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ARTICLE INFO ABSTRACT

Keywords: In the context of Oxy-fuel combustion, there is a strong industrial interest in highly fuel-rich flames, charac-

Oxy-fuel terized by an equivalence ratio (@) exceeding 2.5, for the production of Hp-CO-rich synthesis gas. The validation

Erlem”‘_ei of existing chemical reaction mechanisms for this specific regime pose a significant challenge due to the scarcity
tra-ric

of experimental data for this particular range of equivalence ratio.

The scope of this study was therefore the determination of the laminar burning velocity s, of ultra-rich CH4-O4
flames under varying conditions, such as high equivalence ratios and preheating temperatures using the heat flux
burner method. The laminar burning velocity was determined for equivalence ratio within the range of 2.3 < @
< 3.6 and preheating temperature ranging from 300 K to 455 K. Additionally, the impact of the of reducing the
oxygen content in the oxidizer on s;, was investigated by argon addition in molar percentages ranging from 40 %
to 100 %.

The results of our study reveal laminar burning velocities ranging from 5 cm/s to 45 cm/s for pure oxy-fuel
CH4 flames. Preheating is shown to increase s;, and this effect can be represented by a power law correlation
st = s1,0(T/T)* with o = 1.53. Furthermore, the dilution of the oxidizer with argon leads to a significant decrease
in s;, of approximately 50 % compared to pure oxy-fuel flames. It is worth noting that detailed reaction mech-
anisms in combination with molecular transport data are typically not validated within the selected equivalence
ratio range.

To assess the performance of such reaction schemes in predicting laminar burning velocity under the specified
selected conditions, we evaluated 13 different reaction mechanisms sourced from the literature. We compared
the laminar burning velocities obtained through calculations of laminar premixed 1D flames and, additionally
compared these with experimental data. A sensitivity analysis of the laminar burning velocity were carried out
for selected mechanisms. Among the mechanisms, the CalTech2.3 mechanism exhibited the most consistent and
accurate performance, particularly at high equivalence ratios.

Laminar burning velocity
Heat-flux burner

1. Introduction applications. In the theoretical and technical development of such re-

actors, the laminar burning velocity stands out as a critical parameter. It

The production of synthesis gas with varying compositions through
the combustion of premixed, fuel-rich methane-oxygen mixtures in the
absence of a catalyst, a process known as thermal partial oxidation (T-
POX), has been an industrial practice since the 1950 s [1]. These T-POX
processes are typically characterized by their nitrogen-free nature and
are operated under highly fuel-rich conditions to generate undiluted
synthesis gas and higher hydrocarbon species for subsequent industrial

plays a fundamental role in describing the physicochemical interactions
at the molecular level, forming the foundation for understanding tur-
bulent combustion. Consequently, this parameter finds extensive
application in various models for turbulent combustion [2].

A review of the literature reveals that there is limited experimental
data published for T-POX conditions. Laminar burning velocities of pure
CH4-O, mixtures were investigated in several publications spanning

* Corresponding author at: Karlsruhe Institute of Technology, Engler-Bunte-Institute, Combustion Technology, Engler-Bunte-Ring 7, 76131 Karlsruhe, Germany.

E-mail address: bjoern.stelzner@kit.edu (B. Stelzner).

https://doi.org/10.1016/j.fuel.2024.131601

Received 15 November 2023; Received in revised form 9 February 2024; Accepted 24 March 2024

Available online 29 March 2024

0016-2361/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:bjoern.stelzner@kit.edu
www.sciencedirect.com/science/journal/00162361
https://www.elsevier.com/locate/fuel
https://doi.org/10.1016/j.fuel.2024.131601
https://doi.org/10.1016/j.fuel.2024.131601
https://doi.org/10.1016/j.fuel.2024.131601
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuel.2024.131601&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

C. Weis et al.

from the 1930 s to the 1970 s [3-9]. The experiments to determine these
burning velocities were typically conducted by studying a Bunsen flame
[3,6,9] or by observing the transient flame propagation in a closed ex-
plosion vessel [4,8]. Many of these atmospheric experiments primarily
focused on determining the laminar burning velocity s; for stoichio-
metric mixtures, which, according to these publications, falls within the
range of approximately 320 cm/s to 640 cm/s.

