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Abstract: In the framework of the “Multidisciplinary Optimization and Regulations for Low-boom
and Environmentally Sustainable Supersonic aviation” project, pursued by a consortium of European
government and academic institutions, coordinated by Politecnico di Torino under the European
Commission Horizon 2020 financial support, the Italian Aerospace Research Centre is computationally
investigating the high-pressure hydrogen/air kinetic combustion in the operative conditions typically
encountered in supersonic aeronautic ramjet engines. This task is being carried out starting from
the zero-dimensional and one-dimensional chemical kinetic assessment of the complex and strongly
pressure-sensitive ignition behavior and flame propagation characteristics of hydrogen combustion
through the validation against experimental shock tube and laminar flame speed measurements. The
0D results indicate that the kinetic mechanism by Politecnico di Milano and the scheme formulated by
Kéromnes et al. provide the best matching with the experimental ignition delay time measurements
carried out in high-pressure shock tube strongly argon-diluted reaction conditions. Otherwise, the
best behavior in terms of laminar flame propagation is achieved by the Mueller scheme, while the
other investigated kinetic mechanisms fail to predict the flame speeds at elevated pressures. This
confirms the non-linear and intensive pressure-sensitive behavior of hydrogen combustion especially
in the critical high-pressure and low-temperature region which is hard to be described by a single
all-encompassing chemical model.

Keywords: high-pressure supersonic combustion; hydrogen oxidation; air-breathing propulsion;
green aviation

1. Introduction

The global energy shortage and the increasingly serious issues related to the Green-
house Gas (GHG) emissions target, set by governments and institutions, pose hydrogen
as an ideal candidate as an energy vector due to its high efficiency and zero carbon com-
bustion characteristics. It is widely esteemed as a promising propellant for high-speed,
air-breathing, trans-atmospheric, and long-term passenger transportation aircraft since it
can be burned efficiently and reliably in supersonic combustion engines [1]. Moreover,
among the various available fuels, it possesses the highest heat release with the shortest
kinetic time, wide flammability limits (4-75% by volume in air), and excellent cooling
properties [2].

Furthermore, H; can be considered an ideal gas over an extensive temperature range
and even at high pressures, and it is so strongly diffusive and highly buoyant that its
mixing characteristic time can be neglected in several practical industrial applications.

Additionally, Hj is a clean fuel since the overall product of its complete oxy-combustion
is only water, even if, when reacting with air, it also produces NOy, due to the very elevated
flame temperatures reached during conventional combustion. In any case, the advantage of
burning hydrogen from an environmental point of view is that it avoids the production of
the greenhouse gas CO,, nor any of the several other pollutant species, i.e., CO, unburned
hydrocarbons, Polycyclic Aromatic Hydrocarbons (PAHs), and soot.
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For the above-mentioned reasons, hydrogen is esteemed as a fundamental energy
vector toward the decarbonized economy.

Supersonic hydrogen/air combustion is a very challenging process, consisting of
several critical phenomena, e.g., injection, compressible mixing, chemical kinetics, igni-
tion, flame holding, vortices generation, flashbacks, combustion instability, turbulence
combustion, interactions among shock waves, boundary layer, and heat release, etc. More-
over, ramjet engine operations are further complicated by the very short residence time
(~1073 s) of the flow inside the thrust chamber, which is of the same order of magnitude
as the chemical kinetic ignition time of hydrogen/air mixtures at the typical conditions
of ramjet operation. Since experimental investigations are often unfeasible due to several
difficulties in measuring multispecies, reacting, high-speed, unsteady flow fields [1], the
most convenient way to design and develop ramjet engine-propelled vehicles relies on
CFD modelling and simulations.

In the framework of the MORE&LESS project, the high-pressure combustion hydro-
gen/air chemical kinetic assessment is presented in this work since it is an important,
preliminary task for the development of physical-chemical combustion models to be im-
plemented into CFD codes.

MORE&LESS is a research project pursued by a consortium of European government
and academic institutions including CIRA, and it is coordinated by Politecnico di Torino
under the EC Horizon 2020 financial support.

This project aims to address the challenges regarding the environmental impact of
supersonic, air-breathing aviation implementing a holistic approach based on a synergic
coupling between low and high-fidelity modelling of several processes, e.g., aerodynamics,
jet-noise, sonic-boom, propulsion, and above all pollutant and climate-changing chemi-
cal emissions.

Advanced propulsion systems are essential enablers of supersonic aviation, and the
proper understanding of their working principles is required to operate them efficiently
and with low pollutant emissions, thus extending the design space and flight envelope.
Modelling of propulsion systems of these aircraft, the optimization of their components,
and properly estimating their performance are some of the main goals of the MORE&LESS
project, together with the estimation of bio-fuel and hydrogen combustion with associated
emissions. Consequently, solid strategies are developed to reduce pollutant emissions for
future supersonic aircraft.

CIRA is in charge of the assessment of available hydrogen/air reaction mechanisms,
in particular with (i) a thorough investigation of detailed and reduced kinetic mechanisms
performed through a literature survey, (ii) theoretical investigations and identification of
the most performing kinetic schemes for hydrogen/air combustion at selected operative
flight conditions, and (iii) 0D /1D simulations of hydrogen/air combustion and comparison
of ignition delay times and adiabatic flame temperatures against the available literature
experimental data. The work described in the present paper emanates directly from what
was recently accomplished in the previous H2020 STRATOFLY project [3—6] and the present
task represents a continuation and extension of it to a wider range of operative conditions.
The optimal scheme arises as a suitable trade-off between the accuracy, required for a
truthful description of ignition and combustion phenomena, and the computational costs,
associated with the available calculation speed and memory storage capacity. For this
purpose, a preliminary 0D /1D kinetic analysis of hydrogen/air combustion at the most
representative operative conditions for this application was performed using the kinetic
and thermodynamic Cantera [7] open-source software through the calculation of induction
times and laminar flame speeds.

