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A B S T R A C T

Advanced combustion concepts, such as moderate or intense low-oxygen dilution (MILD) combustion, offer
a reduction in NO𝑥 emissions and increased thermal efficiency. MILD is characterised by low-oxygen, high-
temperature conditions, where finite-rate chemistry effects are significant. Modelling this regime using reduced
or single-step chemistry remains a challenge in part due to the finite-rate chemistry. This work proposes a
generalised method for assigning Arrhenius coefficients of a single-step reaction using the outputs of a detailed
mechanism. Assigning the typical chemical conservation equation to a progress variable, activation energy
and pre-exponential factor for an Arrhenius kinetics global reaction are determined for hydrogen and methane
across a number of conditions, with the proposed method extended to n-heptane as well. The temperature
exponent in the modified Arrhenius equation is determined by minimising the ignition delay error between
detailed and single-step simulations. Functional forms of each coefficient are calculated from a multivariate
regression, dependent on initial temperature, pressure, and oxidant mole fraction. The predicted mechanisms
are compared against the detailed kinetics in closed homogeneous batch reactors, with comparisons for
hydrogen extended to both laminar opposed flow diffusion flames, and computational fluid dynamics (CFD)
simulations. Ignition delay and equilibrium temperature are both well predicted for all three fuels in the
batch reactors. Notably, the negative temperature coefficient behaviour of n-heptane is successfully recreated
with the single-step mechanism. Temperature and heat release of hydrogen flames are well captured in both
opposed flow laminar flames, and in turbulent CFD simulations. The computational time was also significantly
reduced through the single-step mechanisms, resulting in ∼100 times reduction in compute time for CFD
simulations. The function form of the Arrhenius coefficients shows promise for extension outside of the ranges
and fuels analysed herein, and presents interesting phenomena for exploring how initial reactant temperature
and pressure influence the effective activation energy of an oxidation process.
1. Introduction

Despite the shift towards renewable energy sources such as hy-
dro, solar, and wind power, combustion remains a cornerstone of
modern society. Under all forecast scenarios, this will remain the
case for decades to come [1], and so improving fundamental un-
derstanding of advanced combustion concepts remains an important
focus for research [2]. Moderate or intense low-oxygen dilution (MILD)
combustion is an advanced combustion technique which reduces the
production of thermal NOx by reducing the peak temperatures in a
combusting system, with example applications in industrial furnaces
at atmospheric pressure and sequential gas turbines at pressures of
up to 40 atm [3–5]. It is typically achieved by the mixing of hot
products of lean combustion with fresh reactants, raising the equivalent
unburnt stoichiometric reactant temperature to above fuel autoignition
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and providing a low-oxygen (3%–12% by vol.) environment for fur-
ther reactions [6–8]. These conditions result in a semi-homogeneous
mixture that reacts volumetrically, increasing average temperature, but
reducing the peak temperatures that cause thermal NOx formation [4,
9,10].

The process of achieving MILD combustion, either through exhaust
gas recirculation (EGR), or through sequential combustion staging,
results in an increase in thermal efficiency [11]. The higher initial
reactant temperature increases the proportion of fuel consumed, im-
proving fuel efficiency, and raising the average temperature of the
products [4,12,13]. However, the peak temperatures are reduced as the
reaction zone tends towards uniformity, resulting in a reduction in ther-
mal NOx production [14]. In addition to the increased fuel efficiency,
vailable online 9 December 2023
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useful radiative heat flux tends to increase in MILD combustion as
well, contributing to higher thermal efficiency of this regime [15,16].
Despite the increase in radiative heat flux, MILD has the propensity
to suppress the production of soot, a highly radiative combustion
product, thus reducing heat transfer [17,18]. The high initial tem-
peratures of MILD combustion also provide another advantage, which
is fuel flexibility [19–22]. Experiments involving hydrogen [23,24],
methane [14,25], ethanol [20,26], ethylene [27], n-heptane [5,19,28],
pulverised coal [29–31], biomass [32,33], and fuel oils [10,34,35] have
achieved conditions that can be classified as MILD. The oxidant also has
flexibility, provided that a low-oxygen environment is still achieved,
with O2/N2 [36], O2/H2O [36], O2/CO2 [37], O2/N2/CO2 [38], and
O2/N2/H2O/CO2 [39] oxidants all achieving MILD combustion. As
such, classification of regimes of MILD combustion becomes an im-
portant feature in advancing knowledge of stable, robust combustion
concepts [40].

Classification of MILD combustion helps to characterise the condi-
tions under which this regime occurs, the fuels for which it is viable,
and the limits of applications outside of research [40,41]. The sem-
inal definition for a perfectly stirred reactor (PSR) states that MILD
combustion occurs when the temperature of the reactants is above the
fuel autoignition temperature, and the temperature rise from combus-
tion is less than the autoignition temperature [4]. This is summarised
mathematically as 𝑇𝑎𝑖 < 𝑇𝑖𝑛, and 𝛥𝑇 < 𝑇𝑎𝑖, where subscripts 𝑎𝑖 and
𝑛 refer to autoignition, and initial, respectively [4]. Despite recent
xtension to nonadiabatic conditions [42], and the capability of pro-
iding clear limits of temperature, the foundation of this definition lies
n idealised batch reactors, and as such is not readily applicable for
urbulent non-premixed flames [43]. An alternative definition has been
roposed, stating that a lack of negative heat release (i.e. endothermic
ominant reactions) occurs in MILD combustion conditions [44–46].
he negative heat release rate (HRR) definition is derived from opposed
low diffusion flames, increasing applicability from the PSR definition
o include non-premixed turbulent flames [26,44]. This definition,
owever, is limited by the effects of strain rate, which can be difficult
o quantify in experimental conditions [26]. Additionally, regime maps
or classification need to be developed on a fuel-specific basis, limiting
he generality [44]. A more recently published definition based on the
quivalent activation energy of a single-step oxidation derived from
n idealised flamelet analysis has been proposed [43]. This activation
nergy approach is derived from the single-step oxidation analyses
f Peters’ group [47–50], and of the canonical Burke–Schumann irre-
ersible single-step flame [51]. The activation energy approach states
hat a monotonic S-shaped curve is indicative of MILD combustion, as
here are no distinctive ignition or extinction phenomena under this
ondition. This analysis is agnostic to the fuel type and flow condi-
ions, much like the negative heat release definition. When considering
he flamelet theory for non-premixed turbulent combustion, or indeed
aminar combustion, the activation energy definition is not limited by
lame type [43]. However, determination of the activation energy for
pecific fuels at the required conditions is non-trivial, as the estimation
ondenses the detailed chemistry into a single-step, which is not valid
cross all conditions, especially given the importance of finite-rate
hemistry in MILD combustion conditions [52–55]. Whilst the activa-
ion energy definition shares the limitation of fuel specific applications
ith the HRR definition, it is often defined through stoichiometric

onditions, which are usually well known, or easily calculated for most
uels.