A recent study was published by Mouze-Mornettas et al. [10], where
the laminar burning velocity of CH4/0O flames was investigated with
isochoric combustion method for rocket engine application. The mea-
surements and analysis were carried out for equivalence ratios of 0.5 <
® < 2.5, preheat temperatures up to about 500 K and pressures up to
about 18 bar. However, it is noteworthy that experimental data for
premixed flames involving fuel-rich mixtures with equivalence ratios
exceeding ® > 2.5 are predominantly lacking in the available literature
[11].

In 1932, Jahn [3] conducted an extensive examination of flames,
encompassing a wide range of equivalence ratios (0.2 < ® < 2.64) for
premixed CH4-O, mixtures, extending into the partial oxidation (POX)
regime of industrial relevance. Jahn’s measurements based on in-
vestigations of premixed laminar flames using a Bunsen burner and
deriving the laminar burning velocity from measurements via visually
determined flame heights. However, it is worth noting that due to
inherent deviations from the ideal 1D setup imposed by the flow field
within such a system, along with systematic challenges associated with
measuring laminar burning velocity, particularly at the flame tip and
edges, the accuracy of this method is limited [12].

Presently, precise methods have become available for determining
the laminar burning velocity, which show a high degree of consistency
in terms of reproducibility. In 1993, de Goey et al. [13] introduced a
method based on a flat flame burner that balances the heat flux between
the flat flame and a temperature-conditioned burner plate. The heat-flux
burner arrangement enables precise determination of the laminar
burning velocity within a range of 5 cm/s to 60 cm/s. It is important to
note that this range is influenced by factors such as flame instabilities at
low inlet velocities and enhanced wake effects, which can disrupt the
homogeneity of the flame flatness at higher inlet velocities. Conse-
quently, these effects impose constraints on the range of operating
conditions that can be explored in terms of equivalence ratio and pre-
heating temperature.

Historically, the validation of reaction mechanisms for ultra-rich
premixed oxy-fuel flames has been somewhat limited. Prior in-
vestigations primarily focused on achieving accurate concentration
profiles rather than specifically targeting laminar burning velocities. For
instance, Albrecht et al. [14] conducted a numerical study on the
burning velocities of CH4-O, flames under ultra-rich conditions,
considering elevated pressure and preheating temperature. The primary
objective of their work was to determine the necessary residence times
for the production of Hy-CO-rich synthesis gas. However, the calcula-
tions were performed using to the GRI3.0 mechanism [15], which is
limited in the description of detailed chemistry for higher hydrocarbons.
In a similar vein, Li et al. [16] examined specific gas species along the
downstream axis of flat, burner stabilized ultra-rich CH4-O, flames.
They compared their experimental results against numerical calcula-
tions employing three distinct reaction mechanisms. Their findings
revealed that calculations using the mechanisms developed by Curran
[17] and Wang-Frencklach [18] satisfactorily reproduced concentration
profiles, whereas less agreement in comparison has been achieved using
the GRI3.0 mechanism under the studied conditions. Cao et al. [19]
explored the influence of species addition on speciation data in POX of
natural gas. Their conclusions aligned with previous research, with the
Curran mechanism being identified as the most suitable for predicting
species profiles. These studies collectively do not consider further
parameter, such as laminar burning velocity or ignition delay times for
the selection of an appropriate reaction mechanism. In terms of a further
use of reaction mechanisms in the engineering or modelling of reactors
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operating under fuel-rich oxy-fuel conditions, this parameter have a
significant role in the description of flame dynamics.

