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Abstract

Eighteen chemical kinetic mechanisms for combustion of methane/hydrogen mixtures are compared for various burning
conditions. The 18 mechanisms include eight detailed mechanisms, nine reduced mechanisms, and one global mechanism.
Six of the reduced mechanisms are derived in this study. In the methane/hydrogen mixture, the blending ratio of hydrogen
increases from 0 to 100% by 20% point in mole fraction. Calculated ignition delay times and laminar burning velocities are
compared with available experimental data over the wide ranges of pressure and equivalence ratio as variables, respectively.
Ignition delay times with NO; are also evaluated by several mechanisms to compare their prediction accuracy for NOx
emission. The aim of this study is to provide information for the purpose of choice of particular kinetic mechanism to obtain
accurate results at a reasonable computational cost. The results show that although the reduced reaction mechanisms developed
in this study have a narrower applicable range for predicting ignition delay times with hydrogen blending, they present higher
accuracy in calculating laminar burning velocities and NOx emissions.
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1 Introduction

With the increase in global energy demand and environ-
mental concerns, search for clean and sustainable energy
sources has become a major challenge [1-3]. Natural gas
(NG), of which major component is methane (CHy), has
been recognized as a promising alternative to conventional
fuels due to its low carbon and sulfur emissions and abundant
reserves [4, 5]. However, due to slow laminar burning veloc-
ity (LBV) of NG, NG engines suffer from issues, such as
low thermal efficiency and poor lean-burn capability [6]. In
addition, the carbon emissions generated by methane com-
bustion pose obstacles to achieving carbon neutrality. The
addition of hydrogen (H,) to CHy—air mixtures has been
proposed as a potential solution to improve the combustion
performance of NG and to reduce CO; emissions. It can alter
key combustion parameters, such as laminar flame speed,
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flame thickness, flammability limits, and adiabatic flame
temperature [6]. However, the use of 100% hydrogen is still
immature technologically and logistically, and accordingly,
hydrogen-enriched natural-gas applications could be a pre-
liminary approach to facilitate the introduction of hydrogen.
For this purpose, understanding the combustion characteris-
tics of hydrogen and methane mixtures is crucial. Gas turbine
operation typically occurs at pressures around 20 atm, with
flame temperatures controlled at approximately 1500K under
fuel-lean conditions. Therefore, it is necessary to analyze the
combustion of hydrogen, methane, and air mixtures under a
wide range of conditions, spanning from atmospheric to high
pressures and from fuel-lean to fuel-rich conditions.

Furthermore, methane is an interesting propellant in terms
of high-performance rocket engines and reusable rockets.
Because demand for rocket launch at low cost is increasing,
reusable rockets can be more viable in the future. Methane,
as a propellant, has the advantages of easy storage and low
cost over hydrogen, high specific impulse, and fewer coking
problems than kerosene [7, 8]. It is suitable for the fuel of a
reusable rocket engine. In this regard, simulating and analyz-
ing the combustion characteristics of methane under various
operating pressures are also important.

A large number of experimental results for combustion of
hydrogen and methane have been published, and the accu-
racy of these experimental results is continuously improved.
For example, Chen et al. compared the laminar flame speeds
of hydrogen/methane/air mixtures at different equivalence
ratios under atmospheric pressure through experiments in
an early study [9]. Zhang et al. measured the ignition delay
time of hydrlogen/methane/oxygen/nitrogen mixtures using
a shock tube with the highest hydrogen concentration in the
mixture aroud 20% [10]. Later, Zhang et al. increased the
hydrogen concentration up to 80% for three pressure condi-
tions (5, 10, and 20 atm) [11]. Recently, more experimental
results on the laminar flame speed of hydrogen and methane
mixtures [ 12—14], experimental and computational results on
ignition delay time [3, 15, 16], and results on changes in NOx
emissions after hydrogen addition have been published [17,
18].

