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Abstract

Knock in spark-ignited internal combustion engines is a result of an explosion, known as
autoignition, in the unburnt end-gas ahead of the flame. Autoignition is first apparent
at hot spots, which develop suddenly at localised points in the end-gas after a period of
seemingly normal combustion. We use perturbation methods to analyse a one-dimensional
model of premixed gaseous combustion in confinement, to demonstrate the role acoustic
waves play in the development of hot spots.

Acoustic waves are an inherent feature of combustion in confinement. Flames are
subsonic combustion waves, meaning they affect the gas either side of them through the
production of acoustic waves. When the combusting gas is enclosed in a finite volume,
the acoustic waves produced at the flame reflect from the boundaries and subsequently
interact with the flame. We use the Chapman—Jouguet conditions to formulate a free-
boundary problem for the flame position, treating the flame as a discontinuity between
two regions of inviscid gas. Using ideas from the method of multiple scales and WKBJ
theory in the limit of small Mach number, we model the ‘compression stage’ where the
reaction rate in the end-gas is negligible. We find that the acoustic waves in the gas either
side of the flame can be expressed as a series of modes, whose amplitude, frequency and
spatial structure evolve slowly as the flame moves. We present numerical solutions of our
multiple scales model for a simple three-step chain branching reaction mechanism that
is representative of premixed hydrogen combustion. The multiple scales framework we
develop can be generalised to other chemical reaction mechanisms, provided a suitable
model for the mass flux through the flame can be identified.

For the same three-step reaction, we find that the flame crosses the entire region and
autoignition does not occur if the temperature in the end-gas remains below a critical
temperature. We determine an explicit expression for the critical temperature in terms of
the dimensionless parameters of the system. In agreement with numerical simulations of
autoignition in the literature, we observe that the critical temperature decreases as the
size of the combustion chamber increases.

For a parameter regime where autoignition occurs, we use activation energy asymp-
totics to derive a simplified model for the ‘induction stage’, which is the period of time
where the temperature in the end-gas is close to the critical temperature. We focus on
the distinguished limit where the gas dynamics and chemistry in the end-gas are fully
coupled during the induction stage, and find that the behaviour of the end-gas during the
induction stage is governed by Clarke's equation. To identify suitable initial data to solve
Clarke's equation numerically, we use an intermediate variable to systematically match
with the multiple scales solution during the compression stage.

We solve for the behaviour of the gas either side of the flame during the induction
period for a range of different initial conditions and different parameter values. We find
that hot spots can develop at the flame, at the cold wall, or in the bulk of the end-gas. We



observe the variation in the time and position at which the hot spot appears decreases as
the amplitude of the acoustic waves in the end-gas decreases, with the hot spot occurring
preferentially at the wall for small amplitude acoustic waves.
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Chapter 1

Introduction

When a petrol car is operating normally, you will hear a low-pitched, continuous engine
noise. However, under certain circumstances, a spark-ignited engine can make a knocking
sound, quite different to normal. This sound is known as knock. The underlying combus-
tion processes which lead to knock can be particularly damaging to an engine, so knock
must be carefully controlled to avoid engine damage.

Knock is believed to be caused by a localised explosion, known as autoignition, of
the unburnt fuel within the engine cylinder. What causes autoignition, and why it is
first apparent at localised points away from the hottest parts of the engine, is not well
understood. We use perturbation methods to analyse a mathematical model for gaseous
combustion, to shed light on the role acoustic waves play during normal combustion (when
autoignition does not occur) and during autoignition.

In this introductory chapter, we give a definition of what knock is and how its intensity
is quantified based on the trace created by a pressure transducer exposed to the inside of
the cylinder. We discuss the industrial motivation behind studying knock, and, based on
photographic techniques and numerical simulations, give a description of the combustion
processes which lead to knock. Finally, we summarise the modelling approach we take to
better understand autoignition.

1.1 What is knock?

In the context of internal combustion engines, knock is an ‘objectionable noise’ heard
outside of an engine, which is distinct to the sound of normal combustion [11]. This
definition is rather vague, as it requires a set of well-tuned ears to tell if knock is occurring
or not. Measures to quantify the intensity of knock can be based on measurements of
vibration of the engine or on the filtered signal from a pressure transducer exposed to the
inside of the cylinder. The latter is preferred in research [69, §3.2.1].

During a normal cycle of a spark-ignited internal combustion engine, such as that
found in a petrol car, a mixture of air and vaporised fuel, known as the charge, is ignited
by a spark during the compression stroke, causing a flame front to propagate across the
cylinder. The combustion of the fuel results in a rise in pressure, which pushes the piston
down after it has reached top dead-centre (TDC, see Figure 1.1), providing power to the
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Figure 1.1: A simplified diagram of a cylinder of an internal combustion engine. Top
dead-centre (TDC), bottom dead-centre (BDC), crank angle (8), stroke (s), cylinder
height (h), and cylinder diameter (d) are indicated. The compression ratio is the volume
of the cylinder at BDC divided by the volume of the cylinder at TDC.

engine. A typical pressure trace for a normal engine cycle is shown in red in Figure 1.2.
Note that this pressure trace appears to be smooth.

By contrast, during an engine cycle when knock occurs, the pressure trace exhibits a
sharp pressure rise, followed by high frequency pressure oscillations, as seen in the blue
curve of Figure 1.2. The two pressure traces presented in Figure 1.2 are taken from
the same variable compression ratio engine, running at the same speed and on the same
fuel-air mixture. Knock occurs when the compression ratio is increased from 8.0 to 9.0.
Although there is no universally accepted index for knock intensity [69, §3.2.1], it will be
sufficient for our discussions to think of knock intensity as the amplitude of these rapid
pressure oscillations.

1.2 Why study knock?

As well as being objectionable to the engine operator, knock is a warning sign that dam-
aging abnormal combustion is occurring within the cylinder. The gas within a knocking
engine cylinder reaches much higher temperatures and pressures than during a normal en-
gine cycle. These high temperatures can cause engine components to melt or crack [89].
It is therefore very important to control knock to avoid potentially catastrophic engine
failure.

Many factors are known to affect knock intensity [69, 98]: Increasing the air-fuel ratio,
decreasing the intake temperature of the air and fuel, retarding (delaying) the spark timing
and changing the cylinder design, particularly reducing the compression ratio, are all known
to decrease the intensity of knock. However, these factors also affect the efficiency of the
engine. Thus, knock limits the efficiency that can be achieved through engine design and
operation [44, §9.6.1].
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Figure 1.2: Pressure traces from a pressure transducer exposed to the inside of the
cylinder of a variable compression ratio spark ignited internal combustion engine running at
600 RPM with a stoichiometric mixture of iso-octane and air. The red curve is typical of a
normal cycle, whereas the blue curve is typical of a cycle where knock occurs. The red and
blue curves were produced when the compression ratio was 8.0 and 9.0, respectively. The
spark plug fired at 30° before TDC for both cycles. Reprinted from [69] with permission
from the author.



The choice of fuel used in an engine is another factor known to affect whether knock
occurs or not. The octane number of a fuel is an indirect measurement of a fuel's
propensity to cause knock; a high octane number fuel will cause lower intensity knock
than a low octane number fuel in the same engine under the same operating conditions.
There are two key international industrial standards defining octane number: the Motor
Octane Number (MON) and the Research Octane Number (RON) [1, 2]. The test
procedures for each standard are similar, with a fuel's octane number being determined
by testing its performance in a specific test engine against that of a primary reference
fuel. Comparing back to a reference fuel in this way offers a robustness which allows the
MON and RON of a fuel to be determined consistently at refineries and research facilities
around the world.

Despite the shift towards electric passenger cars in recent years, petrol cars will still
be on the roads for many years to come. Furthermore, electrification is not suitable for all
applications where internal combustion engines are currently used. For example, lithium
ion batteries are unsuitable for use in aircraft and heavy-duty trucks due to low energy
density [47].

The automotive industry is starting to experiment with the use of alternative fuels in
internal combustion engines in an effort to address our transportation needs while also
reducing the impact on the environment. For example, fuel manufacturers have started
blending sustainable fuel components, such as ethanol derived from sugar cane, into petrol.
Because the choice of fuel influences the conditions under which knock occurs, care must
be taken when developing new fuel blends to ensure that the fuel blend’'s MON and RON
are compatible with vehicles already on the road.

The relationship between fuel composition and octane number is not straightforward.
For example, Foong et al. [38] show that a binary mixture composed of 40% ethanol
and 60% iso-octane by volume has a RON greater than either of the pure components
themselves. Furthermore, a primary reference fuel with octane number, ON, in the range
0 < ON <100 is fundamentally different to a primary reference fuel with ON > 100 [1,
2]. While we may think of octane number as one scale, the difference in the reference fuels
may cause distortions in any patterns observed in octane number. Existing models [e.g.
39], used to understand the relationship between fuel composition and octane number
based on regression are limited by their training data. As new and varied fuel components
begin to be blended into our fuels, a comprehensive experimental regime would be needed
to gather the data required to refit a regression model.

Hydrogen internal combustion engines are also being considered as an alternative
method of powering heavy-duty trucks [43]. Spark-ignited internal combustion engines
running on hydrogen suffer from pre-ignition [92] and autoignition [87], which are abnormal
combustion processes that can lead to knock. Therefore, before hydrogen can be adopted
as a fuel, engine manufacturers must consider how to mitigate knock through engine
design and choice of operating conditions.

A model that enables prediction of how knock intensity depends on fuel composition,
engine design and engine operating conditions would be of great interest and expedite
the development and adoption of new, more environmentally-friendly fuels. In this thesis,
we use perturbation methods to analyse a physics-based model of gaseous combustion
in confinement, to provide insights into how the occurrence of knock depends on the

4



Figure 1.3: Schlieren images of a knocking cycle of an internal combustion engine.
Time advances from left to right, along the first row and then the second row. Reprinted
from [11] with permission from the Royal Society.

physical and chemical properties of the fuel-air mixture and the size of the cylinder. In the
next section, we discuss the underlying combustion processes that contribute to knock to
understand the behaviour we should expect to capture with our model.

1.3 What is autoignition?

Knock is generally understood to be brought about by autoignition of the unburnt gas,
known as the end-gas, ahead of the flame [98]. In this section, we use experimental obser-
vations and results from numerical simulations from the literature to provide a description
of autoignition. We will also briefly describe other related abnormal combustion processes
including pre-ignition.

1.3.1 Experimental observations in the literature

Engines fitted with windows into the cylinder allow us to use natural light and schlieren!
photography to observe the abnormal combustion processes responsible for knock. An
engine cycle where knock occurs starts in much the same way as a normal engine cycle;
the charge is compressed by the piston before being ignited by the spark plug. The
resulting flame front starts to propagate across the cylinder. In the first three frames of
Figure 1.3, the flame appears as a dark surface travelling towards the bottom left. In a
normal cycle, the flame front completely crosses the combustion chamber. However, in
the fourth frame of Figure 1.3, two dark ‘hot spots’ appear in the end-gas at the bottom

1Schlieren photography is a photographic technique which is sensitive to gradients of refractive index,
which correspond to gradients of density [26].
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Figure 1.4: Stages of knock, captured in a rapid compression machine. Adapted from
[90] with permission from Elsevier.

left, and the remaining unburnt fuel rapidly burns over the next two frames. The rapid
reaction in the end-gas is known as autoignition.

