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Abstract
This work presents a detailed numerical investigation on induced ignition
and early flame propagation in both hydrocarbon fuels (methane and primari
reference fuels, PRF) and non-carbon fuels (ammonia and ammonia/hydrogen
mixtures) using one-dimensional simulations, detailed chemical kinetics and
detailed transport models. The study focuses on the dependence of minimum
ignition energy (MIE) on various ignition parameters, which is crutial in
improving combustion efficiency and ensuring safety by preventing undesired
ignition.

Through the analysis of various ignition parameters, including mixture com-
position, pressure, and ignition geometry, the research uncovers key insights
into the ignition behavior of different fuel mixtures. Simulations accurately
replicate experimental observations, highlighting significant dependencies of
MIE on factors such as the equivalence ratio and ignition geometry. This
study also investigates the stochastic nature of ignition radii, which was iden-
tified as a crucial parameter contributing to the stochastic ignition behavior
observed in experiments.

The findings contribute to the field by providing a comprehensive quanti-
tative analysis of MIE dependencies and validating simulation results with
experimental data. The research underscores the importance of understanding
the complex interaction between chemical kinetics and transportation during
induced ignition process. This work provides valuable insights for the design
of more efficient and safer combustion systems.
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Kurzfassung
Diese Arbeit präsentiert eine detaillierte numerische Untersuchung der erzwun-
genen Zündung und der frühen Flammenausbreitung in sowohl kohlenwasser-
stoffbasierten Brennstoffen (Methan und Primärreferenzbrennstoffe, PRF) als
auch kohlenstofffreien Brennstoffen (Ammoniak und Ammoniak/Wasserstoff-
Gemischen) unter Verwendung eindimensionaler Simulationen, detaillierter
chemischer Kinetik und detaillierter Transportmodelle. Die Studie konzen-
triert sich auf die Abhängigkeit der minimalen Zündenergie (MIE) von ver-
schiedenen Zündparametern, die entscheidend für die Verbesserung der Ver-
brennungseffizienz und die Gewährleistung der Sicherheit durch Vermeidung
unerwünschter Zündungen ist.

Durch die Analyse verschiedener Zündparameter, darunter Gemischzusam-
mensetzung, Druck und Zündgeometrie, deckt die Forschung wichtige Erken-
ntnisse über das Zündverhalten unterschiedlicher Brennstoffgemische auf. Die
Simulationen replizieren experimentelle Beobachtungen genau und zeigen sig-
nifikante Abhängigkeiten der MIE von Faktoren wie dem Äquivalenzverhältnis
und der Zündgeometrie. Diese Studie untersucht auch die stochastische Natur
der Zündradien, die als ein entscheidender Parameter identifiziert wurde, der
zum stochastischen Zündverhalten in Experimenten beiträgt.

Die Ergebnisse tragen zum Forschungsfeld bei, indem sie eine umfassende
quantitative Analyse der MIE-Abhängigkeiten liefern und die Simulation-
sergebnisse mit experimentellen Daten validieren. Die Forschung unterstreicht
die Bedeutung des Verständnisses der komplexen Wechselwirkung zwischen
chemischer Kinetik und Transportvorgängen während des Zündprozesses.
Diese Arbeit liefert wertvolle Erkenntnisse für die Entwicklung effizienterer
und sichererer Verbrennungssysteme.
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1 Introduction
Investigating ignition and early flame propagation processes is essential in
combustion research, with significant implications for applications such as
internal combustion engines and gas turbines [113]. Accurately describing the
ignition process is vital not only for the development of combustion machines
with high efficiency and low emission but also for safety-related concerns.

As the demand for efficient and environmentally conscious combustion
technologies grows, the focus on ignition processes becomes increasingly im-
perative in both experimental and numerical investigations. One advantage
of numerical investigations, compared to experimental investigations, is the
reduction in the cost and potential risks of experimental setups [86]. More-
over, simulations allow precise control over variables and parameters during
combustion processes—a level of control that is challenging to achieve in
experimental setups. Furthermore, simulations generate detailed data on
temperature distribution, reaction rates, and species concentrations. This
information might be challenging or impossible to obtain through experi-
ments alone. While experiments remain crucial for validating and verifying
simulation results, the combination of both approaches allows researchers to
gain a comprehensive understanding of combustion processes.

Since numerical simulations play an important role in understanding com-
bustion processes, they are essential for exploring the specific combustion
characteristics of individual fuels. As an important component of natural
gas, the combustion characteristics of methane directly impact environmental
considerations. Primary reference fuels (PRF), a binary mixture of iso-octane
and n-heptane, are surrogate fuels that aim to replicate the key characteristics
of gasoline, which is still widely used in combustion engines. Investigating
the ignition process of methane and PRF not only assists in the develop-
ment of combustion devices but also provides fundamental knowledge of
the interaction between chemical kinetics and transport processes during
combustion.

However, even though certain actions (e.g., lean combustion) can be imple-
mented in the combustion process of fossil fuels such as methane and gasoline,
they still significantly contribute to carbon dioxide emissions, directly con-
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1 Introduction

tributing to global warming. This underscores the importance of sustainable,
non-carbon fuels, such as ammonia and hydrogen.

For all fuels mentioned above, auto-ignition processes (the ignition process
without external energy deposition), and stationary flame propagation are
intensively studied in the last few decades. Ignition delay time (IDT) and
laminar burning velocity of methane (see e.g. [43, 48, 143]), PRF (see e.g. [13,
33, 54, 76]), ammonia and ammonia/hydrogen blend (see e.g. [14, 38, 49,
65, 96, 100]) are intensively studied both in experiments and simulations .
However, there are less studies of induced ignition processes (the ignition
process with external energy or radical deposition) and the transition from a
flame kernel to a self-sustained flame. In this work, the initiation of flame
with external energy source and early flame propagation of various fuels is
studied numerically, with a comparison to the experimental results.

For induced ignition, the amount of external energy deposited into the
system is crucial. Minimum Ignition Energy (MIE) defines the threshold
above which the fuel/air mixture reaches high temperatures, allowing rapid
chemical reactions to start (see e.g. [123]). This characteristic is vital for
specific fuel/air mixtures. In this work, MIEs for methane, PRF, and ammo-
nia/hydrogen mixtures are investigated, with a focus on their dependence on
fuel composition, pressure, and source size. The objective is to understand
the interaction between chemical reactions and transport effects, such as
species diffusion and heat conduction, during ignition. Numerical simulations
are employed, incorporating detailed chemical and transport models, and are
validated with experimental results.

Chapter 2 provides a phenomenological description of induced ignition,
encompassing the ignition process, flame structure, and flame extinction.
Chapter 3 delves into the mathematical methods employed in this work, cov-
ering the Navier-Stokes equations, mathematical modeling of one-dimensional
unsteady combustion processes, and unsteady combustion processes with
counterflow configurations. This chapter also discusses the chemical kinetics
and transport processes necessary for solving the Navier-Stokes equations.
Chapters 4, 5, and 6 offer detailed descriptions and analyses of the ignition
and early flame propagation processes for methane (Chapter 4), PRF (Chap-
ter 5), and ammonia/hydrogen (Chapter 6). These chapters focus on the
dependence of the MIE on various ignition parameters such as mixture com-
position, ignition kernel geometry, pressure, and the uncertainty of ignition
radius.
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2 Induced Ignition
The ignition process refers to the unsteady onset of combustion reactions
between a fuel and an oxidizer, which then leads to a steadily burning
flame [116, 123]. Ignition can be further divided into auto-ignition and
induced ignition, based on the absence or presence of an external ignition
source [123].

Auto-ignition, commonly employed in diesel engines, occurs when the
temperature, pressure, and mixture composition are sufficient for ignition
without any external energy source [92]. During the ignition delay time (IDT),
a key characteristic of auto-ignition, active radicals accumulate while the
temperature remains nearly constant. Auto-ignition occurs when the radical
pool becomes large enough [123]. In contrast, induced ignition, commonly
used in gasoline engines, is initiated by an external heat source, such as a spark
discharge. This raises the temperature locally within the energy deposition
volume. Auto-ignition then occurs within this ignition volume, forming a
flame kernel that propagates into the unburnt mixture [123]. Additionally,
ignition can also occur through radical generation [71, 123].

In this work, induced ignition with the assistance of an external heating
source is investigated. This is important not only for achieving a desired
combustion process with high efficiency and low emissions but also for pre-
venting unwanted combustion in safety-related issues. As mentioned before,
in an induced ignition process, a portion of the mixture is locally heated by
an external energy source, causing a rise in temperature within the ignition
volume. Elementary reactions begin to take place, generating additional heat.
If the rate of heat production exceeds the rate of heat loss (e.g., through
heat conduction to the cold mixture), a flame kernel is formed, resulting
in successful ignition. Otherwise, the ignition attempt concludes with an
unsuccessful outcome [68, 123]. Following the successful formation of a flame
kernel, the flame front propagates into the unburnt mixture. During the early
flame propagation phase, effects such as the stretch effect might lead to flame
extinction, which will be explained in detail in Section 2.4. In cases where
flame extinction doesn’t occur, the flame will propagate into a self-sustained
steady-state flame.
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2 Induced Ignition

In this chapter, the phenomenological description of the induced ignition
and early flame propagation is addressed, including the flame structure, the
minimum ignition energy, and flame extinction.

2.1 Flame Structure

Figure 2.1: Profile of temperature (T), heat release rate (HRR), mole
fractions of reactants (CH4 and O2) and products (H2O and CO2) of a
planar laminar free premixed flame of stoichiometric methane/air mixture,
p = 1 bar, Tu = 300 K

For the case of freely burning premixed laminar flat flame, the propagating
speed is defined as the laminar burning velocity vL, which is a characteristic
of a given mixture at a specific temperature and pressure [123]. For other
flame configurations, such as a spherically outwardly propagating flame, the
flame propagation speed might differ from the laminar burning velocity.

Figure 2.1 shows the flame structure of a planar laminar premixed flame of
a stoichiometric methane/air mixture under ambient conditions. The unburnt
mixture of fuel and air has a temperature Tu and is heated in the preheat
zone, the temperature of the mixture increases. Subsequently, in a much
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2 Induced Ignition

thinner reaction zone dominated by reaction and diffusion, extensive chemical
reactions occur, leading to a rapid decrease in reactant concentration (in this
case, CH4 and O2) and a simultaneous increase in product concentration (in
this case, CO2 and H2O). The significant heat release resulting from these
chemical reactions is evident in a thin peak in the heat release rate (HRR).
In the reaction zone, due of the rapid chemical reactions, intermediates are
produced and then consumed. The released heat then raises the temperature
of the unburnt mixture nearby through heat conduction, and the flame front
subsequently propagates into the unburnt mixture [10, 71, 123].

In both simulations and experimental observations, the flame area is not
an infinitely thin sheet separating the burnt and unburnt mixture, but has
a finite thickness [71], the position of flame front has to be defined. In
simulations, one popular way to define the position of the flame front, which
is also adopted in this work, is the peak of the HRR [121], which indicates the
strongest energy transition from chemical potential energy to thermal energy.
In experiments, a direct measurement of HRR is not practical, concentrations
of HRR indicators are measured to represent the position of the flame front.
Examples include the product CH2O and OH concentrations [93] or HCO
concentration [89] for methane/air flame. For ammonia/hydrogen/air flame,
Chi et al. [25] used the concentration of NH and OH to represent the profile
of HRR. For one-dimensional simulations using spherically and cylindrically
symmetric geometry, as applied in this work, the flame radius rf is defined as
the distance between the flame front and the symmetric center (left boundary
in simulations), as is shown in Fig. 2.2. The flame propagation speed su is
then defined as the temporal rate of change of rf :

su = drf

dt
(2.1)

Defining the ignition radius using physical coordinates directly captures
the movement of the flame front. However, since the flame front’s movement
can be influenced by both chemical reactions and thermal expansion, this
definition may obscure the underlying processes. It becomes challenging
to distinguish between flame displacement and flame propagation. Another
description for the movement of the flame front using a mass-based Lagrangian
coordinate will be explained in Section 3.1.1.

2.2 Flammability Limit
For all fuels, a flammability limit exists in terms of mixture composition
within which the mixture can be ignited with sufficiently high ignition energy.
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2 Induced Ignition
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Figure 2.2: Definition of the flame radius based on the location of the peak
of the heat release rate (HRR) [128]

In this work, the fuel equivalence ratio Φ is used to describe the mixture
composition [123]:

Φ = xfuel/xair

xfuel,stoich/xair,stoich
(2.2)

Here, xfuel and xair represent the mole fractions of fuel and air in the presented
mixture, while xfuel,stoich and xair,stoich represent the mole fractions of fuel and
air in a stoichiometric mixture, where fuel and air are completely consumed.
The oxidizer in the mixture is chosen to be air. With the definition of
Φ, it becomes straightforward to categorize premixed combustion into rich
combustion (Φ > 1), stoichiometric combustion (Φ = 1), and lean combustion
(Φ < 1) [123].

For all flammable mixtures at a certain pressure and temperature, lower
flammability limits (LFL) and upper flammability limits (UFL) exist. Beyond
these flammability limits, where the mixture is either too lean or too rich,
despite efforts to increase the ignition energy and minimize heat loss, ignition
remains unattainable [71]. There are several explanations of the existence
of flammability limits, including slow chemical kinetic caused by decrease of
flame temperature [70], heat loss through heat conduction to the unburnt
mixture [77], and stretch of the flame front [74].

The LFL and UFL can be experimentally determined for fuel/oxidizer
mixtures at a specific pressure and temperature [27]. The apparatus and
procedures have a effect on the determined flammability limits [102]. There
exist different standards to determine the LFL and UFL in experiments. For
example, German DIN 51649 method uses a glass cylinder as ignition vessel
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2 Induced Ignition

and visually flame detachment as criterion. The explosion limit is defined as
the last non-ignition point [35].

2.3 Minimum Ignition Energy
Within these flammability limits, ignition occurs when the external energy
source is sufficiently strong. The minimum ignition energy (MIE) is the
threshold ignition energy, above which the mixture in the ignition volume
successfully ignites. Another important concept is the minimum ignition
temperature, above which fast chemical reactions are triggered and the
ignition is successful [123].

In the past century, both numerical and experimental investigations have
been carried out on the MIE. One of the most widely referenced works
concerning MIE data is that of Lewis and von Elbe [74], which includes MIE
values for various fuels under different conditions. Since then, MIE values for
different fuels are studied experimentally for laminar flames (see e.g. [10, 16,
36, 88, 128]) and turbulent flames (see e.g. [9, 53]).

Numerical models for the ignition processes are also developed. One popular
one-dimensional numerical model of ignition process was developed by Maas
and Warnatz [80]. In their work, the MIE of hydrogen/oxygen mixtures and
its dependence on mixture composition, ignition parameters, and pressure
were determined numerically. Several authors have performed one-dimensional
numerical simulations and determined the MIE for various fuels (see e.g. [129,
138]). In comparison to the experimental results, it was found that some
important phenomena during ignition and early flame propagation processes
were accurately predicted using a one-dimensional simulation model [128].

In this work, one-dimensional simulations of ignition and early flame
propagation processes are conducted for both carbon-containing and non-
carbon fuels. The primary objective is to explore the relationship between
the MIE and various influencing parameters. In experiments, the ignition
process exhibits statistical behavior due to the uncertainties in the ignition
parameters. This statistical behavior is also investigated numerically in this
work, taking into account the fluctuations of the ignition radius and stretch
rate.

7



2 Induced Ignition

2.3.1 Determination of Minimum Ignition Energy and
Stochastic Nature of Ignition Process

Experimental Measurement of Minimum Ignition Energy

Fig. 2.3 shows a schematic of a combustion vessel for the spark ignition
experiments. The ignition energy is provided with a spark ignition system
with two electrodes. The geometry of the electrodes can be either sharp ended
(see e.g. [10, 105]), or flanged (see e.g. [74]). Fans are typically used in both
laminar ignition experiments (for improved mixing, turned off before ignition)
and turbulent ignition experiments (for turbulence generation) [105]. Igni-
tion detection can be achieved through pressure measurement, temperature
measurement, schlieren visualization, or a combination of these methods [10].

Figure 2.3: A schematic of a combustion vessel for the spark ignition
experiments

The ignition process in experiments has a stochasitic nature [10, 128]. In
other words, even with the same ignition energy, successful ignition and
ignition failure might coexist. In the experiments, the MIE is not a single
threshold value and has to be determined using a statistical method [10, 40,
53]. This result indicates the presence of uncertainties during the ignition
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2 Induced Ignition

process even for laminar ignitions, such as uncertainties in the size of the
ignition kernel [10]. In turbulent flow ignition, fluctuations in flow velocity
introduce additional uncertainties in ignition parameters and stretch rate of
the flame front. For a more accurate prediction of the stochastic nature of
the ignition process through simulations, it is crucial to account for these
uncertainties in the numerical model.

Numerical Estimation of Minimum Ignition Energy with fixed
parameters

In simulations with well-defined initial and boundary conditions, the MIE
represents a single threshold above which ignition is successful. However, the
definition of successful ignition has to be clarified. In some cases, the formation
of a flame kernel does not guarantee flame propagation; the formed flame
kernel might quench due to various reasons, such as flame curvature [128].

Two MIEs are defined in this situation:

• MIEini, above which a flame kernel is formed

• MIEprop, above which the flame can evolve into a self-sustained propa-
gating flame

In the results chapters, the various scenarios of ignition and early flame
propagation processes for different fuels are described and analyzed individu-
ally in the first section. The explanation for the existence of flame extinction
in some cases and its absence in others is provided in detail.

Statistical Determination of Minimum Ignition Energy

As mentioned earlier, ignition experiments have a stochastic nature due to
the uncertainties inherent in experimental conditions. To account for these
uncertainties in simulations, variable values are assigned to certain parameters,
such as ignition radius, rather than using fixed values. An example is shown
in Fig. 2.4(a), where simulations were conducted using different ignition radii
that are normally distributed. The logistic regression method, which models
the probability of a binary outcome by applying a logistic function to a
linear combination of input features [51], is utilized to determine the MIE.
Logistic regression method is also a popular approach in experimental MIE
determination [10, 105, 128].

In alignment with experimental conditions, the statistical method defines
a successful ignition ("go"case) as the formation of a self-sustained flame

9



2 Induced Ignition

(flame propagation). Conversely, ignition failure and flame extinction are
categorized as "no go"cases [10, 105]. The MIE determined in simulations
using the statistical method corresponds to the MIE observed in experiments,
as well as to the MIEprop obtained in simulations with fixed parameters.

For the ith simulation with an ignition energy Ei, a binary result was
assigned:

yi =
1 "go"case

0 "no go"case
(2.3)

A probability distribution for the occurrence of a "go"case at an ignition
energy Ei is defined as:

p(Ei) = Probability(yi = 1;Ei) (2.4)

For the ith simulation with an ignition energy Ei, a binary result was
assigned:

yi =
1 "go"case

0 "no go"case
(2.5)

A probability distribution for the occurrence of a "go"case at an ignition
energy Ei is defined as:

p(Ei) = Probability(yi = 1;Ei) (2.6)

The probability distribution can be expressed in the form of a logistic
distribution function:

p(E) = 1
1 + e−(β0+β1E) (2.7)

where β0 and β1 are parameters that can be estimated through maximizing
the likelihood function, which is a collective representation of all ignition
energies and binary results from the n tests:

L =
n∏

i=1
p(Ei)yi(1 − p(Ei))1−yi (2.8)

To estimate the ignition energy Eq at an ignition probability of q, which
means

q = p(Eq) = 1
1 + e−(β0+β1)Eq

. (2.9)

The solution of the equation gives

Eq = 1
β1
ln[ q

1 − q
− β0] (2.10)

10



2 Induced Ignition

The upper confidence limit (UCL) and lower confidence limit (LCL) for
the 100 · (1 − α

2 )% confidence interval regarding Eq can be determined:

UCL/LCL = Eq ± Zα
2

√
(σ00 + 2Eqσ01 + E2

qσ11)/β2
1 (2.11)

where σ00 and σ11 are the variances of β0 and β1, σ01 is the covariance of
β0 and β1, α is 1 minus the confidence level (α = 1 − 0.95 = 0.05 for 95%
confidence level) and Zα

2
represents the 100 · (1 − α

2 )% percentile derived
from a standard cumulative Gaussian distribution with parameters µ = 0
and σ = 1. This analysis yields a cumulative probability distribution of n
simulations and establishes a confidence envelope concerning the probability
of ignition relative to ignition energy.

