well as the routes involving N,O, NNH, HCN, etc.
have been revealed with lots of kinetic mechanisms available for
simulation, e.g., [1-8]. However, developing a robust mechanism
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In the recent work of Brackmann et al. [9], the NO mole frac-
tions formed in atmospheric CHy+air flames were measured using
laser-induced fluorescence (LIF) and compared with simulations
using several mechanisms: GRI mech 3.0 [3], San Diego [4], Kon-
nov (2009) [2], NOMecha 2.0 [5], Glarborg et al. [1], and Shrestha
et al. [6]; however, none of the six mechanisms tested could well
predict NO mole fractions in the whole range of equivalence ratios
covered from ¢ = 0.7 to 1.5. Earlier experiments and simulations
carried out using a similar setup by Zhou et al. [10], and Wang
et al. [11] demonstrated that the CRECK [12], GDF-kin 3.0 [7], and
Mendiara-Glarborg [8] mechanisms could not predict experimental
data well either. Though for some of the above-mentioned mecha-
nisms updated versions have been released with improvements in
various aspects (e.g., Mendiara and Glarborg [8] is an early version
of Glarborg et al. [1], and NOMecha 2.0 [5] originates from GDF-
kin 3.0 [7]), their simulation results for methane flames are still

0010-2180/© 2020 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. This is an open access article under the CC BY license
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unsatisfactory. Various discrepancies can also be found in other in-
vestigations using different experimental setups, e.g., [13,14].
Differences between numerical and experimental results prove
the need for further updating of the existing mechanisms, which is
also necessary considering the large uncertainties that remain, es-
pecially in the reactions governing the NO formation. One example
is the rate-limiting thermal NO reaction
N+NO=N,+0. (R1)
Though the rate constant of reaction (R1) has been widely in-
vestigated since the last century, e.g., [15-27], a scattering range of
it spans over almost an order of magnitude as seen from the re-
view of Baulch et al. [28]. Their recommendation for the rate con-
stant of reaction (R1) was given with an uncertainty of a factor of
2 for the 210-3700 K temperature range. For the reverse reaction
(R-1) in the temperature range 1700-4000 K, the uncertainty was
estimated to be + 40%. Abian et al. [29] noted the inconsistency
of the evaluations for the forward and reverse rate constants from
[28] and performed dedicated experiments on NO formation in a
flow reactor. The error limits were then improved down to + 30%
for the reverse reaction (R-1) over the temperature range 1700-
1800 K, while the recommended value for the rate constant of the
forward reaction was given for the 250-3000 K range. Buczké et al.
[30] also used the experimental data of Abian et al. [29] to opti-
mize the rate constants of reaction (R1) and reaction
N,0+0=NO+NO. (R2)
In the range 1600-2200 K, they derived a somewhat lower rate
constant for (R1) and refined the uncertainty range compared to
the evaluation of Baulch et al. [28]. Due to the high impact of
(R1) on the thermal-NO formation, different rate parameters of this
reaction lead to very different predictions of NO mole fractions in
lean and stoichiometric CH,4 flames using various mechanisms [9].
Experimental studies of the NO formation in premixed flames
are often used for model validation. However, simulations using
detailed kinetic mechanisms are usually carried out based on ide-
alized one-dimensional flame models, while real flames can be af-
fected by non-idealities. For instance, in the early work of Konnov
et al. [31], the axial and radial distributions of NO in atmospheric
CHy4+air flames were measured using probe sampling, demonstrat-
ing that the radial profiles of NO are only flat in the core region of
the moderately lean to moderately rich flames. In the very lean
mixtures, at ¢ = 0.7, the ambient air dilutes the burnt gases, and
in the very rich mixtures at ¢ = 14, oxidation of the combustion
products occurs when sampling at a distance of 10 mm from the
flame front. Thus, species diffusion to and from the environment
could be influential for the NO measurements, which are then rea-
sonable to be different from the simulation results. Another is-
sue is the complex heat loss mechanism from the post-flame zone
to the environment. The temperature profiles in atmospheric CHy
flames stabilized on the heat flux burner have been measured by
Bosschaart et al. using CARS thermometry [32] and also derived
by van Maaren and de Goey from Laser Doppler Velocimetry mea-
surements [33], where experimental results agree well with cal-
culations considering the radiative heat losses. The uncertainty of
the post-flame zone temperature can propagate to the uncertainty
of the simulated NO mole fractions, which are quite sensitive to
the post-flame zone heat losses [31]. To take these heat losses
into account in the modeling using an earlier version of CHEMKIN-
I, an imposed temperature gradient of —100 K/cm was suggested
[31] based on the mentioned measurements [32,33] and used in
similar studies, e.g., [10,11,33,34]. As can be expected, the above
two issues are strongly coupled with the design of the testing sys-
tem, and measurements at different positions of the flame should
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be influenced differently. Therefore, to make a more consistent
comparison with the simulations, experiments at the less affected
positions are needed, which cannot be performed using probes
[31] but can be achieved by laser diagnostics to maintain high spa-
tial resolution while being non-intrusive.

Based on the background outlined above, in the present work
NO mole fractions and burning velocities of CH4 + O, + N, flames
having different oxygen contents xo, were measured. This design
allows visiting as wide as possible range of experimental condi-
tions and, what is more, increasing xo, makes the flame tempera-
ture change widely, which permits covering a region of parameter
space where NO formation is increasingly sensitive to the thermal-
NO reactions.