Estimation of global activation energy for the oxidation of a fuel
as previously been conducted. A global mechanism for hydrogen
ombustion in air was developed through a best-fit process for laminar
lame speed, with good agreement at equivalence ratios from 0.55–
.1 [56]. Another single-step hydrogen–air oxidation mechanism was
eveloped from conservation equations for a reacting species for use in
park-ignition computations [57–59]. The reaction order and activation
2

nergy were estimated through an iterative approach to approximate
gradients in density and temperature with initial conditions, resulting
in constant values for different hydrogen dilutions. Excellent agreement
with laminar flame speed and flame temperature were obtained using
this method, however, low-oxygen, high-temperature conditions were
not assessed, nor were elevated pressure conditions [57–59]. A similar
analysis has been undertaken, however, a virtual species is included
to take the place of the intermediate species for hydrocarbon–air com-
bustion [60]. Whilst high-temperature combustion was considered,
low-oxygen dilution conditions were not [60]. The optimisation strat-
egy in this approach is through the fuel–air ratio, rather than an
oxidant concentration approach, as with further work by this group on
optimised two-step kinetics [60,61]. A single-step chemical mechanism
for hydrogen has been validated for hydrogen concentrations from
12%–70% combusting in air, with good agreement for temperature
prediction and laminar flame speed [62]. Reactant orders for the typical
Arrhenius expression were fitted from experimental data [62]. A single-
step model for hydrocarbon combustion in air was developed, using
heat release, unburnt temperature, and pre-exponential factor as in-
puts [63]. However, it was found that the activation temperature varied
significantly across equivalence ratios, resulting in a functional fit for
activation temperature which becomes invalid in rich flames [63].
Challenges still remain in determining a priori the pre-exponential
factor and heat release for use in this model. A similar reduction process
was used to determine a reduced mechanism for hydrogen combustion
in air, with accurate results in lean flames [64]. Development of a
single-step model by implementation of a ‘‘virtual chemical mecha-
nism’’ has also shown promise for prediction of activation energy and
Arrhenius coefficients [65,66]. However, thermochemical properties
of the products required separate fitting to meet the properties of
the detailed mechanism being emulated [65,66]. Chemical kinetics
reduction methods have also resulted in ‘‘global’’ mechanisms, con-
sisting of one-, two-, or three-step mechanisms [67–71]. In particular,
systematic reduction for a hydrogen–air combustion system resulted
in a mechanism capable of predicting peak temperatures and flame
propagation in a number of flame types [70]. Alternatively, eigenvalue
analysis for chemical mechanism reduction has resulted in accurate
recreation of explosion limits in hydrogen–ammonia homogeneous mix-
tures at different pressures, although the oxidant in this case is air,
rather than low-oxygen combustion products [72]. Some extension of a
reduced hydrogen–air mechanism has been performed, increasing the
validity across a wider stoichiometric range, however, does not capture
autoignition behaviour [73]. Despite the ‘‘global’’ moniker, the initial
conditions for which these mechanisms are valid do not encompass all
conditions relevant to combustion.

One of the challenges of combustion simulation is the significant
computational requirements for solving species conservation equations,
with computation time scaling typically with the cube of species num-
ber [74]. As such, development of generalised global mechanisms that
retain accuracy whilst providing a computational time reduction is
a key research focus. Both multi- and single-step mechanisms have
been employed to assess the effect of pressure on stability of premixed
flames [75]. It was found that with appropriate integration of the
multi-step results, the single-step mechanism is capable of predicting
the change of unstable length scale for premixed flames with pres-
sure [75]. Stability from thermo-acoustic perturbations has also been
investigated using single-step hydrogen kinetics, helping to demon-
strate the impact of the coupling between hydrodynamics and acoustics
on flame stability [76]. A single-step mechanism for hydrogen oxida-
tion was used to test new methods time-scale evaluation of chemical
kinetics, demonstrating the use of progress variables in characterising
the time-scale of a reacting system [77]. Application of single-step
mechanisms have been used in investigation of manifold parameter-
isation for a priori flame prediction, finding good agreement with
species mass fraction and temperature predictions when compared with
detailed chemistry [78]. Several global mechanisms have been used

to investigate MILD oxy-combustion of methane, finding a four-step
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mechanisms which adequately represented the species fractions and
temperatures [79]. Similar analysis of global mechanisms for methane
oxy-fuel combustion have also demonstrated success in simulation
using a two-step mechanism modified for the oxy-fuel conditions [80].
The effects of preferential diffusion, a phenomena particularly notable
in hydrogen flames, have been assessed using single-step kinetics for
lean hydrogen–air and propane–air oxidation [81]. Flame stretch due
to strain rate is well captured, as is flame thickness in 1D premixed
flamelets [81]. Although significant research efforts have involved
the use of single-step chemistry for modelling and stability analysis
of a number of flames, a generalised single-step reaction mechanism
that is valid across conditions including low-oxygen dilution, high-
temperature, elevated pressure combustion, as well as conventional
configurations has not been developed.

Single-step chemistry still remains an important feature of combus-
tion analysis, both from a computational and theoretical perspective.
However, a functional form of single-step Arrhenius rate coefficients,
valid across a range of high-temperature, low-oxygen, and elevated
pressure conditions, which can be used for modelling and theory anal-
ysis has not been proposed at this stage. Development of a single-step
mechanism that is applicable across a range of conditions would allow
for the computational advantages of a reduced mechanism, with the
high fidelity temperature and heat release predictions of a detailed
mechanism. This paper aims to outline development and testing of a
method for estimation of global activation energy, and by extension,
develop functional forms of the Arrhenius coefficients for several fuels
across a range of conditions. The purpose of these functional Arrhenius
coefficients will be to allow improved single-step modelling of com-
bustion in low-oxygen, elevated temperature conditions, encompassing,
but not limited to, those required for MILD combustion. The method
proposed differs from previous single-step chemistry approximations
by approaching the optimisation through parameters relevant to MILD
combustion, such as oxidiser oxygen fraction, and initial temperature.
In addition, the initial activation energy and pre-exponential factor
are determined via a progress variable approach without high acti-
vation energy asymptotic analysis, treating the system globally in the
governing equation.

2. Method and theory

2.1. Estimation of the global one-step activation energy

The process used for estimation of the Arrhenius rate coefficients
of a single-step oxidation reaction is derived from the conservation
equations of a reacting flow. The full derivation process is captured
in Supplementary Material, Section A. A progress variable approach
is used to approximate the global oxidation reaction. The progress
variable (𝑃 ), coupled with the species conservation equation, gives rise
to the relationship in Eq. (2.1):

𝑇 ln 𝑘𝑃 = 𝑇 ln
(

𝜌
𝑊𝑃

𝑑𝑃
𝑑𝑡

[𝑋C𝑥H𝑦
]−𝑟1 [𝑋O2

]−𝑟2
)

= 𝑇 ln𝐴 − 𝐸
𝑅

(2.1)

where 𝑘𝑃 is the global reaction rate, 𝑇 is the mixture temperature,
𝜌 is the mixture density, 𝑊𝑃 is the molecular weight of the progress
variable, [𝑋C𝑥H𝑦

] is the molar concentration of the fuel, [𝑋O2
] is the

molar concentration of oxygen, 𝑟𝑗 are the reactant orders, 𝐴 is the
Arrhenius rate pre-exponential factor, 𝐸 is the Arrhenius rate activation
energy, and 𝑅 is the universal gas constant (8.314 J∕mol∕K). Data from
simulations of detailed chemical kinetics can then be fitted using a
least-squares method of linear regression to Eq. (2.1) to estimate values
of 𝐴 and 𝐸, using reaction orders that minimise Eq. (2.2)

𝐿 = (1 − 𝐺𝑂𝐹 ) + 𝜎(𝐺𝑂𝐹 ) + (1 − min(𝐺𝑂𝐹 )) (2.2)

where 𝐺𝑂𝐹 refers to the typical coefficient of determination, often
denoted 𝑅2. 𝐺𝑂𝐹 is instead chosen to minimise confusion with 𝑅, the
universal gas constant. The estimation of 𝐴 and 𝐸 from the described
3

method can then be extended further by inclusion of the tempera-
ture modifying term in the modified Arrhenius rate equation, 𝑏, as
in Eq. (2.3) [82]

𝑘 = 𝐴𝑇 𝑏 exp
(

− 𝐸
𝑅𝑇

)

(2.3)

The initial estimates of 𝐴 and 𝐸 obtained can then be implemented
in a statistical approach to determine an appropriate value of 𝑏 to
achieve agreement with quantities of interest (QoIs), in particular the
ignition delay. The values of 𝑏 are bounded by the typical orders of
magnitude of the temperature exponent in detailed kinetic mechanisms
(−10 to 10).