An example is shown in Fig. 2.4. Here, the MIE of an n-heptane/air
mixture (ϕ = 0.8) using a cylindrical geometry with an ignition duration of
τs = 100µs is determined statistically. The ignition radius for each simulation
is a random number generated from a normal distribution with a mean radius
of µrs = 0.5 mm and a standard deviation of σrs = 0.15 mm.

The overlapping region (from Eig = 0.8 mJ to Eig = 1.28 mJ) is clearly
seen in Fig. 2.4. In this region, "go"cases and "no go"cases can co-exist.
The existence of the overlapping region can be attributed to fluctuations in
the ignition energy density, which are caused by variations in the ignition
radius. For instance, when the ignition radius exceeds the desired value, the
corresponding ignition volume also exceeds the desired value. Consequently,
the ignition energy density within the ignition volume may fall below the
requisite minimum threshold. As a result, the mixture within the ignition
volume fails to attain the necessary temperature for ignition initiation.

The MIE estimated at an ignition probability 50% is Eig(pig = 50%) =
1.04 mJ, about 20% larger than the MIE calculated with a fixed ignition
radius rs = 0.5 mm. In the results section, the impact of the statistical nature
of ignition on the MIE of different fuels will be discussed, along with the
underlying reasons.

2.3.2 Factors influencing Minimum Ignition Energy
The MIE depends on various factors. Firstly, it strongly depends on the
physical and chemical characteristics of the fuel or fuel mixture. For example,
the MIE of a stoichiometric hydrogen/air mixture can be an order smaller than
that of a stoichiometric methane/air mixture under the same conditions [74,
84]. Besides the type of fuel or fuel mixtures, the fuel/air equivalence ratio
also plays a role in the MIE, since both the specific constant pressure heat
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(a) Probability density function of ignition radius

(b) Ignition probability

Figure 2.4: Probability density function of ignition radius and statistical
determination of minimum ignition energy for n-heptane/air mixture (ϕ =
0.8, T0 = 373 K, p = 1 bar) with cylindrical geometry, the ignition radius
has a normal distribution (mean µrs

= 0.5mm, standard deviation σrs
=

0.15mm)
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Figure 2.5: The dependence of MIE on equivalence ratio at 1 bar and
T0 = 298 K for methane/air mixture with spherical geometry [129]

capacity and the chemical reaction rate depend on the equivalence ratio [74,
79]. The dependence of MIE on equivalence ratio has a U-shape. As an
example, the dependence of MIE for methane/air mixture under atmospheric
conditions is shown in Fig. 2.5. Moreover, initial temperature, pressure, and
flow field are important factors which affect MIE. Finally, ignition parameters,
such as the size and geometry of the ignition volume, also influence the MIE.
The size of the ignition volume determines the total amount of fresh mixture
to be heated, while the geometry of the ignition volume affects its diffusion
properties [79, 80].

The MIE determined through experiments also depends on experimental
conditions, such as the gap between the two spark electrodes [10], the shape
of the spark electrode [15], the criteria for successful ignition, and the size of
the ignition vessel. [103]. Another crucial influencing factor of experimentally
determined MIE is the stochastic nature of induced ignition [10, 105].
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2.4 Stretch Effect and Flame Extinction
In some practical applications of ignition, the flame front often exhibits a
curved rather than a perfectly planar geometry (see e.g. [3, 10]). Moreover, in
turbulent cases, the flame is also curved and strained due to the flow field [18,
71, 123]. The curvature and strain of the flame front play a crucial role in
flame propagation. The concept of flame stretch includes the combined effects
of aerodynamic straining and flame curvature. Understanding flame stretch
is essential for accurately predicting flame speed and explaining phenomena
such as flame extinction and flame front instability [71].

To describe the influence of stretch on flame propagation and extinction,
the stretch rate κ is a key parameter. It is defined as the ratio of the temporal
rate of change of the flame surface area A for an infinitesimal element to the
area itself. [127]:

κ = 1
A

dA

dt
(2.12)

For a premixed laminar outwardly propagating spherical flame, the stretch
rate is [71]:

κsph = 2
rf

drf

dt
(2.13)

And for a premixed laminar outwardly propagating cylindrical flame, the
stretch rate is [71]:

κcyl = 1
rf

drf

dt
(2.14)

The influence of stretch on flame propagation is significantly pronounced
in mixtures with unequal thermal and mass diffusivities. The Lewis number
expresses a correlation between mass and thermal diffusivities [45, 71]:

Le = α

Di

= λ

Di · ρcp

(2.15)

Here, α represents the thermal diffusivity, Di is the mass diffusivity of the
limiting reactant in the mixture, λ is the thermal conductivity, ρ is the density,
and cp is the specific heat capacity at constant pressure.

The stretch effect for a mixture with Le ≠ 1 can be explained as follows:
For a flame with positive flame stretch, the flame area increases. For a
mixture with Le > 1 (for example, lean iso-octane/air mixture [112] or rich
hydrogen/air mixture [52]), the mass diffusion of reactants into the reaction
zone is slower than the thermal diffusion out of the reaction zone. This
leads to a decrease in flame temperature, subsequently reducing the chemical
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reaction rate in the reaction zone. On the contrary, for a mixture with Le < 1,
the mass diffusion of reactants into the reaction zone exceeds the heat loss
through heat conduction, resulting in an increase in flame temperature and
increasing chemical reaction rate [71].

2.5 Induced ignition in turbulent flow field
Turbulent flows are prevalent in the operation of most practical combustion
engines. Spark ignition in premixed turbulent flow is a common scenario
in gasoline engines. The MIE in turbulent premixed flows is therefore a
meaningful character of fuel/air mixtures.

In the experiments, turbulent flow can be generated through fans [105]. In
simulations of induced ignition within a turbulent flow field, unlike laminar
ignition where conditions are well-defined, flow parameters fluctuate across
time and space. These fluctuations can significantly increase computational
costs. [123].

To classify different combustion regimes based on the interaction between
turbulence and the flame, and to guide the simulation of turbulent flames,
the Borghi diagram shown in Fig. 2.6 [123] is used. In this diagram, the
turbulent velocity fluctuation v′, normalized by the laminar flame speed vL,
is plotted against the largest eddy length scale l0, normalized by the thickness
of a laminar flame front lL. Turbulent Reynolds number Rl, turbulent
Damköhler number Da, and turbulent Karlovitz number Ka are used to
divide combustion into different zones, with the definitions:

Rl = v′l0
ν
, (2.16)

where ν is the kinematic viscosity,

Ka = tL
tK
, (2.17)

where tL = lL/vL is the time scale of the laminar flame, tK is the Kolmogotov
time scale, and

Da = t0
tL
, (2.18)

where t0 is the macroscopic time scale.
Combustion with Rl < 1 is categorized as laminar flame. For turbulent

flame (Rl > 1), a flamelet regime is observed below the Ka = 1 line [123].
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Figure 2.6: Borghi Diagram [123]

Above the Da = 1 line, no flame structure is present; it is called a well-mixed
reactor. Between the well-mixed reactor zone and the flamelet zone, the
flame front is strongly disturbed by the turbulent eddies and is called the
distributed reaction zone.

In the flamelet regime of a turbulent flame, the time scale of chemical
reactions is faster than the time scale of turbulence. In this case, the turbulent
flame front can be treated as a wrinkled and strained laminar flame front,
where chemical reactions still take place in a thin reaction sheet that separates
the fresh mixture and burnt mixture [19, 94, 108]. The study of a laminar
strained flame provides important insights into turbulent flames. In this
work, a counterflow configuration is employed, and the detailed mathematical
model of the counterflow configuration will be explained in Sec. 3.1.2.

For the case of induced ignition in turbulent flow, uncertainties in the flow
field and ignition parameters strongly affect the ignition process. In this work,
the strain rate and ignition radius are assumed to follow normal distributions,
as was observed in experiments (see e.g. [12]). The possibility of successful
ignition is then calculated using a regression method, and the MIE in this
case is defined as the ignition energy with a 50% ignitability [10, 53].
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In the past, experimental measurements of MIE in turbulent premixed
flows were carried out (see e.g. [8, 53, 60]). One common observation is that
the MIE increases with increasing turbulence intensity [8, 20, 53, 60]. In the
results section, the MIE is estimated using a counterflow flame configuration,
and the observed MIE transition in simulations is explained.
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3 Mathematical Methods
The induced ignition process is an unsteady combustion process [79]. In this
chapter, the mathematical methods of this work are explained. This includes
a description of the mathematical model of the instationary combustion
process with the simplification of restricting it to a one-dimensional geometry.
Additionally, the mathematical models of chemical kinetics and the molecular
transport process are also explained in this chapter, as they are necessary for
solving the conservation equations.

3.1 Governing equations
In combustion processes, a complex interaction of chemical reactions and
transport processes (such as heat conduction and molecular diffusion process)
takes place. The mathematical description of chemically reacting flows is
accomplished by formulating the conservation equations for total mass, species
mass, momentum, and energy. It results in a system of partial differential
equations (PDE) that describe the temporal and spatial changes of the
variables (e.g. mass fractions wi of species i, enthalpy h, density ρ, pressure p
and velocity v⃗) caused by chemical reactions, transport processes, and other
effects (e.g. radiation, gravity and external ignition energy) [71, 79, 97, 123].
Full description of the three-dimensional conservation equations can be found
in e.g. [123].

3.1.1 One-dimensional instationary combustion
processes

Induced ignition is an unsteady combustion process. In this work, one-
dimensional simulations are employed for the simulation of the spark ignition
process in a premixed quiescent mixture as a simplification. In such systems,
inhomogeneities occur only in one spatial dimension, allowing the exploitation
of symmetry with respect to the other spatial coordinates. In real spark
ignition in quiescent mixture, a cylindrical discharge channel forms shortly
after ignition; the discharge channel soon acquires a spherical shape with
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(a) Infinite slab (b) Infinite cylinder (c) Sphere

Figure 3.1: Schematic of the induced ignition with one-dimensional geome-
tries in quiescent mixture

flat poles at the electrodes and propagates to the fresh mixture [82]. In this
study, simulations are conducted mainly with spherically symmetric geometry.
Planar geometry and cylindrical geometry are also used to highlight the
influence of curvature.

When using one-dimensional simulations, two or three-dimensional effects
cannot be fully accounted for. However, valuable insights into the interaction
between chemical reactions and transport processes and their impact on
the minimum ignition energy can still be gained through one-dimensional
simulation. Nevertheless, certain 3D effects, such as buoyancy and their
influence on the ignition process, will be briefly discussed in the results
sections.

Fig. 3.1 shows schematics of the induced ignition with one-dimensional
geometries in a quiescent mixture. External energy is deposited into the
ignition volume at the center with an ignition radius rs for the ignition
duration τs. After τs, the ignition source is shut down, and the flame front
with a flame radius rf propagates from the center to the outer boundary
along one spatial coordinate r.

Another crucial simplification in this work is the assumption of constant
pressure, which assumes that the increase in pressure propagates infinitely fast
in space, and a spatially constant pressure exists in the calculation domain.
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It could be shown that this assumption is a very good approximation for
many cases (see e.g. [46, 80]).

To eliminate the convective terms in the conservation equations and au-
tomatically satisfy the continuity equation, a Lagrangian coordinate trans-
formation (t, r) → (t, ψ) is applied, where t denotes time, r represents the
physical spatial radius, and ψ denotes the Lagrangian coordinate [79, 80]:(

∂ψ

∂r

)
t

= ρrα (3.1)

Here ρ is the density and α denotes the geometry. For planar geometry,
α = 0; for cylindrical geometry, α = 1; for spherical geometry, α = 2.

Another benefit of using the Lagrangian coordinate is that, as the La-
grangian coordinate ψ is proportional to the mass of the burnt gas, it serves
as a better parameter for observing flame propagation caused by chemical
reactions compared to the traditional definition of flame radius using spatial
coordinates, as outlined in Section 2.1. This can be explained as follows: In
the case of pure thermal expansion where no chemical reaction takes place,
the flame front still moves away from the center, leading to an increase in the
flame radius rf defined with spatial coordinates. However, since the mass of
the burnt gas remains constant in this scenario, the Lagrangian coordinate ψ
doesn’t change. ψ only increases when chemical reactions occur and more
fresh mixture is burnt. In this work, the cubic root of ψrf

, representing the
Lagrangian coordinate at the flame front, is employed as a spatial indicator
of flame propagation.

After restricting the simulation to one-dimensional cases, applying the
constant pressure assumption, and transforming into Lagrangian coordinates,
the governing conservation equations can be expressed as follows [46, 79, 80]:

∂ψ

∂r
− ρrα = 0 (3.2)

∂p

∂ψ
= 0 (3.3)

∂T

∂t
− 1
ρcp

∂p

∂t
− 1
cp

∂

∂ψ

(
ρr2αλ

∂T

∂ψ

)
+ rα

cp

ns∑
i=1

ρcpiji
∂T

∂ψ
+ 1
ρcp

ns∑
i=1

ω̇ihiMi = q̇

ρcp

(3.4)

∂wi

∂t
+ ∂

∂ψ
(ρrαji) − ω̇iMi

ρ
= 0 (3.5)
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where t is time, ψ is Lagrangian coordinate, r is radius, T is temperature,
α denotes the geometry (0 for infinite slab, 1 for infinite cylinder and 2 for
sphere), ρ is density, cp is specific constant pressure heat capacity of the
mixture, cpi is specific constant pressure heat capacity of species i, wi is mass
fraction of species i, hi is enthalpy of species i, Mi is molar mass of species i.
ji is the diffusion term of species i and will be explained in Sec. 3.3. ω̇i is the
chemical production/consumption rate of species i and will be explained in
Sec. 3.2.

The initial condition of the simulation is a premixed quiescent fuel/air
mixture with a pre-defined mixture composition:

w(r,t = 0) = wi (3.6)

T (r, t = 0) = T0 (3.7)
The boundary conditions include symmetry at the center and a non-

catalytic, adiabatic outer boundary:
Inner boundary at r = 0:

∂T

∂ψ
= 0 (3.8)

∂wi

∂ψ
= 0 (3.9)

Outer boundary at r = L (where L is the size of the calculation domain):

∂T

∂ψ
= 0 (3.10)

∂wi

∂ψ
= 0 (3.11)

For the case of induced ignition, q̇ denotes the artificial energy source [79].
Based on experimental source profiles of similar ignition processes, the external
source term with an power density q̇ = q̇(r, t) is set to have an exponential
form [80], as is shown in Fig. 3.2:

q̇ =
q̇maxe

−( r
rs

)8

, 0 < t ≤ τs

0 , t > τs

(3.12)

For an infinity slab, as is shown in Fig. 3.1(a), the ignition energy is
expressed in terms of energy per unit area, with the unit J/m2:
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Figure 3.2: Spatial and temporal profile of external power density

Eig =
∫ τs

0

∫ ∞

0
q̇drdt

= Γ(9
8) · τs · rs · q̇max

= 0.9417 · τs · rs · q̇max

(3.13)

For an infinity cylinder, as is shown in Fig. 3.1(b), the ignition energy is
expressed in terms of energy per unit area, with the unit J/m:

Eig =
∫ τs

0

∫ ∞

0
(2πr)q̇drdt

= Γ(5
4) · τs · πr2

s · q̇max

= 0.9064 · τs · πr2
s · q̇max

(3.14)

For a sphere, as is shown in Fig. 3.1(c), the ignition energy is expressed
with the unit J:

Eig =
∫ τs

0

∫ ∞

0
(4πr2)q̇drdt

= Γ(3
2) · τs · 4

3πr
3
s ·

= 0.8862 · τs · 4
3πr

3
s · q̇max

(3.15)
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The Gamma function arises from the integral of energy density across
various ignition geometries.

Model simulations of flame initiation and early flame propagation are
conducted using the in-house code INSFLA [80]. This code solves the afore-
mentioned Navier-Stokes equations using implicit time stepping with error
control, computing the temporal evolution of combustion processes in one-
dimensional geometries. An automatic adaptive mesh algorithm is applied to
ensure sufficient grid points in the thin reaction zone, while fewer grid points
are allocated to regions with low gradients. The grid point distribution is
updated after each time step. It considers detailed chemistry. The transport
model used in the simulation is the detailed transport model, which also
includes thermal diffusion. Running the code provides spatiotemporal profiles
of temperature and species mass fractions.

3.1.2 Unsteady combustion process in counterflow
configurations

Fig. 3.3 illustrates a schematic of induced ignition for a strained axisymmetric
counterflow premixed laminar flame. Here, r and z represent cylindrical
coordinates that are tangential and normal to the flame, respectively. The
inlets at both boundaries feature fresh premixed fuel/air mixtures with
identical states, including mixture composition, temperature Tu, pressure p,
and absolute flow velocity. At time t = 0, external energy is deposited at the
center. The artificial energy source term with a power density q̇ = q̇(z,t) has
an exponential form [80]:

q̇ =
q̇maxe

−( z
zs

)8

, 0 < t ≤ τs

0 , t > τs

(3.16)

where zs is the ignition radius, and τs is the ignition duration. The detailed
description and spatial-temporal profile of the artificial energy source term
can be found in Sec. 3.1.1.

Stahl and Warnatz [108] proposed that the combustion system, when
represented in two-dimensional spatial coordinates (z-axis and r-axis), can be
described by a system of partial differential equations for the variables along
only one spatial coordinate (z-axis). This formulation relies on the assumption
that temperature, species mass fractions, and axial velocity depend solely on
z, and involves two independent parameters: the tangential pressure gradient
J and the radial velocity gradient G [108]:
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Figure 3.3: Schematic of the induced ignition in counterflow configuration

J = −1
r

∂p

∂r
(3.17)

where p is the pressure, and

G(z,t) = vr(z,t)
r

(3.18)

where vr is the radial velocity.
The conservation equations in this case are as follows, according to [108]:

∂ρ

∂t
+ 2ρG+ ∂(ρvz)

∂z
= 0 (3.19)

∂G

∂t
+ J

ρ
+G2 − 1

ρ

∂

∂z

(
µ
∂G

∂z

)
+ vz

∂G

∂z
= 0 (3.20)
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∂vz

∂t
+ 1
ρ

∂p

∂z
+ 4

3ρ
∂

∂z
(µG) − 2µ

ρ

∂G

∂z
− 4

3ρ
∂

∂z

(
µ
∂vz

∂z

)
+ vz

∂vz

∂z
= 0 (3.21)

∂T

∂t
− 1
ρ

∂p

∂t
− 1
ρcp

∂

∂z

(
λ
∂T

∂z

)
+ 1
ρcp

∂T

∂z

ns∑
i=1

cpiji,z + 1
ρcp

ns∑
i=1

ω̇ihiMi + vz
∂T

∂z
= 0

(3.22)

∂wi

∂t
+ 1
ρ

∂

∂z
(ji,z) − ω̇iMi

ρ
+ vz

∂wi

∂z
= 0 (3.23)

where t is time, T is temperature, p is the pressure, ρ is density, vz is the
normal velocity, cp is specific constant pressure heat capacity of the mixture,
cpi is specific constant pressure heat capacity of species i, wi is mass fraction
of species i, Mi is molar mass of species i. ji,z is the diffusion term of species
i along z direction and will be explained in Sec. 3.3. ω̇i is the chemical
production/consumption rate of species i and will be explained in Sec. 3.2.

Since the system is symmetric about the r-axis, the calculation domain is
restricted to the positive domain of the z-axis, with the origin of the z-axis
set at the symmetric center (stagnation point). The strain rate of the flame
in this case is [108]:

a =
√

− J

ρu

(3.24)

where ρu denotes the density of the unburnt mixture.
In this case, the initial condition is that all thermo-kinetic state variables

including T , p, and wi for all species are homogeneously distributed across
the entire spatial domain of the system:

T (r, t = 0) = T0, p(r, t = 0) = p0, wi(r,t = 0) = wi,0 (3.25)

The left boundary corresponds to the center of symmetry (z = 0) with
Neumann boundary conditions for T and wi for all species. The normal
velocity vz is zero at the left boundary (stagnation point):

vz = 0, ∂T

∂z
= 0, ∂wi

∂z
= 0 (3.26)

The right boundary represents the unburnt mixture far away from the
center, with Dirichlet boundary conditions for T and wi for all species:

vz(t) = vz,nz(t), T (t) = Tub(t), wi(t) = wi,ub(t) (3.27)
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3.2 Chemical Kinetics
To solve the Navier-Stokes equations described in Sec. 3.1, information about
chemical kinetics is required. The source term in the species mass conservation
equation represents the formation or consumption of species i due to chemical
reactions [79, 123]:

ω̇i =
(
∂ci

∂t

)
chem

(3.28)

where ci denotes the concentration of species i. ω̇i can be calculated when
the reaction mechanism of the fuel is provided.