2. Experimental details

The experimental setup used herein is nearly the same as that
in the previous study of Brackmann et al. [9] except that a burner
of improved design [35] was used in the present experiments. This
improved design allows the stabilization of faster-burning flames
compared with the traditional heat flux burner, which helps in-
vestigate conditions with high oxygen content. All the experiments
were conducted at atmospheric pressure and initial gas mixture
temperature of 298 K. The O, content in the oxidizer, denoted as
X0, = 0/(0,+N;), was changed from 0.2 to 0.27 with 0.01 incre-
ments. At each Xp,, the equivalence ratio ¢ was varied from 0.7
to 1.6 with 0.1 increments. Unburnt mixture flow rates of the in-
vestigated CH4+0,+N, flames were controlled by three individual
mass flow controllers (MFC). The adiabatic laminar burning veloc-
ity S; was measured by the heat flux method with the burner plate
temperature being set at 368 K using a thermostatic water bath.
The uncertainty of the measured S; was evaluated from the radial
scattering of the burner plate temperature measured by 15 ther-
mocouples and the uncertainties of the mass flow controllers. A
detailed description of the analysis of the heat flux method un-
certainties has been given by Alekseev et al. [36]. After the mea-
surement of S;, adiabatic flame conditions were achieved by set-
ting the inlet gas velocity equal to S;, and the NO mole fraction
was measured using saturated laser-induced fluorescence by ex-
citation of the A2X+<«X2I1 (0-0) band according to the proce-
dure presented by Brackmann et al. [9]. The relative uncertainty
of the measured NO mole fractions was previously evaluated as
+8.7% when considering errors caused by calibration, flame tem-
perature, and gas composition (affecting quenching and rotational
energy transfer) uncertainties [9]. The evaluation of NO mole frac-
tions includes corrections for temperature and quenching and the
uncertainty is estimated by comparing differences in corrected sig-
nals from ¢ = 0.7 syngas, CHy4, CH30H, and ¢ = 0.5 syngas flames
seeded with NO [9]. A more detailed explanation of the LIF mea-
surements and their uncertainty can also be found in the Supple-
mental Material. For both S; and NO mole fraction results, the un-
certainty of the corresponding equivalence ratio ¢ was estimated
from the uncertainty of the CHy4, N, and O, mass flow controllers.
All experimental data with associated uncertainties are tabulated
in the Supplemental Material.

To assess uncertainties associated with the radiative heat loss
modeling, the NO mole fraction was measured at 5 mm height
above the burner plate (HAB). This position is only a little bit
downstream of the flame front and thus, less affected by the heat
loss to the environment in the post-flame zone than measurement
points at higher HAB. Also, the NO results at ¢ > 1.5 will not
be compared with the simulations due to the following reasons.
Figure 1 shows the NO experimental results for CHy+air flames at
HAB = 5 mm and 10 mm. Around stoichiometry, the NO mole frac-
tions at 5 mm are lower than at 10 mm due to a shorter time for
the formation of thermal NO. It is also found that the measured
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Fig. 1. NO mole fractions in CHy+air flames measured at different HAB, at 1 atm
and 298 K.

NO mole fraction at ¢ = 1.5 increases with HAB. However, in the
very rich mixtures, the dominant prompt NO is formed inside the
flame front and should not change with height. One reasonable
explanation for this trend is that the real flame is not one-
dimensional, and the NO formed by the outer conical diffusion
flame layer diffuses into the measurement point at the center of
the flame. At the lower height, the distance of transportation is
longer, and the result is closer to the NO formed by the flame it-
self. This consideration agrees with the findings of Konnov et al.
[31]. Therefore, a comparison of the experimental data and one-
dimensional simulations at ¢ = 1.5 is only made to indicate the
possible impact of the flame non-idealities on the kinetic model
validation. Data at ¢ < 1.5 are considered to not be influenced
by the flame non-idealities since the off-stoichiometric measure-
ment results at different heights are close to each other and over-
lap within the uncertainty.

Figure 1 also shows the experimental data by Brackmann et al.
[9] at HAB = 10 mm, compared with which the present experi-
mental data are slightly higher at the fuel-rich side. Besides data
scattering in the measurement, another reason for this discrepancy
is that the usage of individual N, and O, MFCs rather than one
air MFC in the present setup introduced extra uncertainties in the
equivalence ratio and the oxidizer composition, which are shown
as the error bars in Fig. 1. Nevertheless, it is found that the data
from Brackmann et al. [9] are in agreement with the present mea-
surements within the overlapping uncertainties.

3. Modeling details

Simulations were carried out using ANSYS CHEMKIN 17.0
[37] and kinetic mechanisms from San Diego [4]|, NOMecha2.0 [14],
Glarborg [1], and Konnov [38] because they, or some early versions
of them, were widely tested in NO-related combustion studies, e.g.,
[9]. Here the San Diego mechanism specifically refers to the combi-
nation of the 2016-12-14 main mechanism and the 2004-12-09 (2)
nitrogen chemistry [4]. The NOMecha2.0 mechanism used herein
was recently released by de Persis et al. [14] and validated for
atmospheric and high-pressure flames; thus, it gives much better
predictions against the laminar burning velocities investigated here
than the earlier version [5] used in ref. [9].

