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a b s t r a c t

Standard kinetic models are essential tools for predicting and interpreting the evolution of oxidation pro-
cesses and obtain useful information for designing and dimensioning practical combustion facilities.
Quite often a large part of the development work consists in the determination of the most suited chem-
ical kinetics scheme to use in numerical simulations. This step is even more critical in the case of inno-
vative technologies. In fact, in this case, models are required to work in extrapolative conditions, i.e. in
range of parameters outside the ones for which they have been optimized. This is the case of prediction
methane autoignition at atmospheric pressure, in diluted conditions, corresponding to MILD combustion
conditions, where no experimental data are available. The aim of the present work is to compare the effi-
cacies in predicting the existence of Negative Temperature Coefficient (NTC) behavior of ignition time of
methane at atmospheric pressure of several kinetic models available in the literature. Such phenomenol-
ogy is extensively described in the literature for high molecular weight paraffin but few experimental evi-
dences are reported about its occurrence in methane oxidation. Methane autoignition time in
dependence of temperature, reaction pathways with rate of production, sensitivity and flow diagram
analysis have been exploited in order to highlight the kinetic controlling steps of methane autoignition
at different temperature ranges. It has been shown that the prevalence of either the oxidation or the
recombination results in a speeding or a slowing down of the reactive process. In this reactive network,
a key role is covered by the active oxidation pathway. At the same time, in dependence of working tem-
perature, the branching routes of H2/O2 reaction mechanism supply a great part of radicals needed for
ignition. Thus, numerical results presented in the paper clearly show that the Negative Temperature Coef-
ficient region in the Arrhenius plot of methane ignition delay marks the shift from one principal reaction
route to the others.

" 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Evaluation of reactive processes by means of standard kinetic
models is an essential tool for designing practical facilities espe-
cially for innovative technologies. In this perspective very often
available models are required to work in extrapolative conditions
because they have to predict behaviors in range of parameters
where sparse or no experimental data are available for the tuning
of mechanisms themselves. For instance, this is the case of novel
combustion processes, such as MILD [1,2] and oxyfuel [3] combus-
tion. They work in diluted, preheated conditions thus shifting the
concentration and temperature ranges of interest outside the
boundaries considered in standard applications. The above men-
tioned lack of experimental data affects the robustness and the
reliability of kinetic mechanism to be used in design and dimen-
sioning of practical devices to be operated in these specific condi-
tions. An acceptable evaluation of the effectiveness of kinetic

models in such working conditions can derive from the comparison
among results obtained by simulation of specific processes that are
particularly sensitive to the prevalence of one or more of the differ-
ent kinetic pathways involved in hydrocarbon oxidation kinetics.
For instance this is the case of fuel auto-ignition which is strongly
affected by competition among the different oxidative and recom-
bination routes. This is even more true for MILD and oxy-fuel com-
bustion, where the effect of highly diluted conditions overcomes
the effect of pre-heating, leading to an increase of characteristic
times of fuel ignition and oxidation and a change in the relative
weight of different kinetic pathways with respect to standard con-
ditions. The same approach allowed for recent identification of
methane cool flames [4,5] and dynamic phenomenologies obtained
experimentally and numerically in a perfect stirred reactor [6,7]
similar to the ones already well identified for high molecular
weight hydrocarbons oxidation.