3.2.1 Rate law and reaction mechanisms
For detailed chemical kinetic analysis, relying on a single global reaction is
nearly impossible. In such cases, intermediates formed during the reaction
are neglected, the reaction order is not constant, and the rate law becomes
too complex to determine. Instead, the processes occurring in chemically
reacting systems can be described by a set of elementary reactions, which
occur directly at the molecular level [111, 123].

In elementary reactions, the molecularity of the reaction corresponds to the
reaction order. Depending on whether one, two, or three reactant molecules
are involved in the elementary reaction, it is classified as a unimolecular,
bimolecular, or trimolecular reaction. The rate law for a unimolecular,
bimolecular, and trimolecular reaction is then first, second, and third order,
respectively. Reactions with molecularity higher than three are very unlikely
and is never observed in experiments [123].

For an elementary reaction r given by [71, 123]

S∑
s=1

v(e)
rs As

kr−→
S∑

s=1
v(p)

rs As (3.29)

Here, As represents the species symbol, S denotes the total number of species
involved in the reaction, kr is the rate coefficient of reaction r, and v(e)

rs

and v(p)
rs denote the stoichiometric coefficients of the reactants and products,

respectively.
The production rate of species i through reaction r is then [123](

∂ci

∂t

)
chem,r

= kr(v(p)
ri − v

(e)
ri )

S∏
s=1

cv
(e)
rs

s (3.30)
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where ci is the concentration of the species i.
kr represents the rate coefficient of reaction r. It exhibits strong dependence

on temperature, and for certain reactions, it is additionally influenced by
pressure [123]. The temperature dependence of kr is described by a modified
Arrhenius law [71, 123]:

kr(T ) = ArT
br · exp

(
−Ea,r

RT

)
(3.31)

with R representing the universal gas constant, Ar representing the pre-
exponential factor, br representing the temperature exponent, and Ea,r repre-
senting the activation energy of reaction r, which corresponds to the minimum
energy required for reactants to undergo the chemical reaction. The parame-
ters in the Arrhenius law are often determined with experiments [71].

The exponential factor in the Arrhenius equation exp(−Ea,r/RT ) represents
the fraction of reactants that have approached the activation energy barrier.
The reaction rate is more sensitive to changes in temperature when the
activation energy of the reaction is higher [71].

As mentioned before, the rate coefficient kr may also depend on pressure.
In uni- and trimolecular reactions, complex sequences of reactions are treated
as elementary reactions. The reaction sequence can be explained using the
simplified Lindemann mechanism [123].

A molecule requires energy to break its bond, which it receives through
a non-reactive collision. The energy supplied causes excitation within the
molecule, allowing it to decompose into products. Since the concentration
of collision partners in unimolecular decomposition reactions depends on
pressure, this explains the characteristic dependence on pressure. At high
pressures, the reactions follow first-order kinetics. Sufficient activating colli-
sions occur, making the molecule’s decomposition rate the determining factor.
At low pressures, and therefore low concentrations of collision partners, the
rate-limiting step for the reaction is the collision. The reaction then follows
second-order kinetics [71, 123].

For a detailed chemical kinetic analysis, all occurring elementary reactions
must be considered. For large hydrocarbon fuels, the detailed reaction mech-
anism may include too many elementary reactions, resulting in enormous
computational costs. In such cases, semi-detailed chemical mechanisms with
simplifications are developed and then validated against detailed reaction
mechanisms and experimental data. For example, a detailed reaction mech-
anism for n-heptane developed by Curran et al., which is well-known as
the LLNL-Mechanism, consists of 550 species and several 2450 elementary
reactions [30]; A semi-detailed reaction mechanism for toluene reference fuel
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(including the mechanism of n-heptane) developed by Andrae et al. consists
of only 137 species and 633 reactions [5].

A reaction mechanism includes chain initiation reactions, chain propagation
reactions, chain branching reactions, and chain termination reactions.

• In chain initiation reactions, reactive intermediate species are produced.

• In chain propagation reactions, a reactive species reacts and forms a new
reactive species, while the number of reactive species remains constant.

• In chain branching reactions, the reaction of a reactive species forms
two new reactive species.

• In chain termination reactions, reactive species are consumed, resulting
in the formation of stable species.

3.2.2 Oxidation of Methane
The oxidation of methane is important in two ways. On the one hand,
methane itself can be used as a fuel for, e.g., motor vehicles [125]. On the
other hand, there is a similarity in the oxidation process for all aliphatic
fuels: they all break down to C1 and C2 radicals initially, followed by further
oxidation of these radicals. In other words, the oxidation of hydrocarbon fuels
is hierarchical, with the oxidation of larger fuels containing sub-mechanisms
of smaller fuels. Consequently, the oxidation of CH4 is crucial for studying
all aliphatic hydrocarbon fuels [71, 123].

The oxidation of methane in a flame starts with abstraction of hydrogen
by H, O, and OH radicals, resulting in the formation of methyl radical (CH3).
The CH3 radical is primarily consumed by oxygen atoms, forming CH2O.
Subsequently, with further hydrogen abstraction, the CHO radical is formed,
which then decomposes into CO and H or undergoes abstraction of hydrogen
by H or O2. In stoichiometric or rich mixtures, recombination of CH3 also
occurs, forming C2H6.

3.2.3 Oxidation of Large Hydrocarbon Fuels
The reaction pathway of hydrocarbon fuels depends on the conditions under
which the combustion process takes place. Different radicals and reactions
dominate the reaction mechanism at high, intermediate, and low temperature
ranges. Due to different reaction pathways at different temperatures, phe-
nomena like cool flame and negative temperature coefficient (NTC) behaviors
can be observed.
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(a) n-heptane (b) iso-octane

Figure 3.4: Chemical structure of n-heptane and iso-octane

High Temperature Oxidation

At high temperature range (normally T > 1100 K at 1 atm), the dominant
chain branching reaction in hydrocarbon oxidation is the reaction of hydrogen
atom radical (H ) with oxygen (O2) to form an oxygen radical ( O ) and a
hydroxyl radical (OH ) [11, 71, 123]:

H + O2 O + OH

This reaction highlights the significance of hydrogen atom radicals in chain
branching. Kinetic processes that increase the H concentration accelerate
the entire oxidation reaction [126].

The reaction pathway of hydrocarbon fuels at high temperatures is similar:
H atom abstraction serves as the initial step, resulting in the formation of
alkyl radical R [11, 30, 71, 123]:

RH + H , O , OH R + H2, OH , H2O
The H atom abstraction is followed by β-decomposition, where the formed

alkyl radicals decomposes to smaller alkyl radical R’ [11, 30, 71, 123]:

R’ CH2 CH R” R’ + CH2 CH R”
The alkyl radicals continue to decompose until methyl and ethyl radicals

are formed. This reduces the problem to the oxidation of methyl and ethyl
radicals, which also represents the rate-limiting process in the oxidation of
aliphatic hydrocarbon fuels [80]. The main product of the alkyl decomposition
of straight-chain alkanes (e.g. n-heptane in Fig. 3.4(a)) is C2H5, and the main
product of the alkyl decomposition of branched-chain alkanes (e.g. iso-octane
in Fig. 3.4(b)) is CH3 [39, 81].

For the oxidation of aliphatic hydrocarbons at high temperatures, the
reaction between carbon monoxide (CO) and hydroxyl radicals (OH )
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CO + OH CO2 + H

is responsible for a significant portion of the heat release and represents
the second most sensitive reaction, making it rate-limiting [123].

Intermediate Temperature Oxidation

At intermediate temperatures (900 K < T < 1100 K), the hydroperoxy radical
(HO2 ) plays an important role instead of OH . This is because the large
activation energy of the dominant reaction (H + O2 OH + O ) at high
temperatures causes it to proceed slowly within the intermediate temperature
range [39, 123].

The HO2 radical is initially produced through:

RH + O2 R + HO2

the formed HO2 radical attacks the alkane molecule and produces the alkyl
radical through and allow chain-branching reaction:

HO2 + RH H2O2 + R
H2O2 + M OH + OH + M

More HO2 can be formed through

OH + H2 H2O + H
H + O2 + M HO2 + M

Low Temperature Oxidation

If the oxidation takes place at a temperature lower than 900 K, both the
β decomposition and the decomposition of H2O2 would be too slow, and
another reaction mechanism dominates the oxidation. In this case, peroxide
radicals play an important role [29, 30, 123]. The first step of the oxidation
is the formation of peroxide radicals through the reaction:

R + O2 RO2

This can be followed by the H-atom abstraction from another alkane molecule
and chain-branching reaction [29, 30, 123]:

RO2 + RH ROOH + R
ROOH RO + OH ,
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or the isomerization (internal H-atom abstraction) and chain propagation [29,
30, 123]:

RO2 QOOH
QOOH QO + OH

Because the internal collision rate is faster than the external collision, the
isomerization of RO2 dominates [123]. This is followed by repeated O2
addition, isomerization, and chain branching [30, 123]:

QOOH + O2 O2QOOH
O2QOOH HO2UO2H

HO2UO2H HO2UO + OH
HO2UO OUO + OH

The low-temperature oxidation depends strongly on the molecule structure
of the alkanes. In general, low-temperature oxidation of straight-chain alkanes
(e.g., n-heptane) is stronger than that of branched-chain alkanes (e.g., iso-
octane). The reason is that the intermediate rings formed during the internal
H-atom abstraction for iso-octane are more compact than those for n-heptane,
resulting in higher ring strain energy [123, 135]. Another reason is that,
a large proportion of H atoms in straight-chain alkanes are secondary H
atoms, whose bond energy is much smaller than primary H atoms, which
are the large proportion of in branched alkanes. This means that internal
H-abstraction in straight-chain alkanes is easier than in branched alkanes,
resulting in faster low-temperature oxidation of straight-chain alkanes than
of branched-chain alkanes [123, 126].

Fig. 3.5 shows the ignition delay time (IDT) of stoichiometric n-heptane/air
and iso-octane/air mixtures at atmospheric pressure. At high temperature
range, the IDT of both mixtures almost coincide, which is also observed in
experiments(see e.g. [59]). Due to the faster low-temperature chemistry of n-
heptane compared to iso-octane, the IDT of n-heptane in the low-temperature
range is much smaller than that of iso-octane. Moreover, the negative
temperature coefficient (NTC) behavior of both fuels can be clearly observed
in Fig. 3.5. The reason for the NTC behavior is that in the intermediate
temperature range (at 1 bar, for n-heptane from about 650 K to about 800 K
and for iso-octane from about 620 K to about 720 K), as the temperature
increases, the reaction rate of the reverse reaction of R + O2 RO2,
increases rapidly. This causes the RO2, radicals to decompose back into
the alkyl radical R , resulting in a decrease in the concentration of RO2,
radicals. Consequently, the chain-branching reactions slow down, and the
overall reaction rate decreases.
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Figure 3.5: Ignition delay time of stoichiometric n-heptane/air and iso-
octane/air mixtures at atmospharic pressure

3.2.4 Oxidation of Ammonia
The oxidation of ammonia begins with the H-atom abstraction in which
ammonia is consumed by reacting with the H, O, OH, resulting in the
formation of NH2 radical [58, 104].

NH3 + H NH2 + H2

NH3 + O NH2 + OH

NH3 + OH NH2 + H2O·
The formed amidogen radicals can either be consumed via another H-

atom abstraction reaction to form the NH radical, or they can be consumed
via reaction with O to form the nitroxyl radical, which is one of the most
important intermediates in the reaction pathway leading to NO pollution [4,
58, 65, 104]

NH2 + O HNO + H

32



3 Mathematical Methods

According to Miller et al. [58], in lean mixtures, molecular nitrogen is primarily
formed though reaction

NH + NO N2O + H
N2O + H N2 + OH

In rich mixtures, molecular nitrogen is mainly formed though [58, 104]

NH + H N + H2
N + NO N2 + O

Because the oxidation of ammonia is very slow, combustion enhancers like
hydrogen or hydrocarbons are sometimes added to improve ignition and flame
propagation. By combining the mechanism of ammonia oxidation with those
of hydrogen or hydrocarbons, it is possible to conduct numerical studies on
ammonia blends.

Unlike methane and hydrogen, whose reaction pathways are well-known,
the oxidation mechanism of ammonia is not yet well understood. Existing
mechanisms for ammonia still struggle to accurately reproduce flame char-
acteristics observed in experiments [4]. Further experimental and numerical
studies of ammonia flames are necessary to gain a better understanding of
the ammonia oxidation process.

3.3 Molecular Transport
To solve the Navier-Stokes equations described in Sec. 3.1, information about
the molecular transport processes (e.g. diffusion and heat conduction) is
required.

3.3.1 Mass flux
The mass flux density ji in the conservation equation consists of three parts:
the mass transport caused by concentration gradients, temperature gradients,
and pressure gradients [123]:

ji = ji,d + ji,T + ji,p (3.32)
In the case of mass diffusion caused by concentration gradients, according

to Fick’s law [50, 123]:

ji,d = −ρDM
i gradwi (3.33)
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where ρ is the density, wi is the mass fraction of species i, and DM
i is the

effective diffusion coefficient of species i, given by [50, 123]:

DM
i = 1 − wi∑

j ̸=i
xj

Dij

(3.34)

where xj is the mole fraction of species j, and Dij are the binary diffusion
coefficients.

In the case of thermal diffusion, which is also called Soret effect, the
diffusion flux is given by [50, 123]

ji,T = −DT
i

T

∂T

∂z
(3.35)

For the case where no significant pressure gradient exists, the mass transport
caused by pressure gradients can be neglected [50, 123]. The total mass flux
density is then:

ji = −ρDM
i gradwi − DT

i

T

∂T

∂z
(3.36)

For curved geometries (spherical or cylindrical), the curvature effect, which
might cause flame extinction [69], results from enhanced diffusion compared
to planar geometry. This can be explained briefly with the diffusion term of
the species mass conservation equation, which is 1

rα
∂
∂r

(rαji), with α indicating
the constant for the geometry. In the case of spherical geometry, this term
can be expressed as:

1
r2

∂

∂r
(r2ji) = ∂

∂r
(ji) + 2

r
ji (3.37)

whereas for planar geometry, this term is simply ∂
∂r

(ji). The additional term
2
r
ji only exists for curved geometry. In the result sections, the influence of

the curvature effect on ignition processes will be discussed.

3.3.2 Heat flux
Just like the mass flux density, the heat flux density jq also consists of three
parts:

jq = jq,c + jq,d + jq,D (3.38)
where jq,c denotes the heat flux density caused by temperature gradient,
jq,d denotes the heat flux density caused by the specific enthalpy of species
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mass diffusion, and jq,D denotes the heat flux density caused by the species
concentration gradient.

According to Fourier law of heat conduction [50, 123]

jq,c = −λgradT (3.39)
where λ is the thermal conductivity.

The heat flux density caused by the specific enthalpy of species mass
diffusion is

jq,d =
∑

i

hiji (3.40)

and the Dufour effect can be neglected in combustion processes [123].
In simulations, essential parameters for calculating molecular transport,

such as thermal conductivity and the diffusion matrix of species, are provided
as input. In this study, a detailed transport model, including the Soret
effect, was employed. By incorporating the chemical mechanism, initial and
boundary conditions, the Navier-Stokes equations were solved. The resulting
temporal and spatial development of temperature and species mass fractions
can then be used for further investigation of the underlying physics.
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As mentioned in Sec. 3.2, methane is the primary component of natural
gas, comprising 85% to 99% of the total volume [125]. As the smallest
hydrocarbon fuel, the chemical kinetics of methane are simpler than those of
higher hydrocarbon fuels. This makes methane an excellent starting point
for studying the induced ignition of hydrocarbon fuels.

There exist several oxidation mechanisms for methane/air flames that
have a good agreement with experiments for IDT and laminar flame speed
data (e.g. [6, 107, 115, 124]). In this work, the induced ignition and early
flame propagation process of methane was numerically investigated using
the well-known GRI 3.0 mechanism, which comprises 53 species and 325
elementary reactions [107]. This mechanism can be used over a wide range
of conditions (1000 to 2500 K, 10 Torr to 10 atm, and equivalence ratios
from 0.1 to 5 [107]), and it is widely employed for numerical investigations of
methane flames [144].

4.1 Flame Scenarios
As previously mentioned, minimum ignition energy (MIE) is a key characteris-
tic of the induced ignition process. For the numerical investigation of induced
ignition process, an accurate definition of MIE is necessary. To achieve this,
it is necessary to examine the possible scenarios following ignition and then
define MIE based on these scenarios.

Fig. 4.1 shows the possibilities after the deposition of external energy.
The ignition kernel has a spherically symmetrical geometry with an ignition
radius of rs = 1.0 mm. During the ignition duration (τs = 0.1 ms), the
fresh mixture in the ignition volume is heated, resulting in an increase in
temperature within the ignition volume. Both temperature and wCO2 profiles
(wCO2 = mCO2/mtotal) are shown to describe the flame scenarios. Temperature
is a direct indicator of heat release and influences the reaction rate. However,
during the early phases of flame propagation, temperature can also be affected
by external energy sources. This makes it challenging to determine whether a
temperature increase is due to chemical reactions or external energy deposition.
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(a) Temperature profile

(b) CO2 mass fraction profile

Figure 4.1: The spatio-temporal profile of temperature and CO2 mass
fraction for the case with ignition failure and the case with successful
ignition in simulations under atmospheric conditions. Red lines represent
temperatures and CO2 mass fractions within the spark duration, blue lines
represent temperatures and CO2 mass fractions after the spark duration,
ϕ = 1, T0 = 298 K, p = 1 bar, with spherical geometry, rs = 1.0 mm,
τs = 0.1 ms
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CO2 is significantly produced only in the case of rapid chemical reactions;
thus, massive CO2 formation typically indicates the formation of a flame
kernel.

In the case of ignition failure with an ignition energy of Eig = 2.70 mJ, the
temperature in the center of the ignition volume starts decreasing after ignition
duration. After about 0.25 ms, the temperature in the entire computational
domain returns to 298 K, with no sign of formation of a flame kernel.

On the other hand, if the ignition energy is 0.1 mJ higher than in the case
of ignition failure, as can be observed in Fig. 4.1 (b), the temperature in
the ignition volume remains almost constant for several milliseconds after
ignition energy deposition, and then rapidly increases to about 2500 K due to
successful ignition, while massive formation of CO2 can be observed (wCO2,max

about 5000 times larger than the case of ignition failure). The formed ignition
kernel then propagates outward. The Minimum Ignition Energy (MIE),
defined as the minimum energy required for successful ignition, is in this case
2.80 mJ.

Figure 4.2: The spatio-temporal profile of temperature and CO2 mass
fraction for the case of flame kernel formation with subsequent extinction
for CH4 / air mixture near the flammability limit. Red lines represent
temperatures and CO2 mass fractions within the spark duration, blue lines
represent temperatures and CO2 mass fractions after the spark duration,
ϕ = 1.5, T0 = 298 K, p = 1 bar, with spherical geometry, rs = 0.5 mm,
τs = 0.1 ms

In some cases, when the equivalence ratio of the CH4/air mixture is near the
lean/rich flammability limit and the ignition radius is small, flame extinction
can be observed. This can be explained as follows: When the ignition
radius is small, the flame curvature—being inversely proportional to the
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flame radius—is large immediately after ignition, leading to rapid diffusion.
However, since the chemical reactions for mixtures near the flammability limit
are much slower than for stoichiometric mixtures [100], fast diffusion leads to
a decrease in flame temperature, resulting in flame quenching after a while.
An example is shown in Fig. 4.2, where the ignition radius of the spherical
ignition kernel is rs = 0.5 mm and the equivalence ratio of the mixture is
1.5. In this case, CO2 is massively produced after ignition (wCO2,max is about
4000 times larger than in the case of ignition failure), indicating a successful
ignition and the formation of a flame kernel. However, fast diffusion causes
a decrease in flame temperature. Eventually, the flame quenches, and the
temperature at the center drops back to 298 K.

In the following sections, the dependence of MIE for methane/air mixture
on different parameters is investigated.

Figure 4.3: The dependence of MIE on equivalence ratio at 1 bar and
T0 = 298 K for methane/air mixture with spherical geometry [129]
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4.2 Dependence of MIE on Equivalence Ratio
After discussing the possible scenarios following ignition, the Minimum Igni-
tion Energy (MIE) is defined as the minimum energy required for successful
flame propagation. The next goal of this chapter is to analyze the key factors
influencing MIE. With a relatively large ignition duration (ts = 100µs),
the influence of ignition duration on MIE is minimal. Since the mixture
composition can affect the chemical reaction rate, this section first examines
the dependence of MIE on the equivalence ratio, a key characteristic of the
mixture composition.

