
International Journal of Hydrogen Energy 57 (2024) 1229–1243

A
0
(

Contents lists available at ScienceDirect

International Journal of Hydrogen Energy

journal homepage: www.elsevier.com/locate/he

An Arrhenius-based one-step reaction mechanism for hydrogen-air flames
simulations in an extended range of operating conditions
Francesco G. Schiavone a,∗, Nicola Detomaso b, Marco Torresi a, Davide Laera a

a Department of Mechanics, Mathematics and Management, Polytechnic University of Bari, Via Orabona 4, Bari, 70125, Italy
b CERFACS, 42 avenue Gaspard Coriolis, Toulouse, 31057, France

A R T I C L E I N F O

Keywords:
Hydrogen
Combustion
Global reaction mechanism
Numerical simulations
Premixed flames
Expanding flames

A B S T R A C T

An Arrhenius-based one-step scheme is derived for hydrogen-air combustion simulations. A Pre-Exponential
Adjustment approach, based on an explicit analytical dependence of reaction rate parameters on equivalence
ratio and pressure is adopted, together with a correction to improve the prediction of thermal flame thickness.
The reduced scheme is validated by computations of one-dimensional unstrained and strained laminar
premixed flames for a wide range of pressures ([1; 30] atm), unburned gas temperatures ([300; 800] K), and
equivalence ratios ([0.4; 6.0]), with a good agreement of predicted main flame parameters between reduced
and reference kinetic schemes. Coupled to a high-fidelity Navier–Stokes compressible solver, the reduced
scheme is successfully proved for the numerical simulation of canonical configurations such as one-dimensional
and two-dimensional premixed flames under several mixture conditions, with a significant improvement of
computational efficiency.
1. Introduction

The hydrogen role in the current global energy transition process
has been recognized both by the scientific community (e.g., the Interna-
tional Energy Agency [1]) and the national governments to complement
power supply from renewable energy sources [2]: as a carbon-free
species, it is recently gaining momentum as a possible fuel to reduce
carbon dioxide (CO2) emissions [3]. Several applications of hydro-
gen combustion have been considered, both in the power generation
(e.g., hydrogen-fueled gas turbines [4,5]) and transportation sectors
(e.g., hydrogen-fueled aircraft [6] and internal combustion engines [7,
8]). Nevertheless, the exploitation of hydrogen in industrial combustion
processes remains an open field of study [9], due to challenging techni-
cal issues (e.g., potential flashback [10], autoignition [11], safety [12],
and storage [13]), and its peculiar physicochemical properties, such as
wide flammability range [14], large flame propagation speed [15], and
small quenching distance [16].

The complex phenomena characterizing hydrogen as a fuel make
Computational Fluid Dynamics (CFD) an indispensable tool to analyze
such flames in different conditions of interest. Nevertheless, numerical
simulations of hydrogen combustion require an additional effort, since
most of the existing models, developed for hydrocarbons, may not
be appropriate [17]. Therefore, albeit the full kinetics of hydrogen
oxidation is well-known and significantly simpler than hydrocarbons’,
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its integration into CFD calculations is challenging, especially for three-
dimensional simulations of real systems, where computational costs can
easily become unsustainable [18].

Considering the computational benefits that can be obtained from
a reduced number of species and reactions in the numerical code,
a significant effort has been put into the derivation of effective and
sufficiently accurate simplified descriptions of chemical mechanisms,
with different approaches. Wang et al. [19] proposed a reduced mech-
anism relying on tabulated activation energy factor to predict ignition
for a wide range of operating conditions (i.e., excess air coefficients
between 0.56 and 8.4, unburned mixture temperatures between 850
and 1800 K, and pressures between 0.1 and 100 atm). Nevertheless,
tabulated chemistry methods generally require the use of expensive
algorithms for efficiently storing and searching out data in tables [20],
and may be challenging in case of multi-regime flames, often charac-
terizing hydrogen-fueled systems [21], due to the great difficulty in
choosing the correct reference canonical configuration.

Two other main routes can be considered to achieve global or
semi-global chemistry descriptions. First, the reaction rate can be an-
alytically described by means of first-principles-derived approaches,
such as the quasi-steady-state (QSS) approximation. In this sense, a two-
step reduced mechanism for premixed hydrogen flames was proposed
by Mauss et al. [18], based on the QSS approximation for O, OH
vailable online 18 January 2024
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and HO2 radicals, and a three-step overall scheme was systematically
derived from the San Diego mechanism [22] by Boivin et al. [23],
by applying the QSS approximation to O, OH and H2O2 radicals and
ntroducing a correction factor to better predict autoignition in lean and
toichiometric flames. More recently, the QSS approach was extended
o the H-radical, so that a one-step reduced mechanism for hydrogen-
ir combustion was systematically derived [24–26]. This approach
s certainly attractive, given its rigorous formalism, especially when
ealing with ultra-lean flames, as it may occur for example in gas
urbine applications. Indeed, as observed in [20], the application of
he steady-state hypothesis for the H-radical is strictly valid only near
he lean flammability limit, where radical concentrations assume very
ow values, slowing down the direct recombination reactions. Never-
heless, two main drawbacks, possibly affecting its applicability, can
e identified. From a technical point of view, the implementation of
his non-Arrhenius-based reaction rate description in existing numerical
imulation codes may be challenging. Moreover, a single overall irre-
ersible reaction 2 H2 + O2 ←←←←←←←←←←←←←←←←←→ 2 H2O coupled with the QSS approach
s strictly valid only for narrower temperature ranges [26].

On the other hand, reduced mechanisms can be derived based
n a ‘‘best-fit’’ targeting of reaction rate parameters to match de-
ailed kinetics or experimental results. Coffee et al. [27,28] proposed
toichiometry-dependent Arrhenius-based reaction rate parameters for
single overall irreversible reaction, relying on a least squares fit of

he heat release rate profiles obtained from detailed kinetics. Marinov
t al. [29] determined a global rate expression for hydrogen-air com-
ustion, based on the single global reversible reaction H2 + 1

2 O2 ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←←

2O. This model, however, correctly reproduces detailed chemistry
ehavior only at atmospheric pressure and for 0.55 < 𝜙 < 1.1. Wang
t al. [30], adapting the methodology proposed in [31], developed a
lobal mechanism to predict the deflagration-to-detonation transition
n an obstructed channel, with appreciable numerical results for the op-
rating condition investigated. Bar-Kohany and Dahan [32] employed a
lobal one-step kinetics description in CFD simulations to predict auto-
gnition limits. More recently, Kim and Kim [33] proposed one-step
lobal reaction mechanisms for different fuels, including hydrogen, and
ompared the laminar burning velocity, derived from one-dimensional
nstretched laminar premixed flame calculations, with values from
etailed reaction mechanisms, showing a good agreement for various
quivalence ratios, ranging from lean (𝜙 = 0.5) to rich (𝜙 = 5.0)
onditions, at 300 K and 1 bar, as well as for moderate temperature
ariations up to 600 K; nevertheless, both pressure and stretch effects
ere not considered in their derivation. All the mentioned works
rovide reasonably good descriptions of hydrogen oxidation for specific
lame conditions, requiring an updating of parameters when initial
ixture conditions are modified. To the best of our knowledge, differ-

ntly from what has been done for common hydrocarbons (e.g., [34]),
here is a lack in the literature for an Arrhenius-based global reaction
echanism able to capture the main properties of hydrogen-air flames

n a sufficiently wide range of conditions. Albeit the importance of
omplex chemistry is indisputable and the accuracy of global reac-
ion schemes remains restricted, computational costs reasons make
implified chemical descriptions essential.