Wang et al. [90] observe what they call super-knock in a rapid compression machine,
which is a research device used to emulate the conditions inside a single engine cycle.
Selected frames from their natural light film are shown in Figure 1.4, together with the
pressure trace recorded by a pressure sensor, whose location is indicted by the grey rect-
angle in frame (k). The flame in their experiment is not initiated by a spark plug, but by
a hot particle in the gas, whose position is indicated by a green arrow in selected frames
of Figure 1.4. The flame, also known as a deflagration (see Section 2.2.1), propagates
through the unburnt gas radially, starting from the hot particle. The flame position is
indicated by the white dashed line in frames (e) and (j) of Figure 1.4. The expansion of
the gas burning at the flame compresses the unburnt gas, as demonstrated by the slow rise
in pressure between 5.16 ms and 6.99 ms. In frame (k), a detonation? is initiated at the
wall of the cylinder. The detonation propagates at supersonic speeds through the unburnt
gas. As the detonation passes the pressure sensor, there is a rapid rise in pressure. By
frame (m), almost all the reactant has been used up, and pressure oscillations continue

2Warning: Knock is sometimes known as ‘detonation’ in the literature. For the avoidance of doubt,
we will only use detonation to refer to supersonic combustion waves, see Section 2.2.1.



in the burnt gas.

Despite the difference in experimental set up in the studies described in the previous
two paragraphs, the qualitative description is the same. A flame front propagates across
the combustion chamber. Before the flame completely crosses the cylinder, a reaction
occurs in the end-gas, which is more violent than the reaction in the flame. The resulting
difference in pressure causes the oscillations observed in the pressure trace.

It should be pointed out that autoignition does not always lead to knock; Konig and
Sheppard [63] do not measure any discernible pressure oscillations when they observe
autoignition towards the end of the engine cycle. Nevertheless, they found that autoigni-
tion preceded knock in each knocking cycle they analysed.

Autoignition rarely occurs homogeneously throughout the end-gas. Rather, autoigni-
tion is first apparent at localised reaction centres, known as hot spots, which can be
variably located near the wall, near the spark-ignited flame or in the bulk of the end-
gas [63]. In some experiments, these hot spots are artificially brought about by including
hot aluminium particles in the charge [62]. However, this modification is not necessary to
see autoignition develop from hot spots [63, 86]. In general, the reason for the localisation
of autoignition is not well understood [13].

A number of possible mechanisms have been suggested that could lead to the devel-
opment of a hot spot by producing a local variation in temperature or chemical composi-
tion [85]. Temperature variations can be produced by reflecting pressure waves, turbulence
or by the end-gas coming into contact with something hot (or cold). Candidates include
the hot exhaust value, the (relatively) cool sides of the cylinder, hot gases remaining from
the previous cycle, or hot particles or droplets of, for example, soot or oil. Inadequate
mixing of the fuel and air could lead to variations in the chemical composition. Further-
more, reactive species left over from a previous cycle, either in the gas or as deposits on
the cylinder wall, could alter the chemistry of the end-gas, resulting in faster reaction.

It is possible that more than one of these mechanisms contributes to the formation of
hot spots in internal combustion engines. After all, an engine cylinder is a complex system,
with moving parts, turbulent gas and many reactive species. However, autoignition is not
solely associated with engines. For instance, we have already discussed how autoignition
can occur in rapid compression machines [90]. It would be prudent to study models of
combustion in systems that are much simpler than an engine, but which exhibit similar
behaviour. We therefore now consider the behaviour exhibited by numerical simulations
of combustion in confinement from the literature.

1.3.2 Numerical simulations from the literature

Autoignition is not only an aspect of combustion within internal combustion engines and
rapid compression machines, but is more generally a feature of combustion in gas confined
within an enclosed volume. There is a large body of literature, but here we present two
particular numerical studies that demonstrate the behaviour seen during autoignition. In
this section, we discuss the 2D numerical simulations by Liberman et al. [66], which suggest
that autoignition is possible in a system with much simplified chemistry and geometry.
We also examine the numerical simulations of the combustion of hydrogen by Yu and



Chen [95], which demonstrate the range of phenomena we may expect from a 1D model
of combustion in confinement.

1.3.2.1 Simple chemistry in 2D

The model Liberman et al. [66] study describes a gas undergoing a simple, one-step
chemical reaction in a thin rectangular domain, with thermally-insulated slip walls [66].
They choose initial conditions to represent a flame initiated at one of the short sides of the
rectangle. The reaction rate they use has an Arrhenius temperature dependence. We will
discuss the Arrhenius law in more detail in Section 2.1.1, but, for now, we can consider
the model Liberman et al. [66] use to be a simple model of combustion.

The simplicity of the model in [66] precludes many of the mechanisms of hot spot
development described at the end of Section 1.3.1: the walls are insulated so there is
no wall heating or cooling; the temperature and chemical composition of the end-gas
is initially uniform; there is no evidence of turbulence in their simulations. Yet, after a
period of normal flame propagation, Liberman et al. [66] observe a sudden local rise in
temperature and pressure ahead of the flame. Based on the numerical simulations by
Liberman et al. [66], Sivashinsky [85] suggests that a purely gas dynamical mechanism
based on heating by reflected pressure waves is sufficient to capture the ‘salient features’ of
autoignition. This is not to say that other mechanisms are unimportant in the development
of hot spots in internal combustion engines. Rather, we recognise that compressive heating
by acoustic waves is a fundamental mechanism that can bring about autoignition, even in
the absence of other sources of ignition.

1.3.2.2 Hydrogen combustion in 1D

Numerical simulations of a model for the combustion of hydrogen in 1D by Yu and
Chen [95] exhibit a plethora of interesting behaviours, including autoignition. We present
their results, as they provide a clear picture of the behaviour of flames and the sequence
of events during autoignition.

We will not dwell on the details of the model Yu and Chen [95] use, which can be
found in the supplementary material of [19]. Briefly, they simulate the combustion of a
stoichiometric mixture of hydrogen and air (accounting for numerous intermediate reac-
tions) between two parallel rigid, insulating, impermeable walls at = 0 and z = L. They
choose initial conditions for the temperature and mass fractions that are representative
of a premixed planar flame at the left-hand wall of the combustion chamber. Apart from
close to the left-hand wall, the temperature of the gas is approximately T},i; initially. The
initial pressure, Pinit, is taken to be uniform throughout the combustion chamber and the
initial velocity is taken to be equal to zero.

Yu and Chen [95] observe a trio of possible outcomes following the initiation of the
flame: (i) normal combustion, where the flame crosses the combustion chamber and
reaches the far wall; (ii) autoignition, where the end-gas explodes before the flame reaches
the far wall; and (iii) ‘detonation development’, which we will discuss in Section 1.3.3.
They find that the length, L, of the combustion chamber, the initial pressure, Pinit, and

the characteristic initial temperature, Ti,;;, of the end-gas, affect the behaviour observed.
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Figure 1.5: Temperature, pressure and heat release rate profiles during normal combus-
tion of a well-mixed stoichiometric mixture of hydrogen and air, plotted at (approximately)
120 s intervals. The parameter values are L = 2cm, Pjnir = 10atm, and Tjpie = 900 K.
Reprinted from [95] with permission from Elsevier.

The behaviours (i) and (ii) are most relevant to understanding autoignition, so we discuss
them in detail now.

1.3.2.2.1 Case (i) — Normal combustion The first possibility is that the flame
initiated at the left-hand wall propagates across the chamber and reaches the far wall at
x = L. This is observed when L = 2cm, pini = 10atm, and T}y = 900 K.

Yu and Chen [95] define the flame position as the position of the local maximum heat
release rate. The flame is characterised by a thin region of chemical activity moving to
the right, across which there is a rapid rise in temperature, as seen in Figure 1.5. The
combustion process occurring at the flame is almost constant pressure, resulting in no
discernible pressure jump at the flame position in Figure 1.5.

The flame is subsonic (the speed of sound in the end-gas is approximately 700 ms™!)
meaning the flame sends pressure waves into the gas ahead of it. The pressure trace
at the right-hand wall at z = 2cm, shown in Figure 1.6a, provides evidence of pressure
waves with small amplitudes relative to the ambient pressure. The pressure profile is
initially spatially uniform, so these pressure waves must be produced by the flame. Since
the gas is confined between rigid walls, the pressure waves reflect from the walls and
subsequently interact with the flame. The pressure rise at the wall is not monotonic, due
to the reflection and transmission of the pressure waves at the flame. We note that there
is not similar evidence of acoustic waves in the pressure traces in Figures 1.2 and 1.4 prior
to the onset of knock. We speculate that acoustic waves are present in physical systems,
but are sufficiently small that either they are not detected by the pressure transducer or
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Figure 1.6: The effect of pressure waves during normal combustion: (a) Evolution of
pressure and temperature with time at the right-hand wall, x = 0, (b) Variation in flame
speed, S, with flame position, xy. The parameter values are L = 2cm, Pinie = 10atm,
and T;p: = 900 K. Reprinted from [95] with permission from Elsevier.

they are filtered out as noise.

The pressure waves also have an effect on the flame speed. In Figure 1.6b, the flame
speed, S, is plotted against flame position. To an observer external to the system—that
is, in the Eulerian or lab reference frame—the flame speed is oscillatory. However, Yu and
Chen [95] note that the flame speed relative to the gas velocity increases monotonically in
time. In physical experiments, flames in channels have been observed to exhibit oscillatory
behaviour [41], similar to that depicted in Figure 1.6b. The interaction between flames
and pressure waves in an enclosed volume is not well understood theoretically, even in
1D. The rising temperature either side of the flame observed in Figure 1.5 results in an
increase in sound speed which complicates the description of the pressure waves. We
investigate this problem thoroughly in Chapter 3, exploiting the small Mach number of
the flame. We discuss previous studies taking a similar approach in Section 2.2.5.

1.3.2.2.2 Case (ii) — Autoignition The second case Yu and Chen [95] identify is
when the end-gas autoignites. They find this can be brought about by increasing the
length of the chamber, or increasing the initial temperature or pressure. We present their
results in Figure 1.7a for a simulation with a increased initial temperature compared to
the simulation discussed in Section 1.3.2.2.1, so that L = 2cm, Pt = 10atm, and
Tinit = 1000 K. Note that Figure 1.7a does not show the whole of the domain from = = 0
toxr =2cm.

In this case, the flame initially propagates in the same subsonic, oscillatory way as it
does for normal combustion. However, before the flame reaches the right-hand wall, the
end-gas undergoes a sudden and rapid chemical reaction, resulting in a large local increase
in temperature and pressure. In contrast to the nearly constant pressure combustion across

the flame, the explosion in the end-gas is nearly constant volume.
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Autoignition is first apparent at approximately z = 1.97cm in Figure 1.7a. From
this point, the temperature and pressure quickly rise throughout the end-gas in a wave
that Yu and Chen [95] call an autoignition front. Defining the position of the autoignition
front as the position of the local maximum heat release rate, the autoignition front travels
much faster than the speed of sound, or indeed the Chapman—Jouguet speed, which we
introduce in Section 2.2.1.