With experimental studies, accurate simulations using
computational fluid dynamics (CFD) are necessary to explain
relevant combustion phenomena [19, 20]. For simulations,
selecting an appropriate chemical reaction mechanism for
these simulations is crucial but still challenging, as it must
balance the need for short computational time with accuracy
in output parameters. Additionally, a lack of communica-
tion between kinetic scientists and CFD engineers can lead
to poor mechanism selection. Therefore, expert assessments
of kinetic mechanism must be provided for CFD engineers
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to ensure that simulations incorporate the most suitable
mechanisms. Zhang et al. evaluated 13 detailed kinetic mech-
anisms by comparing ignition delay times [21]. Strohle et al.
evaluated several detailed mechanisms for hydrogen com-
bustion under gas turbine conditions, and they found that
some of them show poor performance for the laminar flame
speed at high pressures [22]. Kumar et al. also compared
hydrogen—air reaction mechanisms used for unsteady shock-
induced combustion devices [23]. Olm et al. have conducted
comprehensive comparisons of hydrogen and syngas reaction
mechanisms, identifying generally well-performing mecha-
nisms as well as those that are only effective under specific
conditions or for particular types of experiments [24, 25].
Zettervall et al. not only compared ignition delay times
but also assessed four detailed mechanisms, seven reduced
mechanisms, and six global mechanisms by calculating lam-
inar burning velocities and strain rates [26]. However, these
evaluations were conducted using methane rather than hydro-
gen—methane mixtures. The accuracy and computational
efficiency of different mechanisms in simulating combus-
tion of hydrogen—methane mixtures at various pressures and
hydrogen blending ratios were not well evaluated. Currently,
there are numerous available reaction models designed for
high-fidelity CFD simulations, featuring a reduced number of
species and elementary reactions. In most scenarios, the uti-
lization of these reaction mechanisms presents no significant
challenges. However, as pressure increases to relatively high
values (20 atm) or as the hydrogen blending ratio surpasses
certain thresholds (above 60%), errors in calculated results
become more pronounced. Furthermore, while some reaction
mechanisms yield accurate results, the absence of compiled
reactions related to NOx emissions requires separate com-
putations when applied in CFD simulations. Consequently,
the creation of a reaction mechanism that encompasses NOx
reactions and remains suitable for high-pressure and high-
hydrogen-blending scenarios becomes imperative.

Therefore, the primary objective of this study is to guide
in selecting reaction mechanisms for simulating the combus-
tion of hydrogen—methane mixtures by evaluating existing
and newly developed mechanisms. The secondary goal is
to present reduced mechanisms developed in this study and
validate their reasonability. For these purposes, the accu-
racy of the mechanisms is compared by calculating ignition
delay times, laminar burning velocity, and NOx-related reac-
tions under various simulation conditions ranging from low
to high pressures and from O to 100% hydrogen blend-
ing ratios. Based on the simulation conditions and required
computational time, recommendations for selecting the most
appropriate mechanism are provided.
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Table 1 Detailed mechanisms for CH4/Hp/air mixture combustion included in the current evaluation

Type No Name Year Species Steps NOy chemistry Remarks
Detailed 1 NUIG 2020 2020 2746 11,279 o Cop—C7, Aromatic
2 Aramco 2.0 2016 502 2716 X Co—C4
3 CRECK CHy 2020 159 2459 o C;-C3, Natural gas
4 NUIG 2007 2007 118 663 X Co—C3
5 UscIL 2007 111 784 X H,/CO/C1—C4
6 San Diego 2016 68 311 o CHy, Natural gas
7 GRI 3.0 1999 53 325 o CHy, Natural gas
8 FFCM 2016 38 291 X Co—C2

2 Methodology
2.1 Kinetic Mechanisms

This section introduces commonly adopted mechanisms
with different levels of complexity, which are classified as
detailed, reduced, and global mechanisms in the descend-
ing order of complexity. Eight detailed mechanisms, nine
reduced mechanisms, and one global mechanism are tested
here.

2.1.1 Detailed Mechanisms

Detailed kinetic mechanisms adopted here are listed in
Sect. 2.1.1. Table 1. All these mechanisms are validated
using a wide range of experimental data, including ignition
delay times, laminar burning velocity, and ignition of the
mixtures with NO, species. As the state-of-the-art detailed
mechanism, called NUIG Mechl.1 (NUIG 2020), is one of
the most comprehensive mechanisms for Co—C7 species cur-
rently available. It includes 2746 species and was released
by the NUI Galway research group in 2020 [27]. The same
group also developed the mechanism of Aramco Mech. 2.0
(Aramco 2.0) including 502 species and was released in
2016 [28]. Aramco Mech 2.0 was built based on Aramco
Mech 1.3 and has been developed to characterize the kinetic
and thermochemical properties of a large number of C{—Cy4-
based hydrocarbon and oxygenated fuels over a wide range
of experimental conditions. The initial version of the NUI
Galway model (NUIG 2007) consists of 118 species and 663
elementary reactions, which was published in the work of
Petersen et al. in 2007 [29]. The CRECK CH4 mechanism
released in 2020 was developed by the chemical reaction
engineering and chemical kinetics (CRECK) laboratory to
simulate the reaction and properties of C;—C3 [30]. And,
a Hp/CO/C1—C4 kinetic model, called USC Mech. version
II (USCII), was developed by the research group of Wang
etal.in 2007 [31]. This reaction model was subject to valida-
tion tests complying with reliable H,/CO/C1—C4 combustion

data. Recently, Wang et al. and G. Smith at SRI interna-
tional published another mechanism, called the foundational
fuel chemistry model (FFCM) [32]. The FFCM can predict
H,, H,/CO, CH;0, and CH4 combustion and includes 38
species and 291 steps. The combustion research group at
UC San Diego developed the San Diego mechanism, which
can simulate the combustion of methane or natural gas. The
San Diego mechanism with nitrogen chemistry includes 68
species and 311 reactions [33]. And, the GRI 3.0 mecha-
nism has been created by the Berkley combustion team as
an updated version of GRI-Mech 2.11 [34]. It is a detailed
kinetic mechanism for methane/air combustion including
nitric species for NOx predictions with 53 species and 325
reactions. In this study, a fuel mixture of hydrogen and
methane is considered and the aforementioned eight detailed
mechanisms are adopted to simulate combustion of the mix-
ture.