2.2. Computational work

2.2.1. Closed homogeneous batch reactors
Zero-dimensional batch reactor simulations were conducted using

the CHEMKIN Pro AURORA subroutine. This subroutine solves the
well-known conservation equations for a reacting system, assuming all
spatial variables to be zero, resulting in a time-varying homogeneous
system. Combustion of methane and hydrogen with low-oxygen hot
oxidants were studied. In particular, a stoichiometric mixture of fuel
and oxidant was simulated, where the oxidant consisted of the major
products of fuel-lean combustion of 1:1 by mole H2/CH4 with air (N2,
O2, CO2, H2O). The role of radicals in MILD combustion conditions has
been shown previously to be significant [83–88]. However, much of the
radical species influence is absorbed by modification of the Arrhenius
coefficients for the required conditions, accounting for their effects
implicitly, without explicitly transporting the species, or representing
them through a surrogate or virtual species. Were the oxidiser changed
to include intermediates, then the proposed fitting method would need
to be applied to the new initial conditions. Similarly, the thermochem-
istry has not been modified to account for the intermediate species,
unlike other optimised single-step chemistry approaches [60,61,65].

Selection of the detailed mechanism to use in the estimation process
plays a more significant role than the oxidiser radical presence, requir-
ing that the validation of the overall mechanism is high for the specific
fuel being analysed. The GRI-Mech 3.0 kinetic mechanism was used
to simulate the detailed chemistry cases [89]. Three other mechanisms
(AramcoMech 3.0 [90], San Diego (2016-12-14) [91], and Polimi C1–
C3 (March 2020) [92–94]) were investigated for use with methane and
hydrogen. Although some minor differences were noted between the
mechanisms for activation energy estimation and pre-exponential factor
estimation, the features of the profiles retain similarity. GRI-Mech 3.0
and AramcoMech 3.0 in particular predicted activation energy and
pre-exponential factors on the order of those seen in other single-step
mechanisms in previous studies [43,64,67,95–97]. Due to its effective-
ness in detailed simulation of hydrogen and methane, GRI-Mech 3.0
was selected for all further discussion of these fuels. The results of these
mechanisms are presented in Supplementary Material Section A.3. The
Polimi C1–C16 (March 2020) [92–94] mechanism was used for simula-
tion of n-heptane. Oxidant oxygen concentration, initial temperature,
nd pressure were varied across 945 cases per fuel in the following
anges (inclusive of endpoints):

• Oxygen at 3, 4, 5, 6, and 9%, corresponding to typical MILD
conditions

• Initial temperature from 700–1500K, corresponding to typical
MILD conditions (100K steps)

• Pressure 1–25 atm, corresponding to potential sequential gas tur-
bine conditions (20 logarithmic steps)

The ranges above indicate the validated ranges for the developed
unctional forms, and have not been validated outside of these ranges.
n-simulation time was limited to 5 s, and cases where the ignition delay
as defined by the inflection point in the temperature profile) was more
han 0.5 s were deemed non-reacting. This is consistent with previous
lassification of autoignition in flame calculations [23,84,98–100].
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Fig. 1. Computational domain based on the JHC geometry [14] for CFD simulation of
the tabulated flames in Table 2.

2.2.2. Opposed flow laminar flames
The CHEMKIN Pro OPPDIF subroutine was used to simulate a num-

ber of opposed flow diffusion flames using both detailed chemistry, and
the estimated one-step global equations. Global strain rate, as defined
by 𝑎 = (𝑣𝑓 + 𝑣𝑜𝑥)∕𝐿, where subscripts 𝑓 and 𝑜𝑥 refer to the fuel and
oxidiser streams, respectively, was varied logarithmically from 1 s−1 to
10 000 s−1 over 100 steps. The velocities of each inlet were selected to
result in equal momentum between both streams, such that a stagnation
plane occurs approximately at the midpoint of the domain.

Pressure was varied across the same range as in the closed 0D
homogeneous cases, whereas the temperature was varied only across
the temperature ranges where autoignition was determined as part of
the initial cases. The fuel inlet was kept at 300K, whilst the oxidant
temperature was through the temperatures above autoignition in the
initial cases, typically between 900K and 1500K.

The composition of the oxidant stream consisted of N2, O2, H2O,
and CO2, assuming complete fuel-lean combustion of 1:1 by mole
H2/CH4 in air, as in the closed 0D cases. These conditions are con-
sistent with previous JHC experiments that emulate MILD combustion
conditions [5,14,23,28,43].

2.3. Computational fluid dynamics

2.3.1. Burner and domain
OpenFOAM 7 was used to analyse a JHC burner in an axisymmetric

wedge domain [14]. The burner consists of a 4.25mm inner diameter
central jet. This jet is surrounded by an 82mm inner diameter coflow,
which in turn is shrouded by coflowing cold air at the same bulk
velocity. The coflow is composed of fuel-lean combustion products from
burning 1:1 by mole H2/CH4 with a mixture of N2 and air upstream.
Ratios and quantities of N2 and air are varied to achieve the desired
oxygen concentration in the coflow and desired temperature. The bulk
velocity of the coflow, 𝑈̄𝑐𝑜𝑓𝑙𝑜𝑤, is approximate 3.2m∕s, as is the wind
tunnel air velocity. The central fuel jet consists of 1:1 by mole H2/CH4,
exiting the jet with a bulk Reynolds number of approximately 10k.
The computational domain is an axisymmetric wedge, beginning 20mm
upstream of the jet exit, and extending 1000mm downstream. Radially,
the domain extends to 100mm, which captures the coflowing wind
tunnel. The computational domain is shown in Fig. 1, and the mesh
independence results are summarised in Table 1, showing that the
results are within the asymptotic range.
4

Table 1
Mesh independence criteria for computational analysis, using a factor of safety of 1.25
for the grid convergence index.

Number of cells 27 500 61 700 137 000

GCI – 0.0181 0.0057

2.3.2. Boundary conditions
The coflow composition was modelled as the primary products of

fuel-lean combustion of 1:1 by mole H2/CH4 with air and N2, namely
N2, O2, H2O, and CO2. For the purpose of analysis, the jet was first
modelled as in the JHC experiments [14], consisting of 1:1 by mole
H2/CH4 to demonstrate accuracy of the GRI-Mech 3.0 mechanism to
capture the main features of the flame when compared to experimental
data. Following this validation, methane was removed from the jet,
resulting in a single-fuel case that can be compared with the one-
step global chemistry developed in this work. The burner operating
conditions are summarised in Table 2.

Uniform profiles of velocity were defined at the inlets, based on the
bulk Reynolds numbers reported in experiments [14].

2.3.3. Turbulence-chemistry modelling
A Reynolds-averaged Navier–Stokes turbulence modelling approach

was used, with the two-equation k-𝜀 turbulence closure model imple-
mented. The 𝐶1𝜀 constant was modified to be 1.6 rather than 1.44
to improve round jet modelling, in accordance with previous stud-
ies [101], however, all other constants were maintained as in the
original formulation.

The single-step chemical mechanism used was in the Chemkin
format based on the Arrhenius coefficients for 3% and 9% 𝑋O2

, at
1 atm, and 1200K. As the simulations were constant pressure, no
pressure dependency was implemented. However, for both OpenFOAM
and ANSYS Fluent, user-defined functions can be implemented to allow
the algebraic representation of the Arrhenius coefficients in order to
adapt the reaction rates to the local conditions, rather than a constant
global mechanism.

The turbulence-chemistry interactions were captured using the eddy
dissipation concept (EDC) model, a finite-rate kinetics extension of the
eddy dissipation model that is capable of resolving detailed chemistry
including backward reaction rates [102,103]. The efficacy of EDC for
MILD combustion has been shown to provide adequate results for JHC
experiments [6,25,104–109]. The 𝐶𝜏 and 𝐶𝜉 constants were modified
to be 3 and 1, rather than 0.4082 and 2.1377, to better capture MILD
combustion conditions, as in previous studies [6,25,53].