The present study is centred on the experimental determination of
the laminar burning velocity in fuel-rich oxy-fuel methane flames. The
further investigations are structured in a multi-step procedure for the
identification of suitable detailed reaction mechanism, which are
grouped in four subsections:

)a) The identification of an appropriate reaction mechanism avail-
able in the literature; specifically validated for the conditions
under investigation, and its comparison to experimental data for
the reproduction of the laminar burning velocity and sensitivity
analysis on the laminar burning velocity for selected mechanism.

)b) The analysis of the flame structure using speciation data obtained
from experimental results from the existing literature compared
to numerical calculations using appropriate reaction mechanisms
identified in a).

)c) The investigation of the impact of preheating of the unburned gas
mixture on laminar burning velocity via comparison of experi-
mental results to numerical calculations employing the most
suitable mechanism from b).

)d) The investigation of how the oxygen content in the oxidizer in-
fluences the laminar burning velocity of the investigated pre-
mixed flames and comparison to the numerical calculations with
the same mechanism as in c).

Premixed flames were examined at atmospheric pressure, spanning a
broad range of very fuel-rich mixtures with equivalence ratios from ® =
2.3 to @ = 3.6. Additionally, the preheating temperature of the un-
burned gas mixture was varied from 298 K to 455 K. Furthermore, the
oxygen content in the oxidizer underwent gradual dilution with argon,
transitioning from pure oxy-fuel with 100 % O3 to 40 % O, content
(molar-based).

2. Numerical approach

In this study, numerical calculations were conducted using the
PREMIX program within the Chemkin package. This program, originally
developed by Kee et al. [20,21], was applied to analyze both freely
propagating and burner-stabilized flames of premixed gas mixtures. To
ensure the attainment of a convergent and mesh-independent solution,
the mesh refinement process involved selecting the largest relative
gradient and curvature for convergence criteria, which were set at 0.05
and 0.1, respectively. The reactor length used for flame solutions was 22
cm, and all calculations incorporated a mixture-averaged diffusion
model for consistency reasons between freely propagating and burner
stabilized premixed flame calculations.

For the freely propagating flames: Investigations involved variations
in equivalence ratio, preheating temperature, and oxidizer dilution
ratio, at ambient pressure conditions. On the other hand, burner-
stabilized flame investigations used the inlet conditions and are based
on given temperature profiles obtained from experimental in-
vestigations [16].

To account for the significance of higher hydrocarbons in rich partial
oxidation (POX) flames [22,23], reaction mechanisms characterized by
varying maximum C-chain lengths of considered hydrocarbon species
was selected for calculating pure oxy-fuel flames. An overview of the
investigated mechanisms is provided in Table 1.

3. Experimental setup

The laminar burning velocity is experimentally determined via sta-
tionary planar flame studies according to the heat flux method (HFM).
The experimental setup for the HFM was designed following the
specifications detailed in [13], with further elaboration available in
[36]. Fig. 1 provides a visual representation of this experimental
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Table 1

Selected reaction mechanisms.
mechanism chain-length # of species # of reactions Ref.
FFCM1 c2 38 291 [24]
GRI3.0 C3 53 325 [15]
Aramco 3.0 C3 581 3037 [25]
Leeds 1.5 Cc4 37 175 [26]
Curran C5 132 821 [27]
Princeton C6 92 621 [28]
HPMech 3.3 C6 92 615 [29]
Konnov 0.5 C6 127 1207 [30]
usc i c7 111 784 [31]
CalTech 2.3 Clé6 192 1156 [32]
LLNL Cl6 147 664 [33]
ABF Cl6 101 544 [34]
MIT Cl6 157 872 [35]

arrangement. For the measurement of the temperature profile, eight T-
type thermocouples were defined positioned in a spiral configuration
centered in the cross section in flow direction through the burner plate.
This thermocouple placement design was adopted from Hermanns [37].
The burner plate, fabricated from brass, features a grid of evenly spaced
holes, each measuring 0.2 mm in diameter and spaced 0.7 mm apart. For
temperature conditioning, the burner plate was integrated into a heating
circuit with a temperature range spanning from 380 K to 535 K,
achieving a temperature 80 K above the preheating temperature of the
unburned gas mixture. Precise control of the inlet flow rates was ach-
ieved through thermal mass flow controllers (MFC, Bronkhorst High-
Tech). Both, the premixed gas mixture and the burner were preheated
from 298 K to 455 K using a secondary heating circuit. To ensure the
high purity of the methane, oxygen, and argon components, their
compositions were verified to exceed 99.5 % by volume.