2.1.2 Path Flux Analysis Method

Path flux analysis (PFA) reduction method is applied to
reduce detailed chemical kinetic mechanisms [35]. Mech-
anism reduction aims to identify species that are important
to the target species. The production and consumption fluxes
of species are used to identify the important reaction path-
ways. The production and consumption fluxes, P4 and Cy,
of species A can be calculated as follows:

Py= ) max(va i, 0), M
i=1,1

Ca= ) max(—va,®;, 0), )
i=1,1

where v, ; is the stoichiometric coefficient of species A in
the ith reaction. And w; is the net reaction rate of the ith
reaction, respectively. [ is the total number of elementary
reactions. The flux of species A related with species B can be
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calculated as

PAB = Z maX(UA’i(l)i(Slé, O)» (3)
i=1,1

Cup = Z max(—vA,,-a),'Sﬁg, 0), @
i=1,1

B=

; ) 1, ifthe ith elementary reaction involves species B
0, otherwise ’

&)

Here, Pop and C4p denote, respectively, the production
and consumption rates of species A due to the existence
of species B. For example, when two generation fluxes are
considered, the interaction coefficients for production and
consumption of species A via B of first generation are defined
as

. P
rgrg Ist _ AB . (6)
max(Py, Ch)
. Cas
z(%l 1st — . (7)
max(Py, Cya)

Using the production and consumption fluxes of the first
generation, the interaction coefficients which are measures
of flux ratios between A and B via a third reactant (M;) for
the second generation are defined as

pro-2nd __ pro-1st_pro-1st

y: = Z <rAMi "B ) ®)
M;#A,B

con-2nd __ con-1st_con-1st

T'AB = Z (rAM,- "M, B ) ©)
M;#A, B

The summation here includes all possible reaction paths
(fluxes) relating A and B. In theory, different threshold values
can be set for different interaction coefficients. For simplicity,
all the interaction coefficients can be lumped together and set
only one threshold value

pro-1st
FAB = T'yp

iy (10)

The coefficient defined above is used to evaluate the
dependence/importance of species B to species A in the PFA
method. The method can be extended to more generations and
consumptions. Nevertheless, with the increase of the num-
ber of generations, the computation time is proportional to
the species number. A more detailed explanation of the PFA
method can be found in the study conducted by Sun et al.
[35].

The PFA method has been developed into an in-house code
program. To facilitate the simplification of reaction mecha-
nisms, the following steps are taken:

@ Springer

1. Preparation of mechanism file: The detailed reaction
mechanism file containing thermochemical data needs
to be prepared for the mechanism that will undergo sim-
plification.

2. Database generation for mechanism reduction: The
database required for mechanism reduction is generated
using tools like Senkin and perfectly stirred reactor (PSR)
[36,37]. This involves simulating conditions under which
the reduced mechanism will be applied, including factors
like pressure, temperature, and equivalence ratios.

3. Definition of target species: A set of target species is
established to ensure that these selected species are
retained and not eliminated during the reduction process.

4. Setting threshold values or interaction coefficients: After
defining the target species, threshold values or interaction
coefficients are set. This step plays a crucial role in the
reduction process.

5. PFA method application: The PFA method is then
employed to assess each species associated with the target
species. If the calculated interaction coefficient is lower
than the predetermined threshold value, the respective
species is considered for elimination.

It’s note worthy that the larger the threshold value, the
smaller the reduced mechanism. This process results in a
reduced reaction mechanism that retains essential combus-
tion features while removing non-essential details.

2.1.3 Reduced and Global Mechanisms

In the present study, the target species are methane, hydrogen,
oxygen, nitrogen, and their intermediate species produced in
the reaction. The ranges of pressure, temperature, and equiv-
alence ratio for mechanism reduction are from 1 to 20 atm,
from 1000 to 2000 K, and from 0.5 to 1, respectively. It
is important to emphasize that during the process of mecha-
nism reduction, important species, elementary reactions, and
their corresponding rate constants and coefficients have been
retained. No modifications have been made to rate constants
to artificially align the calculated results more closely with
experimental data.