Based on these premises, the present work aims to exploit the
umerical simplicity of the best-fitting approach to construct a one-step
educed mechanism able to describe the main properties of hydrogen-
ir flames (i.e., laminar flame speed, laminar flame thickness, adiabatic
lame temperature, and flame response to stretch) for a various set of
nitial conditions of the reactants, both in terms of mixture composition
i.e., equivalence ratio) and thermodynamic state (i.e., unburned gas
emperature and pressure). Simple expressions are adopted for the re-
ction rate adjustment functions, and the terms depending on pressure
nd equivalence ratio are explicitly decoupled, to preserve the compu-
ational efficiency of the reduced scheme. The reduced mechanism is
alidated against a detailed scheme for a wide range of equivalence
1230
atios ([0.4; 6.0]), pressures ([1; 30] atm), and unburned gas temper-
tures ([300; 800] K), by computing well-known canonical premixed
lames, both one- and two-dimensional. The reduced scheme is also
mplemented in a DNS/LES code, proving to be a valid solution for CFD
imulations to optimize computational resources when preliminary and
ess expensive computations are required.

. Derivation of the global reaction mechanism

A combustible mixture of given temperature, pressure and com-
osition is characterized by three fundamental properties, namely the
diabatic flame temperature 𝑇𝑎𝑑 , the laminar burning flux 𝑚0 (i.e., the
roduct of unburned mixture density 𝜌𝑢 and laminar flame speed 𝑆0

𝐿),
nd the laminar flame thickness 𝛿0𝐿. Moreover, in the case of stretched
lames, the sensitivity of the laminar flame to the combined effects
f stretch and nonequidiffusion is also to be considered [35,36]. A
educed mechanism should be able to capture, with sufficient accuracy,
hese properties in the widest possible range of initial temperatures,
ressures and compositions. For the present work, the one-step reaction
echanism is developed based on the accurate prediction of the lami-
ar flame speed (and, consequently, of the burning flux); nevertheless,
djustments in the transport properties of the mixture are introduced
o that also the other main flame properties can be predicted with
ufficient accuracy.

In this work, the San Diego mechanism (UCSD) [22], based on 9
pecies and 21 reactions, is taken as a benchmark to construct and
alidate the proposed reduced one-step scheme. For the derivation of
he reaction rate parameters, calculations of steady one-dimensional
1D) planar deflagrations are performed. It is worth recalling that
his configuration does not account for thermodiffusive effects. One-
imensional flame calculations are performed using the numerical
olver Cantera [37]. Results obtained with the derived scheme are also
ompared with additional 1D flame calculations performed with the
onnov mechanism [38], accounting for 15 species and 75 reactions
nd the H2_NOX_15_94_TC scheme [39], based on 15 species and 47
eactions, and derived from the CRECK mechanism [40], as well as
ith experimental measurements, when available in the literature. The

alculations are performed on a range of equivalence ratios between
.4 and 6.0, and for system pressures between 1 and 30 atm, with
he corresponding unburned gas temperatures ranging between 300
nd 800 K, i.e., operating ranges typical of air-breathing combustion
ystems such as gas turbines, boilers, furnaces, and internal combustion
ngines. Compared to other reduced global mechanisms available in
he literature and derived with similar best-fitting approaches, the
cheme proposed in this study has a wider range of validity. Moreover,
espite being optimized for the aforementioned ranges of parameters,
ts implementation with other operating conditions is still possible,
eaving room for its further extension to other applications of interest.

.1. Fundamental considerations in the definition of the one-step global
cheme

The single overall reaction for hydrogen oxidation can be expressed
s:

H2 + O2 ←←←←←←←←←←←←←←←←←→ 2H2O. (1)

his subtends the assumption of complete combustion, since minor
pecies are not considered. For hydrocarbons, this hypothesis is well
n agreement with chemical equilibrium, which strongly favors the
onversion of the fuel molecule. However, for hydrogen fuel, the equi-
ibrium solution involving the four main species (i.e., H2, O2, H2O, and
2) does not lead to complete fuel oxidation, as it can be observed

rom the adiabatic temperature calculations at variable equivalence
atios shown in Fig. 1, resulting from premixed flame simulations at
= 1 atm and 𝑇𝑢 = 300 K (reference temperature and pressure, or RTP).

The complete combustion process, which intrinsically behaves like a
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Fig. 1. Adiabatic flame temperature of hydrogen-air flames as a function of equivalence
ratio at RTP. Comparison between 0D equilibrium and complete combustion calcula-
tions involving 4 species (H2, O2, H2O, and N2), and reference 1D flame calculations
ased on the UCSD mechanism with 9 species.

ingle irreversible step and is based on mixture enthalpy conservation
or constant pressure processes, overestimates the adiabatic flame tem-
erature, especially in the near-stoichiometry region, and misplaces
he peak value. Conversely, the equilibrium computation, consistent
ith a single reversible step, provides a much more realistic solution,

esulting in a better prediction of flame structure for near-stoichiometry
ompositions.

Based on these considerations, in the present study two different
echanisms are studied beforehand: one based on the irreversible step
efined in Eq. (1), denominated 1S_IRR_H2AIR_FGS, and a second one,
amed 1S_REV_H2AIR_FGS, based on the following global reversible
eaction:

H2 + O2 ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← 2H2O. (2)

n both cases, the burning flux is solely dependent on the reaction
ate parameters of the forward reaction constant 𝑘𝑓 , namely the pre-
xponential factor 𝐴𝑓 , the temperature exponent 𝛽, and the activation
nergy 𝐸𝑎,𝑓 , other than the reaction order 𝑛. Hence, given a solution of
he burning flux 𝑚0 (or, equivalently, of the laminar flame speed 𝑆0

𝐿)
btained with detailed chemistry, a set of reaction rate parameters can
e found for which the one-step chemistry model most closely follows
he detailed one.

In this work, these parameters are derived for a one-step hydrogen-
ir scheme, following a ‘‘best-fit’’ approach with respect to the laminar
urning flux profile 𝑚0 obtained from the San Diego mechanism.

In principle, the fresh gas mixture conditions have an impact on the
lame structure, and, consequently, the three parameters should be de-
ined as a function of equivalence ratio, pressure, and temperature. At
irst, we focus on the dependency on equivalence ratio by considering a
ombustion process at reference temperature and pressure. Hence, the
orward reaction rate coefficient can be expressed following a modified
rrhenius equation:

𝑓 (𝜙) = 𝐴𝑓 (𝜙)𝑇 𝛽(𝜙) exp
[

−𝐸𝑎,𝑓 (𝜙)∕(𝑅𝑇 )
]

. (3)

iming for a simple implementation of the reduced scheme in numer-
cal codes, the impact of the equivalence ratio 𝜙 on the temperature
xponent 𝛽, as well as on the activation energy 𝐸𝑎,𝑓 , is made implicit,
1231

y discharging the whole dependency on equivalence ratio over the
re-Exponential Factor 𝐴, as proposed by the Pre-Exponential Adjust-
ent (PEA) method [34]. Consequently, the forward reaction rate

onstant is expressed as follows:

𝑓 (𝜙) = 𝐵𝑓 (𝜙)𝑇 𝛽
∗
exp

[

−𝐸∗
𝑎,𝑓∕(𝑅𝑇 )

]

, (4)

ith

𝑓 (𝜙) = 𝐴𝑓 (𝜙)𝑇 𝛽(𝜙)−𝛽
∗
exp

[

−
(

𝐸𝑎,𝑓 (𝜙) − 𝐸∗
𝑎,𝑓

)

∕(𝑅𝑇 )
]

, (5)

here the superscript ∗ denotes the value computed for 𝜙 = 1.
nalogously, the reaction rate constant for the backward reaction in

he reversible mechanism is defined as

𝑏(𝜙) = 𝐵𝑏(𝜙) exp
[

−𝐸∗
𝑎,𝑏∕(𝑅𝑇 )

]

, (6)

ith

𝑏(𝜙) = 𝐴𝑏(𝜙) exp
[

−
(

𝐸𝑎,𝑏(𝜙) − 𝐸∗
𝑎,𝑏

)

∕(𝑅𝑇 )
]

, (7)

here the temperature exponent is, in this case, equal to zero, while the
re-Exponential Factor and the activation energy are estimated from
he values determined for the forward reaction, exploiting equilibrium
onsiderations.