Furthermore, since in aeronautic engines, the working pressure is often much more
than the atmospheric level reaching values of up to 20 bars, to design hydrogen/air
combustion chambers that are able to guarantee a minimum NOjy release, the deepened
understanding of the complex and nonlinear hydrogen/oxygen ignition kinetics at such an
elevated pressure is of paramount importance.
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This paper is conceived as a comprehensive overview of the chemical/kinetic models
for high-pressure hydrogen ignition and combustion, intended to be a valuable support for
the identification of the most suitable kinetic mechanism to be implemented within RANS
and LES commercial and in-house CFD codes for the design and rebuilding of hydrogen
combustion processes, especially in the framework of aeronautic engines.

The following sub-sections of the introduction briefly disclose the kinetic mechanisms
for the high-pressure hydrogen combustion analyzed in this work. Section 2 describes
the numerical methodology implemented for the kinetic assessment presented here, while
Section 3 reports the computational 0D/1D results in terms of IDT (Ignition Delay Times)
and LFS (Laminar Flame Speed) predicted using the different kinetic schemes and the
comparison with the available measurements acquired at elevated pressures. An overall
discussion regarding the behavior of the several investigated mechanisms for high-pressure
hydrogen ignition and combustion completes Section 3, and finally, the general conclusions
are drawn in Section 4.

1.1. Selection of the Kinetic Mechanisms

Based on the author’s experience [3,4] and the review of Hu and co-workers [5], only
the following eleven available study schemes were considered as the most promising
kinetic mechanisms since they were specifically designed and developed to describe not
only the hydrogen/oxygen combustion at atmospheric conditions but also at intermediate
to high pressures:

Mueller—1999 [8].
Li—2004 [9].
O’Conaire—2004 [8,10-12].
CRECK—2012 [13-18].
Kéromnes—2013 [19].
722—2018 [20-22].
724—2022 [23].
RAMEC [24].
GRI-Mech 3.0 [25].
USC-II [26].
Aramco-II [27-29].
The last four schemes are large kinetic mechanisms dedicated not only to hydrogen oxi-
dation but suitably formulated for the description of natural gas, i.e., GRI-Mech 3.0 [25] and
USC-II [26], and high-molecular-weight-hydrocarbon combustion in petrochemical appli-
cations, i.e., Aramco-II [27-29]. In any case, they include the accurate H/O sub-mechanism,
which is of paramount importance also in the combustion of every hydrocarbon, and they
were used in the present work as fully detailed mechanisms for reference purposes.

Table 1 summarizes the main features of the considered kinetic mechanisms ordered
with an increasing number of chemical species.

XN LN

—_ = O
_ o

Table 1. The number of chemical species and elementary reactions for the kinetic mechanisms
numerically investigated in this work.

Kinetic Scheme Species Reactions
Mueller—1999 9 28
Li—2004 9 20
O’Conaire—2004 9 19
CRECK—2012 9 23
Keromnes—2013 10 31
Z22—2018 9 22
724—2022 9 24
RAMEC 38 190

GRI-Mech 3.0 53 325
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Table 1. Cont.

Kinetic Scheme Species Reactions
UsC-11 111 784
Aramco-II 493 2174

1.2. Mueller—1999

This kinetic mechanism was developed by Mueller and collaborators at Princeton
University, NJ, USA. They employed a variable pressure flow reactor to investigate the
explosion characteristics of mixtures involving H, /O, combustion. The experiments
demonstrated the significant involvement of HO, and H;O; in the initiation and com-
bustion processes of pure hydrogen/oxygen systems, particularly under high pressure of
approximately 16 atmospheres [8].

The rate at which the specified reactions occur underwent adjustments when compared
to a prior kinetic mechanism presented by Yetter and colleagues [11]. These modifications
were made through a refinement process that relied on the findings from high-pressure
flow reactor experiments conducted by Kim and collaborators [12].

[RM9] H+ 02 + (Nz) = H02 + (Nz)

[RM13] HO, + OH = H,0 + O,
[RM14] H02 + H02 = HzOz + Oz

1.3. Li—2004

The Li mechanism [9] represents an enhanced and updated rendition of the previous
Mueller scheme [4], originally devised for Hy /O,. This revision was undertaken by incor-
porating novel kinetic and thermodynamic experimental data. The mechanism underwent
rigorous testing and validation through experiments involving shock tubes, flow reactors,
and laminar premixed flames.

The rate constants for steps [RL1] and [RL2], as well as the thermodynamic properties
of OH, were refined using data from measurements conducted by Ruscic and colleagues [15].
A critical constraint on the interplay between reactions (RL1) and (RL2) is imposed by their
ratio within the temperature range of 800 - 900 K.

[RL1] H+ 0O, =0+ OH

[RL2] O+H,=H+OH

Above and below this temperature range, one or the other of these reactions be-
comes significantly less dominant, and the determination of their ratio becomes affected
by uncertainties.

Analyses also show that Reaction RL3 is worth noting in the case of high-pressure
flame propagation:

[RL3] Hp, + OH=H,0+H

Moreover, Li and co-workers highlight that the irreversible termolecular, high-pressure
sensitive step, i.e., the RL8 reaction plays a role of paramount importance:

[RL8] H+OH+M=H,O+M

1.4. O’Conaire—2004

The O’Conaire scheme is an elaborate kinetic mechanism designed for simulating
the combustion of Hy /O, mixtures across a wide temperature range of 298 to 2700 K,
pressures ranging from 0.05 to 87 atm, and equivalence ratios spanning from 0.2 to 6 [10].
This model serves as an updated version of the previous Mueller et al. scheme [8], which,
in turn, originated from the CO/H;/O, reaction mechanism by Yetter et al. [11] and
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was later refined by Kim et al. [12]. In the final iteration of the model, certain original
Arrhenius parameters were adjusted to enhance the agreement with experimental data,
encompassing not only flow reactors but also shock-tube and burner-stabilized flame
speeds across a broader operational range. The revision process particularly focused on the
crucial pressure-sensitive reaction.