Reduced mechanisms are named according to the num-
ber of species, as shown in Table 2. Mechanism Nos. 14
and 6-7 are developed in the present study. The reduced
mechanism No. 1, called SP282, contains 282 species. It
is reduced from NUIG 2020 and kept all species related to
reactions of methane and hydrogen as much as possible. The
reduced mechanism No. 2, SP58, contains 58 species and
it reduced the species number as much as possible while
ensuring that the calculation results are consistent with the
detailed mechanism NUIG 2020. Both SP282 and SP58 con-
tain reaction mechanisms related to NOx chemistry. The No.
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Table 2 Reduced and global mechanisms for CH4/Hy/air mixture combustion tested in this study

Type No Name Year Species Steps NOx Remarks
Reduced 1 SP282 2021 282 2025 o NUIG 2020
2 SP58 2021 58 506 o NUIG 2020
3 NOx56 2022 56 379 o NUIG 2020 + GRI 3.0 NOx
4 NOx50 2022 50 258 o Aramco 2.0 + GRI 3.0 NOx
5 USC50 2021 50 373 X UScCIL
6 SP41 2021 41 277 X NUIG 2020
7 SP33 2021 33 174 X Aramco 2.0
8 DRM22 2018 22 104 X GRI 1.2
9 DRM19 2018 19 84 X GRI 1.2
10 SG35 1991 16 35 X Sydney/Yale/UCSD Workshop
Global 1 JLANN 2020 9 4 X

6, SP41, is obtained after removing the NOy chemical mech-
anism included in SP58. By combining the NOx mechanism
of GRI 3.0 with SP41, the mechanism No. 3, NOx56, are
developed. Another detailed mechanism, Aramco 2.0, is also
used to generate the reduced mechanism, resulting in the
mechanism No. 7, SP33. The SP33 does not include the NOx
mechanism. By adding the NOx mechanism of GRI 3.0 to
SP33, the reduced mechanism No. 4, NOx50, is generated.
It is important to make clear that the thermal data for non-
NOx reaction species in NOx56 and NOx50 are sourced from
NUIG 2020 and Aramco 2.0, respectively, while the thermal
data for species related to NOx reactions are sourced from
GRI 3.0. In conclusion, reduced mechanisms Nos. 1-4 con-
tain NOx mechanism, but Nos. 6 and 7 do not. The No. 5,
USC50, was developed by D. Sharma et al. through the reduc-
tion of USCII, and it also does not include reactions related
to NOx [38].

The mechanism Nos. 8-10 are obtained from previous
studies for comparison. The No. 8, DRM22, and No. 9,
DRM19, [39, 40] were reduced from GRI 1.2 [41] using a
reduction method proposed by Wang and Frenklach [42]. The
DRM?22 predicts high-temperature ignition delay times up
to 10 atm and laminar flame properties up to 20 atm. Devia-
tions from the original mechanism GRI 1.2 are between 1 and
10% with the largest deviation at high pressures. The DRM19
shows a larger deviation from the reference mechanism, in
particular, for fuel-rich conditions. An widely used mecha-
nism for methane/air combustion is the mechanism with 16
species and 35 irreversible reactions proposed by Smooke
and Giovangigli (SG35) in 1991 [43] and constructed by
selection of reactions from detailed reaction mechanisms
available at that time. The mechanism was developed to
model laminar flames and has been used in numerous pub-
lished CFD modeling studies [44].

Global mechanisms result from crude simplification and
are tuned to give accurate estimations of heat release, lam-
inar flame propagation, fuel breakdown, and production of
major species within a limited range of conditions [26]. A
4-step mechanism developed by Jones and Lindstedt, called
JL, was extensively used in CFD simulations. In this study, its
optimized version, called JLANN, developed by an artificial
neural network (ANN) is adopted for a comparative study
[45, 46]. The JLANN is obtained by ANN searching for the
optimal reaction parameters that lead to the results match-
ing those from GRI-Mech 3.0, the detailed mechanism for
burning methane in a plug flow reactor [46].

2.2 Collection of Experimental Data

The mechanisms are evaluated by comparison with available
experimental data. The ignition delay time (IDT), laminar
burning velocity (LBV), and ignition delay time with NOy
are selected as the validation targets. Experimental data are
collected from reliable literature data to cover a range of con-
ditions [11, 13, 26, 47-49]. They are selected by considering
the fuel type, the hydrogen blending ratio, the range of oper-
ating pressure and temperature, and the equivalence ratio.
For evaluation of IDTs and LBVs, the hydrogen blending
ratio increases from 0 to 100% by 20% point. The operating
temperature increases from 1000 to 2000 K at three operating
pressures, 5, 10, and 20 atm in the case of evaluation of IDTs.
Effects of hydrogen blending ratios and equivalence ratios are
examined at | atm and temperature near 300 K for evaluation
of LBVs. IDTs of the fuel with NO; are calculated to com-
pare the accuracy of prediction of the mechanisms involving
the NOx steps in the aspect of the NOx prediction. Three dif-
ferent pressures and the temperature range from 900 to 1900
K are considered. All of the experimental data and conditions
are summarized in Table 3.