3. Results and discussion

3.1. Estimation of the single-step Arrhenius coefficients

Adequate representation of the progress variable is paramount in
appropriately estimating a single-step reaction from the detailed mech-
anism. In order to be a valid representation, the progress variable
must be related to the global one-step oxidation equation, either by
participation (ideally as a product), or through a close chain-branch in
the detailed mechanism that results in a stable intermediate. 𝑃CH4

=
𝑌CO2

+ 𝑌H2O was chosen for the progress variable for methane, whilst
only 𝑃H2

= 𝑌H2O was appropriate for hydrogen. The determination of
reactant orders in the Arrhenius rate expression required a parametric
variation of reactant orders for each fuel, minimising the cost function
defined in Eq. (2.2). The results of the reactant order curve fitting are
reported in Table 3.

A quasi-linear section of Eq. (2.1) was defined to evaluate the
Arrhenius coefficients over the primary reaction time. The upper tem-
perature endpoint was defined as the first local maxima of Eq. (2.1)
before equilibrium. The low temperature point was defined as the
point where the temperature–time curve radius of curvature was at
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Table 2
Reported nominal operating conditions for initial JHC cases HM1-3 [14], and inlet conditions for pure hydrogen computational cases, H1 and
H3.

Case Coflow Jet

𝑈̄𝑐𝑜𝑓𝑙𝑜𝑤 (m/s) 𝑌O2
𝑌N2

𝑌CO2
𝑌H2O 𝑇 (K) 𝑅𝑒𝑏𝑢𝑙𝑘 𝑌CH4

𝑌H2
𝑇 (K)

HM1 3.2 0.03 0.85 0.055 0.065 1300 10k 0.89 0.11 305
HM2 3.2 0.06 0.82 0.055 0.065 1300 10k 0.89 0.11 305
HM3 3.2 0.09 0.79 0.055 0.065 1300 10k 0.89 0.11 305

H1 3.2 0.03 0.85 0.055 0.065 1300 10k 0 1 305
H3 3.2 0.09 0.79 0.055 0.065 1300 10k 0 1 305
+

𝑐

Table 3
Reactant orders determined using the process described in Section 2.1 as part of
evaluation of Eq. (2.1).

Fuel 𝑟1 𝑟2
Hydrogen 2 2
Methane 1 0.425

Table 4
Coefficients of lines of best fit in Fig. 2, for the conditions 𝑝𝑖 = 3.09 atm, 𝑇𝑖 = 1200K,
nd 𝑋O2

= 3 and 9%, as well as coefficients of determination. The equation is of the
orm 𝑇 ln (𝑘𝑝) = 𝑇 ln (𝐴) − 𝐸∕𝑅, where 𝑅 is the universal gas constant. GOF is the
oodness-of-fit, using the typical coefficient of determination metric.
Fuel 𝐴 𝐸 [J/kg] 𝐺𝑂𝐹

Hydrogen (3%) 1.81 × 1040 4.39 × 105 0.994
Hydrogen (9%) 6.22 × 1029 2.05 × 105 0.997
Methane (3%) 1.49 × 1042 9.32 × 105 0.948
Methane (9%) 1.36 × 1028 6.14 × 105 0.959

a minimum, i.e. thermal runaway was beginning. Whilst defining the
first local maxima before the equilibrium temperature does not result in
perfect endpoints, the least-squares regression form of determining the
pre-exponential factor and activation energy reduces the error intro-
duced near the upper temperature endpoints. The quasi-linear section
of Eq. (2.1) can be approximated by the Arrhenius rate equation. The
coefficients of this approximation can be determined through a best-
fit line using a least-squares regression. The result of the least-squares
regression, as solid (3%) and dashed (9%) lines, is overlaid on the initial
data (symbols, down-sampled), in Fig. 2 for example conditions of 𝑝𝑖 =
3.09 atm, 𝑇𝑖 = 1200K, and 𝑋O2

= 3 and 9%. Coefficients for the lines of
best fit, as well as the 𝐺𝑂𝐹 values are presented in Table 4. At 9% O2,
the estimated values of activation energy and pre-exponential factor
are within an order of magnitude of other conventional single-step
estimations for hydrogen and methane oxidation [43,67].

For hydrogen, Fig. 2 shows good correlation across the whole
temperature range for both 3 and 9% O2 mole fraction. However,
methane shows better agreement at low temperature than at high tem-
peratures, indicating hydrogen and methane progress variables result
in differing trends as temperature increases. In addition, the complexity
of the dissociation reactions at higher temperatures contributes to the
non-linearity observed in this region, especially considering the over-
simplification of the kinetics inherent in the single-step approximation.
Reduction of oxygen concentration appears to have a lesser impact
on the quasi-linear evaluation for hydrogen, however, the slope of
the methane quasi-linear regions becomes higher, leading to lower
activation energy evaluation.

The regression coefficients from the cases assessed, such as those
in Table 4, result in several hundred values that can be generalised
into a function form. A multivariate polynomial regression in three
variables – oxygen concentration, initial temperature, and pressure
– was determined for each Arrhenius coefficient. The result is two
functions, one for the activation energy, and one for the pre-exponential
factor. The functions are second order in oxygen concentration and
temperature, and third order in the log of pressure. The general form
of these equations are given as Eq. (3.1):
5

𝑓 (𝑇𝑖, 𝑝𝑖, 𝑋O2
) = 𝑐0 + 𝑐1𝑇𝑖 + 𝑐2𝑝𝑖 + 𝑐3𝑋O2
Table 5
Multivariate polynomial regression coefficients in the form of Eq. (3.1), for prediction
of activation energy in the Arrhenius rate expression.

Coefficients log10(𝐴) 𝐸

H2 CH4 H2 CH4

𝑐0 509 7.74 3.68e+6 −2.99e+4
𝑐1 −0.507 7.68e−2 −3.93e+3 −296
𝑐2 −65.6 77.0 −1.13e+6 1.13e+6
𝑐3 −63.8 −8.78 −4.38e+5 −2.75e+4
𝑐4 1.42e−4 5.63e−5 1.05 1.52
𝑐4 0.191 −0.248 2.75e+3 −2.82e+3
𝑐6 −32.6 7.44 −4.09e+5 9.01e+4
𝑐7 5.64e−2 7.96e−3 329 130
𝑐8 −4.89 15.7 −2.7e+4 1.27e+5
𝑐9 2.90 −0.966 2.16e+4 −1.83+4
𝑐10 −8.34e−5 9.61e−5 −1.14 0.973
𝑐11 2.44e−2 −1.79e−2 339 −228
𝑐12 −0.542 7.25 −1.28e+4 8.14e+4
𝑐13 −9.28e−6 −1.85e−5 −3.00e−2 −0.278
𝑐14 −1.88e−3 2.93e−3 −37.2 67.3
𝑐15 0.406 −0.610 3.81e+3 −4.53e+3
𝑐16 −1.95e−3 2.02e−3 −13.8 28.3
𝑐17 0.377 −1.09 3.72e+3 −1.21e+4

+𝑐4𝑇 2
𝑖 + 𝑐5𝑇𝑖𝑝𝑖 + 𝑐6𝑝

2
𝑖 + 𝑐7𝑇𝑖𝑋O2

+ 𝑐8𝑝𝑖𝑋O2
+

𝑐9𝑋
2
O2

+ 𝑐10𝑇
2
𝑖 𝑝𝑖 + 𝑐11𝑇𝑖𝑝

2
𝑖 + 𝑐12𝑝

3
𝑖 + 𝑐13𝑇

2
𝑖 𝑋O2

+𝑐14𝑇𝑖𝑝𝑖𝑋O2
+ 𝑐15𝑝

2
𝑖𝑋O2

+ 𝑐16𝑇𝑖𝑋
2
O2

+ 𝑐17𝑝𝑖𝑋
2
O2

(3.1)

The coefficients for each of the fuels, corresponding to 𝑐0 through
𝑐17 in Eq. (3.1), are summarised for each fuel in Table 5, for the
effective activation energy, 𝑓 = 𝐸, and for the pre-exponential factor
in logarithm form, 𝑓 = log10 (𝐴).