The dependence of the MIE on equivalence ratio for a methane/air mixture
with a spherical ignition kernel (rs = 1.0 mm) under atmospheric conditions
is shown Fig. 4.3.

Here, to present the both the rich side (ϕ > 1) and the lean side (ϕ < 1) of
the ignitable range in a nealy symmetrical manner, a normalized equivalence
ratio is introduced [71]:

Φn = ϕ

ϕ+ 1 (4.1)

The MIE of methane under atmospheric conditions is only weakly dependent
on the equivalence ratio within the ignitable range, with the MIE on the lean
side slightly lower than on the rich side. The minimum value of MIE = 2.70 mJ
is reached at ϕ = 0.6, which is about 5% smaller than the MIE for the
stoichiometric mixture (MIE = 2.80 mJ). This is mainly because the specific
heat capacity (cp) of the lean CH4/air mixture is smaller than that of the rich
CH4/air mixture. With the same ignition energy, the lean CH4/air mixture
can be heated to a higher temperature than the rich CH4/air mixture, as
shown in Fig. 4.4.

However, as ϕ approaches the flammability limit, MIE increases rapidly.
This is mainly due to the slower chemistry of mixtures near the flamma-
bility limit compared to stoichiometric mixtures [100]. Fig. 4.5 shows the
temperature and HRR profiles of stoichiometric (ϕ = 1) and near-limit rich
mixture (ϕ = 1.4) of CH4/air under atmospheric conditions. The flame front
is defined as the position of the HRR peak. A flame-centered coordinate
system, denoted by r−rf , is employed, with the origin of the x-axis defined as
the position of the flame front. As can be observed in Fig. 4.5, the peak HRR
for the near-limit rich mixture is almost 10 times smaller than that for the
stoichiometric mixture. This reduction in HRR is primarily due to the lack of
oxidizing agents in the near-limit rich mixture, which decreases the efficiency
of the chemical reactions. Additionally, the excess fuel molecules can act
as third-body collision partners, accelerating third-body chain termination
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T
 (

K
)

Figure 4.4: Temperature at the center of the ignition volume at the end of
ignition duration in dependence of equivalence ratio for methane/air mixture
under atmospheric conditions

reactions and further inhibiting heat release. Furthermore, the high overall
activation energy Ea for the near-limit rich mixture lowers the rate coefficient
k as described by the Arrhenius law [110]:

k = A · exp(− Ea

RT
) (4.2)

On the other hand, the larger flame thickness of the near-limit mixture
compared to the stoichiometric mixture shows the importance of diffusion for
the rich mixture. Higher ignition energy is needed for the near-limit mixture
(compared to the stoichiometric mixture) to compensate for the heat loss
through diffusion.

The flammability limits of methane under atmospheric conditions, esti-
mated using spherical geometry with rs = 1.0 mm, are LFL = 0.46 and
UFL = 1.60. The measured flammability limits in experiments are typically
reported in mole fractions of methane, ranging from 3.8% to 5.0% for the lean
side and from 15.8% to 16.9% for the rich side, depending on the experimental
methods used [21, 102, 117]. This corresponds to flammability ranges in
equivalence ratios from ϕ = 0.376 to ϕ = 0.501 on the lean side and from
ϕ = 1.787 to ϕ = 1.937 on the rich side. On the rich side, the RFL predicted
using spherical geometry is closer to stoichiometry than the RFL measured
in experiments. This is mainly because the flame geometry in experiments
lies between a cylinder and a sphere. Simulations conducted with spherical
geometry overpredicted the curvature effect on the rich side. On the lean side,

41



4 Induced Ignition of Methane

since the Lewis number of lean methane/air mixtures is slightly below unity,
the flame is less sensitive to curvature effects, compared to the rich mixtures,
whose Lewis number is slightly greater than 1. As a result, the LFL predicted
using spherical geometry shows good agreement with experimental data.
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Figure 4.5: Temperature and heat release rate profiles of stoichiometric
(ϕ = 1, solid line ) and rich mixture (ϕ = 1.4, dotted line ) of CH4/air

In summary, the dependence of MIE on the equivalence ratio exhibits a
U-shape. This trend is primarily due to the slow chemical reactions occurring
in near-limit mixtures and is consistent with other MIE investigations [74,
80]. Furthermore, the estimation of flammability limits for methane/air
mixtures using induced ignition simulations in spherical geometry shows good
agreement with experimental data.

4.3 Dependence of MIE on Ignition Geometry
In addition to mixture composition, ignition parameters such as ignition
geometry also have a significant impact on MIE. In our in-house code INS-
FLA [80], one-dimensional simulations can be performed using spherical,
cylindrical, and planar geometries. When numerically investigating the in-
duced ignition process with different geometries, it is important to note that,
as is explained in Sec. 3.1.1, the calculated MIE for one-dimensional induced
ignition with different geometry has different units: J for sphere, J/m for
infinite cylinder, and J/m2 for infinite slab. For comparison of MIE with
different geometries, the ignition energy density qs, as defined in Sec. 3.1.1, is
employed. Another advantage of using the minimum ignition energy density
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instead of MIE is to allow comparison between different ignition radii. Since
ignition energy depends not only on the physical and chemical behavior of
the fuel/air mixture but also on the ignition volume, which is directly related
to ignition radius, using qs eliminates the influence of ignition volume. This
allows one to concentrate on the chemical and physical effects during ignition.

The dependence of qs,min on ϕ is shown for spherical, cylindrical, and planar
geometries with two different ignition radius rs = 1.0 mm and rs = 0.5 mm
in Fig. 4.6 and Fig. 4.7.

It is first observed that within the ignitable range, qs,min shows only a weak
dependence on ϕ, the geometry and ignition radius. Within the ignitable
range, qs,min for a small ignition radius is slightly higher than that for a large
ignition radius because the large temperature gradient at a small ignition
radius causes greater heat loss from the ignition kernel to the fresh mixture,
compared to at a large ignition radius.

Approaching the ignitable range, qs,min for small ignition radius (rs =
0.5 mm) exhibits a more rapid increase than for large ignition radius (rs =
1.0 mm), especially for spherical geometry. The main reason of this is that,
for curved geometries with small ignition radius, the flame curvature at early
phase of flame propagation is large, diffusion becomes important [80]. For
mixtures near the flammability limit, chemical reactions become slow and
are very sensitive to disturbances. The competition between heat release
through chemical reactions and heat conduction out of the reaction zone may
cause flame extinction. For flame kernel with large curvature, higher ignition
energies are needed compared to small curvature or no curvature (planar
geometry) for the flame to live through the critical phase.

Comparing the flammable range calculated with different geometries, it
can be observed that the geometry used in simulations also affects the lean
and rich flammability limits. Here, by using the ignition energy density
instead of the ignition energy, the influence of ignition volume is eliminated.
Table 4.1 displays the flammability limits estimated in simulations with
various geometries and those measured in experiments.

For the lean side, where the Lewis number of the mixture is slightly below
1, the mixture is not very sensitive to curvature. Both curved geometries
provide reasonable predictions of the LFL, with the LFL predicted by the
planar geometry being slightly too lean.

However, on the rich side, where the mixture has a Lewis number greater
than 1, it is more sensitive to curvature effects. The RFL measured in experi-
ments lies between those estimated with spherical and cylindrical geometries,
suggesting that the flame geometry in experiments lies between these two
curved geometries. The RFL estimated with planar geometry significantly
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(a) Spherical geometry

(b) Cylindrical geometry

Figure 4.6: The dependence of minimum ignition energy density on equiva-
lence ratio at 1 bar and T0 = 298 K for methane/air mixture with curved
geometries [129]
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Figure 4.7: The dependence of minimum ignition energy density on equiva-
lence ratio at 1 bar and T0 = 298 K for methane/air mixture with planar
geometry

Table 4.1: Flammability limits estimated in simulations and measured in
experiments

Geometry/Ref. LFL RFL

Simulation
Spherical 0.46 1.6
Cylindrical 0.43 2
Planar 0.32 5

Experiment [21, 102, 117] 0.38-0.50 1.79-1.94

exceeds the experimental measurements, underscoring the importance of
considering curvature effects in simulations.

In this chapter, the induced ignition process of methane was examined. As
a key component of natural gas, understanding methane’s behavior is crucial
for the development of efficient and safe combustion systems using natural
gas. Additionally, as the smallest hydrocarbon fuel, methane serves as an
ideal starting point for studying the induced ignition of all hydrocarbon fuels.
The results confirm the U-shaped dependency of MIE on the equivalence ratio
and highlight the significant influence of geometry on the induced ignition
process.
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Primary reference fuels (PRF, binary mixture of iso-octane, C8H18 and n-
heptane, C7H16) are important gasoline surrogate fuels. Therefore, investigat-
ing the ignition and early flame propagation process is important for practical
applications.

The Research Octane Number (RON) is a critical characteristic of a fuel,
representing the knocking tendency equivalent to a Primary Reference Fuel
(PRF) with the corresponding percentage of iso-octane by volume in a blend [7,
42]. The importance of RON is related to the knock phenomena in gasoline
engines, where a high compression ratio can cause undesirable ignition in
the end gas [67]. Due to differences in molecular structure and chemical
kinetics, n-heptane has a much higher knock tendency than iso-octane [79,
123]. Consequently, RON is often used to define the knocking tendency of
gasoline fuels. For example, a fuel with RON = 50 has the same knocking
tendency as a PRF mixture containing 50% iso-octane and 50% n-heptane.
In this work, PRFs are investigated: Pure iso-octane corresponds to RON =
100, while pure n-heptane corresponds to RON = 0. Any RON value between
0 and 100 represents mixtures of iso-octane and n-heptane.

The numerical investigation of ignition processes of PRFs is more com-
plicated than that of small hydrocarbon fuels like methane, for two main
reasons:

• The chemical kinetics of PRFs are more complex compared to methane.
This complexity arises in the high-temperature branch from the hi-
erarchical structure of hydrocarbon oxidations, where the oxidation
mechanisms of PRFs include both the oxidation mechanisms of methane
and the reactions for the decomposition of higher hydrocarbons [123].
Additionally, the low-temperature chemistry of large hydrocarbons
contributes to an even larger chemical mechanism [123].

• The diffusion process of PRF/air mixtures are more complex com-
pared to methane/air mixtures. This complexity arises from the larger
molecules of iso-octane or n-heptane, compared to methane. While the
Lewis number of methane/air mixtures is close to one for both lean and
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rich mixtures, the Lewis number of PRF/air mixture is smaller than one
for rich mixtures and greater than one for lean mixtures (for example,
Le ≈ 3 for PRF/air mixtures at ϕ = 0.8 [112]). This means that for the
ignition and early flame propagation process of lean PRF/air mixtures,
which is attractive for its low emission and high performance, flame
extinction can happen because of the stretch effect [71].

In the past, several chemical mechanisms for PRFs have been developed.
One of the most well-known detailed mechanisms is published by Lawrence
Livermore National Laboratory (LLNL), known as the LLNL mechanisms [31].
The LLNL mechanism for PRFs is an assembly of the detailed LLNL mecha-
nisms for iso-octane [29] and n-heptane [30]. Due to the inclusion of several
hundred species and several thousand elementary reactions, calculations
using LLNL detailed mechanisms can take up to several days. To reduce
computation time, semi-detailed mechanisms have been developed. In this
work, a mechanism based on a semi-detailed chemical kinetics model for
toluene reference fuels (TRF) was used, which includes 137 species and 633
reactions [5], and also includes the PRF mechanism. This mechanism has
been validated with homogeneous charge compression ignition experiments
and is widely used for simulations of gasoline surrogate fuels (e.g., see [64]).

Even though the mechanisms were validated with properties like IDT, the
impact of the choice of mechanism on the simulations of induced ignition
processes remains an open question. To this end, in this work, the MIE was
first calculated using the mechanism from Andrae et al., the LLNL mechanism,
and another mechanism by Wang et al.[122] for a lean n-heptane/air mixture
with ϕ = 0.8, T0 = 373 K, and p0 = 1 bar, with a spherical ignition source of
radius rs = 1.5 mm and duration τs = 0.1 ms. As shown in Table 5.1, the
MIE calculated using the three different mechanisms only differs by about
0.5%. Additionally, with the same ignition energy, the maximum temperature
at the end of the ignition duration is also similar. One possible explanation
is as follows: Since the thermodynamic properties of species in different
mechanisms are comparable, the result that the temperature at the end of
the calculation is comparable is not surprising. After the ignition energy was
shut off, auto-ignition (or ignition failure) occurs in the ignition volume [123].
Given that the IDT calculated by different mechanisms is comparable, it
is also not surprising that the MIE calculated with different mechanisms is
comparable. This indicates that the choice of mechanism has only a minor
influence on the calculated MIE, making the use of the mechanism from
Andrae et al. a reasonable choice over the LLNL mechanism.
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Table 5.1: MIE and the maximum temperature at the end of the ignition
duration with Eig = 7.2 mJ for three different mechanisms

Mechanism LLNL [31] Andrae et al. [5] Wang et al. [122]
MIE [mJ] 7.00 6.80 7.15
Tmax [K] 1364 1369 1377

In the past few decades, the auto-ignition properties (see, e.g., [2, 13, 33])
and steady-state flame propagation properties (see, e.g., [54, 76]) of PRF/air
mixtures and their RON dependence have been thoroughly investigated.
However, fewer studies focus on the transition from an ignition kernel to
a self-sustained flame for PRFs. Does the MIE of PRF/air mixtures also
depend on RON? How does the interaction between chemical reactions and
diffusion affect the induced-ignition process of PRF/air mixtures? Does
pressure play a role in the induced-ignition process of PRF/air mixtures?
Is it possible to model the stochastic nature of the induced-ignition process
with one-dimensional simulations? These questions, despite their importance
for practical implementations and safety issues, remain open.

To gain a deeper understanding of the ignition and early flame propagation
processes of PRF/air mixtures, this work conducts a numerical investigation.
The focus is on the dependence of the minimum ignition energy (MIE) on
various parameters, such as the equivalence ratio, RON, ignition radius, strain
rate, and stochastic behavior. These parameters are crucial for characterizing
the ignition conditions and initial flame development.

In this chapter, the results of these numerical investigations are presented.
The obtained numerical results are validated using experimental data from
the literature. This comprehensive analysis aims to contribute to a better
understanding of the ignition mechanisms and early flame propagation in
PRF/air mixtures.

5.1 Flame Scenarios
For PRF, a greater variety of outcomes after ignition were observed compared
to methane. As mentioned before, flame extinction can be observed in
the ignition and early flame propagation process of PRFs. Additionally,
particularly at elevated pressure, cool flame and two-stage ignition phenomena
can be observed. The spatio-temporal temperature and CO2 profiles are used
in this section to describe the ignition and early flame propagation process,
or the extinction, in different scenarios.
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In total, five qualitatively different flame scenarios can be observed after
ignition:

Type I Ignition failure

Type II Successful hot flame ignition and subsequent flame extinction

Type III Successful hot flame ignition and self-sustained flame propagation

Type IV Successful cool flame ignition and consequent flame extinction

Type V Two stage ignition

For the ignition of PRF at atmospharic pressure, the low temperature
chemistry is too weak to trigger a cool flame, only type I-III can be observed.

For the ignition of PRF at elevated pressure, the low temperature chemistry
plays a more important role [5], compared to the ignition of PRF at 1 bar.
A cool flame might be observed after ignition energy deposition, which may
evolve into a self-sustained hot flame, or quench because of its low heat release
rate. All five types can be observed.

Scenario I: Ignition Failure

Typical temperature and CO2 profiles of scenario I, ignition failure, are shown
in Fig. 5.1. Here, the ignition energy is E = 6.70 mJ. During the deposition of
ignition energy, the temperature in the ignition volume increases. At the end
of the ignition duration, the temperature in the ignition volume is about 1300
K. However, 1300 K still doesn’t reach the minimum ignition temperature
for iso-octane at 1 bar and 373 K; therefore, fast chemical reactions are not
triggered. The evidence of the ignition failure is the absence of CO2 formation;
the peak of the CO2 profile is about 3000 times smaller than the other cases
below. The temperature in the ignition volume decreases after the ignition
duration and drops back to 373 K at the end of the calculation.

Scenario II: Ignition and Subsequent Flame Extinction

The temperature and CO2 profiles of scenario II, successful ignition and
consequent flame extinction, are shown in Fig. 5.2. Here, the ignition energy
is E = 6.80 mJ, which is 0.10 mJ higher than the ignition energy in scenario
I. This results in a temperature at the center at the end of the ignition
energy deposition about 40 K higher than in scenario I. This temperature is
above the minimum ignition temperature. Flame initiation, which results in a
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(a) CO2 mass fraction profile (b) Temperature profile

Figure 5.1: The spatio-temporal profile of temperature and CO2 mass
fraction for the case with ignition failure for iso-octane/air mixture with
ϕ = 0.8 at 1 bar and 373 K in simulations, using spherical geometry with
rs = 1.5 mm and τs = 100 µs. Red lines represent temperatures and CO2
mass fractions within the spark duration, black lines represent temperatures
and CO2 mass fractions after the spark duration

temperature increase of about 1000 K is observed. Additionally, a remarkable
production of CO2 (3000 times more than scenario I) is observed. However,
in the early phase, the flame curvature with spherical geometry is very high,
leading to large heat conduction to the unburnt mixture, causing the flame
temperature to decrease. At a certain flame radius, the flame quenches, and
the formed CO2 diffuses away. At the end of the calculation, the temperature
decreases back to 373 K, similar to scenario I. In this case, MIEini = 6.80 mJ.

Scenario III: Flame Propagation

If the ignition energy keeps increasing (from MIEini), the temperature at the
center at the end of the ignition duration also keeps increasing. However, the
temperature still decreases rapidly with flame extinction at the end. Until the
ignition energy increases to E = 16.30 mJ, a self-sustained flame (scenario
III) can be observed. The temperature and CO2 profiles of scenario III are
shown in Fig. 5.3. Here, the temperature at the center at the end of ignition
duration is far greater than in the first two cases, reaching about 5000 K.
Because the temperature in the ignition volume is brought to a very high
value, flame initiation with massive formation of CO2 is already observed
during the energy deposition. After ignition duration, although the flame
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(a) CO2 mass fraction profile (b) Temperature profile

Figure 5.2: The spatio-temporal profile of temperature and CO2 mass
fraction for the case with ignition failure for iso-octane/air mixture with
ϕ = 0.8 at 1 bar and 373 K in simulations, using spherical geometry with
rs = 1.5 mm and τs = 100 µs. Red lines represent temperatures and CO2
mass fractions within the spark duration, black lines represent temperatures
and CO2 mass fractions after the spark duration

temperature also decreases due to curvature effect, the excess enthalpy form
ignition source helps the flame survive through the critical phase and becomes
self-sustained. In this case (iso-octane/air mixture at p = 1 bar and T0 = 373
K, ϕ = 0.8, using spherical geometry with rs = 1.5 mm and τs = 100µs),
MIEprop = 16.30 mJ.

One interesting observation of scenario III is that there seems to exist both
a slow flame regime and a fast flame regime. As shown in Fig. 5.3, the flame
initially propagates with a slow velocity, accompanied by a decrease in flame
temperature. As the flame moves away from the center and the flame radius
increases, the curvature of the flame front decreases. Once the flame reaches
a critical radius, the flame temperature increases again, and a fast flame
propagation can be observed.

To further prove the existence of fast and slow flame during the ignition of
PRF flame, to explain the phenomenon, and to find out if it’s responsible
for the flame extinction, the flame movement caused by chemical reactions
is examined. Here, as explained in Sec. 3.1, the Lagrangian coordinate ψ is
used to eliminate the influence of thermal expansion and allow concentration
on flame propagation. The cubic root of ψrf

, representing the Lagrangian
coordinate at the flame front, is employed as a spatial indicator of flame
propagation.
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(a) CO2 mass fraction profile (b) Temperature profile

Figure 5.3: The spatio-temporal profile of temperature and CO2 mass
fraction for the case with flame propagation for iso-octane/air mixture at 1
bar and 373 K in simulations. Red lines represent temperatures and CO2
mass fractions within the spark duration, black lines represent temperatures
and CO2 mass fractions after the spark duration

As shown in Fig. 5.4, two parts of a nearly linear relationship with different
slopes are observed for both iso-octane and n-heptane flames. The slopes
here represent the flame propagation speed. This indicates the existence of a
slow flame during the critical phase and a fast flame afterward. If the ignition
energy is smaller than MIEprop, the flame quenches, while if the ignition
energy is greater than MIEprop, the flame can overcome the stretch effect,
reach the critical radius, and become a self-sustained flame.