During the calculations, the CURV and GRAD parameters were
set at 0.02 and 0.05, respectively. Radiation heat losses were taken
into account because they influence the simulated temperature
profile and thus the NO mole fraction. The modeling of the radi-
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Fig. 2. Measured laminar burning velocity of CHs+N,+0, mixtures with different
Xo, versus ¢, at 1 atm and 298 K.

ation heat losses in ANSYS CHEMKIN is based on the assumption
that the radiation is from an optically thin layer, and the radia-
tion from CO, CO,, CHy, and H,O was considered in the present
study. It should be noted that among the four chosen mechanisms,
only the Konnov mechanism includes the absorption coefficients of
the radiative species, which are taken from the work of Nakamura
and Shindo [39]. To make a fair comparison, the same coefficients
were added to the Glarborg, San Diego, and NOMecha2.0 mecha-
nisms, which originally do not include them. The NO mole frac-
tions used to compare with the experimental results were selected
at 5 mm downstream the calculated point where the temperature
equals the burner plate temperature of 368 K.

4. Result and discussions
4.1. Burning velocity and NO mole fraction

Figure 2 shows the present experimental results of the laminar
burning velocities at different Xo,. The uncertainty of ¢ is shown
as the error bars along the x-axis and increases with ¢. The un-
certainty of S;, shown as the error bars along the y-axis is always
less than 0.6 cm/s and thus hidden by the symbols in the plot. It is
found that the S| increases nearly linearly with xo,, and at around
stoichiometry, the increment of S; with Axg, = 0.01 is ~5.5 cm/s.
Data at ¢ = 1.6, xo, = 0.20 were not measured since the flame was
highly unstable.

Figure 3 shows the comparison between the experimental re-
sults and modeling of S; using the four kinetic mechanisms,
for xo,= 0.21 and 0.27. At xo,= 0.21, the results of the San
Diego mechanism are slightly higher than the experimental data
at the very lean side, and lower at the rich side. Results using
NOMecha2.0 are slightly lower than the experimental results re-
gardless of ¢. Predictions of the Glarborg and Konnov mechanisms
almost overlap and show better agreement with the experimental
data than the San Diego and NOMecha 2.0 mechanisms. The ten-
dencies of simulations at xo,= 0.27 are the same as at xp,= 0.21,
with the differences among each other being more obvious due to
the higher values of S;.

Figure 4 shows the experimental results of NO mole fraction
for different xo,. The measured NO mole fractions are found to
increase with xo, at ¢ < 15, indicating that both thermal and
prompt NO formation is accelerated at higher oxygen content. Also,
from xo,= 0.2 to 0.27, the equivalence ratio of the peak NO forma-
tion can be found to shift from ¢ = 1.3 to ¢ = 1.0, therefore, the
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Fig. 3. Comparison of the experimental and simulated S; for CHs+N;+0, mixtures
with xo,= 0.21 and 0.27, at 1 atm and 298 K.
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Fig. 4. Measured NO mole fraction in CH4+N,+0, flames at different oxygen ratios
versus ¢, at 1 atm and 298 K.

acceleration of the thermal NO production is more sensitive to xo,
than that of the prompt NO. For the data at ¢ = 1.6, an irregu-
lar sequence of the NO mole fractions at different xo, is noticed.
Based on the radial distribution findings of Konnov et al. [31], the
assumption can be made that the irregular sequence is caused by
the competition of NO diffusion from the outer conical diffusion
flame layer and convection increasing with S at different xo,, as
has been discussed above. At ¢ = 1.5, the contribution of these
competing effects could also be present.

Figure 5 shows a comparison of the NO mole fractions obtained
from measurements and simulations, for Xo,= 0.21 and xo,= 0.27.
At xp,= 0.21, the San Diego and Glarborg mechanisms under-
estimate while the Konnov mechanism over-estimates the exper-
imental data. The NOMecha2.0 results agree well with the exper-
imental data at ¢ < 1.3, while being much lower at ¢ = 1.4. At
Xo,= 0.27, numerical results of the San Diego and Konnov mecha-
nisms are notably larger than the experimental data, especially at
around stoichiometry; the discrepancies are higher than 50%. The
NOMecha2.0 mechanism also overpredicts the experimental data,
however, the largest discrepancy, 70%, is found at ¢ = 1.4. Results
using the Glarborg mechanism agree better with the experiments,
while they are 17% lower at ¢ > 1.3. Altogether, none of the four
mechanisms can satisfactorily reproduce the cases investigated in
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Fig. 5. Comparison of experimental and numerical NO mole fractions in
CH4+N,+0; flames for xo, = 0.21 and 0.27, at 1 atm and 298 K.

the present study, even though some of them were shown to be
the best among other kinetic mechanisms in predicting NO forma-
tion in the previous study [9].