[OR8] H + OH (+M) = H,O (+M)

This reversible step consists of the termolecular collision of the key radicals: H-, i.e.,
the primary product of the thermal decomposition of the stable hydrogen molecule, and
the OH radical, i.e., the flame marker and the main radical involved in the chain branching
process with a third body, i.e., (M), whose presence promotes the [OR8] reaction.

1.5. CRECK—2012

The CRECK Modelling Group at Politecnico di Milano developed a hierarchical
mechanism designed as a foundational sub-mechanism for integration into heavier fuels,
ranging from hydrocarbons to jet biodiesels. This kinetic mechanism underwent evaluation
through 0D ignition delay times and 1D laminar flame speed calculations. Validation
involved comparing the model against available experimental data, utilizing a specifically
formulated in-house kinetic and thermodynamic tool, i.e., OpenSMOKE.

The mechanism experienced an improvement process, starting with a detailed kinetic
H, /0O, combustion scheme. This upgrade incorporated new kinetic and thermodynamic
measurements and was thoroughly validated across a broad spectrum of temperatures,
pressures, and equivalence ratios [13-18]. Notably, its performance at high pressures was
significantly enhanced, particularly by adjusting higher rate parameters for the specific
thermo-molecular reaction.

[CR10] H + OH (+M) = H,O (+M)

The frequency factor for this step was increased twofold compared to the original
mechanism [13,14]. Subsequent investigations revealed the significant importance of the
[CR10] reaction in the propagation of laminar flame speed at high pressure, while its
sensitivity under flow reactor and shock tube conditions was found to be less pronounced.
Additionally, a slight modification was applied to the Chaperon efficiency of the bath gases
to increase the agreement with the entire set of considered experimental measurements.

Furthermore, the mechanism now includes a high-pressure limit based on Troe’s pa-
rameters models, aimed at appropriately describing the fall-off behavior of the [CR10] reac-
tion. This adjustment is crucial, especially for applications involving very elevated pressure.

All thermodynamic and transport properties of the CRECK 2012 mechanism were
sourced from the CHEMKIN database, with a notable exception being the enthalpy of
radicals OH and HO, formation. This exception was revised in accordance with both
theoretical and experimental recommendations arising from Ruscic et al. [15].

In a more recent development, the CRECK—2012 model underwent further improve-
ments by integrating the H, /O, with C1-C2 sub-mechanisms from [13], as revised in [14],
and heavier fuels sub-mechanisms from Ranzi et al. [15]. This update allows for efficient
utilization as a chemical kinetic mechanism for syngas combustion.

1.6. Kéromnes—2013

This detailed kinetic mechanism is specifically designed for examining the oxidation
of a syngas mixture, encompassing Hy, /CO/O,/N,/Ar, under pressure levels ranging
from 1 to 70 bar. The investigation spans a temperature spectrum from 900 to 2550 K,
with equivalence ratios varying from 0.1 to 4 [19]. As indicated in Table 1, this kinetic
scheme includes 10 chemical species, and among them, the excited radical OH* is engaged
in interactions through 31 reversible reactions.
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An extensive literature review has pinpointed several reactions deemed crucial for
hydrogen oxidation. The reactivity of hydrogen is primarily governed by the competition
among these reactions, notably emphasizing the chain-branching reaction

[RK1] H+ O, 20+ OH
and the pressure-dependent chain-propagating reaction
[RK9] H + O, (+M) @ HO, (+M)

For this reason, [RK1] and [RK9] reactions were extensively investigated, and it was
noticed that, at high-pressure conditions, the thermal decomposition of hydrogen peroxide
(Hy0O,) through the pressure-dependent reaction

[RK15] H,O, (+M) 2 OH + OH (+M)

becomes the dominant chain-branching step. Moreover, as for most fuels, at intermediate
temperatures, the following reaction between the fuel, i.e., hydrogen, and the radical HO,
is important in the prediction of accurate ignition delay times:

[RK17] H, + HO, 2 H + H,0,

At temperatures ranging from low to intermediate levels (<1000 K), commonly en-
countered in the Rapid Compression Machine (RCM), the primary influence on hydrogen
oxidation is attributed to Reaction RK9. This reaction results in the formation of the
hydroperoxyl radical (HO;) through subsequent interaction with molecular hydrogen,
leading to the generation of HyO, according to Reaction RK17. The oxygenated water then
decomposes into two OH radicals, as specified by Reaction RK15.

Conversely, in the high temperatures experienced within shock tube equipment, the
competition between Reactions RK1 and RK9 introduces pressure dependence in ignition
delay times. Depending on the pressure, the oxidation process at elevated temperatures is
predominantly regulated by Reaction RK1. The temperature range where the competition
between kinetic steps of RK1 and RK9 occurs is contingent on the operational pressure due
to the pressure dependence of Reaction RKO.

In their study [19], the authors explored the impact of the reaction rate constants
on ignition delay times through a sensitivity analysis across a wide pressure range of
1 to 100 bars and temperatures ranging from 850 to 1200 K. Their conclusion was that
at low temperatures (<1000 K) and relatively low pressure (1 bar), the reaction kinetics
is mainly governed by the interplay between the chain-branching reaction RK1 and the
chain-terminating reaction RK9. However, at higher temperatures (>1000 K), reactivity is
solely dictated by the chain-branching reaction R1. Under high pressure and intermediate
temperature conditions, the reaction kinetics follows the sequence identified by Pitz and
Westbrook, involving steps RK15 and RK17, wherein H, and the HO, radical contribute to
the production and consumption of H,O,, which subsequently decomposes to release two
OH radicals, leading to the chain-branching reaction.

The Kéromnes 2013 mechanism incorporates the OH* sub-mechanism to enhance the
accuracy of predicting the experimental ignition delay times observed in shock tube tests,
capturing the onset, maximum rate of increase, or peak of the chemiluminescence emission
of OH*.