Recently, Picarelli et al. [8] have performed experimental cam-
paigns on methane Mild combustion in a tubular flow reactor at
atmospheric pressure. They valued auto-ignition delay times and
found out a Negative Temperature Coefficient (NTC) behavior. Such
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phenomenology is extensively described in the literature for C5–C7
paraffin [9] but few experimental evidences are present in the lit-
erature about the occurrence of such a behavior for methane oxi-
dation. In addition, they have been generally observed in a
pressure range of interest for engine or gas turbine, as summarized
in a recent database published by Davidson and Hanson [10]. For
instance, shock-tube experiments on methane ignition under en-
gine-relevant conditions were carried out by Huang et al. [11].
Experimental analysis detected NTC phenomenology for mixtures
of methane diluted in nitrogen and argon at moderate tempera-
tures (1000–1350 K) and elevated pressure (16–40 atm). Analo-
gously, an earlier work of Petersen et al. [12] reports about a
change in activation energy by changing the temperature in the
range between 1040 K and 1500 K at high pressure (40–260 atm).
Sokolov et al. [5] report sparse experimental data carried out in a
stirred reactor for CH4/O2 mixture in rich condition for inlet tem-
peratures between 740 and 820 K at low pressures. Such experi-
mental results can, in addition, hardly be used in evaluation or
tuning kinetic models because experimental conditions have not
been clearly reported in the paper. At higher temperature, the
same authors detected methane cool flame behavior followed by
an NTC phenomenology. Bendtsen et al. [13] also identify a NTC re-
gion when NOx were added to CH4/O2/H2O mixture.

For the most part of the cited works the authors also attempted
to establish a correspondence between experimental evidences
and numerical simulations by modifying kinetic models available
in the literature. However, in general a full satisfying correspon-
dence between numerical and experimental data could not be
achieved. For instance, Huang et al. [11] reached a good agree-
ments between experimental and numerical data at stoichiometric
and lean conditions adding reactions and modifying rate coeffi-
cients of Petersen mechanism [12]. But the model was not able
to predict the experimental data at rich conditions. In turn, Peter-
sen et al. [12] tuned the GRI-Mech 3.0 mechanism succeeding in
modeling their experimental results but at the same time affirming
that several reactions of methane ignition mechanism have rate
coefficients that either have not ever been measured or are not
well known. They demonstrated the kinetic importance of methyl
peroxy radicals in describing methane ignition at very high pres-
sures and intermediate temperatures, i.e. at the conditions that
would emphasize pressure-dependent addition reactions, such as
the ones that lead to CH3O2. They added methylperoxy radical
kinetics to the GRI and those low T, high P reactions produced
the inflection in the ignition delay times that the experiments
demonstrated.

The aim of the present work is to compare the efficacies in pre-
dicting the existence of Negative Temperature Coefficient (NTC)
behavior of ignition time of methane at atmospheric pressure of
the main kinetic models available in the literature.

In this perspective, the autoignition delay time of methane air
mixture have been evaluated in dependence of temperature by
using several reaction mechanisms as available on the web. In
addition, analyses of reaction pathway with several techniques
have been carried out in order to highlight the kinetic controlling
steps of methane autoignition in different temperature ranges.

2. Numerical methods

Numerical simulations for studying the evolution of methane
ignition process at atmospheric pressure in diluted conditions
were performed by means of PLUG application of the Chemkin
3.7 [14] software. PLUG simulates the behavior of plug-flow chem-
ical reactor. Several oxidation kinetic mechanisms, freely available
on the web, were considered. The names used to identify them in
the paper along with the relative reference and the numbers of in-

volved species and reactions are reported in Table 1 ([11,12,15–
20]).

All these mechanisms were validated for a wide range of oper-
ative conditions and different reactor configurations in standard
conditions, as well described in the literature.

In the present work, from the computed temperature axial pro-
files auto-ignition delay times (sign) were assessed in a wide range
of parameters. In particular, the investigated temperature range is
700–1500 K for a dilution of 85%, and with several carbon/oxygen
(C/O) feed ratios at atmospheric pressure.

Following a criterium described in details elsewhere [21] sign

was defined as the time corresponding to a temperature increase
of 10 K with respect to mixture inlet one (Tin).

In addition to auto-ignition delay computation, PLUG applica-
tion has also been used for reaction sensitivity and rate of produc-
tion analyses, whilst Cantera [22] was specifically used for
automatically drawing net reaction path diagrams.