4.2. Data analysis

4.2.1. Thermal NO

Different pathways of NO formation, such as thermal NO,
prompt NO, N,O, and NNH mechanisms, are operational in
all flames of hydrocarbons, however, their contribution varies
with the mixture composition. For instance, prompt NO is com-
monly accepted to be dominant in rich mixtures, while in near-
stoichiometric flames, the thermal NO can be the major route if
the reaction time is sufficient to produce NO. Comparing NO mole
fractions formed at a fixed distance in different flames depicted in
Fig. 4, one can see that the relative increase of [NO] with Xo,in lean
and stoichiometric mixtures is much higher than that in rich mix-
tures, which is certainly due to the largely different effective acti-
vation energies of the thermal- and prompt-NO formation. It can
be assumed, therefore, that increment of the NO mole fraction be-
tween different flames of the same stoichiometry, but having dif-
ferent temperatures could be mostly defined by the thermal-NO
mechanism.

Figure 6 shows the NO increment for stoichiometric flames,
which was obtained by subtracting the NO mole fraction at
Xo, =0.2 from the [NO] at higher xo, (A[NO],(02 =[NO]X02 —
[NO]XOZZOAZ)‘ For the NO increment derived from the experiments,

its uncertainty was evaluated as the root mean square of the NO
uncertainties at xo, and xp, = 0.2. Also shown in Fig. 6 are the cal-
culated NO increments using four kinetic mechanisms. Line ‘Kon-
nov (prompt NO removed) presents the simulation results when
all interaction reactions between C- and N- containing species in
the Konnov mechanism have been manually deleted, which thus
suppresses prompt-NO production. From the comparison between
lines ‘Konnov’ and ‘Konnov (prompt NO removed)’ in Fig. 6, the
prompt-NO production contributes less than 7% to the total NO in-
crement. Therefore, the comparison of the NO increment and pre-
dictions of the four mechanisms assessed in Fig. 6 indicates that
the thermal-NO production is overestimated by the models, espe-
cially by the Konnov and San Diego mechanisms, as also seen in
Fig. 5, while the Glarborg model deviates from the experimental
data only in high-temperature flames.

To examine which reactions lead to the difference be-
tween the experimentally and numerically derived NO incre-
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Fig. 7. Reaction sensitivity of the NO increment at xo,= 0.27 and the corresponding
relative difference between the numerically and experimentally derived NO incre-
ment, for ¢ < 1 CH4+N,+0, flames at 1 atm and 298 K.

ments, normalized A-factor reaction sensitivities of NO mole
fraction were calculated using the Konnov mechanism. Sensi-
tivities were calculated for the distance of 5 mm, xo,= 0.2
and 0.27, denoted sensy, and sensg,;, respectively. From these
data, the sensitivity of the NO increment at xo,= 0.27 can
be derived as sensA[NO]XOZ:O_27 = (sensgo7 - [NO]X02=027 —sensg o -

[NO]XOZ:&Z) /A[NO]onzo,zr Figure 7 shows the ten most sensitive

reactions of the NO increment at xp,= 0.27, for lean and stoichio-
metric flames. The corresponding relative difference of the calcu-
lated NO increment using the Konnov mechanism compared with
the experimental data is shown along the right y-axis of the same
scale. From Fig. 7, reaction (R1) has the largest absolute sensitivity.
Most of the other reactions are too important for the overall oxida-
tion process and possess large sensitivity for the laminar burning
velocity that should not be modified, for instance

H + 0,=0H+O0. (R3)
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Reactions
CH+N,=H+NCN (R4)
NNH-+O=NH-+NO (R5)

have positive sensitivities, which are several times lower than the
relative difference between the numerically and experimentally de-
rived NO increment, indicating that even turning their reaction
rates to zero, the difference still cannot be compensated. Therefore,
reaction (R1) is the only candidate for a modification that can im-
prove the performance of the models. It should also be noted that
the relative difference of the calculated NO increment (Fig. 7) is
uniform in lean and stoichiometric flames; thus, all measurements
in these flames can be implemented to derive the rate constant of
reaction (R1).

The procedure of obtaining the rate constant using the exper-
imentally determined increment of NO in different flames of the
same stoichiometry essentially assumes that contributions of other
mechanisms forming NO are subtracted and become negligible.
This is not fully correct since the sensitivity of A[NO]XOZ:O_N to re-
action (R1) is not unity, and the prompt-NO reactions contribute to
the difference, as seen in Fig. 6. To avoid ambiguity, two models,
namely the Konnov and Glarborg mechanisms, were used for anal-
ysis. These two models contain significantly different background
chemistries since their selections of rate parameters for many reac-
tions, which are sensitive to the NO predictions, are largely differ-
ent. As a result, these two models show notably different behavior
as seen in Fig. 6, and Fig. 5 clearly indicates that the prompt NO in
rich methane flames is over-predicted by the Konnov and under-
predicted by the Glarborg mechanisms. Thus, if the residual con-
tribution of the prompt NO, NNH, and N,O reaction routes affects
the rate constant of reaction (R1) derived from the experimentally
determined increment of NO, this would be manifested as specific
trends different for these two models.