As observed in [41], the equivalence ratio 𝜙 affects also the overall
eaction order 𝑛, as well as the ratio between the orders of fuel and
xidizer, driving the species concentrations in the overall reaction rates:

𝑓 = 𝐵𝑓 (𝜙)𝑇 𝛽
∗
exp

[

−𝐸∗
𝑎,𝑓∕(𝑅𝑇 )

]

[

H2
]𝑛H2

[

O2
]𝑛O2 , (8a)

nd

𝑏 = 𝐵𝑏(𝜙) exp
[

−𝐸∗
𝑎,𝑏∕(𝑅𝑇 )

]

[

H2O
]𝑛H2O . (8b)

oherently with the previous considerations, the temperature exponent
nd overall reaction orders are evaluated at stoichiometry (𝛽∗, 𝑛∗H2
nd 𝑛∗O2

for the forward step, and 𝑛∗H2O
for the backward step in the

eversible mechanism) and estimated from 𝑛∗.

.2. Estimation of the reaction order 𝑛 and the temperature exponent 𝛽

Based on heat and mass balance considerations, Egolfopoulos and
aw [42] proposed the concept of overall reaction order, defined as

= 2
𝜕
[

ln
(

𝑚0)]

𝜕[ln(𝑝)]

|

|

|

|

|𝑇𝑎𝑑

. (9)

From a numerical point of view, the derivative in Eq. (9) can be
approximated as

𝑛 ≈ 2
ln
[

𝑚0(𝑝1
)]

− ln
[

𝑚0(𝑝2
)]

ln
(

𝑝1
)

− ln
(

𝑝2
)

|

|

|

|

|𝑇𝑎𝑑

, (10)

where 𝑝1 = 𝑝 − 𝛥𝑝 and 𝑝2 = 𝑝 + 𝛥𝑝, and 𝛥𝑝 is a small perturbation of
the initial value of pressure 𝑝, which keeps the variation of adiabatic
flame temperature negligible. Variations in unburned gas temperature
and pressure affect the flame properties (i.e., the burning flux and
flame speed) in opposite ways [42]. This could lead, in principle, to
separately analyze the two influences, for example by means of power
law correlations describing the laminar flame speed dependency on
pressure and temperature [43]. Although numerics and experiments
converge on such correlations for hydrocarbons, the same relations are
not as accurate for hydrogen-air flames, and it can be deduced that the
temperature and pressure exponents cannot be treated as constant for
hydrogen flames, even in first approximation [44]. Moreover, from an
engineering point of view, there is no actual meaning in separating tem-
perature and pressure effects since, in real systems (e.g., industrial or
aircraft gas turbines, and internal combustion engines), no compression
occurs without a concurrent increase in temperature. Consequently, in
the following, the influence of the initial thermodynamic state is as-
sessed by considering only the system pressure as independent variable,
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Fig. 2. Pressure dependence of overall reaction order 𝑛∗ for hydrogen-air flames at
= 1. Comparison between computed values (Eq. (10)) and fitting curve (Eq. (11)).

hile the unburned gas temperature is obtained, in first approximation,
ith the isentropic relation 𝑇𝑢 = 𝑇 0

𝑢
(

𝑝∕𝑝0
)(𝑘−1)∕𝑘, where 𝑇 0

𝑢 = 300 K,
𝑝0 = 1 atm, and 𝑘 = 1.4.

Fig. 2 shows the pressure dependence of the overall reaction order,
valuated according to Eq. (10), as well as the values obtained from
he logarithmic fit law
∗ = 1.909 − 0.2583 ln

(

𝑝∕𝑝0
)

. (11)

As previously anticipated, the so-determined overall reaction order
is used to estimate the temperature exponent 𝛽∗. In the proposed global
mechanism, no radical formation (or consumption) is considered, and
the preheat and reaction zones in the flame front are expected to be
sensibly reduced. Moreover, Fig. 1 illustrates that the predicted adia-
batic flame temperature is higher than in the case of detailed kinetics.
Consequently, a negative exponent is required, to compensate for the
overestimation of temperature and locally reduce the reaction rate in
correspondence of the flame front. Based on these considerations, and
recalling that, in this study, variations in unburned gas temperature
and system pressure are interdependent, a value of 𝛽∗ equal to 𝑛∗∕2−1
is adopted. Concerning the reaction orders of the single species, 𝑛∗H2and 𝑛∗O2

are determined from 𝑛∗ by considering that 𝑛∗H2
+ 𝑛∗O2

= 𝑛∗,
nd 𝑛∗H2

∕𝑛∗O2
= 𝜈H2

∕𝜈O2
= 2. By keeping the parallelism between

toichiometric coefficients and reaction orders, the value of 𝑛∗H2O
for

the backward reaction is hence assessed as equal to 𝑛∗H2
of the forward

step.

2.3. Estimation of the overall activation energy 𝐸𝑎

With similar arguments as for the overall reaction order, an overall
activation energy was defined in [42] as

𝐸𝑎 = −2𝑅
𝜕
[

ln
(

𝑚0)]

𝜕
(

1∕𝑇𝑎𝑑
)

|

|

|

|

|𝑝
. (12)

Based on the approach proposed in [41], to change the adiabatic flame
temperature, and thereby the laminar burning flux, at constant pres-
sure, unburned gas temperature and composition, the concentration of
inert species (N2) is varied by a small perturbation 𝛥𝜒N2

. Consequently,
q. (12) can be rewritten as

𝑎 ≈ −2𝑅
ln
[

𝑚0(𝜒N2 ,1
)]

− ln
[

𝑚0(𝜒N2 ,2
)]

( ) ( )

|

|

|

|

, (13)
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1∕𝑇𝑎𝑑 𝜒N2 ,1 − 1∕𝑇𝑎𝑑 𝜒N2 ,2 |𝑝
b

where 𝜒N2 ,1 = 𝜒N2
− 𝛥𝜒N2

and 𝜒N2 ,2 = 𝜒N2
+ 𝛥𝜒N2

. The activation
energy of the forward reaction 𝐸∗

𝑎,𝑓 is therefore obtained by applying
this methodology for 𝜙 = 1. A logarithmic dependence of this quantity
with respect to pressure is found:

𝐸∗
𝑎,𝑓 [kcal/mol] = 4.893 ln

(

𝑝∕𝑝0
)

+ 32.97. (14)

Fig. 3 illustrates the comparison between the values computed in
agreement with Eq. (13), and the fitting function of Eq. (14).

For the backward reaction, the enthalpy of reaction evaluated at
𝜙 = 1 can be used to determine the corresponding activation energy
𝐸∗
𝑎,𝑏:

𝐸∗
𝑎,𝑏 = 𝐸∗

𝑎,𝑓 − 𝛥𝐻𝑅
|

|𝜙=1 , (15)

where, for an exothermic process as combustion, 𝛥𝐻𝑅 < 0, leading
to 𝐸𝑎,𝑏 > 𝐸𝑎,𝑓 . A second logarithmic law, analogous to Eq. (14) and
illustrated in Fig. 3, can be derived:

𝐸∗
𝑎,𝑏 [kcal/mol] = 4.825 ln

(

𝑝∕𝑝0
)

+ 53.05. (16)

2.4. Definition of the Pre-Exponential Adjustment laws

Following the work by Franzelli et al. [34], two Pre-Exponential
Adjustment laws are defined, one for the irreversible mechanism and
the other for the reversible scheme. Both laws are based on the product
of three terms:

𝐵𝑓 (𝜙, 𝑝) = 𝐵∗
𝑓 (𝑝) 𝑓 (𝜙)|𝑝=𝑝0 𝑔(𝜙, 𝑝). (17)

These terms are constructed by performing calculations of steady one-
dimensional planar deflagrations, and by defining the best-fitting func-
tion matching the burning flux computed with the detailed San Diego
mechanism. The best-fitting process is performed by minimizing the
objective function, defined as the absolute value of the relative per-
centage error 𝜀 between the laminar burning flux 𝑚0, computed with
the reduced scheme, and the reference solution 𝑚0

𝑟𝑒𝑓 evaluated with the
reference detailed mechanism:

𝜀(𝐵(𝜙, 𝑝), 𝜙, 𝑝) [%] = 100
|

|

|

𝑚0(𝐵(𝜙, 𝑝), 𝜙, 𝑝) − 𝑚0
𝑟𝑒𝑓 (𝜙, 𝑝)

|

|

|

𝑚0
𝑟𝑒𝑓 (𝜙, 𝑝)

. (18)

For a laminar planar unstretched flame, the laminar burning flux can
be evaluated as

𝑚0 = 𝜌𝑢𝑆
0
𝐿 = 𝜌𝑢𝑆𝑐 , (19)

with 𝑆𝑐 being the consumption speed, defined as

𝑆𝑐 = − 1
𝜌𝑢
(

𝑌 𝑢𝐹 − 𝑌 𝑏𝐹
) ∫

+∞

−∞
�̇�𝐹 𝑑𝐧, (20)

here �̇�𝐹 is the fuel consumption rate, namely the net production rate
f fuel with opposite sign, and 𝐧 is the local normal vector to the flame
ront, directed toward the fresh gas [43]. The target values of 𝐵(𝜙, 𝑝)
i.e., those minimizing 𝜀) are therefore found by numerically solving
he equation 𝜀 = 0 in all the range of operating conditions of interest.
ubsequently, the expressions for the three functions in Eq. (17) are
efined by determining, for each of them, the curve most similar
o the target distribution and estimating its coefficients. A flowchart
llustrating the process can be found in Fig. S3 of the Supplementary
aterial.

Since the reaction constant of the backward reaction is three or-
ers of magnitude lower than the forward one (see Fig. 5), the step
H2O ←←←←←←←←←←←←←←←←←→ 2 H2 + O2 affects only in a limited way the burning flux

or, equivalently, the burning rate). Therefore, the same construction
f the PEA law can be retained for the irreversible and the reversible
lobal mechanisms, and the latter can be seen as an extension, or
mprovement, of the first, rather than a different reaction scheme.

Consequently, the Pre-Exponential Factor for the forward step can
e modeled in the same way both for the irreversible and reversible
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t
s

Fig. 3. Pressure dependence of overall activation energies 𝐸∗
𝑎,𝑓 (left) and 𝐸∗

𝑎,𝑏 (right) for hydrogen-air flames at 𝜙 = 1. Comparison between computed values (Eqs. (13) and (15))
and fitting curves (Eqs. (14) and (16)).
𝜑
s

Fig. 4. Pressure dependence of the Pre-Exponential Factors of the irreversible (in red)
and reversible (in black) schemes for hydrogen-air flames at 𝜙 = 1. Comparison between
computed values (Eq. (18)) and fitting curves (Eq. (21)). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

steps. In the following, the derivation of the three terms in Eq. (17) is
presented for the two reduced schemes.

The term 𝐵∗
𝑓 (𝑝) corresponds to the Pre-Exponential Factor matching

he laminar burning flux of detailed chemistry at stoichiometry. As
hown in Fig. 4, a linear dependence between this coefficient and
1233
Table 1
Coefficients for the corrective function 𝑓 (𝜙)|𝑝=𝑝0 .

Mechanism 𝜓0 𝜓1 𝜓2 𝜓3 𝜓4 𝜑0 𝜑1

1S_IRR_H2AIR_FGS 0.6917 1.856 2.693 0.8530 0.1710 0.3635 3.910
1S_REV_H2AIR_FGS 0.7514 1.987 36.50 3.014 0.1818 0.3635 3.953

pressure is observed:

𝐵∗
𝑓 (𝑝)

[

(

kmol m−3)(1−𝑛∗(𝑝)) s−1
]

=
(

𝑚
𝑝
𝑝0

+ 𝑞
)

× 1012, (21)

where 𝑚 and 𝑞 are equal, respectively, to 1.947 and 4.125 for the
irreversible mechanism, and to 2.092 and 3.535 for the reversible one.
It is worth noticing that the difference between the values obtained
from the two expressions for the irreversible and reversible mechanisms
is quite negligible.

The corrective function 𝑓 (𝜙)|𝑝=𝑝0 takes into account the variability
due to the different initial fuel concentration in the reference config-
uration, namely for 𝑝 = 𝑝0 = 1 atm. This function is obtained by
solving Eq. (18) at RTP for 40 different values of equivalence ratio in
the interval [0.4; 6.0]. It assumes the following form, with the values
of the coefficients reported in Table 1:

𝑓 (𝜙)|𝑝=𝑝0 = 𝜓0 + 𝜓1 exp

[

−𝜓2

(

𝜙 − 𝜑0
𝜓3

)2
]

+ 𝜓4 tanh
(

𝜙 − 𝜑1
)

. (22)

The function 𝑔(𝜙, 𝑝) accounts for the increase of pressure (hence, of
unburned gas temperature) at different equivalence ratios, necessary
to capture the different behavior noted between lean and rich flames.
Indeed, coherently with the analysis of pressure effects performed
in [36], when the value of burning flux is imposed to match detailed
chemistry, lean flames show a decreasing trend in the value of the Pre-
Exponential Factor, while rich flames behave in the opposite way. This
results in the following expression1:

𝑔(𝜙, 𝑝) =
[

𝜉0 + 𝜉1 tanh
(

𝜙 − 𝜑2
)]

[

𝜉2 ln
(

𝑝∕𝑝0
)]

, (23)

1 With this mathematical expression, 𝑔(𝜙, 𝑝) is defined for [𝜉0 + 𝜉1 tanh(𝜙 −
2)] ≥ 0, namely for 𝜙 ≥ 0.3108. To avoid any error if applying the reduced
cheme at 𝑝 > 1 atm in the ultra-lean regime, outside the range of validation

and optimization of the mechanism (i.e., 0.4 ≤ 𝜙 ≤ 6.0), the condition
𝜙 = max(𝜙, 𝜙𝑙𝑖𝑚), with 𝜙𝑙𝑖𝑚 ≥ 0.3108, should be adopted for this function. In

this work, 𝜙𝑙𝑖𝑚 = 0.3125 is considered.
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Table 2
Coefficients for the corrective function 𝑔(𝜙, 𝑝).

Mechanism 𝜉0 𝜉1 𝜉2 𝜑2

1S_IRR_H2AIR_FGS 6.416 6.744 0.1583 2.057
1S_REV_H2AIR_FGS 7.670 8.077 0.1377 2.138

with the coefficients’ values listed in Table 2 for both the irreversible
and reversible schemes. This expression is constructed to decouple the
composition and pressure effects, allowing for a simple integration of
such a law in numerical simulation codes.

Regarding the backward reaction of the reversible scheme, its Pre-
Exponential Factor is evaluated by an explicit expression, which mod-
els equilibrium by imposing the equality between the forward and
backward reaction rates:

𝐵∗
𝑏 (𝜙) =

𝑘𝑓 (𝜙)
[

H2
]
𝑛∗H2
𝑒𝑞

[

O2
]
𝑛∗O2
𝑒𝑞

exp
[

−𝐸∗
𝑎,𝑏∕

(

𝑅𝑇𝑒𝑞
)][

H2O
]
𝑛∗H2O
𝑒𝑞

=

= 𝐵∗
𝑓 (𝜙)

𝑇 𝛽
∗

𝑒𝑞 exp
[

−𝐸∗
𝑎,𝑓∕

(

𝑅𝑇𝑒𝑞
)][

H2
]
𝑛∗H2
𝑒𝑞

[

O2
]
𝑛∗O2
𝑒𝑞

exp
[

−𝐸∗
𝑎,𝑏∕

(

𝑅𝑇𝑒𝑞
)][

H2O
]
𝑛∗H2O
𝑒𝑞

. (24)

he scaling factor between 𝐵𝑓 (𝜙) and 𝐵𝑏(𝜙), which can be easily
evaluated by zero-dimensional (0D) equilibrium calculations, is here
analytically defined as:

ℎ(𝜙, 𝑝)
[

(

kmol m−3)𝑛
∗
O2

(𝑝)]
=
𝐵∗
𝑏 (𝜙)