3. Results

3.1. Comparison of kinetic mechanisms

The prediction of the auto-ignition delay time (sign) obtained
with all the considered kinetic mechanisms have been reported
in Figs. 1 and 2. Fig. 1 shows the Arrhenius plots of numerical
auto-ignition delay times versus 1000/Tin (a) computed, at
C/O = 0.2, with five of the seven selected mechanisms. All of them
shows that auto-ignition delay decreases monotonically with tem-
perature increase, linearly or nearly linearly. It has to be noted that
the values predicted at each temperature span over a wide range of
values. Autoignition delay time profiles computed with GRI-Mech
3.0 (double-dashed) and Konnov (solid line) envelop, upward and
downward respectively, all the other profiles. For instance, at
Tin = 830 K the values span over one order of magnitude, from
the 50 s predicted by GRI-3.0 to the 3 s computed using Konnov
mechanism. The variation is smaller at higher temperature. For
Tin = 1250 K GRI-3.0 predicts a sign = 0.02 s while Konnov mecha-
nism gives a sign = 0.008 s.

Profiles obtained with RAMEC, Warnatz and San Diego mecha-
nisms lie between GRI-Mech 3.0 and Konnov lines. Warnatz and
San Diego profiles lie in the lower value range closer to the Konnov
one than to the GRI-Mech 3.0 one. RAMEC profile is closer to GRI-
3.0 one at higher inlet temperature whereas it bends toward Kon-
nov profile at lower temperature.

Fig. 2 shows autoignition delay obtained using Ranzi and Huang
mechanisms. The gray area, reported in the figure, represents the
region delimited by the GRI-Mech 3.0 and Konnov profiles reported
in Fig. 1. It has been reported in order to facilitate the comparison
among all the mechanisms. The two curves reported on the Arrhe-
nius plot of Fig. 2 falls within or nearby such a region. Both mech-
anisms are able to predict the existence of temperature ranges
related to different system reactivity. More specifically, both
curves show that sign decreases with temperature increase for

Table 1
Denomination, reference and numbers of involved species and reactions of the kinetic
models used in this work.

Model Reference # Of species # Of reaction

Ranzi [15] 69 1134
GRI-Mech 3.0 [16] 53 325
Warnatz [17] 35 164
Huang [11] 40 194
RAMEC [12] 47 190
Konnov [18] 127 1207
San Diego [19] 46 235
Zhukov [20] 209 1260
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temperature lower than 925 K and higher than 1050 K. For the
intermediate range of inlet temperatures, between 925 K and
1050 K, the auto-ignition delay times curves show a change in
slope which testifies a variation of system reactivity. Namely, for
data obtained with Ranzi mechanism, sign decreases of one order
of magnitude, from 10 s to 1 s increasing Tin from 830 K to about
910 K, then it is nearly constant for a temperature change of about
120 K, from 910 K to 1010 K. Thereafter, sign decreases linearly
from 0.7 s to 0.015 s, with increasing Tin from 1070 K to 1265 K.
The Huang mechanism produces lower auto-ignition delay times
and a much smoother transition between the two regions of linear
dependence on Tin with respect to the Ranzi one.

The trend evidenced in Fig. 2 by both curves recalls the well
known Negative Temperature Coefficient (NTC) largely character-
ized by paraffins larger than C4. Generally, in the literature NTC re-
gion always refers to a range of temperature where ignition delay
time increase with temperature, i.e. the slope of sign as a function
of 1000/Tin in an Arrhenius plot from positive becomes negative.
In most cases here reported the change in slope is drastic because
from a positive value it becomes nearly equal to zero, but it does
not assume negative values. In the same conditions Petersen
et al. [12] as well as Sokolov et al. [5] referred this region as NTC.
Following the available literature, NTC acronym has been used
hereafter in order to easily associate it to a change in slope of sign

as a function of 1000/Tin in a more general sense. As already de-
scribed in Section 1, such a behavior is not fully characterized for
low molecular weight hydrocarbon because there are very few
experimental evidences showing a clear change in the reactivity
of such hydrocarbons in any particular temperature range. This is
most likely the reason why most of the mechanisms considered
in this work are not able to predict its existence. As a matter of a
fact, in the experimental facilities generally used for auto-ignition
studies the fast ignition reactions hide the slower ones, character-
istics of the intermediate temperature range, due to the nonuni-
form distribution of temperature typically occurring in those
systems [15].