The pressure trace at the right-hand wall exhibits large pressure oscillations following
autoignition, similar to the pressure trace recorded from a knocking engine cylinder. We
speculate that these waves are a result of the pressure imbalance as the autoignition front
meets the flame.

Modelling ignition in gases is not straightforward. How much of the chemical energy
released from the fuel is converted to thermal energy and how much is converted to
kinetic energy depends on the rate at which the energy is released [60]. As we see
from Figure 1.7a, the reaction rate in the end-gas changes through orders of magnitude
during autoignition. At its maximum, the reaction rate in the end-gas is an order of
magnitude higher than the peak reaction rate within the nearly constant-pressure spark-
ignited flame. In Section 2.2.4, we recognise that the autoignition front in Figure 1.7a
is a weak detonation and discuss how weak detonations are formed during ignition from
spatially inhomogeneous initial conditions. While there is a significant body of literature
looking at how a gas ignites from a fixed temperature profile, very little has been done
to explain what role acoustic waves play in preconditioning the gas prior to autoignition.
In Chapter 4, we identify a critical temperature, below which the reaction rate in the
end-gas has a negligible effect on the gas dynamics, and investigate how the acoustic
waves generated during the early stages of combustion lead to the formation of a hot spot
when the reaction rate in the end-gas becomes significant.

1.3.3 Other abnormal combustion processes

The experimental and numerical results presented in Sections 1.3.1 and 1.3.2, give an
overview of the general behaviour seen during autoignition. We have seen that autoigni-
tion is a nearly constant volume explosion of the unburnt gas ahead of the flame, following
a period of seemingly normal combustion. There are, however, two other abnormal com-
bustion phenomena of relevance we should discuss briefly: the deflagration to detonation
transition and spontaneous ignition.

The third behaviour Yu and Chen [95] identify is what they call detonation develop-
ment, which they observe if they further increase the initial temperature, initial pressure
or length of the domain. In this case, either the flame accelerates or the autoignition front
decelerates, resulting in a detonation travelling at the Chapman—Jouguet speed. We will
discuss the theory behind detonations, which are supersonic combustion waves, in more
detail in Section 2.2.1.

In general, detonations can be initiated in one of two ways [64]: directly using a
powerful enough ignition source, or indirectly via the so-called deflagration to detonation
transition (DDT), whereby a deflagration (a flame) initiated near the closed end of a tube
accelerates to a detonation. The numerical simulation by Yu and Chen [95] shown in
Figure 1.7b is an example of DDT. As the flame accelerates, the pressure rises at the
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Figure 1.7: Temperature, pressure and heat release rate profiles during abnormal com-
bustion. (a) Autoignition: The time between profile 1 and 2 is 38.02 ys, whereas the time
between profile 3 and 9 is 1.34 ps. (b) Detonation development: The time between profile
1 and 2 is 8.01 pus, whereas the time between profile 3 and 8 is 1.81 ps. The parameter
values are L = 2cm and pini: = 10atm for both cases, and (a) Ti,i: = 1000K and (b)

Tinie = 1100 K. Reprinted from [95] with permission from Elsevier.

flame, evolving to form a spike in pressure at the front of the detonation wave. Note that
Figure 1.7b does not show the whole of the domain from £ =0 to z = 2cm.

Such acceleration is observed by Urtiew and Oppenhiem [88]. The cause of DDT is
not fully understood, and is postulated to be caused by multi-dimensional effects, such as
turbulence, frictional heating and the Darrieus—Landau instability of a flame [13]. The fact
DDT is observed in 1D simulations [e.g. 83, 95] therefore warrants further investigation.

DDT is not generally believed to contribute to knock in internal combustion en-
gines [98]. In their experiments, Spicher et al. [86] never observe significant acceleration
of the spark-ignited flame in a knocking engine cycle, and they do not observe autoigni-
tion adjacent to the flame. On the other hand, Konig and Sheppard [63] do observe
autoignition at the flame, which increases the apparent velocity of the flame. However,
they observe no meaningful acceleration of the flame prior to the onset of autoignition.

At the end of Section 1.3.1, we discussed several mechanisms that have been proposed
in the literature for how a hot spot forms. Apart from pressure waves and turbulence,
which are gas dynamical effects, most of the mechanisms presented could be described as
spontaneous ignition due to an external influence. For example, the end-gas could ignite
due to the presence of a hot particle in the charge, or a hot surface in the engine [89].
We will refer to this as spontaneous ignition.

Spontaneous ignition could occur at any point when there is unburnt fuel and oxygen
in the engine cylinder. When spontaneous ignition occurs before the spark plug fires, it
is known as pre-ignition [45, §9.6.1]. Pre-ignition results in the creation of a flame in the
same way as ignition by the spark plug, but with ignition coming earlier in the engine
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cycle. The effect of pre-ignition on knock is therefore equivalent to advancing the spark
timing, i.e. the intensity of knock increases. Pre-ignition does not necessarily result in
autoignition, but when it does the mechanism for hot spot development in the end-gas
is exactly the same as for a spark-ignited flame, except, perhaps there are multiple flame
fronts instead of just one. Wang et al. [90] refer to the knock they observe in a rapid
compression machine as super-knock because it is a result of autoignition following pre-
ignition due to a hot particle. Pre-ignition can occur sporadically, due to, for example,
oil being ejected from the crevice between the piston and the wall, or occur recurrently,
due to a hot surface within the engine, such as the exhaust valve [89]. To the engine
operator, the difference between knock caused by autoignition following ignition by the
spark plug and knock caused following pre-ignition is that the intensity of the former can
be controlled by changing the spark timing.

It is also possible for spontaneous ignition to occur in the end-gas after ignition by the
spark plug. However, unless the rate of reaction increases significantly throughout a region
of the end-gas, it is most likely that spontaneous ignition would result in an additional
flame front emanating from the point at which spontaneous ignition occurs [45, §9.6.1].
The additional flame would generate small acoustic waves in the combustion chamber,
but would not lead to the large amplitude pressure oscillations characteristic of knock
without further autoignition of the end-gas.

The description of autoignition remains the same, regardless of whether the flame (or
flames) are initiated by spontaneous ignition or by a spark plug. Therefore, from now on,
we focus our attention on understanding the interplay between flames and acoustic waves
to better understand the fundamental mechanism behind autoignition.

1.4 Thesis summary

Results from experimental studies suggest that knock in internal combustion engines is a
result of autoignition, which is an explosion of the end-gas, first apparent at discrete points
known as hot spots. Autoignition is not solely associated with internal combustion engines.
As we have seen, numerical simulations of combustion in confinement exhibit autoignition
despite having significantly simpler geometries and chemical reaction mechanisms. To
better understand the mechanisms that lead to autoignition, it is prudent to study a
model for combustion in a system that exhibits autoignition but is much simpler than an
internal combustion engine.

In Chapter 2, we write down a model for combustion in a gas confined between two
rigid, impermeable, insulating walls in 1D. We consider two simple chemical models: a one-
step reaction with an Arrhenius temperature dependence, and a three-step chain branching
reaction. Ultimately, we conclude that the one-step reaction is unsuitable for studying
autoignition. However, it is important that we discuss the one-step reaction, because it
is central to many of the advances in the theoretical understanding of combustion. The
three-step reaction we study captures the salient features of the chain branching reaction
mechanisms typical of real combustion, but with a reduced number of chemical reactions
and species. Of course, by considering chemical reaction mechanisms with only a few
reactions, we lose accuracy in modelling combustion of real fuels. However, we take the
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pragmatic view that by simplifying the chemistry we are able to more easily use asymptotic
analysis to identify structures in the combusting gas and gain theoretical insights into the
mechanisms that lead to autoignition.

In Section 2.2, we discuss key results from the mathematical literature on combustion.
There is a vast literature, so we chose to focus upon specific examples which are pertinent
to understanding autoignition in 1D. Broadly, we focus on two areas: combustion waves
and ignition. In particular, we discuss the Chapman—Jouguet theory of deflagrations
and detonations, and look at how asymptotic analysis in the limit of large activation
energy and small Mach number can be used to determine the mass flux through a flame.
We summarise the stages of ignition from homogeneous initial conditions, and discuss
asymptotic and numerical studies into ignition with spatial variations. At the end of
Chapter 2, we review previous theoretical studies on combustion in confinement and
discuss a simple model for autoignition from the literature.

In the experimental and numerical results presented in Section 1.3, we observe that
autoignition occurs after a period of ‘normal’ combustion, where the rate of chemical
reaction in the end-gas is negligible. In the context of autoignition, we call this period the
‘compression stage’, because we find that the leading-order temperature in the end-gas
rises due to (approximately) adiabatic compression caused by the expansion of the gas
burning at the flame. Understanding the behaviour of the flame and the gas surrounding
it during normal combustion is an important step towards understanding autoignition,
because acoustic waves generated by the flame during the compression period dictate
where hot spots develop if autoignition occurs. In Chapter 3, we use perturbation methods
to find an asymptotic solution to our model in the limit of large Péclet number, large
activation energy and small Mach number in the case of normal combustion. The small
Mach number limit, M — 0, is a singular perturbation, so careful consideration is needed
to find a solution that is (a) able to satisfy the initial conditions, and (b) valid for the time
taken for the flame to cross the combustion chamber. Ultimately, we use ideas from the
method of multiple scales in both time and space to describe the acoustic perturbations
in the gas.

As the temperature rises, so do the rates of the chemical reactions in the end-gas. In
Chapter 4, we find that the reaction in the end-gas starts to have a significant effect as the
temperature approaches a critical temperature, which we determine algebraically in terms
of the dimensionless parameters of the system. By comparing the critical temperature
with the maximum possible temperature in the end-gas during normal combustion, we
identify a parameter regime where autoignition does not occur. We are able to use this
parameter regime to make predictions on whether autoignition occurs, based on the size
of the combustion chamber as well as the physical and chemical properties of the fuel-air
mixture.

We find that the behaviour of the gas as the critical temperature is approached depends
on the relative sizes of the (dimensionless) activation energy and the typical Mach number
of the flame. In Chapter 4, we derive a model for the evolution of the gas during the
induction stage—the earliest stage of explosion where the temperature remains close to
the critical temperature—for the distinguished case where the gas dynamics and chemistry
are fully coupled. The induction stage is much shorter than the compression stage, as
illustrated in Figure 1.8.
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Figure 1.8: Graphical depiction of the compression and induction stages of autoignition.
During the compression stage, the effect of the chemistry in the end-gas is negligible
and the temperature in the end-gas rises due to adiabatic compression by the burning
gas expanding in the flame. The induction stage is a short boundary layer in time where
the exothermic chemical reaction in the end-gas begins to have a significant effect. The
dimensionless Lagrangian coordinate, Y, the dimensionless time variable, t, and the di-
mensionless activation energy, E, are defined in Section 2.1, and the dimensionless critical
time, t., is defined implicitly by (4.23).
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It is necessary to solve our model for the induction stage numerically. To determine
suitable initial data, we use an intermediate variable method to match with the solution
during the compression stage. The solution to our model for the induction stage becomes
unbounded at a point within the end-gas in finite time, essentially indicating when and
where a hot spot develops. To investigate how sensitive the position and timing of
autoignition is to changes in the acoustic waves during the compression stage, we solve
our model numerically for different initial conditions and different values of the typical
Mach number of the flame, which we denote by M. We find that the variation in the
time and position at which the hot spot appears decreases as M decreases, with the hot
spot preferentially occurring at the wall for small values of M.