The estimation of experimental error of the laminar burning velocity
was carried out, accounting for the uncertainties associated with the
thermal mass flow controllers (MFCs), thermocouples, and their
respective positions. The error bar of the equivalence ratio is calculated
based on uncertainty of the mass flow controllers. We considered the
most unfavorable case, which leads to the largest errors at very fuel-rich
conditions. However, the mass flow controllers were calibrated before
the measurement campaign.

It should be noted that the absence of thermal ballast, such as ni-
trogen or argon, in oxy-fuel flames results in higher heat load, leading to
increased heat transfer between the burner plate and the flame. In
addition, the radiation of hot soot particles increases the heat transfer.
To compensate for these effects, the temperature difference between the
incoming gas flow and the burner plate had to be elevated compared to

Ar/N,/CO, —| ]

Heating Circuit
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conventional air flames. The influence of the plate temperature on the
laminar burning velocity was investigated in a preliminary study [38].
The chosen plate temperature shows a low sensitivity on the measured
burning velocity without influencing the preheat zone. The experi-
mental setup was validated by investigating CH4/air flames at ambient
inlet temperature and pressure. The experimental results can be found in
the supplementary material S1 in comparison with data from the
literature.

4. Results and discussion

To assess the available data concerning laminar burning rates in fuel-
rich oxy-fuel mixtures, extend the existing knowledge boundaries, and
gauge the performance of published reaction mechanisms in predicting
such data, we undertake a comprehensive comparison between experi-
mental and calculated results. Initially, we compare and evaluate the
outcomes derived from a range of detailed reaction mechanisms without
restricting them to their intended validity domains.

Given the industrial necessity to modulate process temperatures,
which hinges on a deep understanding of both preheating and dilution,
we proceed to examine the CalTech2.3 mechanism. This mechanism,
exhibiting superior overall performance in our initial comparison, un-
dergoes further scrutiny in the subsequent section. Here, we compare its
calculation results with experimental data for preheated and diluted
mixtures.

)a) Identification of detailed reaction mechanism via comparison of
laminar burning velocity

We employed the reaction mechanisms, as listed in Table 1 from
various sources found in the literature, in a first overview we compute
the laminar burning velocities of pure fuel-rich CH4-O, flames at an
initial gas mixture temperature of To = 473 K. The calculated laminar
burning velocity over equivalence ratio is depicted in Fig. 2, revealing a
broad spectrum of calculated laminar burning velocities across the
entire range of investigated equivalence ratios for the different reaction
mechanisms. The results based on the Curran, Konnov0.5, MIT and
GRI3.0 mechanism is in the upper range of laminar burning velocity
depending on the equivalence ratio while Leeds1.5 and CalTech2.3 are
at the lower value range.

In the following, the laminar burning velocity at an unburned
mixture temperature of 300 K is compared to experimental data from
literature and this work. This comparative analysis of numerical and
experimental results is depicted in Fig. 3.

In a general context, the laminar burning velocities obtained

PC

i
CH i
—[ELF T
: 1
| .
Mixing Valve i
o [ 1 -
2 EL-Flow Oil Bath
( Fuel Preparation X Thermal Conditioning X Burner

Fig. 1. Schematic flow diagram of

the heat-flux burner experimental setup.
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Fig. 2. Calculated laminar burning velocities of fuel-rich CH4-O-flames at
initial temperature of 473 K at ambient pressure.

experimentally with the HFM are approximately 25 % lower than those
reported by Jahn [3]. Specifically, at an equivalence ratio of ® = 2.3, the
HFM result is at s, = 42 cm/s, while when the oxygen content is reduced
to an equivalence ratio of ® = 3.63, the laminar burning velocity de-
creases to s; = 5.3 cm/s.