It is clear that an NTC behavior of methane auto-ignition cannot
be associated to the same kinetic pathway that determines the
occurrence of an NTC in high molecular weight paraffins oxidation
because no oxygen double addition occurs in methane oxidation. In
order to understand the chemical pathways controlling the autoig-
nition delay time dependence on Tin, the Ranzi mechanism has
been used for carrying out reaction path diagrams, sensitivity
and rate of production analyses. It has been preferred to Huang
mechanism because it shows a more defined NTC region. In addi-
tion it has been validated in a wider range of conditions and reac-
tion configuration at atmospheric pressure.

4. Reaction path diagrams

In order to clarify the prevailing methane oxidation kinetic
pathways at different temperature ranges, an extensive numerical
simulation activity was carried out by means of Cantera software.
First, simulations were run in order to compare ChemKin and Can-
tera results on the basis of temperature axial profiles and auto-
ignition delay times. The results show that the software predic-
tions are practically coincident.

Path diagrams, freezing the reaction network at t = sign, referred
to carbon atoms for three different inlet temperatures and for C/
O = 0.2 are shown in Figs. 3–5. Inlet temperatures have been cho-
sen as representative of the three different ranges of temperature
previously identified. Arrow thickness is proportional to the net
reaction rates and the plot scale is equal to 10!4 mol/s/cm3.

The reaction path diagram of Fig. 3 shows that, at Tin = 850 K,
methyl radicals, formed by dehydrogenation from methane, are
then oxidized to CH3O and CH3O2. Later on, formaldehyde, formyl
radical and CO are produced. At such an early stage of combustion
the subsequent oxidation of CO to CO2 is not active yet. The net
reaction rates are relatively low.

At Tin = 975 K, in the temperature region where the results ob-
tained using the Ranzi mechanism exhibit an NTC region, net reac-
tion rates are higher with respect to the first case. In particular they
result to be about six times the net rates relative to the previous
considered temperature. Carbon main pathways are similar to
the previous case even though two additional reactions routes
are identifiable in the diagram reported in Fig. 4. Methyl radicals
not only react following the oxidation channel to form CH3O and

α

τ

Fig. 1. Comparison of auto-ignition delay time computed with different kinetic
mechanisms.

Fig. 2. Comparison of auto-ignition delay time computed with Huang and Ranzi
mechanism. Gray area is the variation region of the ignition delay reported in Fig. 1.
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CH3O2, but also recombine yielding ethane. Furthermore, methyl
peroxide leads to the formation not only of CH3O, as at lower tem-
perature, but also of formaldehyde and OH radicals. It is worth not-
ing that about 75% of formed CH3 is transformed in either CH3O2 or
CH3O, while the remaining 25% follows the recombination path-
way, which subtracts carbon and hydrogen from oxidative
channels.

A further increase of Tin beyond the NTC region strongly en-
hances the methane conversion and, as a consequence, the subse-
quent reactions, as well shown in Fig. 5, obtained for 1150 K. As
expected, the temperature affects also the relative weight of each
channel. About 50% of methyl radicals feed the recombination
channel. In addition, the formation of unsaturated hydrocarbons
is set on. C2H5 radicals derive both by recombination from CH3 rad-
icals and by dehydrogenation from ethane. Then, they are dehydro-
genated to ethene. The oxidation route follows the same channel
reported for lower temperatures, even though the formation rate
of CH3O2 and CH3O from methyl radicals are, in this case, nearly
equivalent. In addition the methyl peroxide radical decomposition
to CH2O and OH overcomes the metathesis of CH3O2 and CH3 to
form CH3O. Similarly to the lower temperature cases, methoxy
and methyl peroxide radicals are dehydrogenated to CO.

Relevant information can be earned by sensitivity analyses dia-
gram of Figs. 6–8. obtained at 850 K, 975 K and 1150 K, respec-
tively, at the relative ignition time. Summarizing the results for
the three temperatures, the most sensitive reactions involved in
the methane auto-ignition for the operative conditions considered
can be listed as follow.