1.7. 222—2018

This detailed kinetic mechanism is specifically tailored for hydrogen/oxygen reac-
tions, encompassing nine distinct species and 22 irreversible elementary reactions [20]. It
derives its Hy-O, chemical structure from [21] and incorporates three supplementary fuel
breakdown reactions from [22].
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Zettervall and Fureby [20] underscore the significance of the competition between the
chain-branching reaction ZR4, H + O, — OH + O, and the chain-propagating reaction ZR12,
H + Oy (+M) — HO, (+M). The former establishes a pool of radical species, effectively
reducing the ignition time, while the latter generates the hydroperoxyl radical, inhibiting
the chain-branching combustion process and thereby extending the induction time.

The interplay between these reactions and the resulting distribution of fast O, H, and
OH radicals, along with the slow radical HO,, exhibits a strong temperature dependence.
Moreover, a region of rapid ignition, corresponding to the chain-branching explosion
at high temperatures, and a region of slow ignition, associated with thermal explosion
at low temperatures, are separated by a crossover region. This intermediate tempera-
ture zone is dominated by intricate chemical processes, and interestingly, it is precisely
within this connecting and critical zone that numerous ramjets, scramjets, and dual-mode
engines operate.

722 incorporates reactions crucial for the entire temperature spectrum, both below
and above the crossover region. During mechanism development, considerable efforts
were directed towards enhancing its capability to accurately replicate ignition experimental
behavior, particularly in the intermediate connecting region. This focus is crucial for
ensuring flame anchoring and stabilization within supersonic combustion engines [1].

At low temperatures, Reaction ZR12 prevails over Reaction ZR4, leading to an increase
in HO, concentration. New reaction paths gain prominence, such as ZR16, HO, + HO, —
H,0O; + Oy, and ZR20, H,O + HO, — HyO, + OH. These reactions elevate the concentration
of H,O,, with its primary consumption occurring through Reaction ZR17: H,O, (+M) —
OH + OH (+M). This reaction produces two OH radicals, which, in turn, generate H radicals
through ZR8: H, + OH — H,O + H.

1.8. 224—2022

This is a recent detailed reaction mechanism for hydrogen/air combustion essentially
representing an updated version of the previous Z22 kinetic mechanism developed by
Zettervall and Fureby [2] [AD1] to expand the operating pressure range above 8 atm.

It was formulated by the Swedish Research and Defence Agency (FOI), and it is openly
available [23].

The improvement consists of the addition of the following two pressure-dependent
irreversible reactions for the production of the fundamental OH radical:

[RZZ3] H202 +Np=> OH + OH + N>
[RZ24] H,O, + O, =>0OH + OH + O,

1.9. Considered Detailed Kinetic Mechanisms

Thorough analysis of detailed mechanisms was conducted to enhance kinetic assess-
ments and provide a more comprehensive chemical depiction of ignition and combus-
tion processes. The examined full mechanisms include RAMEC [24], GRI-Mech 3.0 [25],
USC-II [26], and Aramco-II [27-29].

RAMEC, known as the RAM accelerator Mechanism, is a kinetic scheme compris-
ing 38 species and 190 reactions, initially designed for simulating methane—oxygen ig-
nition and combustion under high pressures (40 <+ 260 atm), intermediate temperatures
(1040 + 1500 K), low dilution levels (<70%), and equivalence ratios from 0.4 to 6 [24]. Orig-
inating from the Gas Research Institute’s GRI 1.2 scheme [30], it was developed by Petersen
and co-workers, who incorporated specific radical species crucial for combustion in ex-
treme conditions [24]. While primarily intended for C1 hydrocarbon combustion, RAMEC
inherently includes a detailed H/O sub-mechanism, making it applicable to hydrogen/air
combustion, especially for high-pressure spouting of hydrogen into the air [31]. Given
the operating conditions of supersonic gas turbines, ramjet, and scramjet engines, which
involve elevated pressures, fuel-lean conditions, and temperatures up to around 2800 K,
RAMEC is considered for modelling the kinetics of hydrogen/air ignition and combustion.
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GRI-Mech 3.0 is a widely recognized detailed scheme extensively optimized with ro-
bust sensitivity studies for modelling natural gas ignition and combustion, mainly methane,
along with NO formation and reburn chemistry. Developed through computational and
experimental research sponsored by the Gas Research Institute, it underwent collaborative
efforts at The University of California Berkeley, Stanford University, The University of
Texas at Austin, and SRI International [25].

USC-II, a detailed kinetic scheme created by the University of Southern California,
aims to describe various combustion processes from C0O to C4. With 111 species and
784 reversible reactions, it underwent systematic optimization and validation against
reliable H,—CO combustion data, covering a range from shock-tube ignition delays to
detailed species profiles during H, and CO oxidation in different experimental setups [26].

Aramco-II, developed by the National University of Ireland Galway, follows a hierar-
chical approach, starting with an Hp /O, sub-mechanism and expanding to include larger
carbon species and oxygenated species. Validated against a wide array of experimental
measurements, including shock tubes, rapid compression machines, flames, jet-stirred, and
plug-flow reactors, Aramco-II provides a comprehensive and kinetically accurate model
for various combustion scenarios [27-29].

2. Methodology
2.1. Mathematical Chemical Model

Zero-dimensional kinetic analysis of hydrogen/air combustion at the most representa-
tive operative conditions for the investigated applications was performed using the kinetic
and thermodynamic Cantera open-source software [7] through calculation of induction
times in a homogeneous, adiabatic, isochoric batch reactor using the eleven mechanisms
listed in Table 1.

The mathematical-chemical model consists of the following mass and energy bal-

ance equations:
K

dm
Mot = k;lmk = const. & dtmt =0 (1)
dm
—p = VMo @)
dT K
Cpmixgr 0" Y et My =0 3)

k=1

The initial temperature, pressure, and equivalence ratios for every run were selected
according to the considered shock tube experiments.

The pressure of the reacting mixture was evaluated using the ideal gas law.

Laminar Flame Speeds (LFS) of planar, adiabatic, premixed hydrogen/air outwardly
expanding flames were calculated using 1D time-dependent simulations with Cantera
software under the Python interface [7].