Extension of the modified Arrhenius rate expression results in inclu-
sion of a temperature modifying term, 𝑏, as in Eq. (2.3). Although 𝑏 can
be fitted as part of the regression process used to determine 𝐴 and 𝐸, an
iterative approach for determining the temperature exponents for each
condition was taken, optimising the values for ignition delay agreement
with the detailed chemistry. A similar multivariate regression was
performed to obtain a functional fit for the temperature exponent once
an error of less than 1% was achieved in the ignition delay prediction.
As the temperature exponent shows significantly greater non-linearity
in the trends with changes in pressure as opposed to the activation
energy and pre-exponential factors, the multivariate regression for 𝑏
involved a fourth order pressure term. The form of this regression is
shown in Eq. (3.2):

𝑏(𝑇𝑖, 𝑝𝑖, 𝑋O2
) = 𝑐0 + 𝑐1𝑇𝑖 + 𝑐2𝑝𝑖 + 𝑐3𝑋O2

+ 𝑐4𝑇
2
𝑖

𝑐5𝑇𝑖𝑝𝑖 + 𝑐6𝑝
2
𝑖 + 𝑐7𝑇𝑖𝑋O2

+ 𝑐8𝑝𝑖𝑋O2
+

9𝑋
2
O2

+ 𝑐10𝑇
2
𝑖 𝑝𝑖 + 𝑐11𝑇𝑖𝑝

2
𝑖 + 𝑐12𝑝

3
𝑖 + 𝑐13𝑇

2
𝑖 𝑋O2

+𝑐14𝑇𝑖𝑝𝑖𝑋O2
+ 𝑐15𝑝

2
𝑖𝑋O2

+ 𝑐16𝑇𝑖𝑋
2
O2

+ 𝑐17𝑝𝑖𝑋
2
O2

+

𝑐18𝑇
2
𝑖 𝑝

2
𝑖 + 𝑐19𝑇𝑖𝑝

3
𝑖 + 𝑐20𝑝

4
𝑖 + 𝑐21𝑇

2
𝑖 𝑝𝑖𝑋O2

+𝑐22𝑇𝑖𝑝2𝑖𝑋O2
+ 𝑐23𝑝

3
𝑖𝑋O2

+ 𝑐24𝑇
2
𝑖 𝑋

2
O2

+ 𝑐25𝑇𝑖𝑝𝑖𝑋
2
O2

+ 𝑐26𝑝
2
𝑖𝑋

2
O2

(3.2)

Whilst many terms are similar to Eq. (3.1), some higher order terms
are also determined. Table 6 presents the coefficients 𝑐0 through 𝑐26 for

the temperature exponent regression.
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Table 6
Multivariate polynomial regression coefficients in the form of Eq. (3.2), for prediction
of temperature exponent in the Arrhenius rate expression.

Coefficients 𝑏

H2 CH4

𝑐0 9.51 −13.5
𝑐1 −1.66e−2 2.42e−2
𝑐2 13.9 −10.6
𝑐3 −4.76 4.72
𝑐4 6.90e−6 −1.04e−5
𝑐4 −2.04e−2 1.28e−2
𝑐6 −5.22 4.17
𝑐7 8.00e−3 −8.47e−3
𝑐8 −0.372 1.29
𝑐9 0.322 −0.316
𝑐10 7.33e−6 −3.41e−6
𝑐11 1.00e−2 −8.01e−3
𝑐12 −0.834 0.685
𝑐13 −3.32e−6 3.67e−6
𝑐14 −1.36e−4 −4.19e−4
𝑐15 0.196 −4.79e−3
𝑐16 −5.49e−4 5.83e−4
𝑐17 4.13e−2 −0.151
𝑐18 −4.35e−6 3.47e−6
𝑐19 6.05e−4 −5.07e−4
𝑐20 −1.26e−2 −4.78e−3
𝑐21 3.49e−7 −4.21e−7
𝑐22 −1.88e−4 2.64e−5
𝑐23 1.96e−2 8.57e−5
𝑐24 2.30e−7 −2.57e−7
𝑐25 −3.13e−5 1.14e−4
𝑐26 −1.89e−3 −4.40e−4

Fig. 2. Fitted functions for the quasi-linear region of governing equation. Conditions
of 𝑝𝑖 = 3.09 atm and 𝑇𝑖 = 1200K, with 𝑋O2

= 9%. Coefficients for lines of best fit
(𝑇 ln (𝑘) = 𝑇 ln (𝐴) −𝐸∕𝑅) are summarised in Table 4. To improve visibility, only every
fifth marker is shown.

3.2. Dependence of activation energy estimation on different variables

Pressure has a direct influence on the chemical kinetics, through a
combination of pressure-dependent reactions, and through the activa-
tion volume property [110–112]. Fig. 3 shows the relationship between
pressure and the Arrhenius coefficients at several temperatures, for
𝑋O2

= 9%.
Fig. 3 indicates that when the temperature of methane reactants is

increased, both the pre-exponential factor and activation energy tend to
increase. Conversely, both coefficients decrease when hydrogen is the
fuel. Both progress variables are monotonic with temperature across all
conditions assessed, thus the differences in the pre-exponential factor
and activation energy trends are attributed to fundamental changes in
the chemistry between the fuels. Analysis of the effects of temperature
on the reaction pathways of diluted methane has previously shown
the complex behaviour of methane in this regime that is reflected in
Fig. 3 [54,113–115]. Previous single-step Arrhenius rate estimations
have shown increases in predicted activation energy for hydrogen
6

s

Fig. 3. Plots showing examples of the relationship between initial pressure and
Arrhenius coefficients for 𝑇𝑖 = 1200K, 1300K, and 1400K, at a fixed oxidant
concentration of 𝑋O2

= 9%. (a–b) Effective activation energy, (c–d) base 10 logarithm
f the pre-exponential factor, (e–f) temperature exponent.

s pressure increases, and decreases for methane with increases in
ressure [95–97].

The trends of temperature exponent, 𝑏, with changes to initial
emperature in Fig. 3 appear to oppose those of the pre-exponential
actor and activation energy for hydrogen. That is, where an increase
n temperature results in a decrease in activation energy for hydro-
en, it results in an increases in temperature exponent instead. The
elationship between pressure and temperature exponent for hydrogen
ollows the higher-order polynomial features more so than methane.
he morphology of the temperature exponent for both fuels shows a
rossover in exponent values, indicating a reversal in the trends with a
hange in temperature.

Higher temperature exponent tends to result in faster ignition, as
he reaction is accelerated. The magnitudes of temperature exponent
iffer greatly between the fuels, however, so too do the pre-exponential
actor and activation energies. Given the typical slower ignition delay
f methane [116], the higher temperature exponent prediction rela-
ive to hydrogen likely results from the intrinsic chemistry that this
ethod is approximating, rather than an artefact of the methodology
sed. The highly non-linear relationship between pressure and tem-
erature exponent likely comes as part of the balance between the
re-exponential factor and activation energy as pressure increases. In
he case of hydrogen, increasing pressure results in an increase in
re-exponential factor, but also activation energy, resulting in more
ollisions per unit time, but less successful ones, proportionally. Given
he exponential relationship that both 𝐴 and 𝐸 have on the rate of
eaction, the iterative approach to determining 𝑏 results in a non-linear
elationship to balance 𝐴 and 𝐸.