Additionally, the difference between the n-heptane flame and the iso-octane
flame can be observed. For the n-heptane flame, the fast flame propagates
about 3 times faster than the slow flame, while for iso-octane, the fast flame is
almost 6 times faster than the slow flame. The propagation speed of the fast
flame for both fuels is similar, but the propagation speed of the n-heptane
slow flame is faster than that of iso-octane. This implies different regimes
of interaction between chemical reaction and transport processes between
the two fuels, especially during the critical phase. This difference is further
explained in the next section, where the dependence of MIE on RON is
investigated.

Having confirmed the presence of both fast and slow flame phenomena, the
next question relates to the underlying mechanisms behind this observation.
For this purpose, temperature profiles and profiles of mass fractions of impor-
tant species (OH, H2O2, and HO2) are shown for both slow and fast flames
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Figure 5.4: The flame front movement caused by chemical reactions for
an iso-octane (RON=100) and for a n-heptane (RON = 0) flame, both at
ϕ = 0.8, p = 1 bar, T0 = 373 K, using spherical geometry with rs = 1.5
mm [128]

for iso-octane. In the case of the fast flame, the flame front is already far
away from the center. For this reason, a flame-centered coordinate r − rf (rf

is the position of the flame front defined by the peak of HRR) in the vicinity
of the flame front is used.

The difference between slow and fast flames can be clearly seen in Fig. 5.5.
While for fast flames, the peak of OH mass fraction is significantly larger than
for slow flames (about 2.5 times), the peaks of H2O2 and HO2 mass fractions
for both fast and slow flames are similar. This indicates that the slow and
fast flames are governed by different mechanisms, as also mentioned in [79].
For the fast flames, OH is the governing intermediate species. For the slow
flames, the production of OH via reactions related to HO2 and H2O2 plays a
more important role. These different mechanisms and flame structures are
also observed in n-heptane flames and n-heptane/iso-octane blend flames.

As previously mentioned, at atmospheric pressure, the low-temperature
chemistry of PRF is too weak, so only flame scenarios I-III can be observed.
The determination of different scenarios following ignition energy deposition
for PRF/air mixtures at atmospheric pressure is shown in Fig. 5.6. If the
ignition energy is smaller than MIEini, ignition is not successful. Once
the ignition energy reaches MIEini, a flame kernel is formed. However, the
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Figure 5.5: The temperature profile and mass fraction profiles of OH, H2O2,
and HO2 for the fast and slow flame of iso-octane at ϕ = 0.8, p = 1 bar,
T0 = 373 K, using spherical geometry with rs = 1.5 mm [128]
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formation of a flame kernel doesn’t guarantee self-sustained flame propagation;
this only occurs if the ignition energy reaches MIEprop. Otherwise, flame
extinction can be observed.

Figure 5.6: Determination of different scenarios following ignition energy
deposition for PRF at atmospharic pressure

Scenario IV: Successful Cool Flame Ignition and Subsequent
Flame Extinction

At elevated pressure, the low-temperature chemistry of PRF can initiate a
cool flame. This cool flame may either quench due to the low heat release
rate (Scenario IV) or evolve into a hot flame (Scenario V).

The temperature and CO2 profiles of scenario IV, cool flame initiation,
and consequent flame extinction, are shown in Fig. 5.7. With the help of
the low-temperature chemistry of n-heptane, although the fresh mixture is
only heated up to about 700 K, which is 600 K lower than the minimum
ignition temperature at atmospheric pressure, a rise in temperature of about
100 K can be observed. This indicates the formation of a flame kernel inside
which the reaction commences. The chemical reaction here is only weakly
exothermal. The formed CO2 is about 10 times larger than in the case of
ignition failure but 50 times smaller than in the case of hot flame initiation,
because the mixture gets only partially oxidized. This corresponds to the
cool flame phenomenon [62]. Because of the low heat release rate of the cool
flame and the strong diffusion caused by curvature, the flame finally quenches,
with the temperature dropping back to 373 K (ambient temperature).
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(a) CO2 mass fraction profile (b) Temperature profile

Figure 5.7: The spatio-temporal profile of temperature and CO2 mass
fraction for the case with cool flame and flame extinction for n-heptane/air
mixture at 5 bar and 373 K in simulations. Red lines represent temperatures
and CO2 mass fractions within the spark duration

(a) CO2 mass fraction profile (b) Temperature profile

Figure 5.8: The spatio-temporal profile of temperature and CO2 mass
fraction for the case with cool flame and flame extinction for n-heptane/air
mixture at 10 bar and 373 K in simulations. Red lines represent temperatures
and CO2 mass fractions within the spark duration
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Scenario V: Two Stage Ignition

The temperature and CO2 profiles of scenario V, two-stage ignition, are shown
in Fig. 5.8. Similar to flame scenario IV, a cool flame with about a 100 K
temperature rise and partial oxidization of the mixture (indicated by the
small amount of CO2 formation) can be observed. However, instead of the
extinction of the cool flame, another fast temperature rise of about 1500 K is
observed. After the two-stage ignition, the cool flame becomes a self-sustained
hot flame. The mixture in the hot flame is completely burnt, indicated by a
much larger amount of CO2 formation, compared to the cool flame.

The flame structure of the hot and cool flame of n-heptane is shown in
Fig. 5.9. The difference is clearly observed: Although the peak of the OH
mass fraction of the cool flame is about 1000 times smaller than the hot flame,
the peak of the HO2 and C7H15O2 mass fraction of the cool flame is 3 times
larger than the hot flame, and the peak of the H2O2 mass fraction of the cool
flame is 10 times larger than the hot flame. This indicates the importance of
the reactions with HO2, H2O2, and C7H15O2 radicals and confirms that the
cool flame is dominated by the low-temperature chemistry of n-heptane.

5.2 Dependence of MIE on Equivalence Ratio
Having explored the various flame scenarios following ignition for primary
reference fuels and defined the MIE, the next focus is to understand the
influencing factors of MIE for PRFs. In investigations of other fuels (e.g.,
methane in this work, described in Chapter 4; and the work of Lewis and von
Elbe [74]), equivalence ratio (ϕ) has been shown to affect MIE. New questions
arise: How does the MIE of PRFs depend on ϕ? Is it quantitatively comparable
to the MIE of methane? To answer these questions, the dependence of MIE
on ϕ for iso-octane/air mixtures is explored in this section. Simulations are
conducted at 1 bar and T0 = 298 K, typical ambient temperature and pressure
often used in experiments and simulations.

The dependence of MIE on equivalence ratio at 1 bar and T0 = 298 K for
iso-octane/air mixture with spherical geometry (τs = 100µs, rs = 1.0 mm)
is shown in Fig. 4.3. Here, the MIE corresponds to MIEprop, with the
blue X corresponding to ignition failure/flame extinction, and the red O
corresponding to flame propagation.

Compared to the dependence of MIE on ϕ for methane/air mixture under
the same conditions (Fig. 4.3), similarities can be observed: Firstly, the
dependence of MIE on ϕ for iso-octane/air mixtures also follows a U-shape.
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Figure 5.9: The temperature profile and mass fraction profiles of OH, H2O2,
HO2, and C7H15O2 for the cool and hot flame of n-heptane at ϕ = 0.8,
p = 10 bar, T0 = 373 K, using spherical geometry with rs = 1.5 mm
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Secondly, the MIE within the flammability limits for both mixtures are
comparable. This agrees with the results from experiments (see, e.g., [88]). A
possible explanation for the similarity of MIE for different hydrocarbons within
the flammability limits is that, at 1 bar, the low temperature chemistry is weak.
Iso-octane/air mixtures have to be heated up to 1200 K for successful ignition.
At high temperature ranges, the decomposition of higher hydrocarbons to
CH3 and C2H5 radicals is fast compared to the rate-limiting reactions of
CH3 and C2H5 [123]. These reactions for both methane/air mixtures and
iso-octane/air mixtures are the same.

Figure 5.10: The dependence of MIE on equivalence ratio at 1 bar and
T0 = 298 K for iso-octane/air mixture with spherical geometry [129]

Within the flammable range, the MIE increases with increasing ϕ. Similar
to methane, this phenomenon is caused by the different specific heat capacity
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for mixtures at different ϕ. As is shown in Fig. 5.11, with a same ignition
energy E = 2.80 mJ, the temperature at the center of the ignition volume
at the end of ignition duration decreases with increasing equivalence ratio.
The stoichiometric mixture can be heated up to about 500 K higher than a
mixture with ϕ = 4.

T
 (

K
)

Figure 5.11: Temperature at the center of the ignition volume at the end
of ignition duration in dependence of equivalence ratio for iso-octane/air
mixture under atmospheric conditions

The flammability limits estimated in simulations are LFL = 0.92, and
RFL = 4.5, expressed in equivalence ratio. Depending on the experimental
apparatus used, the measured flammability limits in experiments are LFL =
0.62 − 0.87, and RFL = 4.55 − 4.76 in equivalence ratio [47, 61, 141]. The
RFL estimated with a spherical geometry shows good agreement with the
experiments. However, the LFL estimated with a spherical geometry is closer
to stoichiometry compared to the LFL measured in the experiments. The
reason here is that with spherical geometry, the stretch effect is over-predicted.
Lean mixtures with Le > 1 are very sensitive to the stretch effect, with flame
extinction frequently observed. In the experiments, flame extinction for lean
mixtures can also be observed. This might be the reason that even the LFL
measured in the experiments has a difference of about 30%. According to Liu
et al. [55], for mixtures with an equivalence ratio ϕ < 0.8, flame propagation
can only be observed when using an ignition energy of E = 3000 mJ, which
is several thousand times larger than the MIE for stoichiometric and rich
mixtures. With such an enormously large ignition energy, turbulent flame
can be observed, even though the ignition energy was deposited in quiescent
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mixtures [55]. The next two sections will discuss in detail how the stretch
effect affects the MIE of PRFs.

5.3 Dependence of MIE on Geometry
As explained earlier, the Lewis number of PRF/air mixtures varies significantly
from lean to rich mixtures, making curvature a crucial factor in the induced
ignition process. To accurately capture the curvature effect on the induced
ignition of PRF/air mixtures, the dependence of MIE on ignition kernel
geometry was investigated.

The dependence of minimum ignition energy density (for flame propagation)
on equivalence ratio at 1 bar and T0 = 298 K for iso-octane/air mixture using
curved geometries ((a) spherical geometry, (b) cylindrical geometry) with 2
ignition radii (rs = 0.5 mm and rs = 1.0 mm) is shown in Fig. 5.12. Similar
to the results of methane, in the range of ϕ = 1.5 to ϕ = 3.0, qs,min has only
a weak dependence on ignition radius and on geometry. qs,min for small rs is
slightly higher because of diffusion. Starting from ϕ = 3.0, qs,min increases as
it approaches the rich flammability limit.

However, for ϕ < 1.5, a notable dependence of qs,min on ϕ can be observed:
qs,min increases rapidly with decreasing ϕ, especially for small rs, even within
the flammability limit. A surprising outcome is that for spherical geometry
with rs = 0.5 mm, flame propagation is never observed, even for the stoichio-
metric mixture, regardless of how large the ignition energy is. In contrast,
for cylindrical geometry, the U-shaped curve is flatter and wider compared
to spherical geometry with the same ignition radius. A possible reason is
related to stretch.

These results illustrate the influence of stretch effect on the ignition and
early flame propagation processes for iso-octane/air mixtures. With the
definition of stretch rate in [71]:

κsph = 2
rf

drf

dt
, (5.1)

and

κcyl = 1
rf

drf

dt
, (5.2)

where rf is the flame radius, the stretch rate of a cylindrical flame at same
flame radius and same propagation speed is smaller than spherical flame.
Thus, the stretch effect has a less pronounced influence on cylindrical flames
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than on spherical flames. Consequently, the minimum ignition energy density
required for cylindrical geometry at the same rs and ϕ is smaller than for
spherical geometry. Additionally, flame propagation can be observed at a
smaller ϕ for cylindrical geometry compared to spherical geometry.

At the rich side, the estimated RFL for iso-octane/air mixtures demon-
strates good agreement with experimental data, irrespective of geometry
(excluding the case with spherical geometry and rs = 0.5 mm). Conversely, at
the lean side, the estimated LFL for iso-octane/air mixtures exhibits strong
dependence on geometry and ignition radius. The experimental results of
the LFL in Ref. [61] lie between the LFL estimated with spherical geometry
and that estimated with cylindrical geometry. This result is not surpris-
ing, as experiments show the flame geometry is not perfectly cylindrical
or spherical, but rather a three-dimensional shape between a sphere and a
cylinder. The finding that the estimated RFL for iso-octane/air mixtures
aligns well with experimental data, while the LFL depends on geometry,
contrasts with the behavior observed in methane/air mixtures. The discrep-
ancy arises from the opposite trend in the dependence of Le on ϕ between
PRF/air and methane/air mixtures. Specifically, for lean methane/air and
rich PRF/air mixtures, Le < 1, indicating minimal influence of stretch effect
on the flame. Conversely, for rich methane/air and lean PRF/air mixtures,
Le > 1, indicating significant sensitivity of the flame to the stretch effect.

5.4 Dependence of MIE on Ignition Radius
Since the ignition radius directly determines the ignition volume, it is a key
factor influencing MIE. As an example, the dependence of MIE on ignition
radius for rich iso-octane/air mixture at atmospheric conditions is shown in
Fig. 5.13. In this case, MIEprop = MIEini decreases with decreasing ignition
radius, closely following the E ∼ r3

s trend, with slight discrepancies at small
ignition radii. To heat the mixture within the ignition volume to the minimum
ignition temperature, enabling flame kernel formation, a minimum ignition
energy density is required. Given that Eig = Vig · qig, and since qig is nearly
independent of ignition radius, MIEini is expected to be quasi-proportional
to Vig, which scales with the cube of the ignition radius. For rs < 1,mm, the
ignition radius becomes so small that heat loss through conduction outside
the ignition volume may result in a temperature decrease at the center. This
increases the required MIEini to offset the heat loss and facilitate flame kernel
formation, compared to cases with larger ignition radii. Additionally, since
the rich iso-octane/air mixture has a Lewis number smaller than 1, the stretch
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(a) Spherical geometry

(b) Cylindrical geometry

Figure 5.12: The dependence of minimum ignition energy density on
equivalence ratio at 1 bar and T0 = 298 K for iso-octane/air mixture with
curved geometries [129]. Black dashed lines: LFL and RFL measured in
experiments [61].
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effect accelerates the outward propagation of the flame front. The successful
formation of a flame kernel ensures self-sustained flame propagation [71],
meaning that flame scenario II does not occur, and MIEprop = MIEini.

Figure 5.13: Dependence of MIE on ignition radius for rich iso-octane/air
mixture at T0 = 298 K and p = 1 bar

The dependence of MIE on ignition radius for Le > 1 mixtures is more
complex compared to Le < 1 mixtures, as the ignition radius affects not
only the ignition volume but also the curvature effect. As an example,
stoichiometric iso-octane/air mixture under atmospheric conditions is shown
in Fig. 5.14. At large ignition radii (rs > 1.2 mm), similar to the rich mixture,
MIEprop equals MIEini and closely follows the E ∼ r3

s curve and decreases
with decreasing ignition radius. In this regime, a formed flame kernel is always
self-sustained, and the primary factor influencing the dependence of MIE on
ignition radius is the ignition volume. In the range 0.8 mm < rs < 1.2 mm,
stretch effect starts to cause flame extinction, resulting in MIEprop being
higher than MIEini and nearly independent of the ignition radius. At small
ignition radii (rs < 0.8,mm), although ignition of the mixture is possible,
flame propagation cannot be observed regardless of the ignition energy.

The stretch effect on early flame propagation process of iso-octane/air
mistures is explained as followings. For mixtures with Le > 1, such as
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Figure 5.14: Dependence of MIE on ignition radius for stoichiometric iso-
octane/air mixture at T0 = 298 K and p = 1 bar [129]

stoichiometric and lean PRF/air mixture, the stretch effect causes a decrease
in flame temperature, which might lead to flame extinction. Excess enthalpy
from an external source must be supplied to help the flame survive during
the critical phase. In this case, there exists a critical radius, beyond which
the flame becomes self-sustained [24]. With the definition of the critical flame
radius corresponding to the position where the propagation speed of the
flame reaches its minimal value [24], the critical radius for a stoichiometric
iso-octane/air mixture at atmospheric conditions with spherical geometry
is about 3 mm, as shown in Fig. 5.15. For the case where rs = 1 mm,
MIEini = 2.70 mJ. However, with this ignition energy, the flame only reaches
a radius of about 2 mm before quenching. As the ignition energy increases,
the flame can reach a larger radius. However, as long as this radius remains
smaller than the critical flame radius, the flame still quenches. When the
ignition energy reaches 3.4 mJ, the flame can finally reach the critical radius
and become self-sustained. In this case, the mixture in the ignition volume has
to be heated up to 3000 K, which is about 700 K higher than the temperature
reached when a flame kernel is formed and quenches. This results in a higher
MIEprop than the MIEini.
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Figure 5.15: Temporal development of the flame radius and of the maximal
temperature for stoichiometric iso-octane/air mixtures with a spherical
source rs = 1 mm [129]
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For a large rs (rs > 1.2 mm), the flame radius after ignition duration is
already very close to, or even larger than, the critical radius. In this case,
MIEprop equals MIEini.

However, if rs further decreases (rs < 0.8 mm), flame propagation can not
be observed, even the ignition energy is really large. As is shown in Fig. 5.16,
even when the mixture in the ignition volume is heated up to about 10000
K, the flame still can’t reach the critical radius rcrit = 3 mm. In this case,
although the mixture can be ignited, a flame propagation is not observed, no
matter how large the ignition energy is.

5.5 Dependence of MIE on Pressure
Up to this point, the investigations have been conducted at 1 bar. However,
in practical applications, induced ignition often occurs at elevated pressures.
The question to be addressed in this section is how pressure affects the MIE.

The dependence of MIE on pressure for a lean n-heptane/air mixture is
shown in Fig. 5.17. A small ignition radius (rs = 0.5 mm) is chosen because,
with a larger ignition radius, the flame extinction scenario (scenario II) might
not be observed even at low pressure.

At low pressures (1-5 bar), flame extinction can be observed due to the
large diffusion caused by the curvature effect, MIEprop > MIEini. MIEini
increases almost proportionally with increasing pressure because the density
of the mixture in the ignition volume increases proportionally with pressure.
Consequently, the mass of the fresh mixture in the ignition volume also
increases proportionally with pressure, while the ignition radius remains
constant. On the other hand, MIEprop decreases with increasing pressure. As
pressure increases, the heat release from chemical reactions becomes faster
and diffusion slows down. Consequently, the curvature effect becomes less
significant with increasing pressure. The reduced significance of the curvature
effect at 3 bar is illustrated in Fig. 5.18, which shows flame propagation at
1 bar and 3 bar. It is clearly observed that while the flame at atmospheric
pressure experiences a critical phase, caused by the curvature effect, with
slow flame speed until about 0.02 s, the flame at 3 bar starts to propagate at
a high flame speed almost from the beginning. A similar conclusion, that the
chemical heat release is stronger at higher pressures than at 1 bar, can also
be illustrated by the results showing that the excitation time during ignition
decreases with increasing pressure. The excitation time, which describes the
period between the start of rapid heat release and the time of maximum
power, indicates the speed of energy release [57, 78]. As a result, less excess
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Figure 5.16: Temporal development of the flame radius and of the maximal
temperature for stoichiometric iso-octane/air mixtures with a spherical
source rs = 0.5 mm [129]

68



5 Induced ignition of PRF

Figure 5.17: Dependence of MIE of a lean n-heptane/air mixture (ϕ = 0.8)
on pressure at T0 = 373 K, using spherical geometry with rs = 0.5 mm.

enthalpy from the ignition source is needed for flame propagation at high
pressure (compared to 1 bar), resulting in a smaller MIEprop.

Starting from p = 5 bar, the curvature effect on the early flame propagation
of n-heptane flame is negligibly small, and flame extinction is not observed.
MIEprop equals MIEini and increases with pressure due to the increasing
density.

Starting from p = 15 bar, the low-temperature chemistry of n-heptane
becomes significant, resulting in a sudden drop in MIEini because a cool flame
can be initiated at a lower MIE compared to a hot flame. However, since
the temperature of the cool flame is only about 700 K, the low-temperature
reactions can only provide weak heat release, leading to cool flame extinction.
Successful flame propagation still requires the ignition energy to reach the
MIE of a hot flame.

