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The development of processes with near-zero emissions such as MILD, flameless, and OXY-fuel combus-
tion are of great interest in various energy scenarios. The assessment and design of new burners to meet
energy demands and pollution reduction strongly depends on an accurate description of the chemistry
involved in the combustion process. The main outcome of this study is the collection and review of a vast
amount of experimental data on MILD and OXY-fuel combustion of methane that have been reported in
recent years, together with a thorough kinetic analysis to identify aspects of the mechanism that requires
further revision. The CRECK core model presented here is developed upon the Aramco 2.0 mechanism
[1], and further extends the validation objectives to MILD and OXY fuel combustion conditions. The aim
of this work is not only the mechanism validation but also a better understanding of the combustion
characteristics and critical reaction pathways in MILD, flameless, and OXY-fuel combustion.

© 2019 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

The modern world depends heavily on energy generation in all
its forms, and daily activities require a mix of thermal, mechanical
and chemical energy. Determining the best energy source and
generation technology is complicated. Even though the evaluation
of alternative energy sources sometimes performed based on their
economic sustainability and reliability in terms of production
yields, the most controversial and essential criteria are the impacts
of the various energy production technologies on public health
and environment [2]. To further highlight the current interest in
reducing the effects of energy production, the Paris Agreement
[3] within the United Nations Framework Convention on Climate
Change imposes new regulations to achieve carbon emission
reduction.

Forecasting the global energy demand is extremely important
for future energy policy and security. Considering various scenarios
(New Policies, Current Policies, and Sustainable Development [4])
for energy production and demand, the role of natural gas will
be significant, due to its environmental advantages and versatility
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relative to other combustible fuels. Natural gas is the cleanest
fossil fuel emitting the lowest carbon dioxide per unit of energy.
Despite its lower carbon density compared to other fossil fuels, its
consumption demand is growing steadily by 1.6% in recent years,
and its overall usage is expected to grow of 45% within 2040 [4].

The wide utilisation of natural gas for combustion applica-
tions emphasises the importance of understanding its combustion
characteristics (methane, syngas (H,/CO), and H,/O, systems) in
order to fulfil the goals in terms of energy efficiency and emission
reduction. Moreover, a large part of our understanding of the
complex combustion processes comes from elementary chemical
kinetic models, and because of the hierarchical nature of combus-
tion kinetics, the natural gas kinetic mechanism can be considered
as the so-called “core chemistry” whose accuracy strongly influ-
ences heavier fuels combustion [5]. For this reason, the kinetic
model development usually envisages a hierarchical extension
from the core mechanism to heavier fuels, focusing mainly on the
conventional combustion conditions of interest for engines and gas
turbines. These conditions typically refer to pressures up to 100
atm and temperatures in the range of 500-2500K, for different
fuel/air dilutions.

Over the last decades, combustion studies have focused on
the reduction of pollutant emissions, including NOy, SOx, CO,,
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CO, volatile organic components, and soot. Continuous advance-
ments in control technologies have resulted in emission reduction
and successfully demonstrated that efficiency improvements are
the most attainable and cost-effective approaches. However, the
long-term solution for decreasing combustion-generated pollution
would require a larger reduction than that achieved only by
efficiency improvements. For this reason, the development of
industrial burners with Low or near-zero emissions such as those
of interest for MILD (Moderate or Intense Low Oxygen Dilution)
[6], FC (Flameless combustion) [7,8], HiTAC (High Temperature Air
Combustion) [9], HiCOT (High Temperature Combustion Technol-
ogy) [10], CDC (Colourless Distributed Combustion) [11], LTC (Low
Temperature Combustion) [12], ULC (Ultra lean combustion) [13],
and OXY-fuel combustion [14]| has attracted a keen interest in
energy policy.

According to Perpignan et al. [7], abbreviations such as flame-
less, HITAC, MILD, HiCOT, and CDC refer to an analogous or slightly
different regime but overlapping concepts; furthermore, acknowl-
edged by Cavaliere and de Joannon [6] as a matter of terminology
that could not be fully clarified. In view of the above consideration,
combustion regimes such as HiTAC, HiCOT and CDC are usually at-
tainable in different experimental/industrial facilities, where purely
kinetic effects are not possible to decouple from fluid dynamics.
MILD and OxyFuel combustion instead can be more easily investi-
gated in simpler facilities (i.e. ideal reactors such as JSR and PFR),
providing valuable experimental data for model development,
validation and assessment as in the scope of this paper.

Both MILD and OXY-fuel combustion require a high dilution
extent, which can influence the relative importance of chemical
pathways. Despite the considerable potential of emission reduction
of such technologies, inherent difficulties limit their extensive
applications and successful integration at the industrial level.
These inherent difficulties can be technical such as high-pressure
loss [15], narrow operational conditions [16,17], fuel flexibility
potentiality [7], and high CO emission [18-21], or a lack of funda-
mental understanding (limited experimental setup [22], almost no
high-pressure experiments [7], turbulence-chemistry interaction
and modelling issues [23], and complex diluent effects [24-26]) of
MILD and OXY-fuel in a wide range of operating conditions. Fur-
thermore, the predictive reliability of the kinetic models in these
conditions has so far received a lower degree of attention com-
pared to more conventional flame conditions. Thus, the primary
goal of this work is to collect and review a vast amount of exper-
imental data on MILD and OXY-fuel combustion and analyse them
by using a detailed kinetic mechanism to identify aspects of the
mechanism that require further revision. The aim is not only the
mechanism validation but also that of highlighting hidden aspects
and critical reaction pathways through a systematic discussion in
the near-zero emission combustion processes (MILD and OXY-fuel).

This paper has been organised as follows. Section 2 briefly lays
out the new combustion technologies, with a particular focus on
MILD and OXY combustion processes. Then, Section 3 presents the
general features of CRECK detailed kinetic mechanism. Sections 4
and 5 describe and discuss the broad set of experimental data
from the available literature, which are useful not only for the
validation of the mechanism but also to characterise and highlight
peculiar aspects of these low environmental impact combustion
technologies. Conclusions from the present analysis are reported
in the last Section.

2. Low environmental impact combustions modes

Although the emission of sulphur and metal components
depends strictly on fuel properties, CO, unburned hydrocarbons,
NOx, polycyclic-aromatics, and soot particles can be reduced by
adopting appropriate combustion technologies. High temperatures

promote NOx formation, whereas low temperature does not
guarantee complete combustion and CO and volatile components
can be released. Moreover, incomplete mixing between fuel and
oxygen at the molecular level occurring in diffusion flames causes
rich local conditions thus favouring PAH and soot formation. For
these reasons, new combustion technologies mainly move towards
improved mixing, trying to reduce the maximum combustion tem-
perature and turbulent fluctuations. In this direction, the Moderate
or Intense Low oxygen Dilution (MILD) combustion is well rec-
ognized as an up-and-coming technique. MILD combustion takes
place by preheating the reactants at a temperature higher than
auto-ignition and by a very high dilution [27]. In fact, through the
control of the maximum temperature employing flue gas recircu-
lation and the extension of the reaction zone [28,29], it enhances
combustion stability while remarkably reducing NOx emission.