Cantera comprises a set of models for representing steady-state, quasi-one-dimensional
reacting flow, resembling common burning conditions including freely propagating pre-
mixed laminar flames with multicomponent transport properties. They are simulated as
flames stabilized in an axisymmetric stagnation flow. The solution is computed along the
stagnation streamline (r = 0) adopting a similarity approach to reduce the 3D governing
equations to a single 1D mathematical model [16] described by the following fundamen-
tal equations:

opu v
a(v/r) 2 o ( d(v/r)

oT d oT . oT .
pcp,mixug Tz (Aaz> - ;]kcp,kg - ;hka,kwk (6)
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Y i ~
Mg = *E + WkCUk (7)

Relationship (4) is the continuity equation, while (5) describes the radial momen-
tum balance, (6) the energy transport law, and (7) the conservation of a single chemical
species mass.

In this model, the tangential velocity w is completely ignored, and the fluid is assumed
to behave as an ideal gas. Finally, to speed up the achievement of a numerical solution of
the discretized version of the mathematical model, a differential equation for the scalar
pressure eigenvalue A is conveniently added to the planar, adiabatic, one-dimensional
premixed flame:

dA
2 =0 (8)

2.2. Comparison of Computational Ignition Delay Times against Shock Tube Measurements

The accuracy and reliability of detailed and reduced chemical mechanisms of fuel / oxidant
combustion are generally assessed as the first fundamental step through the calculation of
the ignition delay times using 0D kinetic time-dependent simulations.

Indeed, the computation of the induction times in perfectly stirred, adiabatic, isochoric
batch reactors is exclusively determined by the following reaction pathways and the kinetic
reversible interactions among the various chemical species involved in the combustion
scheme. Moreover, the ignition delay times (IDTs) are combustion characteristics completely
uncoupled from the turbulence and fluid dynamics variables, i.e., mixing, and therefore, it
is totally associated with the chemical kinetic behavior.

In the literature, several diagnostic techniques were designed and used to effectively
measure the ignition of the combustion process. In the work reported here, the chemical
criterion was employed based on the definition of the induction time as the instant corre-
sponding to the achievement of the maximum concentration of the OH radical or its excited
state OH*.

The following three different experimental datasets were compared with the computa-
tional IDT, i.e.,

(a) Herzler—2009 [32].
(b) Petersen—2011 [33].
(c) Hu—2016 [34].

In the experimental study and the related kinetic rebuilding carried out by Hu and
coworkers [5], the ignition delay times were defined as time spacing between the arrival of
the reflected shock waves at the end-wall of the used test rigs and the linear extrapolation of
the steepest rise of OH* emission signal to zero level, which is slightly lower than the time
corresponding to the maximum mass fraction of the radical OH or its excited version OH*.

3. Results and Discussion

In this section, the comparison between the numerical and the experimental ignition
delay time values is presented, subdivided mainly according to the reacting mixture
composition, i.e., the equivalence ratio, and then for increasing experimental pressures.

In order to estimate the deviation of the calculation from the experimental data, the
degree of mismatching between the experimental measurements and the corresponding
numerical predictions, computed at the same initial operative conditions and using the
eleven investigated kinetic mechanisms, was defined as follows.

Num; — Exp;

ADM; = T
1

1100 9)

where Num; is the numerical prediction, respectively, of the ignition delay times or the
laminar flame speeds, while Exp; refers to the associated experimental measurement,
and the subscript i denotes the specific operative condition reported in the considered
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dataset. Moreover, the average values ADM along the overall experimental dataset for
every analyzed scheme were evaluated at each investigated combustion pressure and
reported in the following figures. ADM values were computed according to Equation (10):

n
Y. ADM,;
ADM =1 - (10)

where 7 is the number of points of each experimental dataset.

3.1. Shock Tube Tests in Argon with Fuel-Lean Composition

In Figures 1-6, the numerical IDT values were reported and compared for the experi-
mental datasets in the fuel-lean composition and strong argon dilution.
In the captions, ¢ denotes the equivalence ratio, defined as follows:

Mfyel

¢ — Moxidant (11)

M fyel stoich.

Moxidant,stoich.
In Table 2, the average absolute degrees of mismatching for every analyzed kinetic

mechanism and experimental dataset in fuel-lean conditions are listed.

Table 2. Summary of the ADM computed for all the investigated IDT operative conditions and the
analyzed kinetic mechanisms in fuel-lean conditions.

@ =05
ADM [%] ADM [%] ADM [%] ADM [%] ADM [%] ADM [%]

~4 bars ~16 bars 13.3 atm 4 atm 10 atm 16 atm

Herzler Herzler Petrsen Hu Hu Hu
Mueller—1999 7129 525 68711 11654 3564 1697
Li—2004 742 136 252 696 295 225
O’Conaire—2004 1059 146 369 933 389 271
CRECK—2012 99 45 21 45 30 42
Keéromnes—2013 122 55 36 93 46 46
722—2018 505 25 405 527 225 106
724—2022 1057 205 854 1121 911 448
RAMEC—1999 498 153 251 493 293 248
GRI—Mech 3.0 1239 207 451 1102 507 366
USC-1I 1825 252 1074 1576 693 475
Aramco-II 124 53 42 107 46 46