𝐵∗
𝑓 (𝜙)

=
𝜍0(𝑝)𝜍21 (𝑝)

(

40𝜙
40𝜙+43 − 1

2

)2
+ 𝜍21 (𝑝)

, (25)

where the pressure-dependent coefficients 𝜍0 and 𝜍1 are modeled as
follows:

𝜍0(𝑝) =
[

0.2320 ln2
(

𝑝∕𝑝0
)

+ 1.392 ln
(

𝑝∕𝑝0
)

+ 1.568
]

× 10−2, (26a)

and

𝜍1(𝑝) =
[

0.8336 ln2
(

𝑝∕𝑝0
)

+ 0.3220 ln
(

𝑝∕𝑝0
)

+ 5.815
]

× 10−2. (26b)

The functions 𝑓 (𝜙)|𝑝=𝑝0 , 𝑔(𝜙, 𝑝) and ℎ(𝜙, 𝑝) are shown in Fig. 5, where
the impact of pressure on 𝑔(𝜙, 𝑝) and ℎ(𝜙, 𝑝) is emphasized. It is worth
noticing that, as previously anticipated, the maximum value of ℎ(𝜙, 𝑝)
is in the order of 10−3, hence the influence of the backward step
is negligible for many flame conditions, and mostly limited to the
near-stoichiometric region, where the peak value is reached.

2.5. Correction for flame thickness

To the best of our knowledge, the impact of simplified kinetics
on flame thickness has been usually neglected in the definition and
validation of reduced chemistry mechanisms for combustion reported
in the literature. Nevertheless, since the best-fit approach involves
global flame properties such as the burning flux and the flame speed,
the chemical source terms are well-described by the reduced kinetics
only in an integral form. The local flame structure is not controlled,
and, in particular, the mass fractions and thermal gradients, defining
the ‘‘thermal’’ flame thickness 𝛿0𝐿 [43]

0
𝐿 =

|

|

|

|

|

𝑇𝑏 − 𝑇𝑢
max(∇𝑇 )

|

|

|

|

|

, (27)

re not ensured. Numerical computations demonstrate that, compared
o the detailed mechanism, the reduced schemes predict higher values
f the adiabatic flame temperature, and of the heat release rate, leading
o a steeper gradient in the profiles of species mass fractions and
emperature (as will be further discussed in Fig. 8 of Section 3.1). This
enerates a nonphysical thinner flame, which may represent an issue
rom a numerical point of view in CFD simulations.
1234
Table 3
Coefficients for the FTA function.
𝑖 1 2 3 4 5 6

𝜎𝑖 1043 20.00 41.26 0.3670 8.060 1.148

Table 4
Parameters adopted in the transport model for the reduced scheme.
𝑆𝑐0 𝑃𝑟0 𝜇0 [kg/(m s)] 𝑇0 [K] 𝛼

H2 O2 H2O N2

0.2507 0.7732 1.168 0.9056 0.6292 8.063 × 10−5 2645 0.6481

A correction is here proposed to properly match the flame thickness
with reduced chemistry. Since the reaction rate parameters are already
defined to match the flame speed and burning flux, the sole quantities
on which an adjustment may be performed are the inherent properties
of species: the thermodynamic quantities, namely the specific heat
capacities and the enthalpies of formation, and the diffusivities. The
proposed model intervenes on thermal and mass species diffusivities,
adapting the methodology proposed by Butler and O’Rourke [45],
which constitutes the basis of the Thickened Flame model adopted for
LES calculations of reacting flows (TFLES) [43]. In particular, a multi-
plicative term is introduced in the expression of the Pre-Exponential
Factor, which will be referred to in this work as Flame Thickness
Adjustment (FTA). The FTA function is defined from the ratio between
the actual flame thickness, computed with detailed chemistry, and the
one deriving from the previously defined one-step scheme, and modeled
as follows:

𝐹𝑇𝐴(𝜙) =
𝜎1

1 + exp
(

− 𝜙+𝜎2−𝜎3∕2
𝜎4

)

⎡

⎢

⎢

⎢

⎣

1 − 1

1 + exp
(

− 𝜙+𝜎2+𝜎3∕2
𝜎5

)

⎤

⎥

⎥

⎥

⎦

− 𝜎6, (28)

where the coefficients 𝜎𝑖 are reported in Table 3. In principle, this
function should be pressure-dependent; however, this would dramat-
ically increase the stiffness of the model, limiting the advantages of a
reduced scheme in terms of computational cost. For this reason, a single
function has been adapted to capture, with a single set of parameters,
the behavior of the reduced kinetics in the whole range of pressures of
interest. Such a compromise, however, does not introduce a significant
error since the pressure-sensitivity of the thickness reduction, when
passing from detailed to global chemistry, is negligible (see Fig. 8 in
Section 3.1).

In agreement with [45], all diffusivities are multiplied by the FTA
function, while the reaction rates, and in particular the Pre-Exponential
Factors 𝐵𝑓 (𝜙) and 𝐵𝑏(𝜙), are divided by it. In the transport model
adopted for the reduced mechanism in this study, a simplified non-
unity Lewis number approach is applied, based on constant species
Schmidt and mixture Prandtl numbers, and a simple fitting power law
𝜇(𝑇 ) = 𝜇0

(

𝑇 ∕𝑇0
)𝛼 is used for the viscosity. The transport parameters

are reported in Table 4, where 𝑃𝑟0 and 𝑆𝑐0 represent the values of the
Prandtl and Schmidt numbers before applying the FTA correction.

3. Validation of the global reaction mechanism

The validity of the proposed one-step mechanism, with particu-
lar reference to the reversible one (1S_REV_H2AIR_FGS), is tested by
comparing the results obtained with the global scheme for several un-
stretched and stretched configurations involving hydrogen-air mixtures
of different compositions and thermodynamic states with experimental
measurements available in the literature and calculations performed

with reference reaction schemes.
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Fig. 5. Evolution, versus equivalence ratio, of the corrective functions 𝑓 (𝜙)|𝑝=𝑝0 (left, in red) and 𝑔(𝜙, 𝑝) (left, in black) for the irreversible and reversible schemes, and of the
corrective function ℎ(𝜙, 𝑝) (right) for the reversible scheme. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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3.1. Unstretched flames

First, freely-propagating, unstretched laminar premixed flames un-
der various combinations of equivalence ratio, pressure and unburned
gas temperature are solved in Cantera.

A domain of length equal to 5 cm is considered to be 2–3 orders
of magnitude larger than flame thickness, avoiding any impact of
boundaries on the flame solution. Mesh refinement criteria are adopted,
so that the number of grid points for each case is in the order of 103.

In order to properly match experimental measurements, computa-
tions with detailed schemes are performed by adopting a multicompo-
nent transport model [46] including thermophoresis (or Soret effect),
which becomes relevant for hydrogen in low-velocity zones in the
presence of temperature gradient [47]. The parameters of the global
reaction scheme are optimized to fit the reference values computed in
this way.

A comparison of laminar flame speeds predicted by the reduced
mechanism and the reference detailed schemes at reference tempera-
ture and pressure is displayed in Fig. 6, where results deriving from
experimental measurements are added as additional reference. At 𝑝 =
1 atm, due to the methodology applied for the definition of the Pre-
Exponential Adjustment law, a significantly good agreement can be
observed between reduced and detailed chemistry in predicting 𝑆0

𝐿
in the whole range of validation of the reduced scheme (i.e., 0.4 ≤
𝜙 ≤ 6.0). Since the multicomponent transport model and Soret effect
are considered for reference calculations, the results in this range
of equivalence ratios are also well in agreement with the reported
values deriving from experimental tests taken from [48] and references
therein [49–60]. A reasonable agreement with experimental data is
found also for very lean mixtures (i.e., 𝜙 < 0.4), as shown by the dashed
red line in Fig. 6, even though this region is not considered for the
definition and validation of the global reaction mechanism at higher
pressures and temperatures.