Similarly, flameless combustion is defined as a regime in which
two conditions must be satisfied:

(1) the reactant temperature must exceed self-ignition tempera-
ture;

(2) the reactants must entrain enough inert combustion prod-
ucts to reduce the final reaction temperature well below the
adiabatic flame temperature, to such an extent that a flame
front cannot be stabilised [8].

High-temperature air combustion (HiTAC) discussed by
Hasegawa et al. [9] is an alternative technology mainly based
on the preheating of air and control of the oxygen concentration
in the reacting system. Another advantageous technique is the
O0XY-fuel combustion, which typically combines high purity oxygen
(>95%) with recycled exhaust gases, always aiming to control the
maximum flame temperature. Burning fuel in oxygen and flue
gas rather than air, of course, results in the elimination of NOx
emissions and also favours the carbon dioxide sequestration from
the exhausts.

2.1. MILD combustion

The determination of the MILD regime confinement is still
ambiguous, although numerous studies have been devoted to
the classification and characterisation of its specific operating
conditions. Studies in Jet Stirred Reactors (JSR) [30-32], Plug Flow
Reactors (PFR) [27,33], jet-in-hot-coflow burners [34-36], and
entrained flow jet flames [29,37,38] are only a small set of these
examples. One well-known definition of MILD combustion is based
on the initial temperature (T;,), the auto-ignition temperature
(Tauto), and the temperature increase during combustion (AT). A
combustion regime is considered MILD if it satisfies the following
conditions [6]:

Tin > Taueo > AT

MILD combustion is neither a diffusion flame nor a deflagration
or detonation. It can be considered as a super diluted explosion or
a continuous auto-ignition/explosion. The fluid-dynamic conditions
and thermodynamic constraints under which MILD combustion
develops are quite straightforward. There is no need of back-
mixing for flame stabilisation, and the maximum temperature of
the MILD Combustion processes is usually lower than 1600-1700 K.
The mixing among fuel, oxidiser, and products streams are the
crucial feature. The forced internal recirculation of the combustion
products, which mix with the fresh mixture, supplies an adequate
amount of enthalpy to reach the ignition temperature.

Although the auto-ignition temperature of the reacting system
is the lowest temperature at which the system spontaneously
ignites, the ignition propensity also depends on local oxygen and
fuel concentrations, and it increases as the pressure or oxygen
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Fig. 1. Operative map of MILD combustion regimes. Region (A) Forced ignition,
(B) MILD, and (C) HiTAC conditions (Cavaliere-2004 [6], Oberlack-2000 [10,39], and
Evans-2017 [36].

concentration increases. Therefore, the ideal MILD combustion re-
quires a complete mixing at the molecular level, and the definition
of Ty plays a vital role in the classification of MILD combustion.

A previous definition of the MILD combustion regime, without
reference to the Ty, was initially proposed by Oberlack and
Peters [10,39]. By assuming a single step irreversible reaction,
constant thermochemical properties, and steady-state mass and
heat conservation, the MILD combustion regime has to satisfy the
following condition:

oWy Tin
<4(1+( o ))

Where Egjpq is the effective activation energy of the global
reaction, Ry the universal gas constant, C, the constant pressure
specific heat, Q the heat of combustion, W; the fuel molecular
weight, and Y; the mass fraction of the fuel at the inlet. The
term (CyWy T;,/QYy) is equivalent to T;,/AT, indicating that MILD
combustion requires the control of the temperature increase, AT.

Evans et al. [36] further discussed and extended this concept
through the analysis of jet diffusion flames. The result obtained
through counter-flow flamelet analysis provides a condition for
the existence of ignition and extension turning points; therefore,
the corresponding monotonic S-shape curve indicating MILD
combustion is given by:

(B*+ 68 + 1)a’— (68 —2)a + 1 <0

Where B is the activation temperature (Egjopq [RuTsp) and o
refers to the heat release parameter (ATst/T},) in stoichiometric
and fully burnt conditions. These boundaries determine that the
non-premixed MILD regime can take place with the increase of
the initial temperatures, or the minimisation of the overall tem-
perature increase and can be obtained following a forced ignition.

Figure 1 depicts the MILD combustion map according to the
temperature definitions mentioned above [6,10,36,39], by assuming
Tauto = 800K [40] and Egjopa = 40,000 [cal/mol]. The intersection
region (B1 and B2) satisfies the previous conditions, and it lim-
its and defines MILD operative temperatures. Moreover, region (A)
shows conventional combustion conditions, with an inlet tempera-
ture lower than Ty, thus requiring a forced ignition to propagate
the flame [34]. Finally, the region (C) of the definition by Oberlack
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Fig. 2. OXY-fuel, HiTAC, and MILD combustion regimes as a function of the oxygen
mole fraction and the preheat temperature of the reactants (after [47]). The regions
denoted as A and B determine operating conditions of interest in the current re-
search.

and Peters [10,36,39] allows higher temperature rises compared to
the definition by Cavaliere and de Joannon [6]. According to these
assumptions, AT may overcome 1300K, when T;, is ~2000K. It is
clear that this high AT lowers the possibility of controlling the tur-
bulent high-temperature fluctuations. Thus, this region can be clas-
sified as HiTAC, as it does not limit the temperature rise [9].

Due to the more uniform temperature distribution and limited
peak temperature, MILD combustion strongly reduces the thermal
NOx formation [41-43]. According to Zel’dovich mechanism, NOx
formation rapidly increases at temperatures higher than ~1800K,
because of the high activation energy [44] of the rate-limiting
reaction O+N, = NO+N [6,45]. Thus, Fig. 1 also outlines an
emission constraint (black dashed line) by limiting the maximum
temperature to 1800K. This line divides the MILD region into
two zones of B1 and B2. The left-hand side (B1 or Clean-MILD)
indicates the condition where air (N,) is also a diluent. The pres-
ence of N, requires the maximum temperature limited to 1800K
(thermal NOx threshold) to reduce Nox formation. The right-hand
side (B2 or Oxy-MILD) describes the zone where different diluent
(CO,, H,0) allow higher operating temperatures.

2.2. OXY-fuel combustion

OXY-fuel combustion is one of the leading technologies and is
of interest for CO, capture and storage in power generation plants.
OXY-fuel is implemented by burning the fuel with nearly pure oxy-
gen diluted with a large amount of recycled flue gas [46]. Various
forms of OXY-fuel combustion have been used in different applica-
tions even before the concern over CO, sequestration raised in the
world energy scenario. Figure 2 (adapted from Chen et al. [47])
schematises various OXY-fuel combustion conditions concerning
the oxygen concentration and the preheating temperature of the
reactants. Zone I of this figure is the so-called air combustion and
the air-like OXY-fuel combustion zone, which involves a flue gas
recirculation of ~ 60-80%. In this way, the oxidiser usually contains
less than ~ 21% oxygen, and the flame temperature is lowered [47].
Zone Il is the oxygen-enriched combustion area, where the oxygen
concentration is significantly higher than 21%. Thus, the oxygen-
enriched combustion features a higher sensible enthalpy and a
higher flame temperature. Zone III is the full OXY-fuel combustion,
where pure oxygen is used as the oxidiser. In this regime, the
dilution is reduced to zero, and the pure oxygen highly intensifies
the flame structure and the maximum temperature [48]. Finally,
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zone IV depicts high-temperature OXY-fuel combustion and HiTAC
that can be achieved by using highly preheated oxidiser. It should
be noted that MILD combustion is also embedded in this zone
where stable combustion is still attainable with oxygen mole
fraction significantly lower than 21%.