3.2. Shock Tube Tests in Argon with Stoichiometric Composition

In Figures 7-12, the numerical IDT values were reported and compared for the experi-
mental datasets in stoichiometric composition and strong argon dilution.
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Figure 1. Comparison of ignition delay times measured by Herzler et al. [32] in a shock tube at
pressures between 3.78 and 4.09 bars with fuel lean composition (¢ = 0.5) in strongly diluted argon
conditions (Xgpp = 0.03, Xpp = 0.03 and X, = 0.94) and the eleven investigated kinetic schemes split
in three separate plots including the average absolute degree of mismatching for every mechanism.
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Figure 2. Comparison of ignition delay times measured by Herzler et al. [32] in a shock tube at
pressures between 15.13 and 16.37 bars with fuel lean composition (¢ = 0.5) in strongly diluted argon
conditions (Xgyp = 0.03, Xpp = 0.03 and X, = 0.93) and the eleven investigated kinetic schemes split
in three separate plots including the average absolute degree of mismatching for every mechanism.
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Figure 3. Comparison of ignition delay times measured by Petersen et al. [33] in a shock tube at
a pressure of 13.3 atm with fuel lean composition (¢ = 0.5) in strongly diluted argon conditions
(Xpz =0.03, Xz = 0.03 and X, = 0.94) and the eleven investigated kinetic schemes split in three
separate plots including the average absolute degree of mismatching for every mechanism.
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Figure 4. Comparison of ignition delay times measured by Hu et al. [34] in a shock tube at a pressure
of 4 atm with fuel lean composition (¢ = 0.5) in strongly diluted argon conditions (Xp = 0.03,
Xop = 0.03 and XA, = 0.94) and the eleven investigated kinetic schemes split in three separate plots
including the average absolute degree of mismatching for every mechanism.
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Figure 5. Comparison of ignition delay times measured by Hu et al. [34] in a shock tube at a pressure
of 10 atm with fuel lean composition (¢ = 0.5) in strongly diluted argon conditions (Xg = 0.03,
Xop = 0.03 and X, = 0.94) and the eleven investigated kinetic schemes split in three separate plots
including the average absolute degree of mismatching for every mechanism.
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Figure 6. Comparison of ignition delay times measured by Hu et al. [34] in a shock tube at a pressure
of 16 atm with fuel lean composition (¢ = 0.5) in strongly diluted argon conditions (Xp2 = 0.03,
Xop = 0.03 and XA, = 0.94) and the eleven investigated kinetic schemes split in three separate plots
including the average absolute degree of mismatching for every mechanism.
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Figure 7. Comparison of ignition delay times measured by Herzler et al. [32] in a shock tube at
pressures between 3.89 and 4.15 bars with stoichiometric composition (¢ = 1) in strongly diluted argon
conditions (Xgyp = 0.06, Xpp = 0.03 and X, = 0.91) and the eleven investigated kinetic schemes split

in three separate plots including the average absolute degree of mismatching for every mechanism.
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Figure 8. Comparison of ignition delay times measured by Herzler et al. [32] in a shock tube
at pressures between 15.10 and 19.27 bars with stoichiometric composition (¢ = 1) in strongly
diluted argon conditions (Xgpp = 0.06, Xop = 0.03 and X4, = 0.91) and the eleven investigated kinetic
schemes split in three separate plots including the average absolute degree of mismatching for
every mechanism.
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Figure 9. Comparison of ignition delay times measured by Petersen et al. [33] in a shock tube at a
pressure of 13.8 atm with stoichiometric composition (¢ = 1) in strongly diluted argon conditions
(X2 =0.013, X0op = 0.007 and X4, = 0.98) and the eleven investigated kinetic schemes split in three
separate plots including the average absolute degree of mismatching for every mechanism.
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Figure 10. Comparison of ignition delay times measured by Hu et al. [34] in a shock tube at a pressure

of 4 atm with stoichiometric composition (¢ = 1) in strongly diluted argon conditions (Xg2 = 0.06,

Xop = 0.03 and X, = 0.91) and the eleven investigated kinetic schemes split in three separate plots

including the average absolute degree of mismatching for every mechanism.
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Figure 11. Comparison of ignition delay times measured by Hu et al. [34] in a shock tube at a pressure
of 10 atm with stoichiometric composition (¢ = 1) in strongly diluted argon conditions (Xg, = 0.06,
Xog2 =0.03 and X4, = 0.91) and the eleven investigated kinetic schemes split in three separate plots
including the average absolute degree of mismatching for every mechanism.
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Figure 12. Comparison of ignition delay times measured by Hu et al. [34] in a shock tube at a pressure
of 16 atm with stoichiometric composition (¢ = 1) in strongly diluted argon conditions (Xgp, = 0.06,
Xogz =0.03 and Xa, = 0.91) and the eleven investigated kinetic schemes split in three separate plots
including the average absolute degree of mismatching for every mechanism.

In Table 3, the average absolute degrees of mismatching for every analyzed kinetic
scheme and experimental dataset in stoichiometric composition are summarized.
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Table 3. Summary of the ADM computed for all the investigated IDT operative conditions and the
analyzed kinetic mechanisms in the stoichiometric composition.

@=1.0
ADM [%] ADM [%] ADM [%] ADM [%] ADM [%] ADM [%]

~4 bars ~16 bars 13.8 atm 4 atm 10 atm 16 atm

Herzler Herzler Petrsen Hu Hu Hu
Mueller—1999 4798 1532 8752 5750 2369 1510
Li—2004 316 171 110 476 182 122
O’Conaire—2004 436 236 183 636 242 158
CRECK—2012 54 45 20 36 45 53
Keromnes—2013 72 47 11 76 48 49
722—2018 318 223 280 388 180 113
724—2022 818 676 610 960 832 464
RAMEC—1999 223 243 126 332 198 164
GRI-Mech 3.0 582 382 245 834 366 254
USC-II 983 570 876 1377 568 368
Aramco-II 74 58 11 81 48 48

3.3. Shock Tube Tests in Argon with Fuel-Rich Composition

In Figures 13-15, the numerical IDT values were reported and compared for the
experimental datasets in fuel-rich composition and strong argon dilution.

In Table 4, the average absolute degrees of mismatching for every analyzed kinetic
mechanism and experimental dataset in fuel-rich conditions are reported.

Table 4. Summary of the ADM computed for all the investigated IDT operative conditions and the
analyzed kinetic mechanisms in fuel-rich conditions.