Finally, in Chapter 5, we draw conclusions and indicate two possible avenues for further
investigation.
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Chapter 2

Modelling gaseous combustion

There are several ways in which mathematics can be used to provide insight into knock
and autoignition. As we have already discussed, one approach would be to formulate
a statistical model linking fuel composition and octane number. Another approach one
could take is using computational fluid dynamics (CFD). In CFD, a computer is used to
solve a model that accounts for all the known physics of a system. One could use CFD
to provide a very detailed picture of what is going on within a knocking engine cylinder,
or, indeed, in simpler systems as we discussed in Section 1.3.2. However, each CFD
simulation requires substantial computational effort.

We provide an important middle ground between data-based models and large-scale
CFD simulations. We study physics-based models for combustion in confinement, and,
by taking physically relevant limits, we identify the important processes that result in
autoignition. Using asymptotic analysis, we provide new models that are less computa-
tionally intensive than CFD, but precise enough to explore the relationship between the
physical properties of a fuel-air mixture and whether autoignition occurs.

In this chapter, we begin by presenting two models for premixed gaseous combustion
in 1D. Similar models are common throughout the literature [e.g. 16, 21, 30, 48, 58].
We adapt the usual equations governing the motion of an inert, viscous, compressible
perfect gas to account for two different simple chemical reaction mechanisms that are
both representative of premixed combustion.

There is a vast literature on mathematical modelling of combustion, and asymp-
totic analysis has played a part in many of the advances in theoretical understanding
on the subject. In Section 2.2, we discuss results from the literature that are relevant
for understanding autoignition in 1D. In particular, we review the theory of combustion
waves—namely deflagrations and detonations—and the theory of ignition.

There are many other fascinating aspects of combustion beyond what we present in
Section 2.2. In particular, we do not discuss inherently 3D aspects of combustion in any
detail. For example, it has been shown that planar flames are unconditionally unstable in
three dimensions, suffering from what is known as the Darrieus—Landau instability [14, 17],
which may be a precursor to turbulence [13]. Such aspects of combustion may contribute
to autoignition in 3D. However, we recognise that autoignition is an unexplained feature
of 1D models of combustion, such as those studied by Yu and Chen [95]. We therefore
make the judicious choice to only discuss results from the literature that are relevant to
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understanding the mechanism that leads to autoignition in this simpler geometry. To
ensure consistent notation, in Section 2.2 we present results from the literature in the
notation introduced in Section 2.1.

While mathematical models for combustion are well studied in the literature, there is
limited theoretical understanding of the particular scenario we study: premixed combustion
in confinement. At the end of Section 2.2, we discuss previous studies of combustion in
confinement, before highlighting what is novel about our research in Section 2.3.

2.1 Model

We take a continuum approach to modelling combustion. We formulate a system of
partial differential equations describing conservation of mass, momentum and energy, as
well as the production and transport of all but one of the chemical species involved in
the chemical reactions. The final chemical species is determined algebraically from the
conservation of mass.

When a fuel burns, it undergoes a complicated reaction comprising of many elementary
reaction steps involving many intermediate species. For example, Li et al. [65] present a
model for hydrogen reacting with oxygen comprising of some 11 species undergoing 19
elementary reactions. The situation is even more complicated for mixtures of fuels; Cai
and Pitsch [18] present a model for combustion of mixtures of iso-octane, n-heptane and
ethanol in air involving 339 chemical species and 2,791 elementary reactions.

We choose to study two simple chemical reactions that are representative of premixed
combustion—that is, where the fuel and air are well-mixed—but which are substantially
simpler than the detailed chemical reactions described in the previous paragraph. By us-
ing chemical reactions involving only a few reactive species, we formulate models whose
behaviour can be more easily investigated using analytical tools. While we sacrifice ac-
curacy by considering simplified chemical reaction schemes, we recognise that by studying
paradigm models for combustion we provide valuable theoretical understanding of the
stages a combusting gas goes through, and identify simple models that can be used to
investigate how autoignition depends on the initial conditions and the properties of the
fuel-air mixture.

In this section, we first outline the two specific chemical reactions we study, before
incorporating them into a system of partial differential equations governing the evolution
of the gaseous mixture. We then nondimensionalise the two models, and discuss typical
values of the dimensionless parameters.

We make a number of simplifying assumptions in the derivation of our model, which we
will discuss at the appropriate moments. To formulate a model for combustion with greater
generality one would follow the procedure described by Buckmaster and Ludford [16, §1].

2.1.1 Specific chemical reactions

The first chemical reaction we consider is a one-step, irreversible, exothermic reaction,

FLp, (2.1)
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where P is formed from F at a rate 7, which we have to specify. We will refer to F as
the ‘fuel’, and P as the ‘product’. We assume that the reaction releases () units of energy
per unit mass of the fuel consumed. For simplicity, we assume that F and P are the
only species present and that they have the same molar mass. This simplification means
we may model the mixture of F and P as a single gas, and specify the transport of F
relative to this gas.

This paradigm model can be thought of as representative of premixed combustion
in air. It is reasonable to approximate the charge as a single gas with constant molar
mass where nitrogen is the dominant component of the gas, as is the case for premixed
combustion in air [16, §1.4]. Moreover, the simple chemical reaction (2.1) can be thought
to be representative of the overall premixed combustion reaction,

fuel 4+ oxygen — products, (2.2)

where F represents the ‘active portion’ of the fuel-oxygen mixture, that is, the portion of
the excess reactant which balances with the limiting reactant. The inert gases, products
and rest of the excess reactant are represented by P [16, §2.1].

We assume the reaction rate, 7, depends on the absolute temperature, T, measured
in Kelvin, and the mass fraction' of F, denoted by Yr. Specifically, we assume a first
order reaction, so B

- —-F
r=AYr exp(i)_%T>, (2.3)
where 93 &~ 8.31 Jmol~* K~ is the universal gas constant [36], £ is the constant activation
energy, and A is the constant reaction rate coefficient.

The form of (2.3) is based on the law of mass action [93, §B.1] and the Arrhenius
law [93, §B.3]. The law of mass action states that the rate of reaction is proportional
to the product of the concentrations of the reactants. Meanwhile, the Arrhenius law
is based on the assumption that reaction can only occur if the thermal energy of the
reactants exceeds some constant minimum threshold, E, known as the activation energy.
The proportion of molecules that are sufficiently energetic to react can be approximated
using Boltzmann's energy distribution law [93, §B.3],

oo(~5). 20

The law of mass action and the Arrhenius law are derived from the theory of molecular
collisions, and are therefore only valid for elementary reactions which actually occur on a
molecular level [93, §B.1]. It is commonplace to use empirical formulae similar to (2.3)
to approximate the overall rate of reaction [15, §2.1]. However, the overall reaction rate
does not necessarily need to be proportional to the product of the concentrations of the
reactants. Instead, the dependence of the reaction rate on the density of the gaseous

INote that, in general, we use a bar to indicate a dimensional quantity. Mass fraction, however, is
dimensionless. We denote the mass fractions, Y= and Y%, in the same way as dimensional quantities
because when we come to nondimensionalise our model in Section 2.1.3, we will also rescale the mass
fractions.
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mixture and the mass fractions of the reactants is determined empirically [16, §1.3]. For
simplicity, we assume the reaction rate is proportional to the mass fraction, Yz, of F,
and is independent of density, p, of the gas. Note that, for the combustion processes we
consider, the change in density, p, is moderate compared to the change in the Arrhenius
factor, exp(—FE/RT), so the effect of using mass fraction, Y, instead of concentration,
pYx, is minor.

The one-step reaction (2.1) with Arrhenius reaction rate (2.3) is ubiquitous in the
mathematical literature on combustion. We include it in our discussion because it is
critical to understanding the literature. However, it has been noted that the one-step
reaction (2.1) is unsuitable for modelling unsteady processes, particularly ignition [67].
Ultimately, in Section 4.1.2.1, we dismiss the one-step reaction as unsuitable for modelling
autoignition, because of unrealistic acceleration of the flame.

The second reaction we study is a three-step chain branching reaction. As we have
already discussed, when hydrogen reacts with oxygen it undergoes a series of elementary
reaction steps. As part of this reaction mechanism, highly reactive, transient chemical
species are produced known as chain carriers. The chain carriers react with the hydrogen
and oxygen molecules to produce more chain carriers in what are known as branching
reactions. An example of a branching reaction involved in the combustion of hydrogen is

H+ 0, — OH + O, (2.5)

where the hydrogen, oxygen and hydroxyl radicals (H, O and OH) are the chain carriers.
Note that two chain carriers are produced for each chain carrier used in the branching
reaction. Therefore, provided that the branching reactions create chain carriers faster than
the chain carriers combine to form stable products, the amount of chain carriers increases
exponentially in a self-accelerating process known as a chain branching explosion [93,
§B.2]. Chain branching not only plays a role in hydrogen combustion, but is also a feature
of hydrocarbon combustion [93, §B.2].

We study a simple three-step chain branching reaction that captures the essence of the
combustion mechanism for hydrogen, but without the detail of all the possible elementary
reactions. The first step of the reaction is initiation,

FILR, (2.6a)

where a radical, R, is formed from the fuel, F, at a rate 7; which we specify shortly. Some
authors omit the initiation reaction (2.6a) when studying chain branching reactions, and
instead assume that there is a small amount of radical present initially [e.g. 29, 50].
However, we find it is necessary to retain the initiation reaction because initiation plays
an important role during autoignition. The second step in our chain branching reaction
model is branching,

F+RZ9R, (2.6b)

where the fuel and radical react to form two radicals, at rate 7. The final step is
termination,

R P, (2.6¢)

where the radical, R, reacts to become the product, P, at rate 3. As with the one-step
reaction (2.1), we assume that 7, R and P have the same molar mass and are the only
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species present. This simplification allows us to model the mixture of 7, R and P as a
single gas, and specify the transport of F and R relative to that gas.

The three-step chemical reaction (2.6) is well studied in the literature [9, 29, 30, 78,
81, 82]. We adopt two key simplifications present in this literature. Firstly, we assume
that the termination reaction (2.6c) is exothermic, releasing @ units of energy per unit
of mass of radical, and that the other two reactions, (2.6a) and (2.6b), are thermally
neutral. Secondly, we assume that the rate, 75, of the termination reaction is independent
of temperature, with

S E
r = A1Y]: exp (-5%—;)7 (273)
I E
To = AQY]—'YR exp (—%—;), (27b)
F =73 = A3Yg, (2.7¢)

where Y5 is the mass fraction of the radical, and R, A;, Ay, A3, E; and E, are constants.
Note that in (2.7c), we define 7 := 75 for convenience later. These simplifications are
justified in the literature by noting that, for the hydrogen-oxygen reaction, the amount
of heat liberated during the initiation and branching reactions is small compared to the
heat released during the termination reactions, and that, in reality, rates of the termination
reactions in the hydrogen-oxygen reaction are only weakly dependent on temperature [82].