Regarding the impact of pressure, Fig. 7 compares the results at
elevated pressure (15 and 30 atm), with the corresponding unburned
gas temperatures computed according to the isentropic law. The loga-
rithmic exponent, introduced to take into account such effect, provides
a reasonably good agreement for the whole range of pressures, in
particular for lean flames. Compared to the San Diego and Konnov
mechanisms, a moderate overprediction of velocity is present for rich
1235

flames, in particular for what concerns the peak value, due to the
simplifications performed in the construction of the Pre-Exponential
Adjustment laws to avoid too complex implicit expressions. Neverthe-
less, it can be observed that, for all configurations, the error remains
well below the threshold of 10%.

As ultra-lean hydrogen-air flames at these pressure levels are of
interest for practical applications (e.g., hydrogen-fueled gas turbines),
values of laminar flame speed are computed with the reduced scheme
also for very lean flames, up to 𝜙 = 0.25, and marked with dashed
red lines in Fig. 7. A sufficiently adequate consistency can be observed
between the reduced scheme and the detailed mechanisms even in this
regime, despite the limit on the validity domain of the pressure-scaling
function 𝑔(𝜙, 𝑝) discussed in Section 2.4. Nevertheless, aside from this
imitation of the proposed model, care has to be put into the compu-
ation of laminar flame speed close to the lean flammability limit, due
o the physicochemical nature of lean hydrogen flames. Indeed, at high
ressures, these flames are particularly prone to Darrieus-Landau and
hermodiffusive instabilities, which produce severe flame wrinkling,
ith an associated increase in burning velocity [61]. One-dimensional

lame calculations do not consider flame instabilities, hence compro-
ising the accuracy of the numerically computed values of laminar

lame speed even with detailed reaction mechanisms. To account for
he effect of instabilities, a correction should be therefore introduced,
ased on the growth rates 𝜔𝐷𝐿, characterizing Darrieus-Landau in-
tabilities [62], and 𝜔2, characterizing thermodiffusive instabilities,
rising from stability analysis [63]. For further reading on the subject
nd examples of applications of this approach, the reader is directed,
or instance, to the work by Aspden and co-workers [64,65].

We now investigate the impact of the FTA function and of the back-
ard reaction on the proposed scheme. In particular, Fig. 8 shows the

hermal flame thickness and the adiabatic flame temperature resulting
rom the 1S_REV_H2AIR_FGS scheme for several equivalence ratios,
ncluding the detailed mechanisms for reference.

For the flame thickness, the values obtained by imposing 𝐹𝑇𝐴 ≡ 1
are reported too, in order to assess the impact of the proposed cor-
rection. For the adiabatic flame temperature, the results obtained with
the reversible scheme are compared also with those deriving from the
1S_IRR_H2AIR_FGS scheme, so that the impact of the backward reaction
can be evaluated. The results are reported, for the sake of brevity,
only for 𝑝 = 1 atm and 𝑝 = 15 atm, but similar considerations can be
drawn for other pressure values (e.g., see Fig. S6 of the Supplementary

material for 𝑝 = 30 atm).
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Fig. 6. Laminar flame speed of hydrogen-air planar deflagrations versus equivalence ratio at RTP. Comparison between experimental measurements (symbols) and numerical
integrations with reduced 1S_REV_H2AIR_FGS scheme and reference kinetic mechanisms. Results, denoted by a dashed red line, are added for the reduced scheme in very lean
mixture conditions (𝜙 < 0.4), outside its range of validation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
Fig. 7. Laminar flame speed of hydrogen-air planar deflagrations versus equivalence ratio at 15 atm (left) and 30 atm (right). The insets enhance the values obtained in the lean
regime for 0.25 ≤ 𝜙 ≤ 0.65. Comparison between numerical integrations with reduced 1S_REV_H2AIR_FGS scheme and reference kinetic mechanisms. Results, denoted by a dashed
red line, are added for the reduced scheme in very lean mixture conditions (𝜙 < 0.4), outside its range of validation. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of this article.)
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The thermal flame thickness, computed with the temperature profile
radient (see Eq. (27)), is the most appropriate to determine mesh
esolutions in CFD calculations: the capability of a reduced scheme to
redict the correct value of this quantity is beneficial for numerical
tability. Fig. 8 (left) shows the importance of the FTA function in-
roduced in the present work, which allows to adjust the temperature
radient of the reduced scheme. Since no pressure dependence has been
ntroduced in the expression of FTA, a distinguishable, yet tolerable
rror is observed at RTP. Being defined on a range of pressure between
and 30 atm, the FTA function allows to attain the best match with

eference mechanisms at 𝑝 = 15 atm. Nevertheless, although the
alue of the thickness varies significantly throughout the considered
ressure range, the scaling factor between the detailed chemistry and
he reduced scheme proposed in this work remains almost unaffected
1236

nd independent from system pressure. c
For what concerns the adiabatic flame temperature, as mentioned
n the previous section and shown in Fig. 8 (right), an irreversible step,
ased on the assumption of complete combustion, overestimates the
alue of the maximum adiabatic flame temperature, and incorrectly
redicts the location of the peak at 𝜙 = 1.0, while it should be obtained
or a slightly rich mixture. On the other hand, the 1S_REV_H2AIR_FGS
cheme, including the equilibrium reaction, allows to predict the flame
emperature in a much more consistent way, halving to approximately
% the maximum relative percentage error computed with respect to
he San Diego scheme. It is worth noticing that the correct prediction
f peak adiabatic flame temperature is significant for a potential inte-
ration of NO𝑥 pathways in the reduced scheme, being the Zel’dovich
echanism describing nitrogen oxidation strongly dependent on tem-
erature because of the high activation energy [66].

The impact of the backward reaction is even more evident when
onsidering the flame structure. In particular, Fig. 9 compares the mole
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Fig. 8. Thermal flame thickness and adiabatic flame temperature of hydrogen-air planar deflagrations versus equivalence ratio at 𝑝 = 1 atm (top) and 𝑝 = 15 atm (bottom).
Comparison between numerical integrations with reduced 1S_REV_H2AIR_FGS scheme and reference kinetic mechanisms. For the flame thickness, results for the reduced
1S_REV_H2AIR_FGS scheme without Flame Thickness Adjustment are also reported. For the adiabatic flame temperature, results for the reduced 1S_IRR_H2AIR_FGS scheme are
shown.
Fig. 9. Profiles of mole fractions (left axis) and temperature (right axis) across hydrogen-air planar deflagrations for 𝜙 = 1.0 at 1 atm (left), 15 atm (center) and 30 atm (right).
Comparison between numerical integrations with reduced 1S_REV_H2AIR_FGS and 1S_IRR_H2AIR_FGS schemes, and reference kinetic mechanisms.
fraction and temperature profiles across the flame, computed at 𝑝 =
1 atm, 𝑝 = 15 atm, and 𝑝 = 30 atm with the two reduced schemes
and the detailed mechanisms for stoichiometric (𝜙 = 1.0) hydrogen-air
mixtures. The flame structures for the lean (𝜙 = 0.4) and rich (𝜙 = 4.0)
cases are not shown here, for the sake of brevity, but they are available
1237
in Figs. S7 and S8 of the Supplementary material. Coherently with
the considerations made for the adiabatic flame temperature, the most
important differences between the reversible and irreversible schemes
can be found at stoichiometry. Besides the already discussed difference
in the prediction of flame temperature, in fact, an irreversible reaction
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Fig. 10. Schematic representation of a counterflow premixed flame configuration. Fresh
gases are injected against combustion products at equilibrium, with a steady flow.

badly predicts the final composition of the mixture, assuming that all
hydrogen and oxygen are consumed, which is not physical in the actual
hydrogen oxidation process. On the other hand, albeit showing steeper
gradients in the flame reaction region, the 1S_REV_H2AIR_FGS matches
the final composition of the mixture obtained with detailed kinetics at
all pressures.