For the H2/O2 system main reactions are:

Hþ O2 þM! HO2 þM ð1Þ

HO2 þHO2 ! H2O2 þ O2 ð2Þ

H2O2 þM! OHþ OHþM ð3Þ

Hþ O2 ! OHþH ð4Þ

while for methane:

CH4 þH! CH3 þH2 ð5Þ

CH4 þHO2 ! CH3 þH2O2 ð6Þ

CH4 þ O2 ! CH3 þHO2 ð7Þ

The most sensitive reactions involving methyl radicals are:

CH3 þHO2 ! CH3Oþ OH ð8Þ

CH3 þ O2@CH3Oþ O ð9Þ

Fig. 3. Flow diagram computed with Ranzi mechanism at 850 K.

Fig. 4. Flow diagram computed with Ranzi mechanism at 975 K.

Fig. 5. Flow diagram computed with Ranzi mechanism at 1150 K.
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CH3 þ CH3O2 ! CH3Oþ CH3O ð10Þ

CH3 þ O2@CH3O2 ð11Þ

CH3 þ CH3 þM! C2H6 þM ð12Þ

while CH3O and CH3O2 most relevant reactions are:

CH3OþM! CH2OþHþM ð13Þ

CH3O2 ¼ CH2Oþ OH ð14Þ

CH3O2 þ CH4 ! CH3OOHþ CH3 ð15Þ

On the basis of information collected from path diagram and
sensitivity analysis indications, the rate of production/destruction
(ROP) of some key species involved in the most sensitive reactions
has been analyzed as a function of temperature in Figs. 9 and 10.

The secondary axis of Fig. 9 shows the net rates of destruction of
methyl radicals through the recombination route (reaction (12))
with dashed line and the sum of net rates of reactions that lead
from methyl radicals to CH3O and CH3O2 (namely from reactions
(8)–(11)) with dashed-dotted line. On the same diagram the
auto-ignition times of Fig. 1 has been reported in order to make
easier the comparison of the different curves. The gray area high-
lights the temperature region of NTC.

It is worth noting that for low inlet temperatures the sum of
methyl oxidation reaction rate increases as Tin increases. As soon
as the recombination reaction becomes important, the oxidation
reactions net rate increases with a lower slope, showing a maxi-
mum value just in correspondence of the beginning of the NTC
temperature range, then it decreases slowly down to a relative
minimum value. Later on, just after the NTC temperature range,
it increases again increasing the temperature. The net rate of
recombination reaction monotonically increases in the whole tem-
perature range considered.

In order to identify the dominant branching reactions that lead
to the main branching agent OH, relatively to the H2/O2 system, the
rate of production of OH through the reaction (3) (hydrogen perox-
ide decomposition) and reaction (4) have been reported as function
of 1000/Tin in Fig. 10 along with the auto-ignition delay time of
Fig. 1.

For low temperatures the main branching mechanism is the
decomposition of H2O2, while in the NTC range, the ROP of the
reaction (3) shows a maximum just in correspondence of the low
temperature side of the NTC region. Then, it decreases until the
high temperature side of the NTC. Hereafter it increases due to
the abruptly increase of reaction (4) that becomes the main
branching reaction at high temperatures.

The correspondent diagrams of Figs. 9 and 10 obtained with
GRI-Mech 3.0 have been summarized in Fig. 11. The rate of produc-
tion of reactions (10) and (11) are missing because such reactions

Fig. 6. Sensitivity coefficients obtained at 850 K and C/O = 0.2 with Ranzi
mechanism.

Fig. 7. Sensitivity coefficients obtained at 975 K and C/O = 0.2 with Ranzi
mechanism.

Fig. 8. Sensitivity coefficients obtained at 1150 K and C/O = 0.2 with Ranzi
mechanism.
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are not present in this mechanism. In consequence of their absence
the rate of production of the other considered reactions show a
monotonic increase with temperature with no remarkable trend.
It has to be stressed that in this case the rates of production of reac-
tions (3) and (4) do not differ as much as they do with the Ranzi
mechanism.