The low-temperature chemistry also intensifies with increasing pressure.
If the pressure reaches approximately 22 bar, the cool flame can persist,
triggering a second stage of ignition and eventually transitioning into a hot
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flame. Again, MIEprop equals MIEini and increases with pressure due to the
increasing density.

time (s)

iso-octane/air mixture

 = 0.8
T

0
 = 373 K

E
ig

 = 17 mJ at 1 bar
E

ig
 = 51 mJ at 3 bar

p = 3 bar

p = 1 bar

Figure 5.18: Flame propagation of lean n-heptane/air flame at 1 bar and
at 3 bar

The selected ignition radius significantly influences the curvature effect and
the occurrence of flame scenario II, flame extinction, as the curvature effect
strongly relies on the curvature (which is the reciprocal of the radius) of the
flame. The ignition radius, below which flame scenario II exists, decreases
with pressure. At 1 bar, flame extinction for n-heptane flame can be observed
below rs = 1 mm, while at 5 bar, it can only be observed below rs = 0.5 mm.

Similar results were also observed in the work of Maas et al.[80] for hy-
drogen/oxygen mixtures and from Yang et al.[136] for DME/air mixtures.
However, in other investigations (see, e.g., [28, 105]), a contrary tendency
(MIE decreases with increasing pressure) was observed. The reason is that,
in numerical simulations, rs is kept constant, resulting in a constant Vs. Con-
sequently, the MIE increases as ρ increases with increasing pressure. On the
other hand, in experiments, the gap between the electrodes is adjusted at each
pressure to reach the MIE. At elevated pressures, ignition can be achieved
with a much smaller gap compared to 1 bar. The mass of the mixture in the
ignition volume shows a decreasing tendency with increasing pressure, and so
does the MIE.

The determination of MIEprop with varying rs is shown at 5 bar as an
example in Fig. 5.19. As explained in the last section, MIEprop is proportional
to r3

s at large rs. At small rs, however, the curvature effect causes flame
extinction and results in a slower decrease in MIEprop with decreasing rs. At
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Figure 5.19: Determination of MIEprop for lean n-heptane/air mixtures
with ϕ = 0.8 at T0 = 373 K and p = 5 bar

about rs = 0.3 mm, the MIEprop reaches a minimal value. After that, even if
rs reduces, MIEprop does not decrease any more. This MIEprop = 0.85 mJ is
then defined as the MIEp=5bar.

With the definition of MIE at each pressure with varying ignition radii,
the MIE shows a decreasing tendency with increasing pressure, as shown in
Fig. 5.20, which is in agreement with the experimental results.

5.6 Dependence of MIE on RON
So far, the ignition characteristics of n-heptane/air and iso-octane/air mix-
tures have been extensively studied, revealing insights into how various
ignition parameters influence these fuels. However, the ignition behavior of
PRFs remains relatively unexplored, particularly regarding the impact of fuel
mixture components representing by RON. To address this gap, this section
investigates the influence of RON, on the MIE of PRFs.

In this section, the equivalence ratio of the fuel/air mixture is set to ϕ = 0.8.
This choice is based on two primary considerations: Firstly, lean combustion
is widely recognized for its high efficiency and low emissions, making it an
attractive technology for various applications. Secondly, it is essential to
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Figure 5.20: Dependence of MIE on pressure with varying ignition radii for
lean n-heptane/air mixtures with ϕ = 0.8 at T0 = 373 K

investigate the stretch effect of lean PRF/air flames, particularly due to the
mixture’s large Lewis number (Le ≈ 3 for ϕ = 0.8 mixture according to [72]).

5.6.1 Dependence of MIE on RON at Atmospheric
Pressure

The dependence of MIE on RON at T0 = 373 K and p = 1 bar using spherical
geometry with various ignition radii is shown in Fig. 5.21. Since the flame
extinction is often observed, both MIEini and MIEprop are shown in the figure.

For all investigated ignition radii, MIEini shows little dependence on RON.
However, a distinct dependence on both RON and ignition radius is observed
for MIEprop:

• In cases with a large ignition radius (rs = 2.0 mm), both MIEs coincide
across the entire RON range. This suggests that the ignition radius
is sufficiently large for all formed flame kernels to develop into self-
sustained flames. Consequently, Flame scenario II does not occur, and
MIEprop remains relatively independent of RON.
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Figure 5.21: Dependence of MIE on RON at T0 = 373 K and p = 1 bar,
using spherical geometry with various ignition radii. Dashed lines are drawn
to guide the eye.

• Conversely, for smaller ignition radii (rs = 1.7 mm and rs = 1.5 mm),
an upturn occurs in the MIEprop curve. The RON value at this upturn
is defined as RONlim.

– When RON ≤ RONlim, both MIEs coincide and do not vary with
RON, indicating the absence of Flame scenario II.

– For RON > RONlim, MIEprop increases with RON, while MIEini
remains constant. This suggests the presence of Flame scenario II
for mixtures with RON > RONlim, indicating the need for excess
external energy for steady flame propagation. The greater the
proportion of iso-octane in the mixture, the greater the excess
external energy required for sustaining a flame.
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• In the case of rs = 1.0 mm, flame extinction can be observed even for
n-heptane/air mixtures. Here, MIEprop > RONlim and increases with
RON from RON = 0. Notably, the MIE data is limited to RON = 60.
Beyond this value, flame quenching consistently occurs, even under
conditions of infinitely high ignition energy, preventing the observation
of a self-sustained flame.

Figure 5.22: Dependence of MIE on RON at T0 = 373 K and p = 1 bar in
experiments. Dashed lines are drawn to guide the eye. [128]

The experimental results depicted in Fig. 5.22 corroborate numerical find-
ings. As previously noted, the MIE measured in experiments corresponds
to MIEprop in simulations. Notably, the experimental data demonstrates a
significant increase in MIE for PRF/air mixtures with RON > 90, indicating
a distinct upturn. Conversely, for mixtures with RON ≤ 90, the increase in
MIE is relatively minor. These experimental findings align with the concept
of RONlim identified in the simulations, suggesting a qualitative agreement
between experimental and numerical results. Simulations with another mech-
anism, developed by Wang et al.[122], which would be provided in Appendix,
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also confirmed the existence of the bend. However, quantitative comparisons
are challenging due to differences in ignition and flame geometry and the
complexities involved in estimating ignition radius in experimental setups.

To investigate the reason of this phenomenon, the influencing factors of
MIE and their dependence of RON are investigated.

Specific heat capacity

A simple numerical experiment was conducted to compare the specific heat
capacity of n-heptane and iso-octane, where all chemical reactions were
eliminated from the reaction mechanism. In this experiment, the gas mixture
was solely heated. Using a spherical geometry with rs = 1.5 mm and an
external ignition energy of Eig = 6.9 mJ, corresponding to the MIEini for
iso-octane, the n-heptane/air mixture can be heated up to a temperature
of T = 1106 K, while the iso-octane/air mixture can be heated up to a
temperature of T = 1093 K. The negligible difference in temperature after
heating (approximately 1%) indicates similar cp values for both fuels.

Ignition Delay Time

At a temperature of T = 1100 K and a pressure of p = 1 bar, the ignition
delay time of the n-heptane/air mixture (ϕ = 0.8) is τig = 4.99 ms, while for
the iso-octane/air mixture (ϕ = 0.8) it is τig = 5.26 ms, only about 5% larger
than that of n-heptane.

Due to the similar cp values and similar ignition delay times at same
temperature (at high temperature ranges) of iso-octane and n-heptane, the
MIEini almost does not depend on RON.

Curvature Effect

As explained in Chapter 3, flame extinction might be caused by the stronger
dissipation of spherical geometry compared to planar geometry. To investigate
the contribution of curvature effect on the dependence of MIE on RON, MIE
with planar geometry is calculated. For planar geometry with infinite area,
the ignition volume is adjusted to match that of spherical geometry.

Results presented in Fig. 5.23 clearly demonstrate that the curvature effect
is a necessary condition for the existence of the upturn at RONlim for MIEprop.
Without curvature, both MIEs coincide across the entire range of RON,
rendering flame scenario II nonexistent for all mixtures. However, since
the curvature effect poses a challenge for all lean PRF/air mixtures, and
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Figure 5.23: Dependence of MIE on RON for spherical and planar geometry,
ϕ = 0.8, T0 = 373 K and p = 1 bar. [128]

flame scenario II is only observed for mixtures with RON > RONlim, it is not
sufficient alone to explain the existence of the upturn.

Low Temperature Kinetics

In the high-temperature range, the chemical kinetics of all PRFs are similar.
However, the chemical kinetics of n-heptane in the low-temperature range,
where reactions with peroxidic radicals dominate, are much faster than those
of iso-octane [17, 31].

To investigate whether these chemical reactions involving peroxidic rad-
icals in the low-temperature range are the reason why PRF flames with
RON < RONlim can survive during the critical phase, all simulations were
repeated under the same conditions. However, an edited reaction mechanism
was used where all reactions involving peroxidic radicals were eliminated.

It can be clearly seen in Fig. 5.24 that both MIEs remain unaffected,
regardless of whether reactions involving peroxidic radicals are present or not.
This indicates that the upturn at RONlim at 1 bar cannot be attributed to
the faster low-temperature kinetics of n-heptane.
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Figure 5.24: Dependence of MIE on RON for spherical geometry with
the original mechanism and with the mechanism without low temperature
chemistry, ϕ = 0.8, T0 = 373 K and p = 1 bar. [128]

Reaction Pathways of iso-octane and n-heptane

As described in Sec. 5.1, the PRF flame initially propagates slowly during
the critical phase, where HO2 and H2O2 radicals play significant roles. Once
the flame reaches the critical radius, it propagates rapidly, with OH radicals
dominating. Since flame extinction occurs during the critical phase, where
HO2 radicals are important for the production of OH, the consumption
pathways of HO2 radicals for iso-octane and n-heptane flames are investigated.

The primary HO2 consumption reactions with the highest reaction rates for
both iso-octane and n-heptane flames in the reaction mechanism of Andrae
et al. [5] are listed below:

R636: HO2 + H OH + OH
R640: HO2 + O OH + O2
R642: HO2 + OH H2O + O2
R644: HO2 + HO2 H2O2 + O2

The consumption rates of HO2 for slow flames of iso-octane and n-heptane
flame through these reactions are plotted against temperature in Fig. 5.25.

The reaction HO2 + H OH + OH is the dominant reaction in the
consumption of HO2 for fast flames of both iso-octane and n-heptane. However,
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Figure 5.25: The reaction rates of main HO2 consumption reactions for a
slow iso-octane flame and a slow n-heptane flame at ϕ = 0.8, T0 = 373 K,
and p = 1 bar, with spherical geometry (rs = 1.5 mm, τs = 100 µs) [128]
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for slow flames, the pathways of HO2 consumption differ, as illustrated in
Fig. 5.25. For the n-heptane slow flame, despite the lower flame temperature
leading to lower reaction rates for all reactions in the slow flame, the reaction
HO2 + H OH + OH still dominates the consumption of HO2, with a
peak reaction rate almost 4 times higher than that of the chain termination
reaction HO2 + OH H2O + O2. The reaction HO2 + H OH +
OH produces two OH radicals at the expense of one H radical and one less
reactive HO2 radical, thereby accelerating the total reaction rate. In contrast,
for the iso-octane flame, the peak reaction rate of HO2 + H OH + OH
is only 1.3 times higher than that of HO2 + OH H2O + O2. This
indicates that for the iso-octane slow flame, HO2 + OH H2O + O2 plays
a much more significant role. This chain termination reaction consumes one
OH radical and one HO2 radical to produce two stable species, H2O and O2.
As discussed earlier, HO2 + H OH + OH governs the production of OH
radical for the slow flame. In the case of the iso-octane flame, the consumption
of HO2 through HO2 + OH H2O + O2, instead of HO2 + H
OH + OH, reduces the radical pool and may eventually lead to flame
extinction.

Now, a new question arises: why does HO2 + H OH + OH dominate
the HO2 consumption for the n-heptane slow flame, while HO2 + OH
H2O + O2 assumes a more significant role in the iso-octane slow flame?
To answer this question, the formation pathway of H radical, which is also
consumed in HO2 + H OH + OH, for iso-octane and n-heptane slow
flame is investigated.

The primary H formation reactions with the highest reaction rates for
n-heptane flame in the reaction mechanism of Andrae et al. [5] are listed
below:

R617: OH + H2 H + H2O
R664: CO + OH H + CO2
R680: M + HCO H + CO + M
R708: CH3 + O H + CH2O
R866: M + C2H5 H + C2H4 + M

Among the above listed reactions, R617, R664, R680 and R708 are also
the dominant H formation reactions for iso-octane flames. However, the
reaction rate of M + C2H5 H + C2H4 + M in the iso-octane flame
is considerably smaller compared to that in the n-heptane flame. This
discrepancy arises from the substantial production of C2H5 during n-heptane
oxidation, whereas less C2H5 is produced during iso-octane oxidation, with
CH3 being the main product [81]. While M + C2H5 H + C2H4 + M
plays a role in generating H radicals, its peak occurs in the lower temperature
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Figure 5.26: Reaction rates of primary H formation reactions for slow
iso-octane and slow n-heptane flames at ϕ = 0.8, T0 = 373 K, and p = 1
bar, with spherical geometry (rs = 1.5 mm, τs = 100 µs) [128]
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region (approximately 1200 K). Consequently, the reaction rate of M +
C2H5 H + C2H4 + M is not significantly affected in slow flames, where
the flame temperature decreases due to curvature. Consequently, the reaction
rate of M + C2H5 H + C2H4 + M is not significantly affected in slow
flames, where the curvature-induced decrease in flame temperature occurs.

During the critical phase, the large curvature induces enhanced diffusion of
H radicals out of the reaction zone, consequently decreasing the concentration
of H radicals within the reaction zone. In PRF flames with RON < RONlim,
the oxidation of n-heptane yields a substantial amount of C2H5 radicals, and
the significant production of H radicals by M + C2H5 H + C2H4 + M
compensates for the rapid diffusion of H radicals. This ensures primary HO2
consumption through the chain branching reaction: HO2 + H OH +
OH, thereby enlarging the radical pool and facilitating the flame’s survival
through the critical phase. FConversely, in PRF flames with RON > RONlim,
less C2H5 is produced due to the smaller proportion of n-heptane in the fuel
mixture. Without the additional H radicals generated by M + C2H5
H + C2H4 + M, the lack of H radicals in the reaction zone retards the
consumption of HO2 through HO2 + H OH + OH, resulting in greater
HO2 consumption via the chain termination reactions R640: HO2 + OH
H2O + O2 and R644: HO2 + HO2 H2O2 + O2. Since OH radicals
are primarily generated by HO2 consumption reactions in slow flames, the
direct consumption of HO2 through chain termination reactions inhibits
OH production and consequently retards radical pool growth, potentially
leading to flame extinction. In such cases, a higher MIEprop is required for
sustained flame propagation. The higher the proportion of iso-octane in the
fuel mixture (i.e., the higher the RON), the more HO2 is consumed through
chain termination reactions, necessitating a larger MIEprop to supply the
additional energy required for the flame to reach the critical radius.

5.6.2 Dependence of MIE on RON at Elevated Pressure
Due to its practical significance as the minimum energy required for a self-
sustained flame, the dependence of MIEprop on RON at different pressures is
the focus of this section. As explained before, density in the ignition volume,
which is proportional to the pressure, plays a significant role in MIEprop. The
only reason for this dependency is the fact that when the density becomes
larger, more fresh mixture is heated during forced ignition, resulting in a
lower temperature in the ignition volume. To focus on the interaction between
chemical reactions and transport, the specific minimum ignition energy emin,
with a unit of J/g, is used in this section:
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Figure 5.27: Dependence of emin for flame propagation on RON for PRF/air
mixtures with ρ = 0.8, using spherical geometry with rs = 1.5 mm and
T0 = 373 K.

As shown in Fig. 5.27, the dependence of emin on RON varies with different
pressures. At 1 bar, this dependence results from the combined effects of
curvature and the differing chemical mechanisms of n-heptane and iso-octane.
At 5 bar, as the chemical heat release rate increases and diffusion slows down,
flame scenario II cannot be observed for any PRF/air mixtures, and emin no
longer depends on RON.

Above 8 bar, the dependence of emin on RON becomes evident again. emin
is first independent of RON at small RON values. Then, at about RON =
10, a sudden increase in emin is evident. From about RON = 20, the rapid
increase in emin stops, and emin becomes almost independent of RON again.
As the pressure increases, the sudden increase of emin shifts to higher RON.
From p = 25 bar, the dependence of emin on RON disappears again, and emin
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is almost constant throughout the RON range at a lower value (about 2 times
smaller) compared to p = 5 bar.

To evaluate the role of LTC in ignition behavior at elevated pressures, we
conducted simulations at 10 bar using a pseudo mechanism that excludes
all reactions involving peroxidic species. This approach contrasts with the
findings at 1 bar, where LTC was less critical. Results illustrated in Fig. 5.28
demonstrate that without LTC, the MIE’s dependency on RON is eliminated,
highlighting LTC’s crucial role in ignition at higher pressures.
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Figure 5.28: Dependence of MIE on RON at 10 bar, with or without
peroxidic radicals, ϕ = 0.8, T0 = 373 K

Since the dependence of emin on RON at elevated pressure lies in the
LTC of PRFs, the cool flame structure of n-heptane and iso-octane was
investigated. As is shown in Fig. 5.29, unlike the hot flame, where OH
dominates the chain-branching reactions, H2O2, HO2, and CH2O species
play a more important role in the cool flame for both mixtures. Significant
differences in the flame structure for n-heptane and iso-octane cool flames
can be observed. The peak concentrations of H2O2 and HO2 species for the
n-heptane cool flame are more than three times higher than those for the
iso-octane cool flame. The importance of HO2 and H2O2 for LTC can be seen
in Fig. 5.30. Here, the reaction rates for primary OH formation reactions
in a cool n-heptane flame are plotted against temperature. Plotting the
reaction rates against the spatial coordinate was avoided due to the steep
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Figure 5.29: The flame structure including the temperature profile and
profile of the mass fraction of important species of cool n-heptane flame
and cool iso-octane flame with ϕ = 0.8, at T0 = 373 K and p = 10 bar,
with spherical geometry (rs = 1.5 mm, τs = 100 µs).
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gradient that would result. HO2 plays an important role in the formation of
OH at low temperatures, with the reactions CH3 + HO2 CH3O + OH,
C3H5 + HO2 CH2CHCHO + H + OH, and HO2 + H OH + OH
being the most important OH formation reactions in the reaction zone.
Additionally, the decomposition of H2O2 significantly aids the formation of
OH in the temperature range of 900–950 K. Moreover, CH2O is important
for the heat release of the cool flame through the reaction CH2O + OH
HCO + H2O [98].

This result confirms the more pronounced LTC of n-heptane flame compared
to iso-octane flame. For the cool flame of PRF with small RON, the formed
OH radical and the chemical heat release from the LTC of n-heptane helps
it to evolve into a hot flame. This means, at 10 bar, for PRF/air mixtures
with RON < 20, the MIE for a cool flame is enough for a self-sustained flame
propagation. However, with the increase of iso-octane in the mixture, since
the small amount important species retards the formation of OH and the
chemical heat release, the cool flame quenches. Larger MIE is needed for the
second stage ignition of PRF with large RON, hence the sudden increase of
MIE exists. For the PRFs with RON > 50, the ignition energy still has to
reach the MIE of the hot flame for a flame propagation.
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With a further increase in pressure, the LTC of iso-octane becomes more
pronounced. PRF with higher RON can achieve self-sustained flame propaga-
tion with only the MIE of the cool flame. The sudden increase in MIE shifts
to higher RON values. At pressures of 25 bar and above, the LTC of iso-
octane becomes so intense that even pure iso-octane can achieve self-sustained
flame propagation with only the MIE of the cool flame. Consequently, the
dependence of MIE on RON disappears.

5.7 Stochastic Behaviour of the Ignition
Process

As explained in Sec. 2.3.1, unlike the simulation results, the MIE measured in
experiments does not have a single threshold but exhibits stochastic behavior.
An overlap region exists in which both flame propagation and flame extinction
can occur. This is primarily due to the uncertainties in the ignition parameter
in the experiments, which were not accounted for in the one-dimensional
simulations. The schlieren images from the experiments in [10] show that the
geometry of the ignition kernel varies across different tests. This variation
affects the ignition volume and, consequently, the ignition energy density.
These observations underscore the importance of considering uncertainties in
ignition volume when simulating ignition processes.

To simulate the stochastic behavior of the ignition process in simulations, a
normal distribution is applied to the ignition radius, as is shown in Fig. 5.31
This uncertainty significantly influences the energy density in the ignition
volume and the curvature of the flame front, thereby impacting the early
flame propagation process. Simulations were conducted with both cylindrical
and spherical geometries, as the geometry of the ignition channel plays a
crucial role in the early flame propagation process, as discussed in Section 5.3.