For comparative purposes with numerical simulations, we selected
the GRI3.0 and CalTech2.3 mechanisms [32] as depicted in Fig. 3. In
comparison, the values from experimental data of Jahn [3] are trending
close to calculations using the GRI3.0 mechanism towards increasing

100

\ = Jahn, 1932

90 . o Present work ||
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y —— GRI3.0 |
K \ = =-e CalTech2.3
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Fig. 3. Comparison of numerical and experimentally determined laminar
burning velocities of pure fuel-rich CH4-O,-flames at T = 300 K.
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equivalence ratio and close to the CalTech2.3 towards decreasing
equivalence ratio. The data from Jahn [3] exhibit favourable agreement
with the CalTech2.3 mechanism, particularly at low equivalence ratios
(®). For ® values greater than 2.65, there is a gap in the literature data.
However, our present work offers a valuable extension to the validation
range, revealing excellent agreement of the CalTech2.3 mechanism with
the experimental data for @ values above 2.65. Based on these findings
mechanisms in the lower value range of laminar burning velocity (as
seen in Fig. 2) are qualified for the further step of investigation. Several
research groups have indicated the Curran mechanism to perform well
in terms of main species profiles for such flames [16,19]. In contrast, this
mechanism did not provide a suitable prediction for the laminar burning
velocity.

A sensitivity analysis on laminar burning velocity for rich CH4/0>
mixtures at different equivalence ratios using GRI3.0 and Caltech2.3 are
shown in Fig. 4 and Fig. 5, respectively. The most promoting reaction on
the laminar burning velocity is the radical chain branching reaction H +
O, = O+ OH, followed by the oxidation of ethylenyel via
CyH3 +03 = CH,CHO +0 and acetylene via C;H2 + O = HCCO + H. In
general, the influence of the oxidation reactions decreases as the the
equivalence ratio increases. The decomposition of methane has a
strongly inhibiting effect on the laminar burning velocity show via
CH, +H = CH3 + Hy, CH4 +OH = CH; +H,0 and via CH3(+M) + H =
CH4(+ M). These results are consistent with [10] for fuel-rich CH4/O2
flames.

The formation of higher hydrocarbons, especially Cy-species, is
inhibited. The reaction 2CHs(+M) = C2He(+M) shows a strong effect
and the reaction CoH»(+M) +H = C2Hs(+M) less pronounced one, but
both increase with increasing the equivalence ratio. The analysis in-
dicates that the formation pathway to higher hydrocarbons, especially
the Cy-chemistry, plays, as expectable a significant role on the laminar
burning velocity of rich CH4-O5 flames.

Dubey et al. [39] reported about large discrepancy of the prediction
of Cy-species in fuel-rich premixed CHy/air weak flames using different
reaction mechanism. They stated that the reactions of the CHs radical is
one of the most important species in the formation and consumption of
higher hydrocarbons. Our analysis indicates that the formation pathway
to higher hydrocarbons, especially the Co-chemistry, plays a significant
role on the laminar burning velocity of rich CH4-O2 flames, which
explain the large discrepancy of the calculated laminar burning veloc-
ities shown in Fig. 2.

)b) Flame structure analysis

We examined the structure of burner-stabilized laminar premixed
flames by comparing species mole fractions at different heights above
the burner for three specific equivalence ratios: ® = 3.08, ® = 3.33 and
® = 3.64. Our reference data were extracted from the research of Li et al.