Both Figs. 1 and 2 indicate the typical operating conditions
of the new combustion technologies. Moreover, in Fig. 2, regions
denoted as A and B determine operating conditions of interest
in the current research. A and B cover both preheated and un-
preheated oxidiser in a wide range of oxygen content (low content
to pure oxygen). Temperatures and oxygen concentrations can vary
in a wide range, and particular attention is required to analyse
the effect of high levels of dilution, not only with N,, but more
importantly CO, and H,0O. Indeed, both water and carbon dioxide
can have significant chemical effects, in addition to those related
to their thermal properties. These features will be better analysed
in Section 5, which discusses the collected set of experimental
data at these conditions.

3. Kinetic model and numerical methods

The updated CRECK detailed kinetic mechanism has been
used to analyse and discuss the experimental results. This kinetic
scheme implements a C;—C3 core mechanism obtained by coupling
the H,/O, and C;-C, from Metcalfe et al. [49], C3 from Burke et al.
[1] and heavier species from Ranzi et al. [50,51]. Several reactions,
as listed in Table 1, are also updated for the sake of performance
improvement. In the current mechanism, further enhancements
were achieved by updating the acetaldehyde sub-mechanism,
according to Pelucchi et al. [52].

Moreover, the rate rule for H-abstraction reactions of Ranzi
et al. [53] was implemented and the rate parameters extracted
in the absence of data from the literature (reference rate pa-
rameters can be found in Supplementary Materials). Indeed, the
rate rule approach is more useful for the larger molecules. It is
employed because the Cy—C3 mechanism is not only a natural gas
reaction mechanism but also a core mechanism for heavier fuel
sub-mechanisms in CRECK kinetic scheme. Including H-abstraction
rate rule facilitates linking this core mechanism to the remaining
part of the mechanism.

The thermochemical properties of species were adopted from
the most accurate databases in the literature. Hydrogen and Syn-
gas cores were implemented from Active Thermochemical Tables
(ATcT) [54]. Other important species thermochemical properties
are extracted from Burcat’s thermodynamic database [55]. For the
rest of the species in the mechanism, which are not presented
in databases, thermochemistry properties suggested in the CRECK
mechanism [50] are used.

This model obtained from the above coupling was validated
using the targets already presented in Metcalfe et al. [49], com-
plemented by a vast database collected for this study. The kinetic
model, with thermodynamic properties together with the complete
validation supporting its reliability, can be found in the Supple-
mentary Material of this paper. This version of CRECK Kkinetic
mechanism, limited to methane, C,, and light species, contains 114
species and 1941 reactions. Notably, there is a significant reduction
in the number of species compared to the mentioned Aramco
mechanisms.

The OpenSMOKE++ framework [66], developed at CRECK, was
applied for the numerical simulations of reacting systems. This

Table 1

Modified reactions in the chemical kinetic model. The rate constants are in the form of k = A T" exp (—E/ (RT)). Units are mol, cm, K, s, and cal.
Reactions A n E. Reference
CyH3+H=CyHy+H, 9.64E+13 0.0 0.0 [56]
C3H4-P+OH = C3H3+H,0 2.00E+07 2.0 5000 [57]
C3Hs-A+OH=C5H;5+H,0 2.00E+07 2.0 5000 [57]
H+ CGH(+M) = CoHy(+M) 1.00E+17 -1.0 0.0 [58]
CH3;0+HCO=CH;3;0H+CO 1.00E+13 0.0 0.0 [56]
H+ 0,=0+0H* 1.14E+14 0.0 15,286 [59]
CH3C0+0,=CH5C03
Logarithmic Pressure: 0.1 3.41E+69 -18.9 14,400 [60]
Logarithmic Pressure: 1.0 5.79E+61 -16.07 13,400
Logarithmic Pressure: 10.0 5.07E+52 —-12.96 11,560
C3Hy-P=C3Hs-A [61]
Logarithmic Pressure: 0.100 6.4E+61 -14.59 88,200
Logarithmic Pressure: 1.000 5.2E+60 -13.93 91,100
Logarithmic Pressure: 10.00 1.9E+57 -12.62 93,300
Logarithmic Pressure: 100.0 1.4E+52 -10.86 95,400
CH3+CyHg=CH4+C,Hs 2.72E+00 3.767 9096 [62]
H+C3Hs = C3Hy-A
Logarithmic Pressure: 0.04 3.39E+36 -7.41 6337 [63,64]
Logarithmic Pressure: 1.00 3.16E+29 —5.00 4711
Logarithmic Pressure: 10.0 8.71E+23 -3.20 3255
Logarithmic Pressure: 100.0 2.05E+13 0.206 -173
H+ C3H3 = C3Hy-P
Logarithmic Pressure: 0.04 3.63E+36 -7.36 6039 [63,64]
Logarithmic Pressure: 1.00 7.94E+29 -5.06 4861
Logarithmic Pressure: 10.0 1.07E+24 -3.15 3261
Logarithmic Pressure: 100.0 6.40E+13 0.102 -31.2
H+ C3H4-A=C3Hs-S
Logarithmic Pressure: 0.04 3.38E+49 -12.75 14,072 [65]
Logarithmic Pressure: 1.00 1.37E+51 -12.55 15,428
Logarithmic Pressure: 10.0 3.88E+50 -11.90 16,915
Logarithmic Pressure: 100.0 2.17E+49 -11.10 18,746
DUPLIICATE 2.98E+43 -11.43 8046
Logarithmic Pressure: 0.04 5.75E+39 -9.51 7458
Logarithmic Pressure: 1.00 4.33E+40 -9.60 6722
Logarithmic Pressure: 10.0 3.44E+34 -7.36 6150