The procedure of the rate-constant determination was as fol-
lows. First, for all lean and stoichiometric flames shown in Fig. 4 at
each equivalence ratio, the NO increments were obtained by sub-
tracting the NO mole fraction at xo, = 0.2 from the [NO] at higher
Xo, (A[NO],(02 = [NO]X02 - [NO]X02=0,2). The structure of each pair
of the flames was then calculated using several (usually 3-5)
fixed-rate constants of reaction (R1) in the range 1.0 x 103 to
3.0 x 10" cm3/mol s. Using fixed values of the rate constant is
substantiated by the fact that this reaction has very weak tempera-
ture dependence at high temperatures, as suggested and discussed
in the earlier studies [17,18,20,21]. Values of A[NO]X02 were then

calculated in the same way as for the experimental data. These
A[NO]X02 for each rate constant showed linear variation with its

value thus yielding brute-force sensitivity, which was found very
close for the flames with xo,= 0.2 and xo,= 0.27 to the sensitiv-
ities shown in Fig. 7. The dependence A[NO]X02 (k) confronted to
the experimental data gives the optimum rate constant which was
attributed to the temperature of the hotter flame, while the exper-
imental uncertainty of the A[NO]X02 is converted into the uncer-
tainty of this rate constant using the brute-force sensitivity. Note,
that for some flames having close temperature, e.g., with xo,= 0.2
and 0.21, the error bars of [NO] overlap (see Fig. 4), which pro-
duces unphysical negative lower limiting values of the rate con-
stant. This procedure has been repeated using the two models, and
results are shown in Fig. 8(a) with different symbols. The rate con-
stants derived using the Glarborg model are systematically higher
than those based on the Konnov model, however, the difference at
higher temperatures, where the uncertainties are minimal, is typi-
cally within 20%. This minor difference indicates that the obtained
reaction rates of (R1) are not influenced by choice of the kinetic
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model implemented and thus by the residual contribution of the
prompt-NO, NNH, and N,O reactions.

The reaction rates obtained from the above procedure using
both models were processed to fit the rate expression of (R1). To
extend the expression to the low-temperature region, the recent
high-precision experimental data by Papanastasiou et al. [40] from
225 to 344 K were included in the fitting process. Measurements
by Papanastasiou et al. [40] were carried out using a discharge flow
reactor coupled with resonance fluorescence detecting the O(3P)
atoms, where reaction rate uncertainties less than 5% were re-
ported. Their dataset is in excellent agreement with the measure-
ments of Wennberg et al. [41] and Nakayama et al. [42] and within
a 20 uncertainty of the NASA/JPL [43] recommendation.

The non-linear fitting expression k=1.529 x
10137-0.0027 exp(W) was achieved using the ‘Gener-
alized Nonlinear Non-analytic Chi-Square Fitting’ code by Brahms
[44] over the 225-2400 K temperature range. Uncertainties of the
fitting parameters were also obtained from the code via propaga-
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tion of the uncertainties in the experimental rate data and shown
to be asymmetric as (+0, —45%) and (+36%, —45%) for the pre-
exponential factor and the activation energy, respectively. It should
be noted that experimental uncertainty of the NO measurements
by LIF has very small impact on the derived rate constant and its
uncertainties as illustrated in Fig. S8 in the Supplemental Material.
Fig. 8 shows the fitting result as ‘present R1’, while Fig. 8(b)
also presents the recently evaluated upper and lower uncertainty
limits from Buczké et al. [30] determined in the high-temperature
region. Literature rate constants from Michael and Lim [17], Koshi
et al. [18], Heberling [19], Fenimore [20]|, Kaufman and Decker
[21], Bachmaier et al. [22], Atkinson et al. [23], Lee et al. [24],
Clyne and McDermid [25], Duff and Sharma [26], and Siskind and
Rusch [27] are shown for comparison. The same rate constants as
in Fig. 8(b) are presented in Arrhenius coordinates in Fig. S9 in the
Supplemental Material. Remarkably, the rate constant expression
suggested by Papanastasiou et al. [40] for the 225-344 K temper-
ature range and extrapolated to the flame temperatures is almost
indistinguishable from the present rate data, see Fig. 8(a). Also
notable is that the theoretical calculations of the rate constant (R1)
by Gamallo et al. [45] are only slightly above the low-temperature
[40] and the present data. Figure S10 in the Supplemental Material
repeats the simulations shown in Fig. 6 after implementing the
present R1 expression in the four mechanisms, where notable
improvements are observed for all the mechanisms, but the extent
varies. Besides the Konnov mechanism, the modified NOMecha 2.0
predictions also show good agreement with the experimentally
determined NO increment, while the modified Glarborg and San
Diego predictions decrease to the lower limit defined by the
experimental uncertainty. The different extents of the changes
in model predictions are attributed to the different background
chemistries in these mechanisms leading to different sensitivity to
R1

The original (R1) rate constant in the Konnov mechanism is
from Abian et al. [29], and was derived using experimental results
on NO formation from N;+0, mixtures in a flow reactor within
the 1700-1800 K temperature range. The rate constant obtained
in the present work is significantly lower at these temperatures,
as seen in Fig. 8(b); it is, therefore, interesting to check the im-
pact of the new rate expressions on the model performance at
the conditions of the flow reactor experiments. Figure 9 shows
the comparison of the simulated NO mole fractions in different
N,+0, mixtures with the experimental data by Abian et al. [29].
The present rate constant (R1) yields calculated NO mole fractions
all lower than those using the original Konnov mechanism, how-
ever, most of them are within the experimental uncertainty. More-
over, the updated model behavior is actually very close to the pre-
dictions of the optimized mechanism suggested by Buczké et al.,
and similar to the performance of several literature models tested
therein [30]. One should note that calculated NO mole fractions at
the conditions of the flow reactor experiments [29] are also con-
trolled by the rate constant of reaction (R2) for which the opti-
mized rate constant [30] is higher by a factor of 2-2.5 than the one
adopted in the Konnov mechanism. To check the reverse reaction
(R-1), its reaction rates were calculated from the present R1 ex-
pression and compared with the literature reaction rates by Baulch
et al. [28] and Abian et al. [29]. Figure S11 shows that the present
(R-1) has reaction rates lower than the literature data by 40—50%,
which is within the claimed uncertainties [28,29]. The rate con-
stants of all reactions discussed in the present work are listed in
Table 1.