3.2. Stretched flames

The previous results have shown the capabilities of the reduced
mechanism in predicting flame characteristics for unstretched steady
laminar deflagrations. Nevertheless, premixed flames in practical com-
bustion systems are subject to stretch, which modifies the internal flame
structure and the resulting burning rate [20]. It is worth recalling
that flame stretch is composed of two terms: strain, related to flow
velocity gradient, and a term computed by the curvature of the reaction
front [43]. The impact of stretch is represented by a variation of the
consumption speed 𝑆𝑐 with respect to the laminar flame speed 𝑆0

𝐿. In
the following, the flame response to the different stretch components
is assessed, by considering two flame configurations.

3.2.1. Flame response to strain
First, the performance of the proposed reversible mechanism in the

prediction of strain-dependent behavior is investigated by considering
a premixed counterflow flame configuration in Cantera. A steady jet
of premixed fresh gases is injected in opposition to another stream
composed of combustion products at the equilibrium (see Fig. 10);
the value of the distance 𝑑 between the jets is equal to 5 cm. In this
configuration, the curvature term is zero, and the stretch coincides
with the strain generated by the rapid velocity variations in the flame
tangent plane [43]. The counterflow premixed flame is preferred to
the premixed twin flame (where both jets are composed of fresh gases)
since it is more representative of the laminar flame structure embedded
in turbulent strained flames, as highlighted in [67].

Fig. 11 compares flame consumption speed, normalized with the
unstretched laminar flame speed, for lean, stoichiometric, and rich
flames. The strain rate is here defined as the mean strain rate 𝑎𝑚𝑒𝑎𝑛 =
(|𝑢1| + |𝑢2|)∕𝑑, with 𝑢1 and 𝑢2 being the inlet velocities of jets. The
reduced scheme correctly reproduces the behavior of detailed schemes
for the lean (𝜙 = 0.4) and rich (𝜙 = 4.0) flames, while some differences
are found for the stoichiometric case. For further analyses in this sense,
the flame structures at different strain levels are provided in Figs. S9,
S10 and S11 of the Supplementary material. Focusing on the 𝜙 = 1
case, it is noted that the reduced scheme predicts an increasing value
of speed (i.e., a negative Markstein length), while reference calculations
indicate a slightly decreasing trend (i.e., a slightly positive Markstein
length). The sign of the Markstein length is, according to theory,
related to the value of Lewis number, with 𝐿𝑒 > 1 corresponding
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to a positive Markstein length, while the opposite occurs for 𝐿𝑒 <
1 [43]. A modification of the transport parameters, and in particular
of the species’ Lewis numbers, could therefore allow to better predict
the strain-dependent behavior at stoichiometry, as it has been done
by Franzelli et al. [68] for a reduced scheme describing methane-air
combustion. This modification, still based on constant Lewis numbers,
is not introduced here since it would induce major differences in the
prediction of stretch response in the lean regime, which is of the great-
est interest for hydrogen-air flames. Nevertheless, a modification of the
FTA function, taking into account a dynamic variation of the Lewis
numbers, could be introduced in future work to further extend the
validity of the reduced mechanism; a similar approach is implemented
in [69] to generalize the TFLES model to stretched flames.

3.2.2. Flame response to curvature
The reversible global reaction mechanism is here applied to a two-

dimensional (2D) cylindrical expanding flame. In this configuration,
the laminar flame is subjected to pure curvature, namely the strain
component is null and flame stretch is given by 𝜅 = 1

𝑟
𝑑
𝑑𝑡 𝑟(𝑡), where 𝑟 is

the radial position of the flame front. Three different fresh gas mixture
conditions are considered: a lean mixture (𝜙 = 0.4), a stoichiometric
one (𝜙 = 1.0), and a rich one (𝜙 = 4.0), for reference temperature and
pressure.

Direct Numerical Simulations (DNS) are carried out with the Navier–
Stokes compressible DNS/LES solver AVBP (www.cerfacs.fr/avbp7x),
an explicit massively-parallel code solving the conservation of mass,
momentum, energy and species equations. A second-order accurate
in space and time Lax–Wendroff finite-volume scheme is adopted for
the discretization of convective terms [70], and a second-order finite-
element Galerkin scheme is implemented for diffusion terms [71].
Domains are discretized on unstructured grids of triangular elements,
with a grid resolution of 𝛥𝑥 = 25 μm, corresponding to approximately
10 points in the flame front of the stoichiometric flame, which is the
thinnest of all cases considered (see Fig. 8). The time step is determined
by adopting 𝐶𝐹𝐿 = 0.7 for the Courant–Friedrichs–Lewy condition,
and the Fourier number 𝐹𝑜 is set to 0.1. Outlet boundary conditions
are treated with the Navier–Stokes Characteristic Boundary Conditions
(NSCBC) [72,73]. The mixture is ignited using the Energy Deposi-
tion (ED) model [74]. As remarked in Section 2.5, for the reduced
mechanism a simplified non-unity Lewis number transport model is
adopted, based on constant mixture Prandtl 𝑃𝑟 and species Schmidt
𝑆𝑐𝑘 numbers. An analogous model is retained for CFD simulations with
the San Diego scheme. For both reaction mechanisms, the values of 𝑃𝑟
and 𝑆𝑐𝑘 have been tuned to match the laminar flame speed computed
in Cantera with detailed transport properties (i.e., multicomponent
transport model with thermophoresis) in the operating conditions of
interest.

The computational domain (see Fig. 12) is defined by a circle of
radius 30 mm, at the center of which the flame is initialized. By
exploiting symmetry arguments, only a quarter-circle is considered in
the simulations, so that overall computational cost is reduced.

The impact of the simplified chemistry description is assessed by
comparing the results obtained with the flame solutions computed
using the San Diego mechanism under the same operating conditions.
An aspect of interest is represented by the structure and geometry
of the flame fronts. In fact, laminar premixed flames are subject to
intrinsic cellular instabilities, both hydrodynamic and thermodiffusive.
The hydrodynamic instability mechanism derives from the sudden
density variation across the flame front and appears in all flames.
The thermodiffusive instability mechanism, instead, is triggered by low
fuel Lewis number values, inducing strong differential diffusion effects
within the flame front; such a mechanism is characteristic of lean
hydrogen flames, for which 𝐿𝑒 < 1 [75,76]. In cylindrical expanding
flames, the positive flame stretch has a stabilizing effect on intrinsic
cellular instabilities. Moreover, the tendency to form hydrodynamic
and thermodiffusive instabilities can be delayed for these flames, since,

http://www.cerfacs.fr/avbp7x
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Fig. 11. Normalized consumption speed versus mean strain rate for lean (𝜙 = 0.4), stoichiometric (𝜙 = 1.0) and rich (𝜙 = 4.0) counterflow premixed flames at RTP. The inset
enhances the values calculated in the low-strain regime. Comparison between numerical integrations with reduced 1S_REV_H2AIR_FGS scheme and reference kinetic mechanisms.
Fig. 12. Schematic representation of the computational domain adopted for the 2D
cylindrical expanding flame. The flame is initialized in 𝑥 = 0, 𝑦 = 0 and propagates in
a quarter-circle-shaped domain.

upon ignition, the flame kernel is small and the positive stretch is strong
enough to suppress cell development. As a result, the flame becomes
unstable only after a critical kernel size is reached, which is smaller
for lower Lewis numbers [75,77]. In Fig. 13, the flame fronts derived
from the numerical simulations with reduced and detailed mechanisms
are compared at the same flame radius for the lean case. Coherently
with the methodology proposed in [78], the flame front is here iden-
tified by considering an iso-surface of the progress variable 𝑐 = 0.5,
where 𝑐 = 𝑌H2O∕𝑌

𝐸𝑞
H2O

, and 𝑌 𝐸𝑞H2O
is the mass fraction of water in the

equilibrium products for each mixture composition. Both mechanisms
predict visible hydrodynamic instabilities in the flame front for the
lean case (𝜙 = 0.4), for which the density ratio of burned and fresh
gases is higher, as well as the onset of thermodiffusive ones, which are
here delayed due to the aforementioned stretch effect. For 𝜙 = 1.0 and
𝜙 = 4.0 cases, both mechanisms agree in predicting no instabilities on
the flame front within the simulated physical time, as it is shown in
Figs. S12 and S13 of the Supplementary material.
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The validity of the reduced scheme is further assessed by consid-
ering the stretch-dependent behavior. In particular, the consumption
speeds predicted at different radii by the global reaction mechanism
are compared with the values given by the San Diego scheme. For this
geometry, the consumption speed is evaluated by measuring the flame
surface 𝐴𝑓 and integrating the rate of reactant consumption through
the entire surface 𝛴 [79]:

𝑆𝑐 = − 1
𝐴𝑓 𝜌𝑢

(

𝑌 𝑢𝐹 − 𝑌 𝑏𝐹
) ∫𝛴

�̇�𝐹 𝑑𝛴. (29)

The flame surface 𝐴𝑓 , for this 2D case, is given by the circumference of
radius 𝑟, namely the mean radius of the flame front. This is determined
from the area 𝐴𝑏 of the burnt gas region, identified by the condition
𝑐 ≥ 0.5, as

√

𝐴𝑏∕𝜋 [78].
Fig. 14 displays the consumption speed, normalized by the un-

stretched laminar flame speed computed for the same mixture con-
ditions by the CFD code, as a function of the mean flame radius for
the three different mixtures. As highlighted in [80], the ignition affects
the early-stage flame propagation; this is here evident from the spike
in the value of speed observed for all cases. After this initial phase,
a quite good agreement can be observed between the two reaction
schemes in the prediction of the consumption speed for the lean and
rich mixtures, with a maximum error lower than 5%, as it is shown
in the inset; larger differences are found for the stoichiometric case.
These results are coherent with those previously shown in Fig. 11 for
the 1D counterflow premixed flame, sustaining the consistency of the
proposed model. Interestingly, for larger radii (i.e., lower values of
stretch), with both mechanisms the consumption speed for the lean
mixture converges to a value higher than the laminar flame speed. This
is explained by the fact that, for lean hydrogen flames, instabilities, as
those shown in Fig. 13, have an impact on flame propagation velocity,
since the total reaction rate increases as the product 𝐼0𝛩0, where 𝐼0 =
𝑆𝑐∕𝑆0

𝐿 is the stretch-induced increase of consumption speed [81] (see
Fig. 11), while 𝛩0 is the ratio between the increased flame surface, due
to the formation of cell structures on the wrinkled flame front, and the
reference flame surface [82].

Finally, the reduction in computational costs, due to the simplifi-
cations in the kinetics description, is considered. Table 5 compares the
maximum computed time step, derived from the imposed values for the
Courant–Friedrichs–Lewy condition and the Fourier number, and the
iterations per second resulting from the calculations performed with
the reduced 1S_REV_H2AIR_FGS scheme and the reference San Diego
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Fig. 13. Flame front of the lean 2D cylindrical expanding flame (𝜙 = 0.4) for 𝑟 = 24 mm, identified by the iso-surface of the progress variable 𝑐 = 0.5 (blue line), and superimposed
on the Heat Release Rate field. Comparison between CFD simulations performed with reduced 1S_REV_H2AIR_FGS scheme (left) and reference UCSD mechanism (right). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 14. Normalized consumption speed versus mean flame radius for lean (𝜙 = 0.4), stoichiometric (𝜙 = 1.0) and rich (𝜙 = 4.0) 2D cylindrical expanding flames at RTP. The inset
enhances the values calculated in the domain region not affected by energy deposition ignition and outlet boundary conditions. Comparison between numerical integrations with
reduced 1S_REV_H2AIR_FGS scheme and reference UCSD mechanism.
Table 5
Comparison of computational costs for reduced 1S_REV_H2AIR_FGS scheme and refer-
ence UCSD mechanism in terms of maximum computed time step 𝛥𝑡 and iterations per
second 𝐼𝑠. All calculations are performed with the same set-up (7.64 × 105 grid nodes,
192 CPU cores, 𝐶𝐹𝐿 = 0.7, 𝐹𝑜 = 0.1).
𝜙 1S_REV_H2AIR_FGS UCSD

𝛥𝑡 [ns] 𝐼𝑠 [s−1] 𝛥𝑡 [ns] 𝐼𝑠 [s−1]

0.4 9.02 36.6 7.80 23.8
1.0 5.93 36.2 3.36 23.6
4.0 4.48 36.5 3.64 23.6

(UCSD) mechanism. It is here evident the advantage of using a one-
step chemistry description in terms of computational costs, with an
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increase in the number of iterations per second of approximately 55%
when passing from the detailed to the reduced chemistry. Moreover,
the computed time step for the reduced scheme is higher than in the
UCSD mechanism for all cases considered, leading to a lower number
of iterations required to simulate the same physical time.

4. Conclusions

In this work, a global one-step reduced scheme, based on an Arrhe-
nius formulation, has been derived for hydrogen-air combustion in an
extended range of equivalence ratios, temperatures and pressures. The
mechanism is based on analytical modeling of hydrogen oxidation to
reduce the number of species, hence of transport equations to solve, in
CFD codes, with a significant gain in computational efficiency.
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In particular, a best-fitting methodology, based on the laminar
flame speed value, has been applied to derive an explicit, analytical
dependence of reaction rate parameters on equivalence ratio, system
pressure, and unburned gas temperature. The Pre-Exponential Adjust-
ment method, defined in [34], has been extended by combining the
dependence on equivalence ratio with a pressure-scaling law, so that
the structure of the scheme is preserved at different pressures, and the
validity of the mechanism is extended to mixture conditions of interest
in practical applications (e.g., gas turbine combustion). Moreover, a
correction has been introduced to improve the prediction of the tem-
perature profile in the flame reaction zone, hence of the thermal flame
thickness, which is of interest for grid resolution purposes. Particular
attention has been posed to separate the dependence on pressure and
chemical composition in the definition of the Pre-Exponential Adjust-
ment laws, so that the thus obtained reduced-chemistry models may
be easily implemented in CFD numerical codes, allowing to obtain
a sufficiently accurate estimate of the main flame properties with a
reduced computational cost.

To define and validate the parameters of the reduced schemes, com-
putations of one-dimensional unstrained and strained laminar premixed
flames have been performed for a wide range of pressure ([1; 30]
atm), unburned gas temperature ([300; 800] K), and equivalence ratio
([0.4; 6.0]), showing a good agreement on the prediction of main flame
parameters (i.e., laminar flame speed, adiabatic flame temperature, and
thermal flame thickness), in the whole range of considered mixture
conditions, between the proposed reduced scheme and three reference
detailed reaction mechanisms: the San Diego mechanism [22], the
Konnov mechanism [38], and the H2_NOX_15_94_TC scheme [39].
Nevertheless, some limits have been found in the prediction of response
to strain for stoichiometric flames, indicating potential for further
optimization of the reduced scheme parameters.

The applicability of the scheme for Computational Fluid Dynamics
purposes has been subsequently assessed by implementing the thus
defined reduced global mechanism in the Navier–Stokes compressible
DNS/LES solver AVBP (www.cerfacs.fr/avbp7x) for the computation of
canonical configurations such as one-dimensional and two-dimensional
premixed flames. In particular, considering a two-dimensional cylindri-
cal expanding flame configuration, the reduced mechanism has shown a
significantly good agreement with the reference San Diego mechanism
in the prediction of flame structure and properties, and a sensible
reduction of computational costs, both in terms of iterations per second
and total number of iterations required.

The proposed global reaction mechanism aims at a practical solution
to avoid computationally expensive numerical simulations of hydrogen-
air combustion, especially in a preliminary design phase, optimizing
computational resources by delaying the adoption of expensive detailed
reaction schemes to more advanced phases of the design process. More-
over, the methodology introduced to develop the reduced mechanism
is applicable to other fuels or different mixture conditions of interest,
which may be expected to be the subject of further study.

Finally, in future work, the performances of the proposed
1S_REV_H2AIR_FGS scheme will be evaluated in the context of laminar
diffusion and partially-premixed flames as well as of LES/DNS simula-
tions of turbulent reactive flows, varying the operating points, so that
all configurations of practical interest can be surveyed.
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