Oxygen concentration was also varied, and the impact of this vari-
tion on the Arrhenius coefficients is shown in Fig. 4. For methane,
hanges in O2 mole fraction have the opposite effect on pre-exponential
actor and activation energy than what was observed for changes in
emperature in Fig. 3. Increases in O2 tend to decrease both activation
nergy and pre-exponential factor, appearing to collapse towards a
ingle line at elevated O , whereas increases in temperature of the
2
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Fig. 4. Plots showing examples of the relationship between initial pressure and Arrhenius coefficients for 𝑋O2
= 3%, 4%, 5%, 6%, and 9%, at a fixed temperature of 𝑇𝑖 = 1200K.

a–b) Effective activation energy, (c–d) base 10 logarithm of the pre-exponential factor, (e–f) temperature exponent.
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eactants results in an increase in both coefficients. Hydrogen, how-
ver, decreases in pre-exponential factor and activation energy with an
ncrease in either temperature or O2 mole fraction. The morphology
f the pre-exponential factor and activation energy with changes in O2
emains similar, as with the changes in reactant temperature.

Similar to the changes in reactant temperature, changes in O2 result
n large variations in the morphology of the 𝑏–𝑝𝑖 curves for methane.
n Fig. 4(e), hydrogen shows only a change in magnitude for 𝑏, with
inimal effect on the morphology, suggesting a transition in behaviour

f the global ignition is more contingent on the initial temperature
ather than oxidant availability. Comparatively, in Fig. 4(f), methane
xhibits a significant difference in temperature exponent at reduced
2, resulting in a large decrease to negative exponent values. As
iscussed in regards to the effect of changing reactant temperature,
he temperature exponent balances out the non-linear contributions
f the estimated activation energy and pre-exponential factors to op-
imise ignition delay. As both activation energy and pre-exponential
actor vary non-linearly themselves, the resulting temperature exponent
hares highly non-linear characteristics.

It is also noted that the relationship between oxygen level and
emperature exponent at low pressures in Fig. 4(f) shows very non-
inear behaviour with changes in oxidant. Fig. 5 shows the relationship
etween oxygen level and temperature exponent for methane at a
atm of pressure and several initial temperatures. At low pressures,
7

he logarithm of pressure approaches 0, resulting in the multi-variate i
egression relationship of Eq. (3.2) collapsing into a bi-variate second-
rder regression. As such, the relationship observed in Fig. 5 appears
arabolic, causing significant differences in the exponent for different
xygen levels in methane. Whilst this is not observed in the case of
ydrogen in Fig. 4(e), extension below or above the oxygen ranges
valuated would depict this behaviour.

.3. Validation against detailed chemistry

.3.1. Ignition delay and equilibrium temperature
To assess the validity of the proposed single-step mechanism using

unctional Arrhenius coefficients, two main parameters in homoge-
eous batch reactor performance were assessed: ignition delay and
quilibrium temperature. Due to the temperature conditions being
bove auto-ignition (see Section 2.2.1), laminar flame speed is no
onger an appropriate metric for evaluating the kinetics, and hence
s not considered [117]. Ignition delay and equilibrium temperature
ndicate whether finite-rate chemistry effects, and species thermochem-
cal properties are being well represented. Closed homogeneous batch
eactor simulations were conducted using the single-step mechanisms
ased on the predicted Arrhenius coefficients, and the resulting ignition
elays and equilibrium temperatures were compared against the values
btained using the detailed mechanisms. Fig. 6 shows comparisons of

gnition delay between the single-step and detailed mechanisms for the
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Fig. 5. Relationship between O2 and temperature exponent at different initial
emperatures and a fixed pressure of 1 atm for methane.

Fig. 6. Ignition delay (𝑡𝑖𝑔) prediction as a function of initial temperature (𝑇𝑖) using
he single-step global mechanisms for 𝑋O2

= 3%, 6%, and 9%, at a fixed pressure
f 𝑝𝑖 = 5 atm. Symbols are derived from the detailed simulations, whereas as the
otted–dashed line is from one-step kinetics.

D closed homogeneous batch reactors at three O2 levels, and at a fixed
ressure of 5 atm. Pressures of 1.2, 3.1, 11, and 25 atm are shown in
upplementary Material, Section B.1, however, the general behaviour
xhibited remains the same.

The predictions of ignition delay show very good agreement be-
ween the detailed and single-step mechanisms. At lower temperatures,
gnition delay for single-step hydrogen mechanisms is over-predicted,
owever, there is strong agreement for elevated temperature conditions
i.e. above 1000K). Comparatively, methane shows excellent agreement
etween single-step and detailed predictions of ignition delay across all
nitial temperatures. It is suggested that the intermediate chemistry in
ydrogen is more sensitive to changes in initial conditions, thus reduc-
ng the accuracy of estimation of a single-step mechanism. The ignition
anges for each fuel are also captured, with minimal low temperature
gnition occurring for methane in both the detailed and single-step
hemical mechanisms. It should be noted that while methane will still
gnite at temperatures slightly lower than 1000K, the ignition delay
efinition used here requires this time frame to be less than 0.5 s (refer
ection 2.2.1).

Equilibrium flame temperature is another quantity of interest to
epresent whether the one-step approximation is appropriate and valid.
8

Fig. 7. Final temperature difference (𝑇𝑒𝑞,𝑜𝑛𝑒 − 𝑇𝑒𝑞,𝑑𝑒𝑡) between detailed and single-step
mechanisms. The prediction is a function of initial temperature (𝑇𝑖) for 𝑋O2

= 3%, 6%,
nd 9%, at a fixed pressure of 𝑝𝑖 = 5 atm.

ig. 7 shows the difference between the final temperatures of the
ne-step and detailed simulations at 5 atm. Subscripts 𝑒𝑞, 𝑜𝑛𝑒, and

𝑑𝑒𝑡 in Fig. 7 refer to equilibrium, one-step, and detailed mechanisms,
respectively. Increases in the reactant temperature result in a greater
over-prediction of equilibrium flame temperature across both fuels and
all O2 levels. Similar trends are also observed at all pressures, as shown
in Supplementary Material, Section B.2 for brevity. Both fuels show
very similar behaviour when varying initial reactant temperature, and
when varying the oxygen content. Low O2 combustion results in the
closest approximation of equilibrium flame temperature, whilst higher
O2 increases discrepancies, especially at higher initial reactant tem-
erature. At 3% O2, the over-prediction in temperature is negligible,
ut becomes significant at 9% O2, especially at reactant temperatures
bove 1200K.

In the single-step mechanisms, pyrolysis of the fuels is not cap-
ured, resulting in a higher heat release rate, and subsequently higher
emperature prediction when compared with the detailed mechanisms.
dditionally, stable intermediates which absorb heat energy are not
resent in the single-step mechanisms, resulting in a slight increase in
he predicted temperature. At higher O2, heat release is higher, and

the lack of intermediate species and subsequent endothermic reactions
due to their presence is likely to result in the greater over-prediction
of adiabatic temperature in these conditions when compared with the
low O2 cases. Regardless, temperature remains well predicted in the
low reactant temperature range for all conditions and fuels.

Species consumption shows agreement for oxidiser and fuel alike,
with consumption plots presented in the Supplementary Material Sec-
tion B.3 for brevity.