=20
ADM [%] ADM [%] ADM [%]
4 atm 10 atm 16 atm

Hu Hu Hu
Mueller—1999 3440 1434 483
Li—2004 312 173 121
O’Conaire—2004 362 202 141
CRECK—2012 28 26 46
Keéromneés—2013 60 37 52
722—2018 238 139 42
724—2022 737 773 336
RAMEC—1999 238 194 163
GRI-Mech 3.0 569 365 256
USC-1I 962 581 355

Aramco-II 65 37 51
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Figure 13. Comparison of ignition delay times measured by Hu et al. [34] in a shock tube at a
pressure of 4 atm with fuel-rich composition (¢ = 2) in strongly diluted argon conditions (X = 0.09,
Xoz =0.02 and Xa, = 0.89) and the eleven investigated kinetic schemes split in three separate plots
including the average absolute degree of mismatching for every mechanism.
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Figure 14. Comparison of ignition delay times measured by Hu et al. [34] in a shock tube at a
pressure of 10 atm with fuel-rich composition (¢ = 2) in strongly diluted argon conditions (Xgy = 0.09,
Xop =0.02 and XA, = 0.89) and the eleven investigated kinetic schemes split in three separate plots
including the average absolute degree of mismatching for every mechanism.
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Figure 15. Comparison of ignition delay times measured by Hu et al. [34] in a shock tube at a
pressure of 16 atm with fuel-rich composition (¢ = 2) in strongly diluted argon conditions (Xgy, = 0.09,
Xoz =0.02 and Xa; = 0.89) and the eleven investigated kinetic schemes split in three separate plots
including the average absolute degree of mismatching for every mechanism.
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Results indicate that the CRECK 2012 [13-18] and the Kéromneés [19] schemes almost
straightforwardly intercept the experimental shock tube measurements in all of the investi-
gated operative envelopes up to an engine pressure of about 20 bars and equivalence ratios
ranging from fuel-lean up to stoichiometric and fuel-rich compositions, with ADM almost
always being lower than 100%.

The Muller 1999 [8] kinetic scheme overestimates the ignition delay times, with ADM
always being greater than 1000% in all of the examined conditions, while its improved
version, i.e., Li 2004 [9], is slightly better than the older one with minimum ADM of the
order of 100%. Analogously, the O’Conaire [10] model fails to predict the IDT experimental
data with ADM not lower than 141%.

The Z22 2018 [20-22] chemical kinetic mechanism seems able to adequately reproduce
the experimental ignition delay times in some cases for low-temperature conditions, con-
firming its ability to reasonably capture the non-linear hydrogen/oxygen ignition behavior,
especially in the critical crossing-over region. At least in argon-diluted shock-tube experi-
ments, Z24 2022 [23] does not represent an improvement of the previous more compact
722 2018 scheme [20-22], with ADM always being higher than the corresponding average
degree of mismatching for Z22 2018 [20-22].

Among the analyzed detailed kinetic schemes, only the Aramco-II [27-29] shows
a satisfactory matching with the examined experimental data, with the ADM only in
two cases being slightly higher than 100%, while RAMEC [24], GRI-Mech 3.0 [25], and
USC-II [26] provide induction times close to the shock-tube measurements only at elevated
temperatures. Otherwise, at temperatures below 1100 K, they give values significantly far
from the experimental determinations with ADM values in some instances greater than
1000%. This behavior is emphasized at more elevated pressures and for equivalence ratios
equal to 2.

3.4. Laminar Flame Speed Analysis

The Laminar Flame Speed (LFS) is one of the most essential and practically important
thermochemical parameters for a premixed combustible mixture, arising from a combined
effect of diffusivity, exothermicity, and reactivity [35].

Fundamentally, it indicates the rate at which the combustible mixture is consumed by
propagating in a doubly infinite domain of a steady, one-dimensional, adiabatic, laminar,
free flame, and it is frequently needed in the assessment of several combustion phenomena,
e.g., ignition quenching, stabilization, and turbulent flame propagation [36]. It determines
the burning rate and flame stabilization in engines. Moreover, LFS provides an estimation
of the minimum reactivity limits since LSF decreases as a fuel diminishes its reactivity
leading to destabilizing blowout phenomena [36].

LFS embodies the basic diffusive and reactive information about the fuel, and it is
also an important target for validating chemical mechanisms. Therefore, in the literature,
there are many studies [37] on the LFS. It is an important target for chemical mechanism
validation and development, especially in fuel-lean and high-pressure conditions.

The difference between experimental and numerical results might be caused by the
uncertainty in experimental measurement and/or the inaccuracy of chemical mechanisms.
The uncertainties of experimental data may come from several sources [37] such as ignition,
flame instability, radiation, and extrapolation.

LFS calculated using eight different kinetic mechanisms were compared with the
experimental stretch-free data at elevated pressures of up to 20 bar of hydrogen/air spark-
ignited, outwardly expanding spherical flames in an enclosed chamber measured by
Tse and co-workers [36]. Among the several possible techniques developed to measure
the laminar burning velocity, the experimental data acquired with the spherical method
were selected in the present work since they are the most commonly used set-up for the
determination of LFS at high pressures [35]. Tse et al. expended extensive efforts in the
development of innovative diagnostics techniques for direct imaging of the flame in near-
constant pressure propagation conditions. In this way, the flame morphology and shape, the
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stretch intensity, and possible distortion due to buoyancy were deeply analyzed. Particular
emphasis was paid to avoiding or at least mitigating the hydrodynamic, diffusion-thermal,
and cellular instabilities.

For the sake of completeness, the 1D LFS behavior of the several investigated ki-
netic schemes was also analyzed against the experimental data of Krejci et al. [38] and of
Aung et al. [39] at atmospheric and low-medium pressures of up to 3 atm acquired using
the spherical flame method.

For all calculations, the unburned mixture temperature of 298 K was selected.