2.1.2 Dimensional model

We now turn our attention to modelling the dynamics of the gas using conservation of
mass, momentum and energy, taking care to account for the energy released from the fuel
during the chemical reaction. In general, it would be necessary to consider a mixture of
gases, by, for example, taking into account the changing composition of the mixture and
the partial pressure of each component [16, §1]. However, we treat the mixture of gases
(reactants, products, intermediate species and inert components) to be a single gas with
constant molar mass.

We take the velocity, u, pressure, p, density, p, absolute temperature, T, and mass
fractions, Y= and Yz, to be continuous functions of position, Z, and time, t. Position
is measured in an inertial, Eulerian (lab-based) reference frame. The parameters of the
model are summarised in Table 2.1.

We now introduce a system of partial differential equations to model the motion of the
gas. We use the familiar conservation of mass and momentum equations for a compressible
Newtonian fluid,

op | dpu) _
aEﬂL o =0, (2.8a)
dpu) 0 (_o (4§ _\Ou\ _
57 +8f (pu +p 3 + K o =0, (2.8b)

where [ is the dynamic viscosity and & is the bulk viscosity [7, §1]. We ignore the effect
of gravity on the gas.
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Symbol Units Description
E Jmol ™1 Activation energy (one-step)
E, Jmol™? Activation energy (initiation)
E, Jmol™! Activation energy (branching)
A kgm—3s71 Reaction rate coefficient (one-step)
Ay kgm3s! Reaction rate coefficient (initiation)
A, kgm3s7! Reaction rate coefficient (branching)
As kgm3s7! Reaction rate coefficient (termination)
Q Jkg™1 Heat of combustion
C, Jkg 1K1 Specific heat capacity (constant volume)
Cp Jkg tK™! Specific heat capacity (constant pressure)
R Jkg 1K1 Specific gas constant
R JmoltK™! Universal gas constant
M kg mol~1 Average molar mass
Dz kgm-1s7! Diffusion coefficient (fuel)
Dr kgm-1s7! Diffusion coefficient (radical)
A Jm 1K tst Thermal conductivity
fi kgm~1s1 Dynamic viscosity
I kgm~ts! Bulk viscosity
L m Length
Tinit K Initial temperature
Dinit kgm1s2 Initial pressure
Yinit (dimensionless) Initial mass fraction (fuel)

Table 2.1: Dimensional parameters and their units.

22




To satisfy the First Law of Thermodynamics, the energy—that is, the thermal, kinetic
and chemical energy—must be conserved. For both reaction mechanisms, (2.1) and (2.6),
we assume that ) units of chemical energy are liberated per unit mass of product, P,
formed. We account for the chemical energy by incorporating a source term in the energy
equation,

9 9 _
2 (67 2)) - o (7 ) o2 (£0)e) -
(2.8¢)

where 7 is defined by (2.3) for the one-step reaction (2.1), and by (2.7c) for the three-step
reaction (2.6). In deriving (2.8c), we have assumed that heat is conducted according to
Fourier's law [7, §9], with thermal conductivity )\, and that the internal energy per unit
mass is given by &, T, where ¢, is the specific heat at constant volume. For simplicity, we
assume that /i, &, ¢, and \ are constant.

To relate the pressure, density and temperature, we use the constitutive law for a
perfect gas,

p = pRT, (2.8d)
where R is the specific gas constant. For a gaseous mixture, the specific gas constant is
given by R = /M, where R is the universal gas constant and M is the average molar
mass of the mixture. We have assumed that F, R and P have the same molar mass,
meaning R is indeed constant?. It is convenient, for when the problem is nondimension-
alised, to introduce the specific heat at constant pressure, ¢,, which is given for a perfect
gas by

¢, =¢, + R. (2.9)

We complement the gas dynamical equations (2.8) with equations governing the mo-

tion and consumption of the chemical species. For the one-step reaction, we only need to

prescribe an equation governing the mass fraction, Y7 of the fuel, F; the conservation of

mass dictates that mass fraction, Yp, of the product, P, is given by Yp = 1 — Y. The
equation we use to describe the advection, diffusion and reaction of the fuel is

o(pYs) 0 ( _ ayf) -

+ o= | puYr — Dr—=

ot oz 0T (210)

where 7 is the reaction rate (2.3). Note that, because Y7 is the mass fraction of the fuel,
the mass flux due to diffusion according to Fick's law is —pD 8Y;/8x where D is the
diffusivity of the fuel in the gas [7, §17]. We take the diffusion coefficient, Dz = pD, to
be constant. By using a linear constitutive law, —Dr 8Y;/8x, for the mass flux due to
diffusion, we are able to easily solve for the structure of flames in Section 2.2.1.

We similarly prescribe equations governing the motion and consumption of F and R
for the three-step reaction,

(pYF) 0 ( - 3Yf> _

87? +% ﬁ_Y]:—D]:a— =T —fg, (2113)

2Even if we had allowed the molar mass of the species to differ, taking R to be constant is a reasonable
approximation for combustion in air, where nitrogen is the dominant component of the gas, both before
and after combustion.
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opYr) . 0 (__ _ OYg o

— — Yo — Dp—— | = — 2.11b
of T op \JMRT PRy )T (2.11b)

where 7, T2 and 73 are defined by (2.7). As with the one-step reaction, we assume that

the diffusion coefficients, D and Dy, are constant.

2.1.2.1 Physical problem

With {(2.3), (2.8), and (2.10)} and {(2.7), (2.8), and (2.11)}, we have derived two
paradigm models for gaseous combustion in 1D. We now need to identify appropriate
boundary and initial conditions to specify a solution. The physical problem we choose to
study is the combustion of a gas following ignition at one end of a rigid, impermeable,
insulated channel of finite length, L, with closed ends. This paradigm model is chosen to
be representative of combustion within an internal combustion engine, but with a simple
1D geometry. To represent the rigid, impermeable, insulated ends of the channel, we
impose

moa:miazo (2.12a)

( ﬂ— ( 1) =0, (2.12b)

a& && m% &%

55 (00 = ==(L, 1) = ——(0,0) = Z=(L, 1) = 0, (2.12¢)

for t > 0.

There are a number of different approaches we could take to representing the ignition
of the flame. One reasonable approach would be to start with uniform initial conditions
and to modify the energy equation (2.8c) to incorporate a transient source of energy [60],
to represent ignition by a spark plug. Similarly, we could modify the boundary condi-
tions (2.12) to prescribe a non-zero heat flux through one of the walls [22]. While rep-
resentative of the physical source of ignition within an internal combustion engine, these
approaches to modelling ignition of the flame add additional complexity to the model.
For instance, one has to choose the rate of heat flux and, for the former, the dimensions
of the heated region.

For simplicity, therefore, we do not model the ignition of the flame per se, but rather
prescribe initial conditions representative of a flame ‘already in existence’ at z = 0. We
take the initial velocity to be zero throughout the channel, and take the initial pressure
to be spatially uniform, with 5(z,0) = pinic for Z € (0, L). We prescribe initial profiles for
the temperature and mass fractions, such that the initial temperature and mass fractions
are approximately constant for most of the domain, Z € (0, L), with T ~ T, Y7 =~ Yinie
and Yz ~ 0 apart from close to the left-hand wall, Z = 0. We give suitable initial
profiles for the temperature and mass fractions in dimensionless form in Section 2.1.3.
Liberman et al. [66] and Yu and Chen [95] use similar initial conditions for their numerical
simulations.

Note that we choose initial conditions that are approximately uniform away from the
flame. We do not, for example, artificially bring about a hot spot in the end-gas by
introducing significant variation in temperature close to the right-hand wall, z = L, as
has been done in some numerical studies [91, 94]. The initial conditions that we use are
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therefore appropriate for studying the mechanism that leads to autoignition in the absence
of any sources of spontaneous ignition.

2.1.3 Dimensionless model

We now nondimensionalise the models presented in Section 2.1.2. The benefits to nondi-
mensionalising are (at least) two-fold. Firstly, we identify dimensionless groups of the
dimensional parameters presented in Table 2.1 that dictate the fundamental behaviour
of each model. By expressing the model in terms of these dimensionless groups, which
we call dimensionless parameters, we significantly simplify the parameter space without
compromising any of the physics. Secondly, we are able to compare the size of the di-
mensionless parameters to identify which processes are important, and consequently derive
simplified models that capture the most important aspects of combustion. For instance, it
does not make sense to say the thermal conductivity, ), is large compared to the dynamic
viscosity, /i, because these quantities have different dimensions. However, by identifying
a suitable dimensionless parameter (in this case the Prandtl number, Pr, see Table 2.2)
we are able to quantify the relative importance of thermal diffusion and viscosity.

We have derived two similar models for combustion, {(2.3), (2.8) and (2.10)} and
{(2.7), (2.8) and (2.11)}. Both models share the gas dynamical equations (2.8), so it
makes sense to nondimensionalise in such a way that the dimensionless version of (2.8)
is the same for both reaction mechanisms. To this end, we will shortly define a length,
L*, for each of the two reaction mechanisms (2.1) and (2.6), which is characteristic of
the width of the flame.

For each variable, 1 € {T,p, p,u, Yz, Y, Z,t, 7,71, 72,73}, we define a typical scaling,
[4], and use it to define the corresponding normalised variable, 1, given by

_e a
Y= ol (2.13a)
The typical scalings we use are
T = _ﬁinit R . 5\ . O
[T] - ﬂnit; [p] = Dinit, [p] - Rﬁnit = Pinit, {u] - m7 [Yf] - [Y’R] - Knita
- - (2.13b)
7 L o . o B Pinit [U] Yinit
[w} =L, [t] = m7 [7"] = [7"1} = [7°2] = [7”3] = T (2.13c)

Our choices for [T, [p], [p] and [z] are straightforward to understand; each represents the
(approximate) initial values or the length of the channel, as discussed in Section 2.1.2.1.
Likewise, Yinit is the representative initial mass fraction of the fuel. Although mass fraction
is dimensionless, we choose to rescale Y and Y% so that Y, naturally appears in the
definition of the dimensionless heat of combustion, (), given in Table 2.2. We choose to
rescale u by [u], which is representative of the initial speed of the flame. The time scale,
[t], is therefore representative of the time taken for the flame to cross from z = 0 to
Z = L. Our choice of scaling for the reaction rates, [r], is natural to represent the typical

rate at which the fuel is burned within a flame of width L*.
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In terms of the dimensionless variables, the gas dynamical equations (2.8) become

Op , Opu) _

5+ =0, (2.14a)
0 0 9 1 ou
el - —Pr— | = 2.14
at(pu) + o (pu + 7M2p € rax) 0, (2.14b)

19(pT) 5 0 [ pu? d(puT) , 0 (pu? 0T
S o +(y—-1)M 5 \ 3 + o +(y—-1)M €
0

2
—ePr(y— 1)M22 <u—u) =e'Qr, (2.14c)

p=pT, (2.14d)

where the dimensionless parameters are defined in Table 2.2. We will derive the dimen-
sionless reaction rate, 7, for both reaction mechanisms shortly.