3.3.2. Sensitivity of temperature and ignition delay to Arrhenius coefficients
To evaluate robustness of the functional form of the Arrhenius coef-

ficients, sensitivity of ignition delay and final temperature to changes
in each coefficient is evaluated. Fig. 8 shows of sensitivity of hydrogen
ignition delay to changes in 𝐸, 𝐴, and 𝑏 for at 9% O2. The 𝑦-axes
of the colour maps indicate the percentage change in each Arrhe-
nius coefficient, whilst the other two are held constant at the initial
predicted value. The colour scale itself signifies the difference in igni-
tion delay between the unchanged single-step mechanism prediction
of ignition delay, and the prediction of ignition delay based on a
percentage change in one of the Arrhenius coefficients, i.e. 𝛥𝑡𝑖𝑔 = 100×
(𝑡𝑚𝑜𝑑,𝑖𝑔 − 𝑡𝑜𝑟𝑖𝑔,𝑖𝑔)∕𝑡𝑜𝑟𝑖𝑔,𝑖𝑔 . Subscripts 𝑚𝑜𝑑 and 𝑜𝑟𝑖𝑔 refer to the case where
an Arrhenius coefficient is modified, and where it is not modified,
respectively. A corresponding figure to Fig. 8 for methane may be found
in Supplementary Material, Section C.1.

Fig. 8 shows that the sensitivity of ignition delay to both activation
energy and temperature exponent is significant. Pre-exponential factor
appears to have a very limited effect on ignition delay, except at the
extremes of ±25% variation, where a maximum of 25% change in
ignition delay is observed. Comparatively, changes to activation energy
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Fig. 8. Sensitivity of ignition delay to imposed changes in activation energy (𝐸), pre-exponential factor (𝐴), and temperature exponent (𝑏) at an oxygen content of 𝑋O2
= 9% and

𝑝𝑖 = 1 atm. The fuel used is hydrogen. Subscript 𝑖𝑔 refers to ignition. Note that the colour limits are reduced to better portray the limits of sensitivity. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
result in significant changes to the predicted ignition delay, with as
little as 5% increase in 𝐸 causing greater than 100% increase in ignition
delay. As expected, at lower temperatures, Fig. 8 shows that negative
changes in activation energy result in a reduction in ignition delay,
but positive changes increase ignition delay. At elevated temperatures,
this effect becomes less apparent, resulting in less sensitivity of ignition
delay to effective activation energy. As such, accurate estimation of the
activation energy becomes paramount for adequate representation of
the detailed kinetics as a single-step mechanism, especially with low
temperature ignition.

In the case of varying the temperature exponent, increases to the
magnitude of the value will increase the ignition delay time, as most
temperature exponents are negative. Similarly, decreasing the magni-
tude will result in an decrease in ignition delay time. The ignition delay
time remains relatively insensitive to small changes in temperature
exponent however, with less than 25% change to ignition delay time
when varied by ±5%.

Sensitivity to the final temperature was also assessed, finding that
there was less than 5% difference across all pressures, oxygen levels
and temperatures for hydrogen when varying the Arrhenius coefficients
by the same margins as presented in Fig. 8. Methane displayed similar
characteristics, however, increases in activation energy tended to result
in no ignition, hence a significant reduction in predicted equilibrium
temperature. However, at elevated pressures, similar trends to those
described for hydrogen were observed. Colour maps as in Fig. 8 may
be found in Supplementary Material, Section C.2 for final temperature
sensitivity.

3.3.3. Extension to large hydrocarbons
Whilst not explored extensively in this work, the proposed method

can be extended to larger hydrocarbons, with n-heptane chosen as
an example. The Polimi C1–C16 mechanism [92–94] was selected for
use as the detailed mechanism due to its strong validation against
n-heptane combustion. Using the same process as described in Sec-
tion 2.1, reactant orders of 1.7 and 0.0477 were determined for O2 and
n-heptane, respectively. Comparisons of ignition delay and temperature
differences for n-heptane between the single-step and detailed kinetics
are shown in Fig. 9. The results of the fitting functions are presented
in Supplementary Material, Section A.4.

The ignition delay characteristics of n-heptane are known to show
negative temperature coefficient (NTC) behaviour, whereby lower tem-
perature ignition delay is less than the ignition delay at higher tem-
peratures [118–120]. NTC behaviour is captured using the function
Arrhenius coefficient form, as seen in Fig. 9(a) at all oxygen lev-
els. Additionally, the temperature over-prediction in these conditions
is minimal, with less than 100K over-prediction seen in Fig. 9(b),
comparable with the over-prediction in hydrogen and methane flames
observed in Fig. 7.
9

Fig. 9. (a) Comparison of ignition delay (𝑡𝑖𝑔) as a function of initial temperature
between detailed and single-step kinetics for n-heptane. (b) Difference in equilibrium
temperature between detailed and single-step kinetics for n-heptane. The pressure is
𝑝𝑖 = 5 atm.

3.3.4. Temperature and heat release profiles in opposed flow laminar flames
A series of opposed flow hydrogen laminar flames were analysed

to investigate the accuracy of the single-step estimation in capturing
the features of a one-dimensional flame. Fig. 10 shows the temperature
profiles and heat release profiles in mixture fraction space of both a
detailed and single-step hydrogen kinetic mechanism for 𝑇𝑖 = 1300K,
𝑝𝑖 = 5 atm, and 𝑋O2

= 6%, across at 25–1000/s global strain rate.
Fig. 10(a–d) show that temperature profiles in mixture fraction

space for single-step chemistry are in excellent agreement with the
detailed chemistry. Towards the fuel-rich side of the flame, some
over-prediction of temperature is noted in the single-step mechanism,
a feature that can be attributed to the lack of fuel pyrolysis being
captured, much like that of the closed 0D batch reactor simulations.
This is also evident in the heat release profiles, where the fuel-rich
zone shows a slight over-prediction in amplitude for the single-step
chemistry. Despite this, the heat release profiles in Fig. 10 across all
strains are very well captured.

As with the 0D batch reactor cases, species consumption shows
agreement for oxidiser and fuel alike, with consumption plots presented
in the Supplementary Material Section D.1 for brevity.

3.3.5. Behaviour approaching extinction strain rate
Capturing the behaviour close to extinction strain is important in

demonstrating the capacity of the single-step mechanism for simulating
all flow regimes. Increasing strain rate beyond that shown in Fig. 10,
hydrogen flames approach extinction. The peak temperature can be
plotted with strain rate between the single-step and detailed kinetics,
to compare how well behaviour approaching extinction is captured.
Fig. 11 shows an example of the peak temperature with different strain
rates for the case of 𝑇𝑖 = 1200K, 𝑝1 = 1 atm, and 𝑋O2

= 9%.
As strain rate increases, the trend of predicted peak temperature

for the single-step mechanisms in Fig. 11 closely follows that of the
detailed mechanism. At strains approaching extinction for the detailed
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Fig. 10. Temperature and heat release profiles of detailed and one-step opposed flow laminar diffusion flames, at 𝑇𝑖 = 1200K, 𝑝𝑖 = 5 atm, 𝑋O2
= 6%, and 25–1000/s global strain.

The dotted vertical black lines indicate the stoichiometric mixture fraction. (a–d) Temperature profiles. (e–g) Heat release profiles.
Fig. 11. Trends of peak temperature with strain rate approaching extinction for
hydrogen opposed flow laminar flames at 𝑝𝑖 = 1 atm, 𝑇𝑖 = 1200K, and 𝑋O2

= 9%.

mechanism, peak temperature reduces significantly for the detailed
mechanism, but reduces even more so for the single-step mechanism.
Despite the decrease in peak temperature, the trends of peak temper-
ature when strain is varied match well with the detailed mechanism,
suggesting that flames with high local scalar dissipation rates could still
be modelled using a single-step mechanism that adequately captures
the temperatures of these flames. Extinction strain rate for both the
detailed and single-step mechanisms was determined to be just above
a global strain rate of 10 000 s−1, with no ignition observed at 10 300 s−1
for either mechanism.