For its importance in practical safety issues, MIEprop is investigated in
this chapter. A "go"case corresponds to successful ignition with consequent
self-sustained flame propagation, while a "no-go"case corresponds to ignition
failure or flame extinction.

The Minimum Ignition Energy (MIE) is then determined using the regres-
sion method, which is a popular approach for determining MIE in experiments
(see e.g.,[36, 105, 119, 128]). The regression method is explained in detail in
Chapter 2.

An example of the determination of the MIE at 50% ignitability for a
PRF/air mixture with RON = 50, ϕ = 1.0, using spherical geometry with
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rs = 0.7 mm, at p = 1 bar and T0 = 373 K is shown in Fig. 5.32. The
overlapping region, where "go" and "no-go"cases coexist, from Eig = 0.75 mJ
to Eig = 0.95 mJ is clearly seen. With the definition as the ignition energy
at 50% probability of flame propagation, MIEstoch = 0.93 mJ. With a fixed
ignition radius, the MIE for the PRF mixture with RON = 50 is MIEfix = 0.80
mJ, which means in this case, the uncertainty of the ignition radius causes
an error in MIE of about 15%.

To explain the stochastic behavior of the ignition and early flame prop-
agation process caused by the uncertainty of the ignition radius, the time
evolution of maximum temperature and flame radius is shown in Fig. 5.33.
Similar evolution of flame radius as a function of time is also observed in the
experimental results of forced ignition for different fuels from Essmann et
al [40]. The ignition energy, ignition radius, and ignition energy density for
each case, along with the MIEfix and minimal ignition energy density for the
case with fixed rs = 0.7 mm, are shown in Table 5.2.

For simulations of the ignition for PRF/air mixture with RON = 50, with
spherical geometry and a fixed ignition radius rs = 0.7 mm, the MIE is a
threshold value MIEfix = 0.80 mJ, corresponding to Eig/Vs = 0.56×106 J/m3.
For simulations with ignition radii, which are normally distributed, however,
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5 Induced ignition of PRF

Figure 5.32: Determination of the MIE at 50% ignitability for PRF/air
mixture with RON = 50, ϕ = 1.0, using spherical geometry with rs = 0.7
mm, at p = 1 bar and T0 = 373 K.

Table 5.2: Ignition energy, ignition radius and ignition energy density for
cases in Fig. 5.33.

Case Eig [mJ] rs [mm] Eig/Vs × 106 [J/m3] Result
1 0.75 0.65 0.63 "go"
2 0.80 0.35 4.31 "no-go"
3 0.85 0.90 0.28 "no-go"
4 0.95 0.76 0.52 "no-go"
5 1.05 0.71 0.71 "go"

MIEfix 0.80 0.70 0.56

Eig > MIEstoch is not the only criterion distinguishing "go"cases from "no-
go"cases.

88



5 Induced ignition of PRF

(a) Maximal temperature

(b) Flame radius

Figure 5.33: Time evolution of maximum temperature and flame radius for
PRF/air mixtures with RON = 50, ϕ = 1.0, using spherical geometry with
rs = 0.7 mm, at p = 1 bar and T0 = 373 K.
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The uncertainty of rs affects the ignition and early flame propagation
process in two ways:

• Ignition Energy Density: The ignition energy density, qs ∝ Eig

Vs
∝

Eig

ri
s

(where i = 3 for spherical geometry and i = 2 for cylindrical
geometry, qs ∝ Eig

Vs
because the ignition energy density has a exponential

form), implies that the ignition radius rs directly influences the ignition
energy density within the ignition volume. This, in turn, affects the
temperature at the end of the ignition duration. This indicates that,
when accounting for uncertainties in ignition radii, the ignition energy
density, rather than just the ignition energy, must reach a critical value
for a self-sustained flame to develop. Otherwise, the ignition may fail,
or the flame kernel may form and then quench after a short period.
For instance, in Case 3, a relatively large rs results in Eig

Vs
= 0.28 J/m3,

which is only half the value for a fixed rs = 0.7 mm. Consequently, even
though Eig = 0.90 mJ > 0.80 mJ = MIEfix, the mixture in the ignition
volume heats up to only about 1000 K, below the minimum ignition
temperature, leading to ignition failure. In Cases 1, 4, and 5, the
ignition energy densities are similar, resulting in similar temperatures
within the ignition volume. As discussed in Sec. 5.1, the PRF flame
propagates slowly after ignition due to the comparable rates of heat
release and heat loss (through conduction). The flame is thus highly
sensitive to the temperature at the end of the ignition duration. While
the flames in Cases 1 and 5, with ignition energy densities exceeding
the minimum required value, reach the critical flame radius, the flame
in Case 4 quenches.

• Curvature Effect: The ignition radius rs also affects the curvature of
the flame. A smaller rs results in a smaller flame radius post-ignition,
leading to a steep temperature gradient and significant heat loss through
conduction. If the ignition radius is too small, even with ignition energy
density larger than the critical value, the formed flame kernel quenches
because of curvature effect. This explains the unexpected outcome in
Case 2. Despite having an ignition energy density much higher than
the minimum required value and achieving a mixture temperature of
about 6000 K after the ignition duration, the flame kernel is too small
to reach the critical radius due to the small rs, causing the flame to
quench.

With consideration of uncertainties of rs, the MIE of stoichiometric PRF/air
mixtures is calculated using both spherical geometry and cylindrical geometry.
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For spherical geometry, the mean of the ignition radius is chosen to be
µrs,sph = 0.7 mm. For cylindrical geometry, the mean of the ignition radius is
chosen to be µrs,cyl = 0.42 mm. The purpose for the different mean ignition
radii for the two geometries is to achieve comparable ignition volumes. This
ensures that when comparing results between the two geometries, the effect
of different ignition energy densities caused by varying ignition volumes can
be eliminated, allowing focus on the differing curvature effects. Assuming the
cylindrical ignition channel has a length of 2.5 mm, as suggested by Calcote
et al. as the optimal gap between electrodes providing minimal value of
Minimum Ignition Energy (MIE) for stoichiometric n-heptane/air mixtures
at 1 bar [15], spherical and cylindrical ignition channels with mean ignition
radii of µrs,sph = 0.7 mm and µrs,cyl = 0.42 mm, respectively, provide similar
ignition volumes. The standard deviation for both cases is chosen to be
σrs = 30% · µrs . A relatively large standard deviation is chosen to investigate
if the qualitative observations change with respect to the uncertainty of the
ignition radius.

An interesting finding is that the results for n-octane have a wider overlap-
ping region with a larger distance between the ignition energy at 5% and 95%
ignitability, compared to iso-octane (for n-heptane, Eig,95% − Eig,5% = 12.74
mJ; for iso-octane, Eig,95% − Eig,5% = 6.30 mJ). This was also observed in
the experiments of PRF ignition [128]. As explained in Sec. 5.4, the MIE
of PRF/air mixtures first decreases with decreasing rs, then, as diffusion
becomes more significant, flame scenario II exists, the decreasing of MIE
with decreasing rs becomes slower. From a certain rs,crit, MIE becomes
constant. At about rs = 0.7 mm, for the iso-octane/air mixture, the MIE
stops decreasing with decreasing rs; while for the n-heptane/air mixture, MIE
still follows MIE ∝ r3

s without the appearance of flame extinction. An error
in rs of 0.2 mm (rs = 0.5 mm instead of rs = 0.7 mm) results in an error in
MIE of 3 mJ (about 50%) for n-heptane/air mixtures, and almost no error
for iso-octane/air mixtures. This indicates that for experiments with a large
ignition radius, special attention must be given to reducing the uncertainty of
the ignition radius, as it causes significant error in the MIE. Conversely, for
experiments with rs near rs,crit for a given mixture under specific conditions,
since the dependence of MIE on rs becomes weaker, the uncertainty of rs is
less critical.

The figure (Fig. 5.35) illustrates the dependence of MIE on RON, consider-
ing fixed rs and accounting for the uncertainty of rs in both cylindrical and
spherical geometries. It includes several experimental data points for MIE.

A significant observation from Fig. 5.35 is that, despite a relatively large
uncertainty in rs (30%), the qualitative trend of an upturn for simulations with
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5 Induced ignition of PRF

Figure 5.34: Dependence of MIE on rs for iso-octane/air and n-heptane/air
mixtures with ϕ = 1.0, using spherical geometry, at p = 1 bar and T0 = 373
K.

spherical geometry remains valid. Due to the smaller curvature in cylindrical
geometry, flame extinction does not occur for all PRF/air mixtures, hence
the observed upturn is absent.

Additionally, a noteworthy finding is the quantitative comparison with
experimental results from Calcote et al. [15]. For the n-heptane/air mixture,
the MIE observed in simulations closely matches that from Calcote et al.’s
experiments. In contrast, for the iso-octane/air mixture, the experimental
MIE from Calcote et al. falls between the values observed in simulations with
spherical and cylindrical geometries.

Discrepancies in MIE values between simulations and experiments con-
ducted by Metzler, and by Lewis and von Elbe are apparent. Several factors
contribute to these discrepancies. Firstly, differences in the experimental
apparatus can lead to variations in the parameter rs of the ignition channel.
In experiments, accurately estimating the ignition radius for simulations is
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Figure 5.35: Dependence of MIE on RON with ϕ = 1.0, using spherical
geometry with rs = 0.7 mm, at p = 1 bar and T0 = 373 K. Lines are to guide
the eyes. Experimental results: △: Calcote et al. [15];△: Metzler [87];△:
Lewis, von Elbe [74].

challenging because the ignition kernel evolves during the ignition process.
However, the MIE determined from simulations is highly sensitive to the
ignition radius; even a small variation in the ignition radius can lead to a
significant change in the ignition volume, which in turn affects the MIE.

Another significant factor is the methodology used to determine MIE in
experiments. Moorhouse et al. [88] also found higher MIE values for various
fuels in experiments compared to those reported by Lewis and von Elbe [74].
Moorhouse et al. attributed this difference to the criterion used by Lewis
and von Elbe, who defined MIE as the energy level where flame propagation
occurred in only 1 out of 100 experiments [88]. While direct evidence on
the determination criteria of MIE in the experiments of Lewis and von Elbe
is lacking in the literature, another study by Eckhoff et al., which assessed
MIE at 50% ignitability for a propane/air mixture, also reported values 2-3
times larger than those reported by Lewis and von Elbe [36]. This also
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indicates that the experiments of Lewis and von Elbe [74] may have employed
a criterion for determining MIE that was overly conservative.

These observations underscore the variability in experimental apparatus
and criteria used to determine MIE, which can result in significant discrepan-
cies when comparing experimental results with each other and with simulation
data. However, the qualitative agreement between experiments and simula-
tions, with or without accounting for the uncertainty of rs , highlights that
the one-dimensional simulations accurately predict the underlying physics
and the interaction between chemical heat release and transport processes
during flame initiation and early propagation.

5.8 Dependence of MIE on Strain Rate
So far, the induced ignition characteristics of quiescent PRF/air mixtures have
been investigated. Many practical combustion devices operate in turbulent
flow [109], where the flame front is significantly strained and wrinkled by the
turbulence. In such turbulent conditions, the ignition process is affected by
strong diffusion, which increases the thickness of the flame front and reduces
the energy available to heat the fresh mixture and initiate the flame [32].
Consequently, the minimum ignition energy (MIE) required for forced ignition
in turbulent flow is higher than that in a quiescent mixture [60, 105]. Shy
and co-workers found that there exists a MIE transition for turbulent spark
ignition. Specifically, the MIE initially increases slowly with turbulence inten-
sity. However, after reaching a certain threshold of turbulence intensity, the
MIE increases rapidly with further increases in turbulence intensity [53, 60,
105]. A similar transition was also observed in experiments with laser-induced
spark ignition [20] and numerical investigations using direct numerical simu-
lation (DNS) [114]. Additionally, the time- and space-dependent turbulent
fluctuations of the strain rate cause larger uncertainties during the forced
ignition process, resulting in more significant stochastic behavior and a wider
range between 50% ignitability and 100% ignitability compared to forced
ignition in quiescent mixtures [53, 83, 105, 128].

Since the strain rate of the flow is one of the most important factors
influencing forced ignition in turbulent flames, investigating the dependence
of MIE on strain rate could provide useful insights into the underlying
physics of turbulent ignition processes. To this end, Yu and co-workers have
studied the spark ignition processes of laminar strained premixed flames of
NH3/H2[139] and CH4[138]. In this work, laminar strained premixed lean
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PRF/air flames with a counterflow configuration are investigated, focusing
on the dependence of MIE on strain rate.

To compare the simulation results (MIE against strain rate) with the exper-
imental results (MIE against turbulence intensity), a relationship between the
strain rate of the flame front and the turbulence intensity must be established.
In this work, the turbulence intensity is converted to the strain rate using
the expression in the work of Meneveau and Poissot [85]. Here, the rate of
growth of the active flame surface ⟨κ⟩ is expressed as a function of turbulence
intensity and L

lF
, which is the ratio of the integral length scale and the laminar

flame thickness [85]:

⟨κ⟩ =
√

⟨ϵ⟩
ν

Re−1/2 cms

ln2 ×
∫ pmax

0
C
(
e−p L

lF

)
ep(2/3−µ/9)dp (5.4)

Here, Re is the Reynolds number, which is directly correlated to turbulence
intensity: Re = u′ ·L/µ, where u′ is the turbulence intensity, L is the integral
length scale, and µ is the kinematic viscosity. ⟨ϵ⟩ is the turbulent dissipation
rate and cms = 0.28 is a constant calculated by Yeung et al. [137]. p = ln(L/r)
is an integration variable with r the votex size. The turbulence intensity u′

and the integral length scale L vary across different experiments.
In the experiments conducted by Jiang et al., turbulence is generated using

two counter-rotating vortical fans. The resulting turbulence intensity, u′ , has
a linear correlation with the frequency of the fans, f (with unit of ms−1) [60]:

u′ = 0.0462f (5.5)
The integral length scale is also determined in terms of the fan frequency [60]:

L = 10.7f 0.34 (5.6)

Fig. 5.36 shows the dependence of the MIE on strain rate for a lean iso-
octane/air mixture with an equivalence ratio ϕ = 0.8. In this context, the MIE
is normalized with respect to the MIE of ignition in a quiescent mixture with
one-dimensional planar geometry Γ = MIE(a)/MIE0, with MIE0 = 510 J/m2.

The most important conclusion from Fig. 5.36 is that the simulation
accurately predicted the MIE transition at a = 60 s−1, corresponding to an
RMS turbulent fluctuation u′ = 1.73 m/s. The simulation results exhibit only
about a 5% difference compared to the experimental data. The simulations
were repeated for PRF with RON = 95, a MIE transition also exists at
a = 80 s−1, corresponding to an RMS turbulent fluctuation u′ = 2.36 m/s, with
about a 3% difference compared to the experimental data of Shy et al. (u′ =
2.3 m/s) [106]. This close agreement between simulations and experiments
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Figure 5.36: Dependence of MIE on strain rate for lean iso-octane/air
mixtures with ϕ = 0.8, T0 = 373 K and p = 1 bar. Transition in experiments
from Jiang et al. [60]

indicates that simulations using a laminar counterflow configuration can
effectively describe the effects of turbulence with qualitative precision.

To explain the existance of the MIE transition, the temporal evolution
of maximum temperature for an iso-octane/air mixture with a = 110 s−1

at different ignition energies is shown in Fig. 5.37. Here, even for cases
with Eig < MIE (Eig = 7.65 mJ and Eig = 7.90 mJ, represented by dotted
lines), flame initiation can still be observed. However, the presence of flow
velocity and flame strain leads to significant negative values of heat conduction
and heat convection. If the net sum of chemical heat release and heat loss
is negative, the flame temperature decreases, potentially leading to flame
extinction. As ignition energy increases, the temperature at the end of the
ignition duration also rises, resulting in a higher positive chemical heat release
rate in the reaction zone. When the ignition energy reaches the minimum
ignition energy, the net sum of the chemical heat release rate and the thermal
diffusion rate remains positive, allowing the flame to stabilize at a location

96



5 Induced ignition of PRF

where the flame speed matches the normal flow velocity. The larger the
strain rate, the more energy is needed for the flame to sustain. At small
strain rate, however, with weaker thermal diffusion and stronger chemical
heat release [139], the formed flame kernel always has a net positive sum of
heat release and heat loss. Consequently, flame extinction is not observed, a
successful initiated flame can finally become a stable flame. For this reason,
an MIE transition exists at the strain rate where flame extinction begins to
occur. This result has a good agreement with the DNS results for turbulent
ignition of methane/air mixtures from Turquand d’Auazy et al. [114].

time (s)
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a
x
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K
)

iso-octane/air,  = 0.8
T

0
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-1

MIE = 8.10 mJ

E = 7.65 mJ

E = 7.90 mJ

E = 8.10 mJ

E = 8.65 mJ

Figure 5.37: Temporal evolution of maximum temperature for iso-octane/air
mixtures with ϕ = 0.8, at a = 110 s.−1, T0 = 373 K and p = 1 bar.

Quantitative discrepancies with the experiments of Jiang et al. [60] can
be observed. The increase in MIE before and after the MIE transition in
the experiments is steeper than in the simulations. Specifically, the MIE
at a = 60 s−1 in simulations is only 6% larger than the MIE for a quiescent
mixture. In contrast, the MIE in experiments at the MIE transition is already
four times larger than the MIE for a quiescent mixture.
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This discrepancy can be explained as follows: in simulations, the MIE
transition for a lean iso-octane/air mixture already takes place at a low strain
rate of a = 60 s−1, which corresponds to a low flow velocity v = 1.2 m/s.
With a short ignition duration τs = 100µs, the resulting length scale of 0.12
mm is an order of magnitude smaller than the ignition radius of 1.0 mm. The
influence of the mass flow on the MIE is small.

In fact, a similar tendency, where MIE is almost constant until the MIE
transition, was also observed in the DNS results for methane from Turquand
d’Auazy et al.[114] and in the experimental results for methane from Cardin
et al.[20]. Turquand d’Auazy et al. argued that this discrepancy might
be caused by the spark ignition energy measurement, suggesting that the
results from Cardin et al., which use laser ignition, have a better quantitative
agreement with the simulations [114].

Another possible reason, according to Turquand d’Auazy et al., is the
stochastic behavior during ignition in a turbulent flow [114]. To check the
influence of the stochastic behavior during ignition in a turbulent flow on the
MIE, simulations were repeated with consideration of the uncertainty of the
strain rate. A normal distribution with the standard deviation of a equal
to 30% of the mean of a was applied to the strain rate. The MIE was then
calculated at 50% ignitability using regression method.

As shown in Fig.5.38, with a normally distributed strain rate, the MIE
increases slightly faster with increasing strain rate compared to the results
with a fixed strain rate. However, the increase of Γ = MIE/MIElaminar
with normally distributed strain rate is still much slower compared to the
experimental results from Jiang et al.[60]. Despite the spark ignition energy
measurement issue mentioned by Turquand d’Auazy et al. [114], another
possible reason for this quantitative discrepancy could be that, even with a
normally distributed strain rate, the strain rate in a single simulation remains
constant, whereas in experiments, the strain rate exhibits stochastic behavior
over time and space. Local extinction may occur in experiments, necessitating
a larger MIE for successful flame propagation. Additionally, the flame front
in experiments is not only strained but also curved, which intensifies diffusion
due to the curvature effect. This phenomenon might also contribute to the
requirement of a larger MIE for successful flame propagation.

The existence of the MIE transition in simulations of a laminar strained
counterflow flame and in experiments of forced ignition in a turbulent flow
highlights that the underlying physics and the interaction between chemical
kinetics and transport can be qualitatively predicted using a laminar strained
flame configuration. This holds true, at least in the flamelet regime of
turbulent flames.
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Figure 5.38: Dependence of MIE on strain rate for lean iso-octane/air
mixtures with ϕ = 0.8, T0 = 373 K and p = 1 bar, with fixed strain rate,
and with normally distributed strain rate.

In conclusion, this chapter investigates the induced ignition of PRF/air
mixtures. The results highlight the influence of chemical kinetics (such as
the different reaction pathways of straight-chain and branched-chain alkanes
and the low-temperature chemistry of large hydrocarbon fuels) and transport
processes (such as the curvature effect) on the ignition and early flame
propagation of PRF flames. Phenomena observed in the experiments are
accurately captured by simulations, with quantitative differences in MIE
between the experiments and simulations, primarily due to the challenging
estimation of the ignition radius. The stochastic behavior of the ignition
process is also numerically investigated, taking into account the uncertainties
of the ignition parameters. Although quantitative discrepancies in MIE are
caused by the stochastic research, they do not qualitatively affect the ignition
process of PRF.
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6 Induced ignition of Ammonia
Utilizing carbon-free fuels like ammonia contributes to mitigating climate
change. Therefore, studying and optimizing ammonia combustion is crucial
for achieving a net-zero carbon emission society and facilitating the transition
to sustainable energy technology [1].