@ Springer



524

International Journal of Aeronautical and Space Sciences (2024) 25:519-539

Table 3 Experimental validation data used in the present study

Property Type Fuel H; blending Pressure Temperature Equivalence Refs
ratio (%) [atm] K] ratio
Ignition Shock tube  CH4/H» 0-100 5,10, 20 1000-2000 0.5 Zhang et al. [11]
delay time
Shock tube  CHg4 0 10 1300-1900 0.5 Zettervall et al. [26]
Laminar Various H, 100 1 293 0.4-32 Teng [14]
Szlr(f)‘éigy devices  cy,/H, 0-80 1 303 0.6-1.8 Zhang et al. [13]
CHy 0 1,5,10,20 298 0.6-1.4 Amirante et al. [49]
Ignition Shock tube  Hp 1 1.6, 13,33 900-1900 0.5 Mathieu et al. [47]
with NO, 0, 1
NO; 0.16
Ar 97.84

2.3 Details on Modeling

The hydrogen blending ratio (ny, ) is defined as the mole per-
centage of hydrogen in the CH4/H» mixtures. It is calculated
by the equation

XH,

= ———=  x100%,
Xy, + Xcu,

(1)

nH,

where ny, denotes hydrogen blending ratio, Xy, hydrogen
mole fraction in the mixture, and X cp, methane mole fraction
in the mixture.

A comprehensive software package [50] is used to simu-
late laminar premixed flames and ignition delays. Ignitionina
closed homogeneous reactor is modeled using a constant vol-
ume approach with an energy equation solved. The ignition
delay time is determined by the instant when time derivative
of temperature, d7/dt, has its maximum. The experimental
results used for comparison in this study are obtained from
the previous study [11]. In the previous study, pressure gener-
ated by the reflected shock wave in the shock tube increased
at a rate of 4%/ms after 1.5 ms due to the facility-dependent
boundary layer effect. Therefore, when calculating the igni-
tion delay in the present study, the same increase rate of
pressure is set after 1.5 ms.

Laminar flames are simulated using the premixed-flame
model with adaptive grids, where solution gradient and cur-
vature are set to 0.02 and 0.03, respectively. It resulted
in grid-independent solutions for all mechanisms [26]. To
calculate the LBVs, the equivalence ratio, ¢, covers from
fuel-lean (¢ = 0.6) to fuel-rich (¢ = 1.4) conditions along
with a specified initial inlet temperature of 300 K. In the
present work, the “multi-component transport” is chosen,
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because it can accurately predict the laminar burning veloc-
ities [51]. In addition, a thermal diffusion coefficient, called
the Soret effect, is included, which is significant for light
species, such as Hand H». Details on the different approaches
to transport model can be found in the literature [50].
One should keep in mind that transport treatment becomes
increasingly significant as the diameter of species decreases
and, therefore, larger deviations is expected for hydrogen
flames [26].

The agreement between experimental data and calculation
results is evaluated using the following parameter:

N
1 bs(Num.; — Exp.;
Discrepancy (%) = — Z abs( ugl XP-i)
XP-i

x 100%,
N

i=1
(12)

where N is the number of data points, and Num. and Exp. are
numerical and experimental results, respectively. For exam-
ple, when the ignition delay time is calculated as temperature
increases at 5 atm with a hydrogen blending ratio of 0%, N
will be the number of temperature points. To clearly com-
pare the errors across all cases, the discrepancy is normalized
by the minimum in all the cases. The critical threshold for
evaluating the accuracy of computational results with var-
ious reaction mechanisms is set to be 15%. The value of
15% was determined based on a comprehensive comparison
of all calculation results. This value can help to distinguish
between the detailed and reduced mechanisms and can also
do between various reaction mechanisms based on their com-
putational results.
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Fig. 1 a Errors between predicted ignition delay time and experimental data over the broad H, blending ratios at equivalence ratio of 0.5 and 5 atm.
Enlarged views of comparison at blending ratios of b 0%, ¢ 60%, and d 100%. Symbols: experimental data; lines: calculated data in this work

3 Results and Discussion
3.1 Ignition Delay Time

Ignition delays of lean methane—hydrogen mixtures (equiva-
lence ratio of 0.5) with hydrogen fractions from 0 to 100% are
compared in the temperature range from 1000 to 2000 K and
the pressure range from 5 to 20 atm. All the reaction mecha-
nisms listed in Tables 1 and 2 are adopted in the calculation.
Since the trend of ignition delay is consistent at all pressures,
the calculation results at 5 atm are chosen as an example for
this comparative study, as shown in Fig. 1. It is seen that
the ignition delays decrease with increasing ny, due to high
reactivity, high diffusion, and low auto-ignition temperature
of Hy. The results calculated with the detailed reaction mech-
anisms of NUIG 2020 and FFCM are presented in Fig. la. It
is found that both reaction mechanisms show a good agree-
ment with experimental results for all the hydrogen blending

ratios. The calculation results of the other detailed reaction
mechanisms can be checked in Fig. 1b—d. With the increase
of ny,, the error increases even if the results are calculated
by a detailed mechanism. When the ny, is 100%, it can be
clearly seen that the calculation errors of GRI 3.0 are rela-
tively large. The calculation results of the reduced reaction
mechanisms are not shown here and their discrepancies will
be compared with the detailed reaction mechanism in a later
section.