3.4. CFD modelling of JHC type flames

3.4.1. Temperature and heat release prediction
Computational fluid dynamics simulations using OpenFOAM 7 were

conducted to compare the capacity for the single-step mechanism in
capturing key flow features with that of the detailed kinetics. Fig. 12
shows temperature predictions and heat release profiles compared be-
tween the single-step kinetics and detailed kinetics for a pure hydrogen
jet with a bulk mean jet Reynolds number of 10 000, issuing into a
10
Fig. 12. Comparison of temperature and heat release between detailed and one-step
chemistry for a hydrogen jet flame at 9% coflow O2 mass fraction, with conditions
derived from [14]. (a–b) Temperature images, (c–d) heat release rate images.

coflow. The coflows have oxidant mass fractions of 3 and 9% (𝑌O2
),

and have a temperature of 1300K.
At both 3 and 9% O2, the flame shape is well captured, as are the

peak temperatures in the flame sheet. Broadening of the reaction zone
can be observed through the peak temperature images, with similar
rates in detailed and single-step kinetics alike. Whilst the location of
heat release rate in Fig. 12(c–d) is similar, the amplitude is greater
near the jet exit from the single-step mechanism. This again is similar
to that observed in both the closed 0D batch reactors and opposed flow
diffusion flames, where fuel pyrolysis plays a role in the reduction of
heat release rate in detailed mechanisms, which cannot be captured
in the single-step mechanisms. Downstream, heat release shows better
agreement between detailed and single-step chemistry. Radial profiles
of both heat release and temperature are shown in Fig. 13 at several
heights above the jet exit plane.
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Fig. 13. Radial profiles of temperature and heat release rate using the detailed GRI
.0 mechanism, and the one-step chemistry developed here for 3% and 9% 𝑌O2

, at
heights of 25, 50, and 100mm above the jet exit plane. A reference case at 9% O2 and
5 atm For the Arrhenius coefficients is also included. The temperature for Arrhenius
coefficients is 1300K.

Radial profiles of temperature in Fig. 13(a, c, e) are well captured
when comparing the detailed and single-step mechanisms. The low
temperature rise observed in the reaction zone is consistent with ex-
perimental observations of both 3% and 9% O2 JHC flames [27,121].
Whilst the peak temperature of the one-step 9% O2 case is around 50K
below that of the detailed chemistry at 50mm, the agreement is still
strong, especially across the coflow-jet mixing zone, and in the peak
zones. When the pressure in the Arrhenius coefficient function is set
to 5 atm, the resulting single-step mechanism shows no ignition at
all, highlighting the importance of matching the estimated chemistry
to the boundary conditions. Heat release, presented in Fig. 13(b, d,
f), does not agree to the same extent as temperature. Over-prediction
of heat release rate is prominent at all distances downstream of the
jet exit, especially in the 9% O2 cases. As with the opposed flow
iffusion flames, the increase in O2 at 9%, as well as the lack of
ecomposition and pyrolysis reactions in the single-step cases result
n the significant increase in peak heat release rate, however, a more
arrow flame. It is suggested that due to the lack of pyrolysis and
adical intermediates, the flame width of the single-step chemistry
ase is reduced when compared to that of the detailed chemistry. The
ccuracy of temperature prediction and overall heat release using a
ingle-step mechanism, rather than one with 325 reactions, indicates
hat the method developed in this work can be used in lieu of a detailed
echanism, at least for initial computations.

.5. Advantages and limitations of the proposed single-step mechanisms

This work focussed on temperatures above autoignition for the
nvestigated fuels, i.e. above 700K. The chemistry of methane can
ecome quite complex in these conditions as well, following different
athways to the high temperature combustion conditions [113,114].
ow temperature combustion, whilst relevant to other conventional
ombustion scenarios, is not the focus of this work. The condition
here the initial temperature of the reactants is above autoignition is
11

he prime area of interest.
Increases in temperature to greater than 1500K, especially at atmo-
spheric conditions, would be likely to result in greater over-prediction
of the final temperature, as observed in Fig. 7. However, increases in
pressure drive this over-prediction down, implying that there would be
good agreement at high pressure and high temperatures, such as in a
gas turbine combustion chamber.

The approach proposed could be extended to multi-step combustion,
with some modifications to the formulation. In terms of multi-step
reactions, the governing equation that was used to derive the Arrhe-
nius coefficients could be considered multiple times, with the relevant
progress variable for the intermediate steps and oxidiser conditions
being considered. An approach such as this could also be considered
for multi-fuel combustion, which by nature would require a single-step
reaction at minimum for each fuel.

A single-step mechanism, or indeed even a reduced multi-step reac-
tion would be inappropriate for modelling sooty flames, as the complex
mechanisms of soot formation would not be captured. This indicates
that extension of the single-step approximation is unlikely to be effec-
tive for very long chain hydrocarbons, where soot formation typically
becomes more prevalent [122].

In both the opposed flow diffusion flames, and in the CFD simu-
lations presented, a significant reduction in computational time was
observed through use of the single-step kinetics, as opposed to the
detailed kinetics. In the case of the 1D laminar flames, a five-fold
decrease in computational time was observed on average, across ∼2000
cases. In the case of CFD however, the single-step kinetics resulted in
10–20 times faster convergence, despite the use of ISAT and TDAC in
the detailed chemistry simulations. Without both of these chemistry
acceleration factors, convergence was achieved 100 times faster in the
single-step case, whilst still maintaining high fidelity in temperature
and heat release predictions.

4. Conclusions

The activation energies of equivalent single-step oxidation reactions
of hydrogen and methane were determined using a novel approach
for a range of environmental conditions. Simulations of detailed chem-
istry using closed 0D batch reactors were used to estimate global
Arrhenius coefficients, subsequently resulting in a functional fit for
each coefficient that is valid across a large range of low-oxygen, high-
temperature, and elevated pressure conditions. The functions depend
on initial temperature, pressure, and the oxidant O2 mole fraction.

The morphology of the fitting functions was found to be unique
to each fuel, and unique between the coefficients. Activation energy
and pre-exponential factor fits showed similar shapes and trends when
reactant temperature and O2 mole fraction were varied for both fuels.
However, the temperature exponent fit showed significant differences
in morphology for hydrogen and methane when oxidant concentra-
tion was varied. Both methane and hydrogen showed relatively little
change in temperature exponent with variation in initial temperature.
Comparatively, whilst hydrogen displayed a proportional change in
amplitude for temperature exponent when oxidant concentration was
varied, methane displayed a reversal in the pressure relationship. In
addition, the trends for activation energy and pre-exponential factor
with increasing initial temperature reversed when comparing hydrogen
to methane.

Ignition delay and adiabatic temperature predictions were com-
pared between single-step chemistry models and detailed chemistry.
Very good agreement was noted for estimation of the ignition de-
lay across a range of conditions. Whilst equilibrium temperature is
over-predicted to a small degree in most cases, it is significantly less
prominent when initial temperature is lowered. The over-prediction can
be attributed to a lack of pyrolysis of the fuels, as well as a lack of
intermediates that absorb heat energy in the single-step mechanisms.
The single-step approximation was, however, capable of recreating
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the NTC behaviour of n-heptane, whereby ignition delay reduces with
educed oxidant temperature.

Simulation of opposed flow laminar flames demonstrated that tem-
erature and heat release profiles, along with extinction strain be-
aviour could be captured using the single step mechanisms to a high
egree of accuracy. Use of the single-step mechanisms also reduced
he computation time by a factor of five in most cases, significantly
educing the overall wall time for analysing a range of conditions.

Computational fluid dynamics simulations of the single-step and
etailed mechanisms at several oxidant conditions indicate that the
verall flame features, especially the radial temperature profiles are
ell captured using single-step chemistry. Wall time for CFD analysis
as reduced by a factor of approximately 100 by using the single-step

hemistry. Given the use of single-step mechanisms in fundamental
NS studies of combustion, the agreement between temperature and
eat release is promising for accurate studies of MILD combustion with
etailed turbulence closure.
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