Each of the dimensionless parameters in Table 2.2 can be interpreted physically. The
ratio of specific heats, 7, is the ratio of the specific heat at constant pressure and the
specific heat at constant volume. As we have already discussed, the Prandtl number, Pr,
quantifies the relative importance of viscosity and thermal diffusion. The typical initial
Mach number of the flame, M, is the ratio of the typical initial speed of the flame, [u],
and the initial speed of sound in the unburnt gas, given by \/vRT};. For the three-
step reaction, we do not define L* such that [u] is actually the initial speed of the flame,
because, as we will see in Section 2.2.2.2, the leading-order mass flux through a flame with
three-step chemistry is given implicitly as the solution of an algebraic equation. Therefore,
we emphasise that M is the ‘typical’ Mach number. For simplicity, though, we will drop
the word ‘typical’ during our discussion. The dimensionless heat of combustion, @), is the
ratio between the initial heat of combustion per unit mass of the fuel-air mixture and the
initial enthalpy per unit mass of the fuel-air mixture. Burning the gas at constant pressure
would raise the temperature from Ty to (1+ Q)Tin;t. The reciprocal Péclet number, ¢,
can be interpreted in two ways; € represents both the ratio between the typical flame
width and the length of the container, and also the ratio of the rate of thermal diffusion
and the rate of thermal advection.

The dimensional scalings (2.13) are not unique. We could have, for example, chosen
to nondimensionalise by scaling the velocity, @, by the initial speed of sound in the unburnt
gas, given by \/vRTi; , or by scaling the spatial coordinate, Z, by the typical flame width,
L*. While all dimensionless formulations of a model are equivalent, using different formu-
lations to study different parameter regimes or distinguished stages of the solution allows
one to more easily identify the structure of the solution. The dimensionless form (2.14)
of model (2.8) is particularly convenient for studying the gas either side of the flame (on
the length scale of the channel) over the time it takes for the flame to cross from one
end of the channel to the other; having the typical Mach number as a parameter in the
governing equations allows us to easily identify approximate governing equations in the
physically relevant limit of small Mach number. We will frequently rescale the variables
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Dimensionless parameters common to both reaction models

Definition Name Size
v i= > Ratio of specific heats v—1=ord(1)
Cy
1
Pr:= (7 —gfﬁ)cp Prandtl number Pr = ord(1)
yg—C Typical ?/'fTCh number | oo (2.39) & (2.40)
VYR iniv of flame
_Y;ni
Q= ?_ : Heat of combustion Q) = ord(1)
CpT}nit
1 L : ,
=P =T Reciprocal Péclet number | See (2.39) & (2.42)
e
Parameters specific to the one-step reaction model
Definition Name Size
E
= AT Activation energy (one-step) E — oo
A .
Ler := —— Lewis number (fuel) Ler = ord(1)
CpD]:
Parameters specific to the three-step reaction model
Definition Name Size
E
m = E—l Activation energy ratio m = ord(1)
2
FE, o .
E:=—=— Activation energy (branching) E — o
mﬂnit
A :
Ler := —= Lewis number (fuel) Ler = ord(1)
CpD]:
A . .
Leg == —— Lewis number (radical) Ler = ord(1)
CpDR
E1 Cross-over temperature
Ty := == —— — See (2.41b
X! RT it log(AlfR?Tiﬁit/(AgE%)) (initiation) ee ( )
EQ Cross-over temperature
Tyo = == - — : See (2.41
2 R log (AT, Yo/ (A 53)) (branching) e (2412)

Table 2.2: Dimensionless parameters.
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in the model (2.14) to present the most appropriate form of the governing equations for
the structure or process we are studying.

We now consider each of the two reaction mechanisms in turn, to define a suitable
typical flame width, L*, and nondimensionalise the species conservation equations, (2.10)
and (2.11), and reaction rates, (2.3) and (2.7).

2.1.3.1 One-step reaction

For the one-step reaction (2.1), a suitable choice for L* is

b= \/g(lf%ﬂ (515 (219)

This choice of L* ensures that the dimensionless leading order mass flux through a flame is
equal to 1.0 when the temperature, 7%, and mass fraction, Y]f-%*, of the fuel immediately
ahead of the flame are both equal to 1.0, as demonstrated in Section 2.2.2.1.

Using the scalings (2.13) to normalise the variables in (2.3) and (2.10) and rearranging,
we find that Y7 satisfies

8(pY;) 0 € 8Y; _1
— Yr———— | = — 2.16
ot +(’9$ puts Ler Ox ©n (2.16)
where
E
r = ZYrexp <——). (2.17)
T
The reaction rate coefficient, Z, can be written in terms of the other dimensionless
parameters listed in Table 2.2,
trar o (i5g)
J=——"——Fexp|l——). 2.18
Le 1+ Q)P “P\1+Q (2.18)

Nondimensionalising (2.12), we find that suitable boundary conditions for ¢ > 0 to

represent the closed ends of the channel are given by
or orT oYr 0Yr

0,t) =u(l,t) = —(0,t) = —(1,t) = —(0,t) = —(1,¢t) = 0. 2.19

u(0,0) = u(1,6) = 5-(0,6) = S-(1,1) = SL(0,8) = ZZ(1,1) (219)

In Section 2.1.2.1, we suggested that suitable initial conditions could be provided that are

approximately uniform, apart from close to the left-hand wall at x = 0 to represent the

effect of the spark. Based on the structure of a flame that we present in Section 2.2.2.1,
we impose initial conditions on = € (0, 1) of the form

p(z,0) =1, wu(z,0)=0, (2.20a)

T(x,0) =14 Qexp(—z/e), Yr(z,0) =1 — exp(—Lezz/e). (2.20Db)

In gaseous combustion problems, the Péclet number, Pe = 1/¢, is typically very large,
as we shall discuss in Section 2.1.5. The initial temperature, T'(x,0), and mass fraction,
Yz(x,0), given by (2.20b) are therefore approximately equal to one, except close to x = 0.
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2.1.3.2 Three-step reaction

For the three-step reaction (2.6), we take the typical flame width, L*, to be

(2.21)

As with the one-step flame width (2.15), the choice of (2.21) is motivated by considering
the leading order mass flux through a flame with the three-step reaction (2.6), which, in
Section 2.2.2.2, we show is given implicitly as a solution of (2.88). Taking L* to be given
by (2.21) ensures there is a leading order balance between the termination reaction and
diffusion within the flame, except in a very thin boundary layer. For simplicity, we do not
choose L* to normalise the initial mass flux through the flame like we did for the one-step
reaction.
Nondimensionalising (2.7) and (2.11) using (2.13), we find that

8(pYF) 8(puYF) € 82YF _1 _1
— =— — 2.22
ot * ox Ler Ox2 € nTen ( )
I(pYr) | 9(puYg) el -1 -1 -1
T + or Lon 022 € rite rg—e rs, (2.22b)
where the dimensionless parameters are defined in Table 2.2, and the reaction rates, rq,
ro and r3, are given by
E E
ry = EQYF exp (m (Txl - T)), (2.233)
E E
= E*YrY) —— = 2.23b
T2 F RGXP<TX2 T)’ (2.23b)
rs =1 = Yg. (2.23¢)

We solve (2.14), (2.22) and (2.23), subject to the dimensionless boundary conditions,

or or

_ OYF _ OYF _ O0Ygp YR B
= (0,t) = o (1,t) = o (0,t) = o (1,t) =0, (2.24)
for ¢ > 0, and the initial conditions,
p(z,0) =1, wu(z,0)=0, (2.25a)

T(x,0) =14 (Tx2 — 1) exp(—q(o)x/e)

QLerq”

(my —m_)(m? +m_qO) (exp(—q"w /) — exp(m_z/e)), (2.25b)

_|_
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LeRq(O)

L —m_
for z € (0, 1), where ¢\ is the solution to (2.88) with T%* = Yf* = 1, and m_ is given
by (2.78). As with the one-step reaction, the initial conditions (2.25) are based on the
interior structure of a freely-propagating flame, which we determine in Section 2.2.2.2. In
the limit of large Péclet number, ¢ — 0, the initial conditions (2.25) are approximately
uniform, except for in a thin layer close to x = 0.

Yr(x,0) =1— exp(—Le;q(O)x/e), Yr(z,0) = exp(m_x/e), (2.25¢)

2.1.4 Lagrangian coordinate

Up until this point, we have used an Eulerian coordinate, x, to describe the spatial
dependence of p, T, p, u, Yr and Yz. However, when describing the motion of a flame,
it is particularly convenient to use a Lagrangian coordinate system. Intuitively, each fluid
particle is burned once. Therefore, if we ignore the effect of diffusion, we conclude that
the flame position changes monotonically in time in a Lagrangian coordinate system. In
this section, we rewrite (2.14), (2.16) and (2.22) in terms of (x,t), where the Lagrangian
coordinate, Y, is defined by

X = /093 p(s,t)ds. (2.26)

The Lagrangian coordinate (2.26) is commonly used in the combustion literature [e.g.
31]. In addition to introducing the Lagrangian coordinate, y, we also define the specific

volume, V, as
1

V: o (2.27)
Using V' as a dependent variable instead of p leads to a particularly simple equation
describing the conservation of mass in the Lagrangian coordinate [31].

The motivation behind using the Lagrangian coordinate (2.26) to describe space is
further demonstrated by considering the entropy, S, which, for the ideal gas we are
considering, is given by

S = log(pV"). (2.28)

Using the conservation of mass (2.14a) and momentum (2.14b), we find that (2.14c) can
be written as

_ 2 2
p <8T + ua—T) -t (8p + 8p) - ea—T — ePrM?*(y — 1) (8_u) = 1Qr.

ot ox v ot o 0x? ox
(2.29)
In terms of entropy, the energy equation (2.29) reads
s as 9T ) ou\®
P (a + u%) Bk ePrM=(y—1) (%) =€ Q. (2.30)

As we will discuss in more detail in Section 2.1.5, the reciprocal Péclet number, ¢, is often
very small. In the physically relevant limit of ¢ — 0, we find that entropy, S, approximately
satisfies an ordinary differential equation,

ds

pa =e'Qr, (2.31)
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along characteristics following the flow, i.e. along lines of constant x.
In terms of (x,t), the z- and ¢-derivatives in (2.14), (2.16) and (2.22) become

©).-G) @), @), o

Therefore, written in terms of (i, ), the gas dynamic equations (2.14) become

oV Ou

ou 1 Op 10% 1 0V ou
— 4+ — —€ePr{l——————
ot yM? 0y Vox? V2oyoyx
s 1 8*T 109Var ) 1ou\>
T =pV, (2.33d)

where, as before, r is defined by (2.17) for the one-step reaction (2.1), and by (2.23c) for
the three-step reaction (2.6). For the one-step reaction, Yz satisfies

=0, (2.33b)

Y 1 0?Y- 1 Y;
Np e (LO¥r 1OV _ (2.34)
ot Ler \V 0x%2 V20x Ox
whereas, for the three-step reaction, the evolution of Y= and Yy is governed by
an € 1 82Y]: 1 0V aY]: 1 1
— = ———— | =—€ V-V 2.35
ot  Ler (V ox?  V2oy Oy c vnme v (2.35)

e _c (1o 10V
ot Ler \V Ox? VZ20yx Ox
where 71, 75 and r3 are defined by (2.23).