Figure 2 shows the discrepancy between calculated igni-
tion delays and experimental results for all the reaction
mechanisms as pressure and ny, increase. Each discrep-
ancy value was obtained by comparing the calculated ignition
delay results with experimental data in the temperature range
of 1000-2000 K. Figure 2a shows that at relatively low
pressures (5 atm), the detailed reaction mechanism provides
higher calculation accuracy compared to the reduced mech-
anism. As ny, increases from 0 to 100%, only the detailed
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Fig.2 Normalized discrepancy
between predicted ignition delay
time and experimental data over
the broad blending ratio at

pressures of a 5 atm, b 10 atm,
and ¢ 20 atm
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reaction mechanisms of Aramco2.0 and GRI 3.0 exhibit dis-
crepancies above 15% under certain conditions. However,
in the reduced mechanisms, SP33 and NOx50 show a dis-
crepancy of 18% starting from a blending ratio of 40%,
which gradually increases to 50% as npy, increases up to
100%. The discrepancies for SP282, SP58, NOx56, and SP41
also exceed 15% when ny, reaches 100%. The DRM19 and
DRM?22 published in previous studies also show a high dis-
crepancy when ny, is 100%; however, their discrepancy is
relatively low when ny, increases up to 80%. As the pres-
sure increases to 10 atm and shown in Fig. 2b, the calculated
discrepancies exceed 15% at smaller blending ratios. For
example, at a blending ratio of 80%, the calculated dis-
crepancy for GRI 3.0 is 21%, which is higher than the 9%
discrepancy at 5 atm. Also, the discrepancies of SP282,
SP58, NOx50, and SP41 exceed 15% when ny, is 60%.
As the pressure is increased to 20 atm, the discrepancy of
the reduced mechanism further increases, starting from ny,
of 40%. Additionally, the detailed reaction mechanisms also
show discrepancies approaching 15% at the blending ratio

@ Springer

QEION
=

(o] v R e

s,
(S
Ve, oq"‘“ra
205,
Fous

56

of 80%. Consequently, the operational range of the reaction
mechanisms to accurately calculate the IDT becomes nar-
rower with pressure. The results for SG35 and JLANN are
not presented in Fig. 2 due to their inability to provide rea-
sonable results for ignition delay time calculations.

3.2 Laminar Burning Velocity

Figure 3 shows the errors between the calculated and exper-
imental results of laminar burning velocity at 1 atm and 300
K as an example. It demonstrates how the laminar burn-
ing velocity varies with the equivalence ratio and ny,. The
equivalence ratio ranges from 0.6 to 1.8 with a step size of
0.1, while ny, increases from 0 to 100% with a step size
of 20%. From Fig. 3a, it can be observed that the laminar
burning velocity first increases and then decreases as the
equivalence ratio increases. Furthermore, as ny, increases,
the equivalence ratio corresponding to the maximum lami-
nar burning velocity also gradually increases. This trend is
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Fig.5 a Errors between calculated ignition delay time with NO, and
experimental data at various pressures using the reduced mechanism,
SP282. Comparison of experimental data and predicted results by San

the most evident at ny, of 100%, where the laminar burn-
ing velocity continues to increase even when the equivalence
ratio is increased to 1.8. As predicted, if the equivalence ratio
continues to increase, the laminar burning velocity will grad-
ually decrease, which has been already shown in the previous
studies [48]. Figure 3b—d shows the zoomed-in results for
hydrogen blending ratios of 0%, 60%, and 100%, respec-
tively. It is seen that the calculated results by all detailed
reaction mechanisms are relatively accurate when the hydro-
gen blending ratio is 0% or 100%. However, when ng, is
60%, the error is relatively large, as will be shown in more
detail in the following paragraph. It should be noted that
in this study, the laminar burning velocity is compared at
four pressure conditions of 1, 5, 10, and 20 atm for pure
methane. Although the results are not displayed in Fig. 3, the
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Diegio, GRI 3.0, SP282, SP58, NOx56, and NOx50 at the pressure of
b 1.3 atm, ¢ 13 atm, and d 33 atm. Symbols: experimental data; lines:
calculated data in this work

errors between the calculated and experimental results will
be shown later.

The discrepancy comparison of laminar burning velocity
is shown in Fig. 4. Figure 4a displays the errors between cal-
culated results and experimental data at different pressures
for the 100% methane. At 1 atm, only the reduced mecha-
nism, SG35, and the global mechanism, JLANN, have large
errors, while the errors of the other detailed reaction mech-
anisms are less than 10%. When the pressure increases to
5 atm, except for CRECK, the errors of the other detailed
reaction mechanisms increase over 15%. Due to long calcu-
lation times, complete results for NUIG 2020 and Aramco2.0
were not obtained. However, the reduced mechanisms of
SP33, SP41, SP58, NOx50, and NOx56 derived from the
two detailed mechanisms show small errors, even at high
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pressures of 10 and 20 atm. This indicates that the origi-
nal detailed reaction mechanisms NUIG 2020 and Aramco
2.0 should be also accurate. Figure 4b shows the discrep-
ancy between calculated results and experimental data as
ny, increases from 0 to 100% at 1 atm. It is seen that all
the detailed reaction mechanisms give accurate results. Only
the detailed reaction mechanism of NUIG 2007 and the five
reduced reaction mechanisms developed in this study have
slightly larger discrepancy, but the errors do not exceed 15%.
In contrast to the results with pressure variation, DRM 19 and
DRM22 give good results for all hydrogen mixture fractions.
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Both the reduced mechanism of SG35 and the global mech-
anism of JLANN showed relatively large discrepancies in
predicting ignition delay times and laminar burning veloci-
ties. The laminar burning velocities is not calculated by using
NUIG 2020 here, because it requires a significant amount of
computational time. The results from NUIG 2020 can be
predicted from that of NUIG 2007, as both share the same
reaction mechanisms for methane and hydrogen.