The LFS results are reported in Figures 16-23 and analogously to the comparison of
the IDT, and in Table 5, a summary of all of the average absolute degrees of mismatching
for every analyzed kinetic mechanism of the several investigated experimental conditions
is reported.
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Figure 16. Comparison of laminar flame speeds among the experimental measurements of Krejci
2013 in the air at 298 K and the eight investigated kinetic schemes for a pressure of 1 atm, split into
two separate plots including the average absolute degree of mismatching for every mechanism.
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Figure 17. Comparison of laminar flame speeds among the experimental measurements of Aung
1998 in the air at 298 K and the eight investigated kinetic schemes for a pressure of 1 atm, split into
two separate plots including the average absolute degree of mismatching for every mechanism.
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Figure 18. Comparison of laminar flame speeds among the experimental measurements of Aung

1998 in the air at 298 K and the eight investigated kinetic schemes for a pressure of 2 atm, split into

two separate plots including the average absolute degree of mismatching for every mechanism.
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Figure 19. Comparison of laminar flame speeds among the experimental measurements of Aung

1998 in the air at 298 K and the eight investigated kinetic schemes for a pressure of 3 atm, split into

two separate plots including the average absolute degree of mismatching for every mechanism.
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Figure 20. Comparison of laminar flame speeds among the experimental measurements of Tse 2000
in the air at 298 K and the eight investigated kinetic schemes for a pressure of 5 atm, split into two
separate plots including the average absolute degree of mismatching for every mechanism.
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Figure 21. Comparison of laminar flame speeds among the experimental measurements of Tse 2000

in the air at

298 K and the eight investigated kinetic schemes for a pressure of 10 atm, split into two

separate plots including the average absolute degree of mismatching for every mechanism.
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Figure 22. Comparison of laminar flame speeds among the experimental measurements of Tse 2000

in the air at 298 K and the eight investigated kinetic schemes for a pressure of 15 atm, split into two

separate plots including the average absolute degree of mismatching for every mechanism.
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Figure 23. Comparison of laminar flame speeds among the experimental measurements of Tse 2000
in the air at 298 K and the eight investigated kinetic schemes for a pressure of 20 atm, split into two
separate plots including the average absolute degree of mismatching for every mechanism.

Table 5. Summary of the ADM computed for all the investigated LFS operative conditions and the
analyzed kinetic mechanisms.

ADM [%] ADMI[%] ADMI[%] ADMI[%] ADMI[%] ADMI[%] ADMI[%] ADM [%]

1 atm 1 atm 2 atm 3 atm 5 atm 10 atm 15 atm 20 atm

Krejci Aung Aung Aung Tse Tse Tse Tse
Mueller—1999 81 49 66 69 71 16 7 7
Li—2004 54 15 11 10 16 110 132 158
O’Conaire—2004 16 13 13 19 116 137 164
CRECK—2012 8 18 15 14 18 146 177 210
Kéromnes—2013 8 18 16 14 18 141 169 201
722—2018 21 33 31 32 35 235 305 387
724—2022 7 11 8 9 11 135 170 213
GRI-Mech 3.0 8 15 10 13 17 108 112 116
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At atmospheric pressure, almost all the investigated kinetic mechanisms exhibit sat-
isfactory agreement with the laminar flame speed measurements of Krejci et al. [39] and
Aung et al. [40], except for the scheme of Mueller and co-workers [8]. The best agreement
was achieved by the chemical model Z24 [23] which reveals its superior performance for
modelling combustion in air rather than in strongly diluted argon medium, which was the
case for the IDT assessment.

Almost the same behavior is shown at 2 and 3 atm with the experimental dataset of
Aung et al. [40] and at 5 atm with the measurements of Tse and collaborators [36], at which
the Z24 scheme [23] is practically superimposed to the experimental values, with ADM not
being higher than 11%, also the CRECK [13-18], Kéromnes [19], Li [9], and O’Conaire [10]
mechanisms exhibit a satisfactory agreement, with ADM not being greater than 20%, while
the Mueller scheme fails to predict the experimental measurements with ADM around 70%.

Interestingly, at the more elevated pressures of 10, 15, and 20 atm, an excellent match-
ing is achieved only by the mechanism of Mueller and co-workers [8] with a maximum
AMD equal to 16%, whereas all the other analyzed chemical models provide significant
disagreement. This intriguing performance was observed also by Tse et al. [36].

It is worth noting that, based on this kinetic assessment, the Mueller et al. mecha-
nism [8] provides outstanding results in terms of laminar flame speed numerical results
for pressures between 10 and 20 atm, but in the same operative envelope, it completely
fails to predict the ignition behavior with ADM as high as ~70,000%. This is probably
ascribed to the prevailing importance of the HO, and H,O, reaction pathway in the Mueller
scheme in comparison to the other chemical models, which is the dominant factor in the
correct calculation of LFS, while leading to inadequate estimations of IDT, especially at the
lower temperatures.

4. Conclusions

In this work, we presented a thorough kinetic assessment of the most suitable combus-
tion mechanisms to accurately describe the ignition characteristics and flame propagation
characteristics of hydrogen oxidation at intermediates/high pressures, and temperatures
and compositions spanning from fuel-lean to stoichiometric and fuel-rich equivalence
ratios are presented. This was accomplished through a comparison with the available
high-pressure shock tube and laminar flame speeds experimental data.

Based on the published results on ignition delay times, the CRECK 2012 [13-18], im-
mediately followed by the Kéromnes [19], shows a good agreement with IDT experimental
data at almost all of the investigated conditions equating only to the Aramco-II mechanism,
which is too numerically heavy to be implemented and successfully used in CFD (both
RANS and LES) fully 3D simulations of the engine’s combustion chamber. Therefore, this
kinetic model seems worthy to be further updated and improved with the suitable inclusion
of the most relevant NOx generation reactions for an accurate and reliable chemical evalua-
tion of hydrogen/air pollutant and greenhouse gas emissions released by high-pressure,
supersonic, airbreathing hydrogen-fueled ramjet/scramjet engines.

However, the propagation flame phenomenon at medium-high pressures is well cap-
tured only by the Mueller et al. scheme [8], while the CRECK chemical model significantly
overpredicts the LSF measurements.

These results uphold the non-linear and strongly pressure-dependent behavior of
hydrogen combustion, which is a peculiar feature of this non-carbon, low molecular weight,
highly diffusive, and powerfully exothermic fuel. The critical revision of the kinetic
parameters of the separately most promising mechanisms, i.e., CRECK [13-18] for IDT
and Mueller [8] for LFS, will be a matter of future work aimed at building a novel kinetic
mechanism able to successfully join the advantageous capability of both of them.
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