H+02<=>0+0OH
2CH3(+M) <=> C2H6(+M)
CH4 + H <=> CH3 + H2
CH3(+M) + H <=> CH4(+M)
C2H3 + 02 <=> CH2CHO + O
C2H2(+M) + H <=> C2H3(+M)
CH4 + OH <=> CH3 + H20
HCO + 02 <=> HO2 + CH20
C2H2 + O <=> HCCO +H
HO2 + CH3 <=> CH30 + OH

-0.2-0.1 0.0 0.1 0.2 0.3 04 05 0.6 0.7

Fig. 4. Sensitivity analysis on laminar burning velocity for rich CH4/O2 mix-
tures at different equivalence ratios using GRI3.0 (300 K, 1 atm).
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H+ 02 <=>0+OH
2CH3(+M) <=> C2H6(+M)
CH4 + H <=> CH3 + H2
C2H3 + 02 <=> CH2CHO + O
2CH3 <=> C2H5 + H

CH3 + 02 <=> CH20 + OH
CH4 + OH <=> CH3 + H20
C2H6 + H <=> C2H5 + H2
C2H2 + H(+M) <=> C2H3(+M)
CH3 + H(+M) <=> CH4(+M)

-0.2-0.1 0.0 0.1 0.2 0.3 04 05 0.6 0.7

Fig. 5. Sensitivity analysis on laminar burning velocity for rich CH4/O2 mix-
tures at different equivalence ratios using CalTech2.3 (300 K, 1 atm).

[16]. The analyzed species encompassed methane as the primary fuel,
water and carbon dioxide as complete combustion products, hydrogen
and carbon monoxide as principal products of partial oxidation (POX),
and acetylene as an intermediate species. Li et al. [16] indicate a 10 %
uncertainty in their measurements of the major species.

For the purpose of our evaluation, we utilized the CalTech2.3 and
Leeds1.5 mechanism. These mechanisms were selected due to their
consistent correlation with a lower laminar burning velocity (as illus-
trated in Fig. 2), which was further validated through comparison with
experimental data shown in Fig. 3. An additional comparison with the
GRI3.0, Curran, and Wang-Frenklach mechanisms can be found in [16],
where the Curran mechanism exhibited superior performance.

Fig. 6 and Fig. 7 showcase the comparison between calculated (with
Leedsl.5 and CalTech2.3) and experimentally obtained species mole
fractions at various heights above the burner for an equivalence ratio of
@ = 3.33. It should be noted that the hot mixture is not yet in equilib-
rium at this height above the burner and synthesis gas is still formed. It is
evident that the Leeds 1.5 mechanism accurately predicts methane but
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T 0.3/
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T o
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5 0.2 %
£ T
8 AT i ,
S N Lo e .
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4 CO 5 H,/CO ratio| [
Leed1.5 - CalTech2.3| |
0.0 I | ' 0

00 05 10 15 20 25 3.0
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Fig. 6. Comparison of species profiles between experimental results [16] and
Leeds1.5 and CalTech2.3 at ® = 3.33 and inlet temperature of T = 300 K.
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Fig. 7. Comparison of species profiles between experimental results [16] and
Leeds 1.5 and CalTech2.3 at ® = 3.33 and inlet temperature of T = 300 K.

falls short in reproducing the formation of Hy and H50.

The CalTech2.3 mechanism demonstrates better agreement for HyO
and CO and less for Hy, CH4 and CO,. Interestingly, the intermediate
species CoHp exhibits excellent agreement. It should be noted that in all
cases (experiments and simulation) the sum of the species presented is
almost 99 % behind the flame front, with the remainder being assumed
to be higher hydrocarbons. This trend persists for equivalence ratios of
@ = 3.08 (see Fig. S2 and Fig. S3) and ® = 3.64 (see Fig. S4 and Fig. S5)
for both mechanisms.

While the context of this study is on the specific products of T-POX
processes of methane as higher hydrocarbons and synthesis gas. The
CalTech2.3 mechanism has been assessed to be the most accurate among
the investigated mechanisms in terms of laminar burning velocity. De-
viations of the main species were found in both calculations; however, in
this case the Leeds1.5 mechanism predicts the Hy/CO-ratio in excellent
agreement.