4.2.2. Prompt NO

The Konnov mechanism notably over predicted prompt-NO for-
mation as clearly seen in rich flames (cf. Fig. 5). Systematic ef-
forts of many groups focusing on the relevant flame chemistry,
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Table 1

Selected reactions discussed in the present work. Units are s, mol, cm, cal in k = AT" exp(—%), UF -

uncertainty factor.

No. Reaction A n E, T range, K UF Ref.
R1 NO+N = N,+0 1.53E+13  -0.0027 -185.41 225-2400 +0 p.w.
—45%

R2 N,0-+0=NO+NO 9.15E+13 0 27,680 1370-4080 1.6 [46]
R3 H + 0,=0H+0 1.04E+14 O 15,286.0 1100-3370 1.1 [47]
R4 CH+N,;=H+NCN 1.95E+12 0 16,915 800-1800 1.5 [7]

R5 NNH+0=NH+NO 2.00E+14 0 4000.0 1200-2500 2 [48]
R6 CH,+N,=HCN+NH 1.0E+13 0 74,000 [49]
R7 CH+H,0=CH20+H  2.8E+07 1.59 -2610 300-3000 2 [1]

R8 CH,+H =CH+H, 1.81E+14 0 60 220-1000 2 [50]
R9 CH+0,=HCO+0 4.8E+12 0 0 290-800 2 [51]
R10  CH+0,=H+CO+0 7.2E+12 0 0 290-800 2 [51]
R11 CH+0,=C0,+H 7.2E+12 0 0 290-800 2 [51]
R12  CH+0,=C0+O0OH 4.8E+12 0 0 290-800 2 [51]
R13  CH+0,=CO+OH* 3.24E+14 -04 4150 1200-2200 5 [52]

e.g., [5,14,53] allow for revisiting this sub-mechanism, while the
present experimental data obtained over an extended range of
flame temperatures are valuable validation targets. The prompt-
NO formation is mostly controlled by the interaction between N,
and CH, CH,, 1CH, (singlet methylene) radicals, and it is, therefore,
an integral characteristic defined by the rate constants of the key
reactions (R4) and

CH,+N,=HCN+NH (R6)
and by the mole fraction profiles of these radicals, mainly CH, as
was emphasized in early studies, e.g., [7,54]. It is thus important
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to check model predictions of the radical profiles before modifying
the rate constants of reactions (R4) and/or (R6).

In the work of Fomin et al. [51], the profiles of 'CH, have been
measured in low-pressure CHy+N,+0, flames, and 78 rate con-
stants of reactions along the pathway CH; — !CH, — CH, — CH
have been reviewed and updated in the Konnov mechanism. How-
ever, profiles of the CH radical, at the end of this pathway, have
rarely been checked in CH4 flames [5] using the previous version
of the Konnov (2009) [2] mechanism only.

Most often the CH mole fraction profiles were measured in
low-pressure burner-stabilized flames, e.g., by Thoman and Mcll-
roy [55], Lamoureux et al. [5], and Berg et al. [56], while the data
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Fig. 10. Comparison of the simulated CH mole fractions in CH, flames with the experimental data of (a) Thoman and Mcllroy [55], (b) Lamoureux et al. [5], (c) Berg et al.

[56], and (d) Versailles et al. [57].

at atmospheric pressure are rather limited, for instance by Ver-
sailles et al. [57] obtained using stagnation flames, and by Evert-
sen et al. [58] on the heat flux burner. In the latter studies, only
maximum CH mole fractions at different equivalence ratios were
reported. Other experiments, summarized in [57], were performed
in flame configurations that are challenging to compare with one-
dimensional modeling.

Figure 10 shows the comparison of the simulated CH mole frac-
tions in CH4 flames using the latest Konnov [38] mechanism with
selected experimental data in rich CHy flames. Other examples of
assessment are provided in the Supplemental Material. In all cases,
the mechanism significantly over-predicts the CH mole fractions
that calls for revision of the rate constants controlling CH forma-
tion and consumption.

Sensitivity and reaction pathway analyses of CH formation and
consumption for the flame conditions depicted in Fig. 10 and Figs.
$12-S15 have been performed using the Konnov mechanism. The
outcome of these analyses was very similar to that presented by
Versailles et al. [57], who tested several kinetic models from the
literature and is, for the sake of brevity, only shortly outlined here.
Several reactions possess high sensitivity and control CH mole frac-
tions in flames:

CH+H,0=CH,0+H (R7)
CH,+H=CH-+H, (R8)
CH+0,=HCO0+0 (R9)
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Other reactions forming CH radicals from CH, in reactions with
OH or consuming in reactions with O, OH, H, and CO, often share
the same or very close rate constants in different models and have
much lower sensitivities compared to reactions (R7)-(R9) [57].
The rate constant of (R7) adopted in the Konnov mechanism was
from Bergeat et al. [59], who experimentally demonstrated that
the product branching ratio of H-atom formation is 100% and per-
formed ab initio calculations of k; over the range 100-700 K. In
the Glarborg [1] and recent prompt-NO [53] mechanisms, new the-
oretical calculations made by Klippenstein up to 3000 K are imple-
mented. The new rate constant of (R7) is in good agreement with
the previous expression [59] at lower temperatures, yet has a min-
imum around 800 K and notably increases toward 2000 K, which
affects calculated CH profiles.