> = 'Vri+e 'Vry— e 'Vrs, (2.35b)

2.1.5 Asymptotic notation and distinguished limit

We have derived two paradigm models, {(2.14), (2.16)—(2.20)} and {(2.14), (2.22)-
(2.25)}, for combustion in confinement. Since the chemical mechanisms, (2.1) and (2.6),
are not specific to any particular combustion reaction, identifying appropriate values of
the dimensionless parameters to accurately represent a real combustion reaction is not
straightforward, and, indeed, may not be possible for certain fuel-air mixtures. Our goal,
therefore, is not to provide quantitative predictions for a specific fuel-air mixture, but
rather to provide a description of the general behaviour of the models for a range of
realistic parameter values and identify trends in the relationship between autoignition and
the general properties of a fuel-air mixture.

The typical size of some of the dimensionless parameters in Table 2.2 can be exploited
to simplify the models. Asymptotic analysis is central to much of the theoretical under-
standing of combustion [14]. Before we define the physically relevant limits we study,
we first define the notation we use to compare the relative size of functions in limiting
processes. Suppose f and g are functions of some parameter € (not necessarily 1/Pe),
with g > 0.
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e We use f = O(g) as € — 0 to mean that there exists a constant, A > 0, such that

‘§‘<A, as €¢—0. (2.36)

e We use f = ord(g) as € — 0 to mean that there exist constants, A > 0 and B > 0,
such that
f

A<=<B, as €—0. (2.37)
g

e We use f = o0(g) as € — 0 to mean that

! —0, as €—0. (2.38)

Y

e Wealsouse f < gase—0and g> fase— 0tomean f=o0(g) as e — 0.

Although we have used ¢ — 0 to define big-O, ord and little-o, we use the same notation
for other limiting processes. For example, we use f = o(1) as E — oo to mean f — 0 as
E — oo. More informally, we will drop the ‘as ¢ — 0" or ‘as ' — oo’ where the limiting
process is clear.

We will only briefly outline the limit we study for the one-step reaction. In the lit-
erature, it is often assumed that the dimensionless activation energy, E, is large, the
Mach number, M, of the flame is small, and the Péclet number, Pe, is large. The Péclet
number, Pe, is the ratio of the rate of advection to the rate of thermal diffusion. In the
context of flames, the reciprocal Péclet number, ¢ = Pe™!, gives an estimate of the ratio
of the width of the flame to the length of the channel. We study the one-step reaction in
the limit

M=0E"), e=0FE"), as E— oo (2.39)

We assume the other dimensionless parameters have the limiting behaviour described in
Table 2.2 as E — oo.

The (dimensionless) activation energy, E, is the ratio of the dimensional activation
energy to the typical initial internal energy of the gas. With E large, the reaction rate is
acutely sensitive to changes in temperature; an O(E~!) change in temperature leads to
an O(1) change in the reaction rate. As we will discuss in Section 2.2, this sensitivity in
the reaction rate is central to finding asymptotic solutions to (2.14), (2.16) and (2.17) in
the limit (2.39).

For the three-step reaction, we also assume e < 1, M < 1 and E > 1. Typically,
the activation energy, F, of the initiation reaction is larger than the activation energy,
F5, of the branching reaction. For example, the activation energy of the dissociation
of hydrogen (the initiation reaction) in [65] is approximately six times larger than the
activation energy of the chain branching reaction (2.5). When modelling ignition due to
the three-step reaction (2.6), Blythe et al. [9] assume m = E;/FE, > 1 and m = O(1),
whereas Sharpe and Maflahi [78] take m = 3. We assume m = ord(1) as £ — oo, and,
for simplicity, we take m = 1 in the numerical simulations presented in Section 4.3.
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The asymptotic limit of large dimensionless activation energy, £/ — oo, for the branch-
ing reaction (2.6b) is often studied in the literature [e.g. 9, 29, 78]. We also take this
approach, studying the three-step reaction (2.6) in the limit £ — oo. For the numerical
simulations presented in Sections 3.4 and 4.3 we take larger values of E than are perhaps
justified by the literature; Sharpe and Maflahi [78] take E' = 5, and, based on the activa-
tion energy for (2.5) given in [65] and the typical temperature T},;; = 1000 K, we estimate
that £/ =~ 8. However, by taking E/ to be very large in our numerical simulations, we are
able to fully investigate the asymptotic behaviour of our model with small errors.

Most freely-propagating flames observed in experiments are much slower than the
speed of sound, with typical Mach numbers, M, between 1072 and 1073 [15, §2.1]. We
estimate that the Mach number of the flames in the numerical simulations by Yu and
Chen [95] is approximately 1/40. We study the distinguished limit where M satisfies

EM =0(1), E*M>1, as E — oo. (2.40)

In Section 4.2, we find that, in the limit (2.40), the gas dynamics and the chemical
reaction are coupled during the induction stage of autoignition.

We take the dimensionless heat of combustion, ), to be ord(1), and the ratio of
specific heats, ~, to satisfy ¥ — 1 = ord(1). This choice ensures there is an ord(1) jump
in temperature across the flame, and that the temperature in the end-gas rises by an
ord(1) amount during normal combustion. In numerical simulations, we exclusively use
~ = 1.4, which is the ratio of specific heats of air [35], and (Q = 1.4, which ensures our
model approximately captures the rise in pressure exhibited by the numerical simulation
presented in Figure 1.6a.

We choose the dimensionless cross-over temperatures, T and Ts, such that the
flame has the structure described by Dold [29]. In particular, we assume that

Tys—1=ord(l), 14+Q—Txes=ord(l), as E — oo, (2.41a)

so that the branching cross-over temperature, Txs, is within the temperature range of
a flame initially, and bounded away from the extreme temperatures of 1 and 1 + Q.
Furthermore, we assume that

Ty1 — Txo =ord(1), as E — oo, (2.41b)

which ensures that the initiation reaction has a negligible effect within the flame.

We define the distinguished limit of e that we study in terms of the dimensionless
critical temperature, T,.. In Section 4.1.1.2, we find that autoignition does not occur if
the temperature of the end-gas remains less than this critical temperature, 7., which we
define in terms of the dimensionless parameters listed in Table 2.2. The plausible range
of critical temperatures we study is

T.—1=ord(l), Tyy—T.=ord(l), as E — oc. (2.42a)

The assumption that 7. — 1 = ord(1) ensures that autoignition, if it occurs, follows a
period of normal combustion. The assumption that T« — 7. = ord(1) ensures the flame
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structure by Dold [29] is valid up until autoignition occurs, if autoignition occurs. In terms
of T, the distinguished limit of ¢ we study is

E E

e=F’exp|m | — — = as F — oo. 2.42b
p T T )
X1 c

Note that, € is exponentially small in E. That is, for all n € N, e = o( E™").

Finally, we assume that the Prandtl number, Pr, and the Lewis numbers, Lex and
Leg, are ord(1) as £ — oo. Although our model is valid for a range of Lewis numbers,
we take Ler = Le = 1 for all of our numerical simulations.

In Chapters 3 and 4, we find asymptotic approximations to (2.14), (2.22)—(2.25) as
E — oo in the distinguished limit (2.40)-(2.42). First though, we review the relevant
literature on modelling flames and ignition in 1D.

2.2 Literature review

There is a vast body of mathematical literature on combustion. The majority of the math-
ematical literature specifically on autoignition is based on CFD simulations, including those
studies described in Section 1.3. Analytical studies have, for the most part, concentrated
on particular aspects of combustion where simplifications can be made. This is not to
say that the theoretical literature on combustion has no relevance to autoignition. On
the contrary, by rewriting the models presented in Section 2.1.3 in equivalent parameter
regimes to those studied already in the literature, we introduce important concepts that
are crucial to understanding the behaviour of flames in confinement and autoignition.
In Section 2.2.1, we discuss the Chapman—Jouguet theory of combustion waves, before
showing how the mass flux through a slow, thin flame can be determined using asymptotic
analysis in the limit of large activation energy in Section 2.2.2. We then review the theory
of ignition in Sections 2.2.3 and 2.2.4, starting with the simple case of homogeneous
ignition from uniform initial conditions. Finally, in Section 2.2.5, we discuss analytical
approaches that have been taken to study combustion in confinement and autoignition
specifically.

2.2.1 The Chapman—Jouguet conditions

For the physical problems of interest, the Péclet number, Pe = 1/¢, is typically large, so
away from the flame we are justified in assuming that the transport processes—viscosity,
heat diffusion and species diffusion—are negligible. The simplest approach to modelling a
flame is to treat it as a discontinuity, at = = x*(¢), in an inviscid gas, similar to a shock,
across which heat is released. In the combustion literature, the limit ¢ — 0 is often called
the hydrodynamic limit [23, §2.2]. In the limit ¢ — 0, the governing equations (2.14)
and (2.16) may be written in conservation form as

dp | Olpw) _
5t o =0 (2.43a)
d(pu) 0 5 1 B
5 + o (pu + AP ) = 0, (2.43b)
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x = x*(t)

Lx Lx , Lx R« R+ , Rx
p 7p 7u 7 p 7p 7u 7

YL =0 y £

Figure 2.1: Schematic of a deflagration or detonation in 1D.

o (p pu?

+ % (pu +(y—1)M? (g) + QPUYJ-'> =0. (2.43c)

We have used the equation of state (2.14d) to eliminate 7', and combined (2.14c)
and (2.16) to write (2.43c) in conservation form3. We have therefore lost information
about the reaction rate. Nevertheless, by considering the possible weak solutions to (2.43)
allowing for discontinuities, we gain important insights into the behaviour of combustion
waves.

We use the superscript R* to denote the conditions in the gas immediately to the
right of the discontinuity, and Lx to denote the conditions in the gas immediately to the
left of the discontinuity, as illustrated in Figure 2.1. We assume the wave is travelling
from left to right, and that in the gas behind the wave (that is, to the left of x = z*),
the fuel has been completely burned, so YJ_@* =0.

For a hyperbolic system of partial differential equations written in conservation form,
such as (2.43), Rankine-Hugoniot conditions can be identified which must hold across any
discontinuities in weak solutions [72, §2.5]. For (2.43), the Rankine-Hugoniot conditions
that apply at « = z*(t) are

Pt (™ — da*/dt) = pt*(ul* — da*/dt), (2.44a)
P+ M2 (™ — dat/dt)? = phr + yMP e (b — da/dt)?, (2.44b)

Rx* R*_d*dtQ Lx L*—d*dt2
i3*+(7—1)M2 (u - [ Qv = %+(7—1)M2 C > [ (2.440)

In the combustion literature, the Rankine-Hugoniot conditions (2.44) are known as the
Chapman—Jouguet conditions. The presence of the typical Mach number, M, in (2.44)
is a result of our nondimensionalisation, and could be removed by rescaling u and t.

For future reference, it is helpful at this point to also write the Chapman—-Jouguet con-
ditions in terms of the Lagrangian spatial coordinate (2.26). In the Lagrangian coordinate,
the position of the flame is given by

*

X = /OI p(s,t)ds. (2.45)

3Although we have used the species conservation equation (2.16) for the one-step reaction (2.1)
to formally express conservation of energy as (2.43c), we could equally have used a different reaction
scheme. In the subsequent analysis, QY]@* should be interpreted as the energy released per unit mass
passing through the discontinuity.
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QYE* =0.
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(b) Constant energy release,
QYE* > 0.

1/p

Figure 2.2: The Chapman—-Jouguet curve.