Logarithmic Pressure: 100.0

* Within the uncertainty the rate increased by 10%.
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Table 2
List of experimental measurements studied in this paper.
Experiment Mixture Temperature [K] 7 Pressure [atm] Dilution Reference
Jet stirred reactors 1%CH4/03 /Ny 1000-1175 0.1 1 79% [78]
1%CH4/02/20%C0, /N, 1000-1175 0.1 1 79% [78]
1%CH4/05/10%H,0/N; 1000-1175 0.1 1 79% [78,79]
CHy4/H2/042/Ny(Hy = 0-2%) 1025 0.3 1-10 90-92% [80]
CH4/H2/02/20%C0, [Ny (Hy = 0-2%) 1025 0.3 1-10 90-92% [80]
Plug flow reactors CH,4/03/H0/N,(H,0 = 0.35-9.3%) 1075-1800 1.6 1.1 98% [81]
CH4/0,/85%N; 1200-1400 0.1-0.8 1 85% [27]
CH4/0,/85%N, 1250 0.1-0.4 1 85% [27]
CH4/0,/85%N, 1300 0.1-0.7 1 85% [27]
Laminar flame speeds CH,4/03(H,0 = 0-0.5) Tin = 373 0.5-1 1 0-50% [82]
CH4/0,(CO, = 0-0.5) Tin = 373 0.5-1 1 0-50% [82]
CHy4 (02/N; = 1/1)(0-10%—20%H,0) Tin = 373 0.6-1.5 1 35-44% [82]
CH4/03/C0O4(XCO,/(XCO,+X0;) = 0.4-0.7) Tin = 300 0.4-1.6 1-3 27-66% [83]
Ignition delay times CH4/0,/30%C0O> /AR 1660-2000 1 0.76-3.77 89.5% [84]
CH4/0,/30%C0O, /AR 1730-2000 0.5 0.77-3.92 91% [84]
CH4/0,/CO, /N, (CO, = 0-75%) 1350-1900 0.5 1.75 75% [85]

package can handle simulation of ideal chemical reactors (plug
flow, batch, jet stirred reactors), shock tube and 1-D laminar flame.
It also provides useful numerical tools such as the sensitivity and
rate production analysis, which are applied to analyse and improve
the whole kinetic mechanism.

4. Experimental dataset and mechanism validation

The different combustion regimes and dominant elementary
chemical pathways of fuel oxidation depend on operating tem-
peratures and pressures [67]. Compared to flame combustion
conditions, MILD combustion lowers the operating temperatures,
while the radical pool and the OH concentration is more homo-
geneously distributed in the reaction zone [22,68]. Although MILD
combustion has been widely investigated [6,26,27,69-71], only mi-
nor attention has been devoted to the validation of detailed kinetic
mechanisms in these conditions, mostly underlining shortcomings
of existing kinetic models.

Hierarchically, the pyrolysis and combustion of methane are in-
terconnected to the oxidation of any hydrocarbon fuels. Mainly the
competition between the oxidation of methyl and recombination
paths to form C, species plays a crucial role in reactivity. Recent
studies of de Joannon and co-workers [33,71,72] highlighted the
importance of the core kinetics (Cy—C,) in MILD combustion of
fuels other than methane. Methyl recombination reactions form-
ing ethane and successive dehydrogenation leading to ethylene
and acetylene are important in PAHs and soot formation [73].
The motivations above highlight the criticism involved in the
validation of methane sub-mechanism, as its chemistry strongly
influences other systems of interest (i.e. heavier fuels and pollutant
formation) [74,75].

At low temperatures, methane is more stable compared to other
hydrocarbons, due to the lack of C-C bonds and the only presence
of stronger aliphatic C-H bonds. Thus, methane thermal decom-
position is highly endothermic and requires ~105 kcal/mol energy
for breaking the C-H bond. Moreover, there are fundamental dif-
ficulties associated with the high-temperature pyrolytic conditions
because of the formation of PAHs and soot [76,77]. Thus, compared
to oxidation experiments, the experimental data on methane py-
rolysis are scarce and are mainly limited to low and atmospheric
pressures to prevent or limit carbon formation. Therefore, the
development and validation of the kinetic mechanisms are based
only on these limited number of experimental observations.
As already discussed in the literature [75], the detailed kinetic
mechanism of methane pyrolysis and oxidation limited to C; and
C, species can present discrepancies in H, and C;H, formation,
because of the possible growth of PAH and unsaturated species. In

order to guarantee the model accuracy at very rich pyrolytic con-
ditions, the heavier species and their successive reactions to form
butadiene, PAH and aromatic species need to be accounted for.

At fixed fuel concentration, methane reactivity increases as the
equivalence ratio decreases. In fact, oxidation channels with the
formation of formaldehyde prevail over pyrolysis channels in lean
fuel mixtures, whereas, in rich conditions, the reactivity decreases
because of the pyrolytic pathways favoured by the recombination
of methyl radicals and the successive dehydrogenation steps.
Moreover, pyrolysis is an endothermic process, thus decreasing
the reactivity not only by forming more stable radicals but also
through temperature reduction [78].

Although the extended and complete set of experimental con-
ditions and their validations are reported in the Supplementary
Material, Table 2 summarises the conditions of a selected set of
experimental data useful for the validation of methane oxidation
mechanism and to extended the knowledge of diluted combus-
tions by means of a broad set of comparison of experimental
data, model simulations and kinetic analyses. These experiments
of MILD and OXY-fuel combustion are divided into four different
categories including jet-stirred reactor (JSR), plug flow reactor
(PFR), flame speeds and ignition delay times. For the complete
validation of the CRECK kinetic mechanism, readers can refer to
the Supplementary Material.

Notably, the following aspects of MILD and OXY-fuel combus-
tion and the effect of CO, and H,O dilution will be analysed and
discussed:

- System reactivity in ideal reactors.

« Laminar flame speed (oxy-fuel systems).

- The ignition delay time in shock tubes and plug flow reactors.
+ Thermo-chemical oscillation in Jet stirred reactors.

5. Model validation and discussion on the effect of CO, and
H,0

5.1. System reactivity in ideal reactors

Based on different experimental data, this section analyses
sequentially the effect of CO, and H,0 dilution in lean methane
mixtures [78,79], then the effect of CO, dilution in a lean CHy4/H,
system [80], and finally, the effect of H,O addition in rich methane
mixtures at high-temperatures [81].

5.1.1. CO, and H,O0 dilution in lean methane mixtures

Figure 3 shows methane oxidation profiles in three different
diluted mixtures N;, (N,+20% CO,) and (N,+10% H,0) versus
the reactor temperature. Ultra-lean fuel mixtures (¢ = 0.1) were
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Fig. 3. Methane concentration profiles vs temperature in three diluted systems at
atmospheric pressure and ultra-lean conditions (¢ = 0.1). Reactants are diluted with
79% Na, (59% N,+20% CO;), and (69% N,+10%H,0). Symbols: experimental data
[78,79], lines: results from kinetic model simulations.

experimentally studied in a JSR at atmospheric pressure and
steady-state conditions [78,79]. High dilution and preheating be-
fore injection minimised temperature gradients inside the reactor,
accordingly, near isothermal conditions were obtained. It is evident
that CO, and H,O dilutions cause a delay in the system reactivity,
which slightly shifts CH;4 conversion toward higher temperatures,
compared to the N, diluted system. Simulations reasonably agree
with experimental data even if the dilution effect is underesti-
mated, mainly in the H,O diluted system. At temperatures higher
than 1200K, all the systems converge toward a complete CHy
conversion. Comparing the dashed lines of Fig. 3, one can first
observe a temperature delay of about 10-20K, when adding CO,
or H,0, respectively. Moreover, it is possible to observe that, after
a delay in CH4 conversion, the H,0 diluted system shows a higher
increase of reactivity with respect to the other systems.