However, due to its low chemical reactivity, ammonia exhibits a small
laminar flame speed [37, 49, 65, 99], narrow flammability limits [66], and
requires a large MIE for flame initiation [34]. To enhance the flame and
ignition characteristics of ammonia, additives such as methane and hydrogen
are often considered. With its high reactivity and absence of CO2 emissions,
hydrogen is one of the most attractive additives for enhancing ammonia
flames.

In the past, numerous experimental and numerical studies have been
carried out to investigate the auto-ignition and flame propagation behaviors
of ammonia flames, including IDT [14, 96], flammability limits [22, 26],
laminar flame speed [49, 56, 95]. The influence of hydrogen addition to
ammonia flames on IDT and laminar flame speed has also been intensively
investigated. Numerical and experimental studies confirm that the high
chemical reactivity and high diffusivity of hydrogen enhances the combustion
of ammonia, resulting in increased laminar flame speed and decreased ignition
delay time [23, 75, 120].

The chemical kinetics of ammonia have been intensively investigated over
the last decades, and numerous mechanisms have been developed. However,
most published mechanisms for ammonia can only accurately predict the
characteristics of ammonia flames under specific conditions. A comprehensive
understanding of the critical reactions in ammonia combustion is still in
progress [4]. While most validation efforts for ammonia mechanisms focus
on IDT and laminar flame speed, simulations of the transition from induced
ignition to self-sustained flame propagation (or the lack thereof) can also
provide valuable information for improving the modeling of ammonia and
validating the mechanisms. In this work, a popular ammonia mechanism
developed by Shrestha et al.[104] is used, which includes 34 species and 278
reactions and provides a good prediction of the ignition delay time (IDT)[63].
Another mechanism developed by Otomo et al. [91] is used to investigate the
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influence of different mechanisms on the simulation of induced ignition in
ammonia/air mixtures.

In this chapter, the results of numerical studies on the induced ignition
of ammonia are provided and discussed. This includes the influence of
considering radiation in the numerical model on the simulation results, the
dependence of the MIE on the equivalence ratio, and the impact of hydrogen
addition on the induced ignition of ammonia. The simulation results are
validated against experimental results.

6.1 Flame Scenarios
Similar to the chapters on methane and PRF, the initial task in investigating
the induced ignition of ammonia/air mixtures is to explore the possible
outcomes after ignition. Because of the slow chemistry of ammonia, flame
extinction might also occur during the induced ignition process. The flame
scenarios of ammonia flames are similar to those of hydrocarbon flames at
atmospharic conditions, whose temperature profiles can be found in Chapter 5:

Type I Ignition failure: The ignition energy is insufficient for the for-
mation of a flame kernel, resulting in a decrease in temperature
within the ignition volume after the ignition duration.

Type II Successful ignition followed by flame extinction: The ig-
nition energy is sufficient to form a flame kernel, causing the
temperature within the ignition volume to initially increase after
the ignition duration. However, due to the slow chemistry of
ammonia, the flame eventually quenches, and the temperature at
the center returns to the initial value.

Type III Successful ignition and self-sustained flame propagation:
The ignition energy is sufficient to form a self-sustained flame,
maintaining a high temperature at the center.

6.2 Effect of Thermal Radiation
For the experiments on laminar ammonia flames, the slow laminar flame
speed results in a longer residence time of the flame in the combustion
chamber compared to hydrocarbon fuels [41]. During the flame propagation
of an ammonia flame in the combustion chamber, the ammonia flame is very
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sensitive to heat loss through radiation due to its slow chemical heat release.
Many studies have investigated the effect of thermal radiation on laminar
ammonia flame propagation. The conclusion is that thermal radiation is
crucial for an accurate prediction of the laminar flame speed of ammonia
flames. Radiation has a greater impact on the flame speed of pure ammonia
flames compared to methane flames or ammonia/hydrogen mixtures [41, 90].

Meanwhile, the influence of thermal radiation on the induced ignition
process, i.e., the transition from a flame kernel to a self-sustained flame (or
to flame extinction), remains less explored. In this work, the simple optically
thin approximation model (OTM) is considered. Although reabsorption is
not included in the OTM, the underlying physics can already be indicated by
comparing simulations with adiabatic and radiative models.

Here, the volumetric radiative heat loss q̇rad is given as:

q̇rad = 4 · k · σ · (T 4 − T 4
b ) (6.1)

with σ the Stefan-Boltzmann constant (σ = 5.669 × 10−8 W/(m2 · K4)). Tb

is the environmental temperature, which is set to be the temperature of the
unburnt gas mixture. k is the total Planck mean absorption coefficient, which
is determined by considering the contribution of radiation species i as

k =
∑

piap,i (6.2)
where pi is the partial pressure and ap,i is the Planck mean absorption
coefficient of radiation species i, which describes the total emission from a
medium [142]. The radiating species considered in this work are H2O, NO,
N2O, and NH3, which are the important radiation species according to [41,
90] The Planck mean absorption coefficient of the radiating species can be
found in [90].

The influence of radiative heat loss on the early flame propagation process
can be observed in Fig. 6.1. Note that the displayed time and spatial
coordinates are different in Fig. 6.1(a) and Fig. 6.1(b) because the effect of
radiative heat loss takes a long time. For the case with the adiabatic model,
the temperature in the center remains constant once the flame becomes self-
sustained. However, for the case with the radiative model, the temperature in
the center keeps decreasing while the flame propagates away from the center.
The reason is that the burnt mixture in the center doesn’t participate in the
chemical reactions. In the simulation with the adiabatic model, there is no
heat loss at the center, so the temperature of the burnt mixture remains
constant. In the simulations with the radiative model, however, radiative
heat loss causes a temperature decrease at the center.
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(a) Adiabatic

(b) Radiative

Figure 6.1: The spatio-temporal profile of temperature for the case with
successful ignition for stoichiometric ammonia/air mixture at 1 bar and 300
K in simulations. Red lines represent temperature within the spark duration,
black lines represent temperatures after the spark duration [130]

103



6 Induced ignition of Ammonia

Fig. 6.2 shows the flame structure of a spherical ammonia/air flame under
atmospheric conditions. It can be observed that for the flame with radiation,
the flame temperature is lower and the flame thickness is larger compared to
the adiabatic flame. The mass fraction of OH for the flame with radiation
is smaller than that in adiabatic flame. This indicates that in the flame
with radiation, with its lower temperature, more reactive species like OH
are needed for the formation of H2O. In contrast, in the adiabatic flame,
H2O can be formed through reactions with less reactive species like O. The
consumption of OH for the formation of H2O leads to a reduction of reactive
species and a further decrease in the flame temperature of the flame with
radiation. The formation of H2O at the expense of OH species in the flame
with radiation of ammonia is also observed in [90].
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Figure 6.2: The flame structure of lean spherical ammonia/air flame (ϕ =
0.8) at atmospheric conditions with radiation (red) and without radiation
(blue) using flame centered coordinates

In the next section, the effect of radiative heat loss on the minimum
ignition energy (MIE) and flammability limits of ammonia/air mixtures
under atmospheric conditions will be discussed.
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6.3 Dependence of MIE on Equivalence Ratio

Figure 6.3: The dependence of MIE on equivalence ratio at 1 bar and T0 =
300 K for ammonia/air mixture with spherical geometry [130]. Comparison
with experimental results for pure ammonia are represented by ◦: Verkamp
et al. [118]; ∗: Lesmana [73]; x: Sadaghiani et al. [101]

Since the mixture composition strongly affects the induced ignition process,
the dependence of MIE on the equivalence ratio is crucial. The dependence
of MIE on ϕ for ammonia/air mixtures is shown in Fig. 6.3 with comparison
to experimental results at atmospheric condition.

Similar to the results of the hydrocarbon fuels, which are described in
the previous chapters, the MIE of ammonia/air mixture also has a U-shape
form. However, the calculated MIE of ammonia/air mixtures is much larger
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than that of methane/air and PRF/air mixtures under the same conditions.
For example, with T0 = 300 K, p = 1 bar, and rs = 1 mm, the MIE of a
stoichiometric ammonia/air mixture is about 7 mJ, while for stoichiometric
methane/air or iso-octane/air mixtures, MIE ≈ 3 mJ. This is mainly due
to the slow chemical reaction of ammonia. For stoichiometric ammonia/air
mixtures, while a flame kernel can be observed at an ignition energy of 3.5
mJ, the flame always quenches until MIE ≈ 7 mJ because the HRR from
chemical reactions is lower than the heat losses, such as heat conduction. At
MIE ≈ 7 mJ, the high temperature after energy deposition (about 3500 K)
ensures self-sustained flame propagation.

In both experiments and simulations, the lowest Minimum Ignition Energy
(MIE) is observed on the lean side, around ϕ = 0.9 [130]. One possible reason
is that the specific heat capacity of lean mixtures is higher than that of rich
mixtures (as shown in Fig. 6.4).

T
 (

K
)

Figure 6.4: Temperature at the center of the ignition volume at the end
of ignition duration in dependence of equivalence ratio for ammonia/air
mixture under atmospheric conditions

Another important observation in Fig. 6.3 is that the MIE value in exper-
iments is higher than in simulations [130]. Similar to the induced ignition
of PRF, this discrepancy may also be attributed to the difficulty in accu-
rately estimating the ignition radius, which can significantly affect the MIE.
Furthermore, the geometry of the flame kernel in experiments is not ideally
spherically symmetric but instead has a shape that cannot be described
using one-dimensional geometry. Another possible reason for the discrepancy
between MIE values in experiments and simulations is that some heat losses
in experiments (such as heat conduction to the cold electrodes, buoyancy,
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etc.) are not included in the one-dimensional simulation. Due to the small
flame speed, the residence time of the ammonia flame in the combustion
vessel during experiments is longer compared to hydrocarbon fuels, giving
the heat losses more time to affect and even quench the flame. The heat
losses in experiments cause a larger MIE than in simulations [130]. Another
important reason for the discrepancy between MIE values in experiments and
simulations is related to the experimental techniques. Some experiments use
high speed cameras and define successful ignition when a flame is visible, while
other experiments use the pressure increase as the criterion for successful
ignition. However, some weak ammonia flames might not be clearly visible.
Additionally, the pressure increase in the experiments might not have a clear
threshold between flame propagation and ignition failure. The significant
influence of experimental techniques on the MIE measured for ammonia/air
mixtures is also indicated by the fact that MIE values measured in different
experiments can vary significantly, sometimes by a factor of 3-4.

The influence of radiative heat loss on the Minimum Ignition Energy (MIE)
for ammonia/air mixtures is evident in the provided figures. Specifically,
Fig. 6.3 illustrates how the MIE changes with and without considering radia-
tive effects. Near stoichiometric conditions, the difference in MIE between
the two scenarios is minor, but as the mixture becomes leaner or richer (mov-
ing away from stoichiometry), the MIE with radiation considered increases
significantly compared to without radiation. This suggests that radiative
heat loss has a more pronounced impact on mixtures near the flammability
limits [130]. This is because, near the flammability limits, the slow chemical
reactions make the early flame highly sensitive to any heat losses, including
radiative heat loss.

The flammable range calculated with the adiabatic flame model is LFL =
0.6 and RFL = 1.5, which is larger than the flammable range measured in all
experiments. However, when considering radiation, the flammable range in
simulations, LFL = 0.78 and RFL = 1.2, shows better agreement with the
experiments. This again confirms the importance of accounting for radiation
in the simulation of ammonia/air flames [130].

To investigate the influence of different chemical kinetics chosen for the
simulations on the MIE for ammonia/air mixtures, simulations are repeated
with another mechanism developed by Otomo et al.[91]. Results confirm the
importance of accounting for radiation effects in the simulations. Calcula-
tions with both mechanisms considering radiation effects deliver comparable
flammability limits with the experiments, while with adiabatic flames, the
flammable range calculated with both mechanisms is larger than in the
experiments. Although the MIE calculated with both mechanisms shows
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discrepancies on the rich side, the underlying physics that the ammonia flame
near the flammability limits is more sensitive to radiation effects than the
flame around stoichiometry is correctly predicted with both mechanisms [130].

6.4 Effect of Hydrogen Addition
As described in the last section, the MIE of pure ammonia is much larger
than that of hydrocarbon fuels, indicating that pure ammonia is hard to
ignite due to its slow chemical kinetics. To enhance the ignition and early
flame propagation process of ammonia, hydrogen is considered as an additive.

Figure 6.5: The dependence of MIE on equivalence ratio at 1 bar and T0 =
300 K for 90 % NH3/ 10 % H2/air mixture with spherical geometry [130].
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Fig. 6.5 shows the dependence of MIE on ϕ for 90 % NH3/ 10 % H2/air
mixture with spherical geometry.

Similar to ammonia/air mixtures, the radiative heat loss also has a signifi-
cant effect on mixtures near the flammability limits, resulting in a narrower
and more experimentally comparable flammable range for the radiative simu-
lations compared to the adiabatic simulations [130].

The influence of hydrogen addition is clearly observed in both experiments
and simulations. With only 10% hydrogen, the MIE of the stoichiometric
mixture decreases from 27 mJ to 10.5 mJ in experiments, and from 7 mJ
to 2.5 mJ in simulations. At the same time, the flammable range with
hydrogen addition is significantly larger than that of pure ammonia, both
in simulations and experiments [130]. This demonstrates the enhancement
of the chemical reactivity of the ammonia flame with hydrogen addition,
a finding also observed in the work of Fernández-Tarrazo et al. [44] using
simulations.

A rather surprising finding is that, although the MIE for pure ammonia in
simulations is much smaller than in experiments throughout the flammable
range, the MIE for a 10% H2/90% NH3 mixture in simulations and experiments
is comparable on the lean side [130]. A possible explanation is that, with the
enhancement of chemical reactivity due to hydrogen addition, the critical time
for a 10% H2/90% NH3 flame is much shorter than that for pure ammonia.
This means that for a 10% H2/90% NH3 flame, the heat losses in experiments
(such as heat conduction to the electrodes, buoyancy, etc.) which are not
included in the simulations, have less time to influence and quench the flame.
Hence, the MIE in simulations and experiments is more comparable than that
of pure ammonia [130]. As shown in Fig. 6.6, the flame of the 10% H2/90%
NH3 mixture almost propagates at a fast speed from the beginning, whereas
for pure ammonia flame, it takes about 0.02 s before the flame propagates at
a fast speed. Additionally, the strong chemical reactivity of the 10% H2/90%
NH3 flame makes detecting flame propagation with a high-speed camera
easier than with an ammonia flame, where the chemical reactions might be
weak, resulting in a weak and not clearly visible flame.

This chapter investigates the induced ignition of ammonia and ammo-
nia/hydrogen blends. The results underscore the importance of incorporat-
ing radiation into the numerical model: when radiation is considered, the
flammable range in simulations becomes comparable to that observed in
experiments. Another key conclusion is that adding hydrogen significantly
enhances ignition and early flame propagation of ammonia while reducing the
MIE. However, accurately estimating the MIE in simulations for ammonia

109



6 Induced ignition of Ammonia

Figure 6.6: Temporal evolution of Ψ(rf ) for NH3 flame and
90%NH3/10%H2 flame at ϕ = 1 [130].

remains challenging, primarily due to difficulties in precisely determining the
ignition radius.
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7 Conclusion and Outline
This dissertation aimed to simulate the forced ignition and early flame propaga-
tion of hydrocarbon fuels (methane and PRF) and non-carbon fuels (mixtures
of ammonia and hydrogen) using one-dimensional geometries, detailed chemi-
cal kinetics, and transport models. The study focused on Minimum Ignition
Energy (MIE) due to its critical role in enhancing combustion efficiency and
ensuring safety by preventing misfires. By investigating the dependence of
MIE on various ignition parameters, the underlying physics during ignition
and early flame propagation were thoroughly examined.

The primary objective of this research was to understand the influence of
various parameters on the Minimum Ignition Energy (MIE) of different fuel
mixtures. This involved conducting one-dimensional simulations to predict
ignition behavior under controlled conditions. The simulations accurately
replicated several phenomena observed in experiments. Notably, the results
underscored the significant impacts of parameters such as mixture composition,
pressure, and ignition geometry on MIE.

The first fuel used for the numerical investigation of induced ignition is
methane, a key component of natural gas and the smallest hydrocarbon
fuel. The results demonstrate that the relationship between MIE and the
equivalence ratio follows a U-shaped trend, indicating that ignition becomes
more challenging for mixtures that deviate from stoichiometry.

For primary reference fuel (PRF), important gasoline surrogate fuel con-
sisting of iso-octane and n-heptane mixtures, the ignition and early flame
propagation processes were notably influenced by the complex interplay be-
tween chemical kinetics and transport phenomena. Because of the large Lewis
number for lean PRF/air mixtures, the ignition and early flame propagation
process is significantly influenced by differential diffusion and curvature effect.
The geometry and radius of the ignition channel was found to significantly
influence the ignition process. Additionally, the chemical kinetics also plays
an important role for the ignition and early flame propagation process of
PRF. At 1 bar, an upturn in MIE dependence on Research Octane Number
(RON) was observed in experiments. This upturn was accurately replicated in
one-dimensional simulations. This phenomenon was attributed to significant
diffusion effects due to curvature and differing chemical reaction pathways of
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n-heptane and iso-octane. At elevated pressure, low-temperature chemistry
also significantly affects the ignition process.

The stochastic nature of ignition radii, impacting ignition energy density
and flame curvature, was identified as a crucial parameter contributing
to the stochastic ignition behavior observed in experiments. Simulations
incorporating a normal distribution for ignition radii revealed quantitative
differences in MIE compared to those with fixed ignition radii, yet the
experimentally observed phenomenon of the existence of upturn in MIE
dependence on RON persisted.

Another significant finding was the observation of a MIE transition in
both experimental forced ignition within turbulent flows and simulated forced
ignition within laminar strained flames. This transition was attributed to
flame extinction occurring beyond a critical strain rate. In turbulent flames in
the flamelet regime, the increase in flame surface area, corresponding to the
straining of the flame front, was identified as the primary influencing factor.
This discovery reinforces the suitability of a laminar strained flame model for
elucidating the fundamental mechanisms underlying turbulent flames in the
flamelet regime.

In addition to conventional fossil fuels, renewable fuels like ammonia are
gaining more attention for their potential to achieve zero carbon emissions.
However, the low reactivity of ammonia presents challenges for ignition and
makes it highly sensitive to heat losses. In this research, one-dimensional
simulations are also conducted for ammonia and ammonia/hydrogen blend.
The adiabatic flame simulation of ammonia showed a significantly wider range
compared to experimental results. Conversely, simulations incorporating
radiative heat loss closely matched experimental observations, emphasizing
its significant impact on accurately predicting ignition behavior. Additionally,
the introduction of highly reactive hydrogen into ammonia/air mixtures
resulted in a substantial reduction in MIE. This enhancement underscores
the potential for improving the ignition characteristics of ammonia-based
fuels by augmenting their reactivity with hydrogen.

The findings of this study align closely with existing literature on forced
ignition, emphasizing the sensitivity of MIE to factors such as mixture
composition and ignition geometry. This research contributes to the field by
offering a detailed quantitative analysis of these dependencies and validating
predictions against experimental data. The insights gained are essential for
both theoretical understanding and practical applications, potentially guiding
the design of more efficient and safer combustion systems.

While the one-dimensional simulation approach with detailed kinetics and
transport models effectively captured essential phenomenon of forced ignition
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and early flame propagation in experiments, limitations were acknowledged.
Three-dimensional effects such as buoyancy, non-symmetric flow fields, and
non-ideal geometries (spherical/cylindrical) were not fully accounted for in
one-dimensional simulations, potentially leading to quantitative discrepancies
in MIE. Future research could expand upon this work by exploring multi-
dimensional simulations and investigating the ignition behavior of a broader
range of fuel mixtures under diverse environmental conditions.

In conclusion, this dissertation advances the understanding of forced ig-
nition and early flame propagation in both hydrocarbon and non-carbon
fuel/air mixtures. By accurately predicting the dependence of MIE on various
parameters, this work provides valuable insights applicable to improving
combustion efficiency and safety. Continued research in this area, particularly
exploring complex scenarios bridging simulations with real-world applications,
remains crucial for further advancements.
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