3.3 Ignition Delay Time with NO,

Next, the calculation discrepancy of reaction mechanisms
containing NOx in terms of ignition delay time of hydro-
gen—oxygen mixtures containing NO, is examined. NO; of
1600 ppm is added to the hydrogen—oxygen mixture, and
argon is used as a diluent gas. Ignition delay times calculated
using six reaction mechanisms are compared at three pres-
sures of 1.6, 13, and 33 atm. The six reaction mechanisms are
GRI 3.0, San Diego, and four reduced mechanisms contain-
ing NOx developed in this study, i.e., SP282, SP58, NOx56,
and NOx50. The experimental results used for a comparative
study are from the literature [47]. From Fig. 5a, it is seen that
the calculation results of SP282, which has the most species,

are quite accurate, especially at high pressure. When com-

paring the results at each pressure separately, Fig. 5 shows

that the mechanism, SP58, which is also reduced from NUIG

2020, has similar calculation results to those of SP282 at all
pressures. On the other hand, the other four mechanisms show
significant errors.

The comparison of the results calculated by each mecha-
nism and experimental data is presented in Fig. 6. It is seen
that the performance of the reduced mechanisms developed
in this study is excellent when it comes to NOx-related cal-
culations with the average error of only 1% at 33 atm. On the

46125.7
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Fig.7 Comparison of computational time taken to obtain a 30 data points of ignition delay time and b one data point of laminar burning velocity
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Table 4 Summary of results calculated by detailed mechanisms, including a comparison of the discrepancy in ignition delay time (IDT) and laminar
burning velocity (LBV), a comparison of the ignition delay time considering NO;, as well as the comparison of computation time

Detailed Discrepancy in IDT Discrepancy Tonition Computational
mechanisms Pressure between simulations and experiments in LBV gwi th time
Name Sse(c)ifes [atm] 0% H, | 20% 40% 60% 80% 100% 100% CH,4 NO; IDT LBV
1
NUIG 5
2020 2746 0 (0] 15,588 | 46,126
20
1
Aramco 5
20 502 10 X 59 640
20
1
CRECK 5
CH, 159 m (0] 7 20
20
1
NUIG 5
2007 118 0 X 3 6
20
1
USC I 111 o X 27 2
20
1
San 5
Diego 68 10 0 1.4 1
20
1
5 1 1
GRI 3.0 53 m (@) (base) | (base)
20
1
FFCM 38 . X 1 0.5
20

"O" indicates the inclusion of NOx mechanisms, while "X" indicates their exclusion. Blue color means the discrepancy less than 15%; red color

means the discrepancy greater than 15%

other hand, the other two mechanisms developed in this study
and the two widely used mechanisms have relatively larger
errors. The NOx-related reactions selected for the develop-
ment of NOx50 and NOx56 are all from GRI 3.0, while a
large part of the NOx-related reactions in San Diego is the
same as those in GRI 3.0. This result also indicates that the
NOx-related reactions in GRI 3.0 and San Diego are not suf-
ficient in simulating pressure dependence accurately.

3.4 Computational Time

Finally, computational time of each mechanism is compared.
The calculations are conducted using 32 CPU cores with a
clock frequency of 3.5 GHz. All the results are normalized
by the computational time of GRI 3.0. As shown in Fig. 7, the
required time for both ignition delay time and laminar flame
speed calculations is positively correlated with the number
of species in the reaction mechanism. Figure 7a shows the
required time for computing 30 ignition delay times using
different mechanisms, with a required time of 3.7 s with
GRI 3.0. The detailed reaction mechanism of NUIG 2020
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requires 15,588 times longer than the computational time of
GRI 3.0, while the computational times of the other mecha-
nisms developed in this study are similar to that of GRI 3.0,
except for SP282, which required 15.5 times longer than the
computational time of GRI 3.0. Figure 7b shows the required
time for computing one data of laminar flame speed, with a
required time of 34.4 s for GRI 3.0. The required time of
NUIG 2020 is 46,125 times longer than that of GRI 3.0.
This is also the reason why calculation of the laminar flame
speed using NUIG 2020 was not conducted. It is due to its
excessively long computational time. These results indicate
that when selecting a reaction mechanism, both accuracy and
computational time should be taken into account. It is rec-
ommended that a mechanism with the shortest computational
time within an acceptable range of error is selected.
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Table 5 Summary of results calculated by reduced mechanisms