In these isothermal conditions, the CO, and H,O dilution
change the system reactivity, because of chemical reactions and/or
collisional efficiencies. It is noteworthy that the competition be-
tween the two pathways of H+ 0, (R1 and R2) plays a crucial role
in defining the system reactivity in this intermediate temperature
range.

H+0,=0+0OH (R1)

H+0; +M=HO, + M (R2)

The chain branching reaction (R1) is the key step in all com-
bustion systems, clearly emerging in sensitivity plots for all fuels
under high-temperature conditions (T>1000K) [86]. Any active
channel that competes with (R1) and reduces H radical concentra-
tion results in diminishing overall oxidation rate [50]. The kinetic
interaction involving radical chain branching (R1) coupled with
the inhibition or HO, stabilisation (R2) caused by the third-body
efficiency of bath gases can affect the k;/k, branching ratio.

In the view of the above considerations, the third-body ef-
ficiencies effects can explain the different delays in the start
of methane conversion in Fig. 3, as the third-body efficiency of
H,0 and CO, in reaction (R2) are 10 and 3.8, respectively [49].
By merely considering the mole fraction of the bath gases as
presentative of their concentrations and also accounting for their
collisional efficiencies, the following order of delay in reactivity
(t;) as a function of temperature is justified:

TN, < TN,+C0; < TN;+H,0

N2
"B CH30(+M)=H+CH20(+M)
"20% oz 02+CH30=HO2+CH20
+ = +
®10% H20 —

BB OH+CO=H+CO2
0+HO2=02+0H
BB OH+CH4=H20+CH3
OH+HO2=02+H20 |

HO2+CH3=02+CH4 _
RSy — 8
S H+02=0+OH

e HO24CHI=OH+CH30
2.5 -1.5 -0.5 0.5 1.5

Sensitivity Coefficient

Fig. 4. Sensitivity analysis of CH4 concentration in the three diluted systems pre-
sented in Fig. 3 at T=1100 [K].

This fact is well confirmed by the sensitivity analysis shown
in Fig. 4, where the sensitivity coefficient of reaction (R2) is
the highest in the water-diluted system and the lowest in the
N, system. This dependence on the third body is particularly
important in modelling of OXY-fuel [87], MILD [6], and exhaust
gas recirculation (EGR) [88,89] systems, where the mole fractions
of multiple colliders other than N, are increased.

It is noteworthy to mention that the abundant availability of
HO, from (R2) also increases the importance of the competition
between recombination and dismutation channels of CH3 and HO,
radicals (R3 and R4).

HO, + CH; = OH + CH;0 (R3)

HO, + CH3 = O, + CHy4 (R4)

While the termination reaction to form CHy and O, (R4) re-
duces the system reactivity and methane conversion (positive
sensitivity coefficient), the propagation reaction (R3) to form the
two reactive radicals CH30 and OH evidently increases methane
conversion (negative coefficient). As shown in Fig. 4, the system
reactivity is dominated by the chain branching reaction (R1), and
the ignition happens when it prevails over (R2). (R1) enhances the
concentration of O and OH radicals, which will, in turn, further
enhance OH production via reaction (R5), particularly in the
diluted water system.

0+ H,0 = OH + OH (R5)

5.1.2. CO, dilution in a lean CH4/H, combustion system

Cong and Dagaut [80] likewise investigated the effect of hy-
drogen addition to the oxidation of methane in a JSR at different
pressures (1 and 10 atm) first with neat N, dilution, then with
a 20% CO, addition. Together with the fuel (CH4 [H;), a fixed
amount of O, (6.67% mol) was fed to the system at a constant
equivalence ratio of 0.3. As expected, their results confirmed that
H, addition promotes methane conversion. Indeed, the hydrogen
addition enhances H and OH radical concentrations, through the
H,-0, sub-mechanism. At lean conditions, hydrogen promotes H
radical concentration through the H abstraction reactions by OH
and O radicals, more effectively than CH5 radicals.

Hy+O=0OH+H (R6)

H2+OH=H20+H (R7)
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Fig. 5. Effect of H, addition on CH4 conversion in a JSR at 1 and 10 atm, with and without 20% CO, addition. Conditions: 6.67% oxygen, ¢ = 0.3, T = 1025K. Symbols:

experimental data [80], lines: results from kinetic model simulations.

Higher H concentrations, in turn, increase OH radical formation
via (R1) and (R8) reactions.

HO, + H= OH + OH (R8)

In contrast, 20% CO, addition partially reduces the reactivity
because of the higher collision efficiency in (R2). Figure 5 shows
the satisfactory comparison of experimental data and model
predictions at constant temperature (T = 1025K) at two different
pressures (1 and 10 atm), both for the neat N, and the 20%
CO, cases. Due to the pressure dependence of the unimolecular
CH4 decomposition reaction, there is a small conversion (5%) of
pure CH4 at 10 atm, whereas it does not show any reactivity at
atmospheric pressure. Hydrogen addition favours methane oxi-
dation by promoting H radical formation, and this effect is more
evident at atmospheric pressure. When comparing the methane
concentrations profiles versus H, additions at 1 and 10 atm, it
is possible to highlight a different behaviour. There is an initial
higher reactivity at higher pressure, but only with low hydrogen
additions. At atmospheric pressure, after a small induction, H,
additions favour a higher reactivity, and the system becomes more
reactive, after 1-1.3% H,.

Figure 6 presents the sensitivity analysis of methane reactivity
for the cases shown in Fig. 5 with 1% hydrogen. The different
sensitivity coefficients of reactions (R1) and (R2) highlight that
their competition is more effective at 1 atm, and mainly in the N,
diluted systems. The CO, addition, as well as the higher pressure
favour the HO, formation, and this competition becomes less
effective. Thus, the CO, diluted system at 10 atm shows the lowest
sensitivity coefficients to both reactions.

As the HO, formation is preferential at higher pressure, the
competition between two chain propagation (R3) and termination
(R4) reactions, becomes more important despite a decrease of
sensitivity coefficient in terms of absolute values. A complete
mechanism validation and analysis of these experimental data
of Cong and Dagaut [80] on the effect of hydrogen additions on
methane conversion is presented in the Supplementary Materials.