Reaction (R8) has been investigated both in the forward and re-
verse directions with a smaller spread of data in the reverse one.
Therefore, in the Konnov mechanism, the rate constant suggested
by Baulch et al. [28] was adopted for reverse reaction (R-8). This
recommendation was mostly based on the experimental data of
Brownsword et al. [60] and of Becker et al. [61] at temperatures
below 744 K. Earlier measurements of Zabarnick et al. [62] are
found to be approximately two times lower than these studies, and
indicate the room for the rate constant variation. Since then, no ex-
perimental studies of this reaction were attempted. In the present
work, the rate constant of (R8) calculated by Garcia et al. [50] is
adopted. The rate constant of the reverse reaction (R-8) calculated
using thermodynamic data then agrees better with the measure-
ments of Zabarnick et al. [62].
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The reaction between CH and O, in the Konnov mechanism in-
cludes (R9) and other product channels:

CH+0,=H+C0+0 (R10)
CH+0,=CO,+H (R11)
CH+0,=CO+OH (R12)
CH+0,=CO-+OH". (R13)

The total rate constant suggested by Baulch et al. [28] was
adopted for reactions (R9)-(R12) together with the branching ra-
tio obtained from the flow reactor experiments at 290 K-800 K
by Bergeat et al. [63]. The second recommendation [28], provided
for the range 2200-3500 K, is more than 3 times higher and was
based on the experimental data of Rohrig et al. [64] and Markus
et al. [65]. In some models, e.g.,, FFCM-1 [66] these two evalua-
tions from Baulch et al. [28] were approximated by a fit yielding a
rapidly increasing rate constant at high temperatures, which con-
tradicts the theoretical studies [67,68] that predicted no or neg-
ative temperature dependence for the total rate. In the Glarborg
[1] mechanism, only channels (R9) and (R10) are included with the
rate constant of Rohrig et al. [64] and a theoretical rate constant
accounting for prompt dissociation of HCO [69], respectively. The
theoretical study of Keshavarz and Mousavipour [68] did not help
to resolve the contradiction between low-temperature and high-
temperature measurements since it did not consider product chan-
nels (R10) and (R13). The latter reaction has positive activation en-
ergy as was derived by Hall and Petersen [52] by fitting chemi-
luminescence profiles from shock tube experiments over the tem-
perature range 1200-2200 K. However, their rate constant is more
than an order of magnitude lower compared with the rates deter-
mined by Rohrig et al. [64] and Markus et al. [65]. On the other
hand, the rate constant of (R13) derived at higher temperatures
[52] does not agree with the low-temperature measurements of
Carl et al. [70] in the 296-511 K range. Due to the controversies
outlined above, the rate constants of reactions (R9)-(R12) have not
been modified in the present work.

Nevertheless, updated rate constants of (R7) and (R8) bring a
much better agreement with the CH measurements in CHy flames,
as shown in Fig. 10 and Figs. S12-S15 in the Supplemental Ma-
terial. Now that the model can better reproduce CH mole frac-
tion profiles, the key prompt-NO reactions could be revisited. Re-
cent dedicated models [5,14,53] suggested different modifications
mostly centered around NCN chemistry. In the present work, only
reactions (R4) and (R6) were inspected. For (R6), the rate con-
stant from Miller and Bowman [49] was implemented to substi-
tute the original expression of Sanders et al. [71] in the Konnov
mechanism, since Miller and Bowman [49] pointed out that the
assumption of the four-centered transition state [71] is question-
able. This change significantly suppresses the role of CH, radicals
in the prompt-NO formation, leaving reaction (R4) as the major
player. The rate constant of (R4) in the Konnov mechanism of 2009
[2] was k=3 x 102 exp(—%), which is half the value obtained
from the shock tube measurements of Vasudevan et al. [72] at
temperatures above 1943 K. In the recent models [5,14,53] the ex-
pressions implemented are significantly higher and very close to
each other at temperatures above 1000 K. In the present updated
mechanism the rate constant from Lamoureux et al. [7] was tested.

Modifications of the rate constants of (R4) and (R6)-(R8) do
not significantly affect the calculated mole fraction profiles of NCN
and HCN. The experimental data from Lamoureux et al. (NCN
data from [73] and HCN data from [74]) in a low-pressure rich,
¢ =1.25, CHy+ O, +N, flame were compared with the predic-
tions of the original and modified mechanisms. The changes imple-
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Fig. 11.. Comparison of the experimental results of NO mole fraction and laminar
burning velocity in CH4+0,+N, flames with predictions of the updated mechanism.

mented slightly increase the maximum HCN and NCN mole frac-
tion, which agrees worse with the experimental data of Lamoureux
et al. [73,74] than the original Konnov mechanism, however, the
latter is still within the experimental uncertainty, as illustrated in
Fig. S16 in the Supplemental Material.