Reduced Pressure Discrepancy in IDT Discrepancy | Ignition Calculation
mechanisms [atm] between simulations and experiments of LBV with time
Name sje(c)ifes 0%H, | 20% | 40% | 60% | 80% | 100% | 100% CH, NO: IDT | LBV
1
SP282 282 > 0 155 | 185
20
1
SPs8 58 - ¢ 1.5 1.8
20
1
NOx56 56 o 0 12 1.4
20
1
NOx50 | 50 2 0 1.1 13
20
1
UsCs0 | 50 = X 0.9 0.9
20
1
SP41 41 - X 09 | 08
20
1
SP33 33 > X 1 0.5
20
1
DRM22 | 22 - X 0.5 | 04
20
1
DRMI9 | 19 0 X 04 | o1
20
1
JLANN 5
(Global) 9 > X 02 0.1
20

4 Summary of Numerical Errors
or Discrepancies

All the above calculation results are summarized and pre-
sented in Tables 4 and 5. Table 4 shows the results calculated
by the detailed chemical mechanisms. While pressure and
hydrogen blending ratio are variable, the ignition delay time
results calculated by detailed mechanisms are quite accurate
(with an error of less than 15%). Only Aramco 2.0, GRI 3.0,
and San Diego exhibit higher errors at some high pressures
or high-hydrogen-blending ratios. The mechanisms of NUIG
2007, USC II, and San Diego show significant errors in cal-
culating laminar burning velocity at 5 atm and 10 atm. In
most cases, a detailed reaction mechanism can be used to
calculate and simulate combustion of methane and hydrogen
mixture. The selection should be made reasonably based on
the required computational time and whether NOx needs to
be considered or not.

Table 5 summarizes the results of reduced reaction mech-
anisms. Compared with the detailed reaction mechanism, the
reduced reaction mechanism generally exhibits larger calcu-
lation errors in predicting ignition delay times at pressures
above 10 atm and hydrogen mixing ratios above 40%. In
terms of calculation of laminar burning velocities, the six
reduced reaction mechanisms developed in this study show
high accuracy, with discrepancies below 15%. It is worth not-
ing that the reduced mechanisms of SP282 and SP58 show
higher accuracy than GRI 3.0 and San Diego in calculat-
ing reactions of NOx emissions. However, the computational
times are longer by about 15.5 times and 1.5 times compared
to GRI 3.0, respectively. Furthermore, across all pressure
and hydrogen blending ratio ranges, the reduced mecha-
nism USC50 demonstrates a similar high level of accuracy
as observed with the detailed mechanism USCIL.
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5 Conclusions

Various chemical kinetic mechanisms for burning of
methane/hydrogen mixtures are tested for various burning
conditions. The numerical results show that the widely used
GRI-Mech 3.0 works well when the pressure is less than
10 atm and the blending ratio is less than 60%. If the simula-
tion is performed above 10 atm and the blending ratio exceeds
60%, a detailed reaction mechanism with more species, such
as San Diego mechanism, should be adopted, although longer
computational time is required. If calculation of NOx emis-
sions is not considered, the FFCM is a good choice under
various operating conditions. The reduced mechanism of
SP58 has higher accuracy in calculating NOx emission, but
the computational time is 1.5 times longer than that of GRI
3.0. In the range of 1-20 atm, the laminar burning velocity
of methane calculated using the reduced reaction mechanism
developed in this study is more accurate than those calculated
using the detailed mechanisms San Diego, GRI 3.0, and USC
II.

When selecting a reaction mechanism, it is important to
consider the reaction characteristics depending on the sim-
ulation purpose. For example, ignition delay time is more
important for study of ignition in high-speed propulsion,
while more consideration is needed for laminar burning
velocity when simulating hydrogen combustion in a gas tur-
bine combustor. Additionally, it is necessary to check the
required computation time. In studying pollutant emissions,
the accuracy of NOx-related reaction calculations is also crit-
ical.

In future works, the reduced reaction mechanisms will be
applied to CFD simulations and compared with the existing
detailed mechanisms. This comparison aims to validate the
accuracy of the reduced reaction mechanisms in simulating
methane and hydrogen combustion.
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Appendix A: Errors between predicted
results and experimental data

The errors between predicted results and experimental data
not depicted in Figs. 1, 3, and 5 are shown in this appendix
section.

A.1 Ignition Delay Time

The comparison between the predicted ignition delay times
and experimental results for the hydrogen blending ratio
ranging from 0 to 100% at an equivalence ratio of 0.5, and
pressures of 5 atm, 10 atm, and 20 atm is presented in Figs.
8,9, and 10, respectively.

A.2 Laminar Burning Velocity

The comparison between the predicted laminar burning
velocities and experimental data for the hydrogen blending
ratio ranging from 0 to 100% at equivalence ratios of 0.6—1.8,
and pressures of 1 atm is presented in Fig. 11. The compari-
son between the predicted results and experimental data for
100% methane combustion at equivalence ratios of 0.6—1.8
and 1 atm is shown in Fig. 12.
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