5. Effect of mixture composition

The analysis of NTC behavior has been extended in order to
evaluate the effect of mixture composition on ignition delay. More

specifically two aspects have been taken into account that concern
the effect of carbon to oxygen ratio and the nature of inert gas
present in the reactive mixture. Therefore, numerical simulations
were carried on by changing the mixture composition from lean
to rich mixtures and by substituting nitrogen with different diluent
species of interest in new combustion technologies.

Fig. 12 shows the auto-ignition time for three C/O, 0.1, 0.2 and
0.5. All the profiles show a similar trend. For inlet temperature
lower than 850 K, the ignition delay is almost independent on car-
bon to oxygen ratio, while at temperature higher than 850 K the ri-
cher the mixture, the longer the auto-ignition time is. In addition, it
is worth noting than the temperature ranges where an NTC behav-

Fig. 9. Auto-ignition delay times and rate of production of CH3 through oxidation and recombination channel.

Fig. 10. Auto-ignition delay times and rate of production of OH reactions (3) and (4).

Fig. 11. Auto-ignition delay time and rate of production of specified reactions computed with GRI mechanism.
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ior can be observed, in all the three considered cases, shift toward
lower temperature values with increasing C/O feed ratio. At tem-
perature above NTC regions ones differences among sign values be-
come more relevant.

Several numerical tests were carried out with different diluent
species. Fig. 13 shows the auto-ignition delay times as function
of 1000/Tin on curves parametric in the diluent, namely nitrogen,
carbon dioxide and water vapor, for C/O = 0.2 and a dilution level
equal to 85%.

The trend of curves is similar for all the cases. At low tempera-
tures, for Tin value comprised between 700 K and 850 K, the short-
est auto-ignition times competes to H2O diluted system, while
nitrogen diluted system shows the longest ones.

At Tin = 850 K curves intersect and, for Tin > 850 K, the trend is
inverted and auto-ignition delay times computed using as diluents
water and carbon dioxide are longer than those computed using N2

as diluent. In particular, the longest auto-ignition times compete to
the system diluted in water. For instance, at Tin = 1000 K, sign is
equal to 0.74 s for N2, 1.69 s for CO2 and 2.42 s for H2O.

At Tin above 1100 K auto-ignition delay times computed for
water and carbon dioxide diluted systems do not differ
significantly.

6. Discussion

Comparison of the results of the previously reported kinetic
analysis gives a straightforward indication of the steps controlling
the ignition process in the temperature ranges where distinct
behavior has been evidenced. Focusing the attention only on the
first steps of oxidation process, three sets of reactions have been
identified for the low, middle and high temperature ranges
respectively.

For inlet temperatures lower than 925 K, methane is mainly
oxidized to CO through the formation of CH3O2 by means of the
equilibrium reaction (11). Then it rapidly forms CH3O ?
CH2O ? HCO ? CO. In these conditions the main branching reac-
tion is the decomposition of H2O2 to OH. The importance of the
decomposition of H2O2 in providing chain branching and ignition
at intermediate temperatures for low and high molecular weight

paraffins was explained by Westbrook [23]. The relevance of this
path was also pointed out for high pressure range in shock tube
by Petersen et al. [12].

The ratio among the different reaction channels changes by
increasing the temperature. As a matter of facts, at intermediate
temperatures the recombination path becomes active with a two-
fold effect. It reduces CH3 radicals available for the oxidation path-
ways thus shifting the equilibrium reaction (11) toward reactants
and reducing the yield of methyl radical in CH3O2. In addition
the reduced concentration of CH3 lowers the rate of reaction
(10), which is the main reaction channel of CH3O2 toward the final
products.

These effects all result in a reduced system reactivity and an in-
crease of auto-ignition delay times, thus producing an NTC behav-
ior. In the same temperature range ignition is still mainly
supported by H2O2 decomposition as branching reaction, even if
reaction H + O2 ? OH + H gains relevance.