)c) Effect of Preheating on laminar burning velocity

In the subsequent step, we evaluated the laminar burning velocities
of fuel-rich methane-oxygen mixtures across a range of equivalence
ratios, spanning from ® = 2.38 to ® = 3.63, while also varying the
preheating temperatures from T = 300 K to T = 455 K. As anticipated,
the introduction of preheating resulted in higher laminar burning ve-
locities. Notably, elevating the preheating temperature from 300 K to
455 K led to a significant boost in laminar burning velocities, reaching
approximately a 200 % increase.

To examine the temperature dependency of s;, for fuel rich methane
oxygen mixtures, we calculated the coefficient a in the power law cor-
relation s;, = s;,0(T/To)” [40,41] using data obtained from the Heat Flux
Method (HFM). This analysis incorporated results from five measure-
ment series, with only three of them displayed in Fig. 8, covering a range
of preheating temperatures from 300 K to 455 K. Additionally, we uti-
lized the CalTech2.3 calculations for comparison.

Our findings revealed that the resulting coefficient o remains nearly
constant within the confidence interval of the measured data, with a
mean value of ¢ = 1.57. This consistency held true for the investigated
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Fig. 8. Laminar burning velocities of pure fuel-rich CH4-O-flames at different
preheating temperatures.

range of equivalence ratios and preheating temperatures, as visually
depicted in Fig. 9. Remarkably, these results exhibited exceptional
agreement with the calculations using the CalTech2.3 mechanism,
which yielded a coefficient of & = 1.55.

)d) Effect of Argon-dilution on laminar burning velocity

The experimentally determined laminar burning velocities with
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Fig. 9. Determined power law coefficients a for investigated equiva-
lence ratios.
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argon dilution are illustrated in Fig. 10. When the oxygen content is
reduced from 100 % O, to 40 % (molar-based), it results in a notable
reduction in the laminar burning velocity, approximately 50 % in value.

For the sake of comparison, we conducted numerical simulations
employing the CalTech2.3 mechanism with varying O, content in the
oxidizer, specifically 40 %, 70 %, and 100 % (indicated by the thicker
lines). Notably, when high dilution ratios were employed, the mecha-
nism consistently underestimated the laminar burning velocity, while
demonstrating excellent agreement in more fuel-rich oxy-fuel mixtures.
Naturally, the laminar burning velocity decreases as the Ar-dilution
increases. A comprehensive representation of the results from all the
conducted experiments with different Ar-dilutions can be found in
Figure S6.

5. Conclusions

In the presented study, we conducted experimental and numerical
investigations on the laminar burning velocities of rich methane-oxy-
fuel flames at high equivalence ratios and various preheating tempera-
tures. Our findings revealed lower laminar burning velocities than those
reported by Jahn [3] in 1932. When we compared the results from
calculations using 13 different reaction mechanisms, we observed a
wide range of variations in the predicted laminar burning velocities,
consistently demonstrating a trend of over-predicting the experimental
results.

Notably, the CalTech2.3 mechanism outperformed the others in
calculating the laminar burning velocity s, under the specified condi-
tions of fuel-rich oxy-fuel combustion. A sensitivity analysis of the
laminar burning velocity showed the importance of the Cy-chemistry.
Analysis of burner-stabilised flames showed that both the CalTech2.3
and Leedsl.5 mechanisms do not accurately reproduce all the main
species in the flame structure. However, the CalTech2.3 mechanism
accurately predicts acetylene, especially in fuel-rich oxyfuel flames.

With respect to the influence of preheating temperature on s;, in fuel-
rich methane-oxygen flames, our results consistently demonstrated an
approximately constant power-law coefficient, « = 1.57. However, it is
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Fig. 10. Calculated and measured laminar burning velocities of fuel-rich
methane-argon-oxygen mixtures at T = 300 K.
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important to note that the CalTech2.3 mechanism exhibited a more
favorable agreement for lower equivalence ratios compared to higher
ones in all cases, including those involving preheating and oxidizer
dilution.
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