5.1.3. H,0 addition in rich methane mixtures at high-temperatures
Rasmussen et al. [81] studied the effect of H,O addition on
CH,4 oxidation at rich conditions (¢ = 1.6) in an isothermal plug
flow reactor at high temperatures (1073-1823K), and atmospheric
pressure. To further improve the assessment, five cases with
different water additions (from 0.35% to 9.28%) are selected. Figure
7 confirms that the kinetic mechanism is able to capture CH4 con-

@N2-P=1 % H2+OH=H+H20
mCO2-P=1
OH+HO2=02+H20 F
MmN2-P=10
0O+HO2=02+0H F
mCO2-P=10
uﬁ OH+CH4=H20+CH3
OH+CH20=H20+HCO &
H+HO2=H2+02 F
HO2+CH3=02+CH4 m
7 i i v )
I HO2+CH3=0H+CH30
H+02(+M)=HO2(+M)
A F A A A F A
MU H +O02=0+0H
-25 -1.5 -0.5 0.5 1.5

Sensitivity Coefficient

Fig. 6. Sensitivity analysis of methane concentrations for the four cases presented
in Fig. 5. CHy4 doped with 1% H,, at 1025K and ¢ = 0.3.

version profiles versus temperature with different extent of water
addition. This effect on CH4 reactivity is indeed quite marginal
at these high-temperature conditions, where a possible increase
of the reactive flux H+ Oy« HO,<«H,0, formation (because of
R2) cannot influence the system reactivity as H,O, is rapidly
decomposed to OH radicals.

Although methane conversion profiles are similar, the CO, for-
mation is affected by H,0 addition. In particular, Fig. 7 shows that
CO, formation grows with increasing water dilution. The water-
gas shift process (CO+H,0=CO,+H,) explains this behaviour.
Indeed, the increased concentration of OH radical further supports
reaction(R9).

CO+OH=CO, +H (R9)

As highlighted by Rasmussen et al. [81], the H,O addition
favours OH and H, formation and also inhibits soot formation
owing to its chemical effects on the oxidation of C;H, preventing
from further molecular growth at T>1500K. Promoting OH and H,
formation from H,O justifies the changes in C;H, chemistry, which
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Fig. 7. Comparison of methane and CO, profiles between experimental data
(points) and model simulations (lines) in a PFR for five H,O diluted systems. Con-
ditions: P=1.1, ¢ = 1.6, and CH4/O;/N, diluted with 0.35, 2.5, 4.8, 6.9, 9.3% H,O0.
Experiments refer to [81].

reduces or eliminates soot formation in temperatures higher than
1500K.

5.2. Laminar flame speed (OXY-fuel systems)

Laminar flame speed is one of the most critical combustion
properties of a fuel. It is a function of the thermodynamic state of
the fuel/oxidiser mixture (pressure, temperature, and composition).
The mixture composition defines the net fundamental properties
effects on diffusivity, reactivity, and exothermicity [50].

Thus, CO, and H,O dilution can change the system reactivity
not only because of chemical effects but also due to their different
physical properties. Indeed, the physical effect of the diluent
occurs by altering heat capacity, transport properties, and thermal
diffusion of the reacting system, whereas the chemical effect is
the result of the intrinsic reactivity of CO, and H,0 in the system.
In order to distinguish between chemical and physical effects on
system reactivity, it can be convenient to assess the extent of the
two competing effects in CO, and H,0 diluted systems by using
dummy inert species (CO,* and H,0*) with the same thermal
properties of the real species (CO, or H,0), but not involved in
the reaction mechanism [78,90].

The effect of H,O and CO, addition on premixed flames at OXY-
fuel conditions was systematically investigated by Mazas et al. [82].

50071
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Fig. 8. Laminar flame speed of CH4/0,/H,0 and CH4/0,/CO, mixtures, for ¢ = 0.5

and ¢ = 1 at T;; = 373K and atmospheric pressure. Symbols refer to experimental
data [82] and lines to model predictions.

They examined the effect of the oxygen enrichment ratio, equiv-
alence ratio, and H,0 addition on N, and CO, diluted mixtures.
Mazas et al. [82] highlighted a quasi-linear decrease in the laminar
flame speed of CH4/O,/N;/H,0 and CH4/O,/CO,/H,0 by increasing
the water addition. These experimental data are useful for mecha-
nism evaluation at high flame temperatures. A selected set of data
from Mazas et al. [82] will be discussed in this section; additional
comparisons can be found in the Supplementary Materials.

The first set of experiments in Fig. 8, compares the experimen-
tal and predicted effect of H,O and CO, dilution in full OXY-fuel
combustion (CH4/0O,) for lean (¢ = 0.5) and stoichiometric (¢ = 1)
mixtures. It is evident from this figure that CO, has a more
discernible effect on laminar flame speed reduction comparing to
H,0. The more substantial effect of CO, dilution is well captured
by the model and is mainly due to the lower flame temperature,
because of the higher heat capacity of CO,. As thermochemical
properties of CO, and H,0 are different from those of N,, and
their involvement in the reaction system changes the flame tem-
perature, the laminar flame speed, and other characteristics of
high-temperature combustion.

Mazas et al. [82] also reported experimental data of premixed
laminar flame speeds of CHy/O,/N;/H,0 systems with three
different H,O addition (Xy,0 =0.0,0.1and0.2)in the range of
equivalence ratio 0.6-1.6.

Figure 9(a) shows a good agreement between model predic-
tions and experimental data. The water addition reduces the flame
speed over the entire equivalence ratio range. Dashed lines in
Fig. 9(a) indicate the predictions obtained by using the dummy
species (H,0*) to distinguish the physical from the chemical ef-
fects. The superimposed profiles highlight that the physical effects
of water are here prevailing over a very weak chemical effect.

Despite the minimal chemical effect, Fig. 9(b) provides the
sensitivity analysis of the laminar flame speed at ¢ = 1 for the
various H,O dilutions. As discussed by Ranzi et al. [50], the chain
branching reaction (R1) is the key step in all the combustion
systems and any active channel that competes with (R1) and
reduces H radical concentration results in diminishing overall
oxidation rate. Namely, the third body reactions (R2) and (R10)
directly compete with reaction (R1), inhibiting the reactivity, and
suppressing the flame speed.

H+CH3+M=CH4+M (R]O)
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Fig. 9. (a) Enriched laminar flame speed of CH4 (0O2/N; = 1) diluted with 0, 10 and
20% H,0 at T;; = 373K and atmospheric pressure. Symbols refer to experimental
data [82], solid and dashed lines refer to model predictions with H,O and dummy
H,0*, respectively. (b) Sensitivity analysis of the laminar flame speed at the stoi-
chiometric condition.

This recombination reaction works as radical sink affecting
flame speed and the ignition delay time of practically all the hy-
drocarbon and oxygenated fuels. As mentioned in the discussion of
Fig. 3, a higher H,O collision efficiency slightly reduces the model
deviations as water addition increases. Reactions (R2) and (R10)
have been widely studied, both experimentally and theoretically;
however, uncertainties still exist in the first principle assessment
of collisional efficiencies [91-94].

Recently, laminar flame characteristics of methane OXY-fuel
combustion highly diluted with CO, were experimentally analysed
by Xie et al. [83] in a constant volume chamber. They measured
the laminar flame speed of various CO, diluted systems at three
different pressures (1, 2 and 3 [atm]). Figure 10(a) satisfactorily
compares experimental data with model predictions and highlights
the strong effect of CO, additions. The dashed lines show the pre-
dictions obtained by using the dummy species (CO,*). Although
the physical effect of CO, dilution results in a substantial reduction
of the flame temperature, it is relevant to observe that there is
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Fig. 10. (a) Laminar flame speed of CH4/0,/CO, mixtures at T;, = 300K and atmo-
spheric pressure. CO, mole fraction is defined by Zco, = Xco, /(Xco, + Xo,) Symbols
refer to experimental data [83], solid and dashed lines are model predictions with
reactive and unreactive CO,. (b) Sensitivity analysis on the laminar flame speed of
the different cases of the panel (a) at ® = 1.

also a critical inhibiting effect of CO,, mainly in stoichiometric
conditions, due to the reaction (R9).