For higher inlet temperatures, above the NTC temperature
range, the branching reactions that support the ignition are mainly
the reaction H + O2 ? OH + H and the thermal decomposition of
CH3O2. Such reactions enhance system reactivity and reduces the
effect of auto-ignition times from the recombination channel.
However, this chemical route plays a relevant role, storing carbon
and hydrogen atoms in C2 species, in this temperature range too.

The analysis on diluents effect confirms at some extent this sce-
nario. Diluents affect the evolution of methane oxidation mainly
acting on third body molecular reactions. As matter of fact the
third body efficiency in ter-molecular reactions is higher for CO2

and H2O with respect to N2. For instance, the efficiency of water
in reaction (1) is 18 for water, 2.4 for carbon dioxide and only
1.26 for nitrogen. Therefore, at lower temperatures, carbon dioxide
and water accelerate reactions (1) and (3) leading to a shorter
auto-ignition time with respect to nitrogen. Likewise, the auto-
ignition delay times of system diluted in water is much lower than
that diluted with carbon dioxide since its third body efficiency is
significantly higher.

When inlet mixture temperature increases, also reaction (12) is
promoted by diluent third-body efficiencies causing a slowing
down of system reactivity and longer auto-ignition times, as
Fig. 3 shows. At high temperature the presence of water and carbon

Fig. 12. Auto-ignition delay time computed for three C/O ratio. Fig. 13. Auto-ignition delay time obtained with different diluent species.
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dioxide stresses the competition between reactions (1) and (4),
accelerating reaction (1), leading to slower auto-ignition times
with respect to nitrogen. In particular way it is worth noting, in
Fig. 11, that reaction (4) is not relevant for the system diluted in
water.

Further simulations have been run setting the CO2 and H2O
third-body efficiency coefficients equal to N2 in the key ter-molec-
ular reactions identified in the paper. Auto-ignition delay times re-
sulted nearly coincident, confirming the hypothesis that the
diluent nature affects the evolution of the oxidation process exclu-
sively by means of third-body efficiency coefficients.

7. Conclusions

The analysis reported in the present paper has a twofold signif-
icance, related both to the process itself and to the numerical tools
that are nowadays available for foreseeing its evolution in ideal
and real systems.

Such as shown in other works [6], multi-channel fuel oxidation
that occurs in nonstandard conditions highlights peculiar charac-
teristics and dependence on process parameters different from
the well assessed behavior of traditional processes. The change of
characteristic times of specific reaction channels, due to the change
of operative conditions, indeed influences the competitions among
the different reaction channels producing unexpected effects. In
the case of methane combustion, the multiple oxidation paths
compete with recombination channel in consuming the fuel mole-
cule. The prevalence of either the oxidation or the recombination
results in a speeding or a slowing down of the reactive process.
In this reactive network, a key role is covered by the active oxida-
tion pathway. At the same time, in dependence of working temper-
ature, the branching routes of H2/O2 reaction mechanism supply a
great part of radicals needed for ignition. Thus, numerical results
presented in the paper clearly show that the Negative Temperature
Coefficient region in the Arrhenius plot of methane ignition delay
marks the shift from one principal reaction route to the others.

Beside, the overview of the most popular detailed kinetic mech-
anisms for methane oxidation showed that their reliability lacks
when they are utilized to predict hydrocarbons oxidation process
features in not-conventional operative conditions, despite their
proved robustness in evaluating the behavior of conventional sys-
tems. Only two of the considered mechanisms are able to predict
the presence of an NTC region in ignition delay of methane, even
though sparse experimental evidences reported in the literature
clearly evidenced its existence. The extreme working conditions
related to the new combustion technologies (i.e. MILD or oxy-fuel
combustion) seem to enforce the kinetic effects that lead to the
NTC behavior.

As a consequence, it is even more evident the twofold need of
basic experimental works carried out in the range of parameters
of interest of new combustion technologies on simple reactors.
On one hand they will clarify the behavior of systems working in
such specific conditions. In addition, they will provide the experi-
mental database useful for improving the performance of detailed
kinetic mechanisms.
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