New rate constants of (R1), (R4), and (R6)—(R8) significantly im-
prove the performance of the Konnov mechanism. Figure 11 shows
that the predictions using the updated model agree well with the
present experimental data for the laminar burning velocity and
NO mole fractions in that they are within the experimental un-
certainties for most data points. Datasets at xo, = 0.21 and 0.27
are shown for the clarity of presentation, however, simulations
at other oxygen contents also agree quite well with experimental
data, as shown in Figs. S17 and S18 in the Supplemental Material.
Comparing with the performance of the original model shown in
Figs. 3 and 5, obvious improvement is achieved for the currently
updated mechanism, that allows for analysis of the NO formation
routes in the studied flames.

4.3. NO formation analysis

Figure 12 shows the reaction pathways from N, to NO for the
investigated flames at xo,= 0.21 and 0.27, and ¢ = 1.0 and 14,
which were computed using the currently updated Konnov mech-
anism. The thickness of the arrows in Fig. 12 represents the in-
tegrated rate of species production at HAB from 0 to 5 mm from
a chemical step or a set of chemical steps normalized by that of
reaction H + O, = OH + O (R3) at each condition. Besides, all re-
actions with a normalized rate of species production larger than
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Fig. 12. NO formation pathways in CH4+0,+N, flames at xo,= 0.21 (top) and 0.27 (bottom); ¢ = 1.0 (left) and 1.4 (right).

5 x 10> are represented by solid lines, while the dashed lines
denote some important reactions with a slightly lower rate of pro-
duction. Reaction (R3) is the dominant reaction of producing OH
and O radicals, and their rate of production is roughly proportional
to the S;, thus the normalization by (R3) excludes the influence
of different S; when comparing each combination of the oxygen
contents and equivalence ratio. From Fig. 12, the difference of NO
formation in ¢ = 1.0 and 1.4 flames can be clearly observed. At
¢ = 1.0, NO is formed mostly from (R1) and from reactions of N
with OH and O,, where the N atoms are produced mostly from
(R1), too. At ¢ = 1.4, (R1) is no longer important, and the dominant
route is N—NCN—HCN—HNC—HNCO—NH;—NH—-N—NO. The
comparison of the reaction pathways at xo,= 0.21 and 0.27 shows
that the increase of NO at higher xo, observed in the present study
(see Fig. 3) at ¢ = 1.0 is defined by the increased rate of pro-
duction via (R1), while the increase of the overall reactivity, mani-
fested by the increase of S; (see Fig. 2), is also influential. However,
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at ¢ = 1.4 the calculated reaction pathways are nearly the same for
the flames with xo,= 0.21 and 0.27, therefore, the observed NO in-
crease for higher xp, should mostly be attributed to the increase
of the overall reactivity, which is mostly defined by the key chain-
branching reaction (R3).

5. Conclusions

The present work was motivated by the discrepancies between
modeling and experimental results of NO mole fractions in CHy
flames. In the present experiments, NO measurements were car-
ried out using laser-induced fluorescence in atmospheric CHs+ O,
+N, flames stabilized on a heat flux burner. The flame conditions
were extended as much as possible, covering O, content xo, = 0.2
to 0.27, and equivalence ratio ¢ = 0.7 to 1.6. To obtain data less af-
fected by flame non-idealities, the NO measurement point was set
at HAB = 5 mm, which is only slightly downstream of the flame
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front, thus minimizing the influence of heat loss and species diffu-
sion to/from the environment. The corresponding laminar burning
velocity S; of each flame was also measured using the heat flux
method.

Comparison between the present experimental and simulation
results indicated that the four models tested, i.e., the Konnov,
Glarborg, NOMecha2.0, and San Diego mechanisms cannot repro-
duce well the NO experimental data for all investigated condi-
tions. By analyzing the measured NO increment at different xo,,
the thermal NO through NO+N = N,+0 (R1) is found to be over-
predicted, especially by the Konnov and San Diego mechanisms.
From the analyses using the Konnov and Glarborg mechanisms,
the increment in NO mole fraction for stoichiometric and fuel-
lean flames when Xo, increases is mostly defined by thermal-NO
production. The rate constant of reaction NO+N = N,+0 was de-
rived as k=1.529 x 10137-0.0027 exp(%) cm? |/ mol s
over 225-2400 K range with uncertainty 45% in the negative di-
rection of the pre-exponential factor. The rate constants of four re-
actions controlling CH mole fraction profiles and prompt-NO for-
mation were updated based on the analysis of the literature data
that yields an improved performance of the Konnov mechanism.

Reaction pathway analysis using the updated mechanism indi-
cates that the increase of NO mole fraction at higher xo, is de-
fined by the increase of the overall reactivity (defined by the chain-
branching reaction H + O, = OH + O and correlated to S;) at
¢ = 1.4, and by the increase of both the rate of production via (R1)
and the overall reactivity at ¢ = 1.0. Thus, through this approach,
the thermal-NO reaction channel and its temperature dependence
can be better analyzed given that the difference between the con-
tributions from thermal- and prompt NO to the total measured NO
mole fraction increases with increasing xo, .
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