To better assess the effect of CO, dilution on the flame speed,
Fig. 10(b) presents the sensitivity analysis to laminar flame speed
for the four different dilutions at ¢ = 1.0. Similar to the previ-
ous analysis, the chain branching reaction (R1) has the highest
sensitivity coefficient, and CO, addition further increases its
importance. The sensitivity coefficients of third body reactions
(R2 and R10), at different CO, dilutions, shows the increasing
importance of these reactions in the reduction of the flame speed.
Higher third body efficiency of the (R2) favours HO, formation
and the propagation reactions:

H+HO, = OH + OH (R11)
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Fig. 11. (a) Laminar flame speed of CH4/0,/CO, mixtures at 1,2 and 3 atm and Tj, =
300K. CO, mole fraction is defined by ZCO, = XCO,/(XCO,+X0,). Symbols refer to
experimental data [31], solid and dashed lines are model predictions with reactive
and unreactive CO,*. (b) Adiabatic flame temperatures at 1 and 3 atm. Lines are
model predictions with reactive (solid) and unreactive CO, (dashed).

CH; + HO, = CH50 + OH (R12)

become more sensitive at higher CO, dilution.

As a final example of the chemical effect of CO, dilution on
the laminar flame speed, a CH4/0,/CO, system is analysed in the
whole range of equivalence ratios, at different pressures (1, 2 and
3 atm) and Tj; = 300K. The CO, fraction inside the CH4/O,/CO,
mixture Zco,, defined as Xco,/(Xco, +Xo,), is equal to 0.5.
Figure 11(a) presents the comparison between experimental mea-
surements of laminar flame speeds [83] and model predictions.
Solid and dashed lines indicate the model predictions with re-
active CO, and unreactive CO,* dilution, respectively. At higher
pressures, the flame speed diminishes, mainly because of more
substantial influence of the third body recombination reactions.
Figure 11(b) presents the predicted adiabatic flame temperature
at 1 and 3 atm. As expected, because of the lower importance
of the endothermic dissociation reactions, the adiabatic flame
temperature increases, when pressure increases. Correspondingly,
despite the decrement in laminar flame speed at higher pressures,
the burning velocity of the mixture increases [50]. Moreover, from
Fig. 11(b) it is possible to see a significant temperature rise when
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Fig. 12. Comparison of ignition delay times at two different pressure, 0.77 and 3.85
and stoichiometric and lean mixtures (0.5) diluted with 30% CO,. Symbols: experi-
mental data [84], lines: results from kinetic model simulations.

working with the unreactive (CO,*) dilution. Besides the consid-
erable importance of recombination reactions, model predictions
indeed show that CO, dilution globally promotes the endothermic
reverse of the water gas shift process:

CO + H,0 = CO, + H; (R13)

This feature additionally reveals the explanation of the pre-
dicted higher flame temperatures within the unreactive (CO,*)
dilution.

5.3. Ignition delay time

Optimal operating conditions to design industrial burners and
devices require a thorough assessment of chemical time scales
(typically the ignition delay time) and auto-ignition temperatures.
Thus, industrial applications of new combustion technologies ask
for the identification of optimal operating conditions to obtain
high efficiency and to lower pollutant emissions. The ignition
delay time is an intrinsic characteristic ruled by fuel chemistry,
driving the assessment of optimal operating conditions and the
definition of critical parameters such as the times scales needed
to establish combustion within the mixing layer or the length
limitation in combustor design [95].

5.3.1. OXY-fuel ignition delay time in shock tube reactors

Exhaust gas recirculation (EGR) in OXY-fuel combustion in-
volves a large amount of CO, and H,0. Thus, as said, it strongly
modifies the reacting system regarding kinetic and thermal effects.
Shock tubes may encounter many flows field non-idealities in the
presence of polyatomic molecules (CO, and H,0); however, this
behaviour is not exclusive to specific bath gases, and different
gases can similarly cause bifurcation in shock tubes [85]. As a
result, a limited number of shock tube studies considering CO, as
bath gas can be found in the literature [84,85,96-98].

Figure 12 shows the ignition delay times of different
CH4/0,/CO, mixtures (¢ = 0.5 and 1) at 1 and 4 atm mea-
sured in a shock tube [84]. Mixtures are diluted with 30% CO,. At
a given pressure, the ignition delay times of the lean mixtures are
shorter than those of stoichiometric concentrations. The pressure
rise shortens the ignition time by a factor of ~3-5; furthermore,
this behaviour is also more noticeable at lower temperatures.
The difference between the lean and the stoichiometric mixture
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increases from ~10% to ~20% moving to higher pressures. The
kinetic mechanism accurately captures both these trends, as well
as the variations of the apparent activation energy of these data.
In fact, by raising the pressure from 0.77 to 3.85 atm, the apparent
activation energy moves from 52,000 cal/mol to 47,000 cal/mol,
with limited dependence on the stoichiometry.

Hargis et al. [85] performed experimental measurements of
methane ignition delay in the presence of CO, in a shock tube.
Fig. 13 compares experimental ignition delay times with model
predictions alongside with the effect of CO, addition (0, 25, 50,
75%), at 1.75 atm. These results demonstrate that the CO, dilution
plays only a negligible role in the ignition delay times, under the
investigated conditions. Moreover, the differences in the ignition
delay time of all the mixtures seem very marginal, within the
uncertainty of the measurement. This similarity in the ignition
delay times highlights that CO, is scarcely reactive during the
ignition, because of its stability, and does not actively modify
the pool of radical. In contrast, a minimal increase in predicted
ignition delay times can be observed at low temperatures. These
small variations seem to indicate a limited effect of the third-body
efficiency of CO, on the ignition mechanism. In this regard, it is
essential to underline that the collisional efficiencies of different
colliders are not well characterised, and they are often treated
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empirically as the dependency of the collisional energy transfer
on temperature, bath gas, and chemical structure of reactant are
not fully understood. Jasper et al. [93] extended a theoretical char-
acterisation of the collisional energy transfer in master equation
simulations of methane dissociation for combustion applications.
They pointed out that collision efficiencies can vary with the
temperature; however, the trend of these variations depends on
the chemical structure of bath gases. This temperature dependence
is stronger for lighter bath gases (He and H,), while polyatomic
gases have the weakest temperature dependence (H,O and CHy).

5.3.2. MILD combustion in plug flow reactors

Preheated and highly diluted mixtures in MILD combustion
lead to a relatively slow reaction time scale compared to the
conventional combustion systems [27]. Despite the considerable
practical applications developed in the last decades, the lack
of a fundamental understanding of MILD combustion in a wide
range of operating conditions somehow further limits its extensive
applications at an industrial level.

Recently, Sabia et al. [27] studied ignition delay times of lean
CH4/02 /N, mixtures in typical MILD operating conditions. These
experiments extend the current database on auto-ignition times,
adding useful data for lean mixtures at atmospheric pressure and
moderate temperature. Methane combustion was investigated in a
non-isothermal plug flow reactor (PFR) at intermediate and high
temperatures. The ignition delay time was defined as the contact
time required by the system to obtain a temperature increase of
10K with respect to the inlet temperature [27,33]. The ignition
delay time in this reactor is practically independent on inlet flow
velocity. This fact was primarily verified by varying the inlet flow
velocities in the range of 30-50 m/s.

Figure 14 shows the ignition delay times at various lean C/O
ratios (0.025-0.2) with a fixed 85% N, dilution [27]. Two sets
of ignition time relative to inflow velocity of 30 and 35m/s for
each mixture are reported and compared with model predictions.
The results demonstrate a negligible effect of the inflow velocity
on the measurements and predictions of ignition delay times.
Considering the uncertainty of temperature measurements, as well
as of the overall heat transfer coefficient, here assumed as h =
100 W/K/m?2, the model predictions agree satisfactorily with the
experimental data.

The auto-ignition time of the ultra-lean mixture (C/O = 0.025)
is shorter than the one of other mixtures because the lower
methane content reduces the extent of methyl recombination,
thus promoting the oxidation pathways. This feature is entirely
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iments [3], and the lines show the model predictions. h=100 (w/K/m?) refers to
predictions with the expected global heat transfer coefficient, whereas h=0.01 and
h=500 (w/K/m?2) refer to near adiabatic and near isothermal conditions, respec-
tively.

consistent with the empirical expression of methane ignition delay
times, which depends typically on methane concentration to a
power 0.3-0.5, usually derived at higher equivalence ratios [95,99].

The model accurately predicts also the apparent activation en-
ergy, which spans between 35,000 and 42,000 cal/mol, depending
on the different cases. As clearly discussed by Sabia et al. [27], a
transitional regime with two auto-ignition times was detected in
the experiments for the near stoichiometric mixture (C/O = 0.2).
This fact can explain the more substantial discrepancies observed
in Fig. 14. It is clear that at high temperatures and higher methane
concentration, the assumption of an ideal plug flow reactor,
without significant material and thermal axial diffusion terms
is no longer correct. Thus, the observed presence of hysteresis
effects and multiple steady-state solutions [100]| are due to the
reaction heat and the relevant interactions between the thermal
feedback and the overall heat transfer. In these conditions, the
accurate description of the reactor becomes more critical than the
identification and validation of the kinetic mechanism, and this
aspect goes beyond the scope of this work.

The facility effects on the ignition delay time for these data
[27] is further analysed in Fig. 15 where the ignition delay times
versus C/O ratio are reported at 1250 and 1300K. Three sets of
simulations are presented, differing for the global heat transfer co-
efficient. Together with the model prediction obtained by assum-
ing h = 100W/m? K (as reported in the paper), a nearly-adiabatic
(0.01 W/m?2 K) and nearly-isothermal (500 W/m? K) simulation are
also reported. It is worth highlighting that the variation of the heat
transfer coefficient significantly affects the ignition delay time,
mainly at high C/O values. On the contrary, this effect is negligible
for the ultra-lean system (C/O = 0.025), where the total reaction
heat is minimal. The most striking observation emerging herein is
that the heat exchange largely influences these experimental data.

6. Conclusion

This study collects experimental data of relevance for MILD
and OXY-fuel combustion of methane that have been reported in
recent years. Such a large number of data has been analysed by
means of a detailed kinetic mechanism and exhibited good predic-
tive capabilities. Therefore, it can provide a robust starting point
for detailed insights encouraging further refinement of peculiar
kinetic aspects and further experimental investigations of MILD

and OXY-fuel combustion. Moreover, this validated model provides
a solid basis for use in benchmarking large scale modelling with
facility-level experiments after appropriate reduction.

The detailed kinetic mechanism successfully captures the
effect of various bath gases in MILD and OXY-fuel combustion
over a broad range of conditions. Sensitivity and reactive path
analyses clearly highlight the dominant kinetics. A particular focus
has been devoted to assessing the relative contributions of the
physical and chemical effect of the diluents on the reactivity.
Laminar flame speeds, ignition delay times, and formation of
products are strongly dependent on the operating conditions
(temperature, pressure, and equivalence ratios), making the role
of bath gases largely case sensitive. For example, at high tem-
perature or low pressures, third body reactions are of lower
importance. However, third body reactions may correspond to
propagation steps, which form radicals with lower reactivity (e.g.
H + 0, (+M) = HO,(+M)) enhancing recombination reactions in
the system. An additional example can be the removal of reac-
tive H radicals from flames (e.g. H+ CH3(+M) = CH4(+M)), or
initiation reactions triggering reactivity in the transition from
intermediate (1000 < T < 1200K) to high temperatures (T >
1200K), such as Hy,0,(+M) = OH + OH(+M).

From the kinetic analysis presented in this paper, the follow-
ing main features can be summarised. All of these features are
correctly captured by the kinetic model attached to this study.

« H,0 and CO, dilution reduce the system reactivity. The effect
of H,0 is more relevant than CO, mostly due to chemical ef-
fects related to enhanced third body collisional efficiencies that
favour chain termination over branching pathways, at the op-
erating conditions of JSR experiments. Additionally, it is high-
lighted that the inhibition effect vanishes for increasing pres-
sure, as expected because of the rate constant is gradually ap-
proaching the high-pressure limit.

» The chemical effect of water gradually vanishes at high temper-
atures (1300-1400K) in the flow reactor. This behaviour is due
to the transition to the hot ignition regime, occurring according
to the sequence HO;<«>H;0,<«>OH-+OH.
H,0 and CO, additions greatly reduce laminar flame speeds,
and here the CO, effect is more relevant. This effect is mostly
related to thermal effects in the case of water, and a combi-
nation of thermal and radical scavenging effects in the case of
CO,. For these reasons, CO, has the highest impact on inhibit-
ing flame propagation.
+ At high-temperature conditions, the effect of CO, addition on
methane ignition delay times is very marginal as its stability
does not allow to affect ignition chemistry. This is justified by
the broader temperature range involved in the propagation of a
laminar flame, concerning shock tubes ignition measurements,
where the reactivity is mainly sensitive to the reflected shock
conditions.
Despite the satisfactory agreement, model predictions in the
case of water dilution could benefit from a more fundamen-
tal evaluation of collisional efficiency compared to the cur-
rent value, usually ranging between 6 and 12. However, recent
research efforts are devoted to better a priori assessment of
energy-transferring collisions and pressure-dependent kinetics
based on master equation simulations. A better description of
relevant reactions proceeding through the formation of rovibra-
tionally excited complexes will also benefit from the implemen-
tation of non-linear mixture rules.
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