Using Leibniz's integral rule and the conservation of mass (2.43a), we recognise that the

t-derivative of x* is the mass flux though the flame, which, for convenience, we denote
by ¢, o

q:= ciét = —pM*(u™ — dz*/dt).
Substituting (2.27), (2.45) and (2.46) into (2.44) and rearranging, we find that, across

X = X*(t),

(2.46)

[u+qV]T =0, (2.47a)
[p+ MV =0, (2.47b)
Y—=1, 9,99 "
pV + TM Vg + QYr| =0, (2.47¢)

where here we use [)]T = lim,~ .+ (X, ) — lim, _~~ % (x,t) to indicate the jump in ¢
across y = x*.

We now explore the possible behaviour of solutions to (2.44), and equivalently (2.47).
Firstly, by eliminating (u® — dz*/dt) and (ul* — daz*/dt) from (2.44), we find the
pressure ratio, p = p~*/pf™*, and the density ratio, p = p=* /pf*, satisfy

(y+1) = (v = 1)/p+ 29Qp™YF* /pF*
(y+1)/p—(y—1) '

The hyperbola defined by (2.48) is known as the Chapman—Jouguet curve [71, §6.2.4] or
the Hugoniot curve [25, §86], and is plotted in Figure 2.2, for the special case QYZ* =0
(no reaction) and the more general case QYZ* > 0, along with the lines p = 1 and p = 1.

If QYF* = 0, then there is no energy release across the discontinuity, and the
Chapman—Jouguet conditions (2.44) are simply the Rankine-Hugoniot conditions for a
gas-dynamical shock [71, §6.1.2]. In this case, we are able to discount solutions based

h= (2.48)
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on the additional physical consideration that entropy must increase across the shock. Im-
posing that entropy increases across the shock implies that the pressure ratio, p, must
be greater than one. Therefore, solutions to the Rankine-Hugoniot conditions lying on
the dashed part of the Chapman—Jouguet curve in Figure 2.2a are unphysical and can be
discounted [71, §6.2.4].

By contrast, when QY* > (0 we can no longer discount solutions due to this entropy
condition [71, §6.2.4]. By eliminating (u’* — dz*/dt) from (2.44a) and (2.44b), we see
that p and 1/p satisfy

p—1

A MPpf (u — dat/dt)? ( 1) | (2.49)

pt ! p
The equation (2.49) describes what is known as the Rayleigh line [40, §5.3]. From (2.49),
it is clear to see that solutions to (2.44) with both p > 1 and p < 1 are impossible,
as this would require (uf** — dz*/dt)? to be negative. This excludes solutions lying on
the dashed part of the Chapman—Jouguet curve in Figure 2.2b, leaving two branches
of the Chapman—Jouguet curve where physical solutions may lie. On each branch, the
discontinuity exhibits different behaviour:

e Solutions on the upper branch (p > 1) are known as detonations. Detonations are
defined as supersonic waves sustained by chemical reaction [40, §5.1].

e Solutions on the lower branch (p < 1) are known as deflagrations. Deflagrations
are defined as subsonic waves sustained by chemical reaction [40, §5.1]. The terms
flame and deflagration can be used interchangeably.

The Mach number, M, of the discontinuity relative to the unburnt gas to the right of it

is given by
2 Rk (5, Rx __ * 2‘
AR \/M pf*(u dz*/dt) . (2.50)

pR*
Using (2.48) and (2.49), we find

o =1 29(1—1/p) + 29Qp™ Y /p™
=15 -1+ D/h— (- D)

From this expression, we conclude that M/® > 1 when p > 1, and M < 1 when p < 1,
demonstrating that detonations are supersonic and deflagrations are subsonic as claimed.

Assuming we know the value of QY £*, we require four pieces of information in addition
to the three Chapman—Jouguet conditions (2.44) to solve for the seven unknown variables:
p™, pb*, wft* ul*, p®* pl* and da*/dt. For example, for a conventional gas-dynamical
shock (QY£* = 0) caused by a piston being pushed into a column of gas, we know
the conditions ahead of the shock, p*, p™* uf* and the speed of the gas adjacent to
the piston, ul*, allowing us to solve (2.44) for dz*/dt, pt*, and p™*. However, in the
combustion problems we are interested in, deflagrations and detonations are self-sustained
by the release of chemical energy. Effectively, we only have three pieces of information
about the flow either side of the combustion wave. Hence, an extra piece of information is

y(MT)

(2.51)
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1/p

Figure 2.3: The tangents of the Chapman—Jouguet curve through (1,1) define the upper
and lower Chapman—Jouguet points, J and K.

needed to determine a unique solution to (2.44). In general, this extra piece of information
comes from analysing the interior structure of the wave [40, §5.3].

Before discussing this additional piece of information, and without considering the
specific chemical reaction mechanism, we can further narrow down the range of physically
possible solutions by considering how the Mach number of the gas changes through the
wave. In Figure 2.3, we plot the tangents to the Chapman—-Jouguet curve that pass
through (p, p) = (1,1). The two tangent points, J and K, are known as the upper and
lower Chapman—Jouguet points, respectively. The solutions to (2.44) corresponding to
these points are where the combustion wave is sonic relative to the burnt gas [25, §87].
That is, the Mach number,

1
M2 Lx L*_d * dt 2
ML:\/ pr(u — vr/dt) , (2.52)

of the wave relative to the burnt gas is one. The Chapman—Jouguet points can be used
to further distinguish between possible solutions to (2.44):

e Solutions lying to the left of point J on Figure 2.3 are called strong detonations,
and have Mt < 1;

e Solutions lying between points J and X are weak detonations, with M* > 1;
e Solutions lying between points Y and K are weak deflagrations, with M* < 1; and
e Solutions lying to the right of point K are strong deflagrations, with M* > 1.

We now briefly summarise why strong deflagrations are unphysical. In the combustion
literature, frictionless steady flow with heat addition is known as Rayleigh flow, and is
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an important consideration when designing jet engines [34, §8]. It is a result of Rayleigh
flow theory that it is impossible to accelerate a subsonic gas in a duct with slip walls and
a constant cross-section to a speed faster than the speed of sound using heat addition
alone [40, §5.3]. We deduce, therefore, that strong deflagrations with M* < 1 and
M"Y > 1 are impossible in 1D, and only weak deflagrations, lying between points Y and K
in Figure 2.3, are physical. Indeed, often deflagrations are much slower than the speed of
sound [40, §4.1], and lie close to the point Y on the Chapman—Jouguet curve in Figure 2.3.

Interestingly, most detonations observed in experiments correspond to the upper Chapman-—
Jouguet point, J. These detonations are known as Chapman—Jouguet detonations, and
their speed relative to the gas ahead of them is known as the Chapman—-Jouguet speed.
It is possible to have strong detonations that are faster than the Chapman—Jouguet speed
which are the result of continued compression by a piston [25, §90]. Such a detonation is
called an overdriven detonation. However, self-sustained strong detonations are unstable,
since any rarefaction waves produced in the burnt gas behind the detonation would catch
up with the detonation (since strong detonations are subsonic relative to the gas behind
them). Any rarefaction wave would reduce the pressure jump and cause the detonation to
approach the Chapman—Jouguet speed [40, §5.3]. The entropy of burnt gas is minimised
amongst detonations by the Chapman—-Jouguet detonation, which is also the slowest of
all possible detonations [25, §87].

We can also dismiss weak detonations with a certain structure as unphysical. The
prototypical model for the structure of a detonation in one-dimensional space consists of
a leading shock that preconditions the gas before it passes through a reaction zone [93,
§6.1.5]. This model is known as the ZND model, after Zel'dovich, von Neumann and
Déring who independently proposed it [32, 70, 96]. As the gas passes through the shock,
the speed of the gas relative to the shock changes from supersonic to subsonic. For a
weak detonation with the ZND structure to exist, the reaction zone would need to be
a strong deflagration to bring the gas back to a supersonic speed. As we have already
discussed, strong deflagrations are impossible in 1D, and, thus, so are weak detonations
with the ZND structure [25, §94].

The autoignition front observed in the numerical simulations by Yu and Chen [95]
travels through the end-gas faster than the Chapman—Jouguet speed. Furthermore, Yu
and Chen [95] show that the density of each fluid particle changes very little during
autoignition. We now recognise that the autoignition front observed in the numerical
simulations by Yu and Chen [95], presented in Figure 1.7a, is a weak detonation. The
weak detonation formed during autoignition does not have the ZND structure, so the
observation of a weak detonation is not inconsistent with the previous paragraph.

Combustion in reality is inherently three-dimensional; deflagrations and detonations
are seldom planar [13]. By considering the conservation of mass, momentum and energy
in 3D, one can identify the Chapman—Jouguet conditions that apply across thin flames in
3D. It has been shown that planar hydrodynamic flames are unstable to small transverse
perturbations of all wave lengths [23, §2.2]. Furthermore, the ZND model is known
to be unstable in 3D [93, §6.1.5]. Understanding the behaviour of combustion waves
in 1D is an important first step towards understanding the behaviour of deflagrations
and detonations more generally in 3D [23, §2.1.3]. Therefore, we focus exclusively on
combustion in confinement in 1D, and will not discuss the 3D structure of deflagrations
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Figure 2.4: Schematic of the structure of a flame in a channel with closed ends. On the
length-scale of the channel, the flame appears as a free boundary between two regions of
inviscid gas (I and V). The internal structure of the flame (11-1V) is resolved to find the
Jjump conditions across the flame.

or detonations in any further detail.

2.2.2 Flame structure

We now return to the question of the missing piece of information needed to solve the
Chapman—Jouguet conditions (2.44). We find the mass flux through the flame by solving
for the flame structure on the length-scale where the transport phenomena that we neg-
lected in writing (2.43) are important. Specifically, we define the flame position, = = z*(t),
to be the point where the rate of heat release is maximal, and seek approximate solutions
to {(2.14), (2.16) and (2.17)} and {(2.14), (2.22) and (2.23)} for x — 2*(t) = O(e) as
e — 0.

For a steady premixed, anchored flame—such as a Bunsen burner flame—where the
fuel and oxidiser mixture is supplied at some finite point, the problem of finding the
structure of the flame is a well-posed one [20]. However, when deriving simplified models
for the structure of a freely-propagating premixed flame, we need to carefully avoid what
is known as the cold-boundary difficulty.

By taking the limit ¢ — 0, we assume the width of the flame is much shorter than the
length of the channel. It is tempting, therefore, to assume the flame is steady and seek a
travelling wave solution for the structure of the flame, approximating channel as infinitely
long. Unfortunately, such a travelling wave solution does not exist. The issue stems from
supplying the reactant at infinity. In the reference frame of the flame, the reactant has
to travel infinitely far to get to the flame without being completely used up [93, §5.3.2].
As the reaction rate at infinity is non-zero, this is simply not possible.

The approach we take here to avoid the cold-boundary difficulty is to use perturbation
methods to identify a well-posed problem for the quasi-steady flame structure, and properly

40



match this into a time-dependent outer problem. In addition to the hydrodynamic limit,
€ — 0, we take the distinguished limits summarised in Table 2.2, with small Mach number,
M — 0, and large activation energy, £ — oo. In the literature, freely-propagating flames
are described as steady if, over the time-scale of interest, the changes in the conditions in
the outer region ahead of the flame are small enough to not affect the mass flux through
the flame to the order of approximation of interest.

For both the one-step reaction (2.1) and three-step reaction (2.6), the leading-order
flame structure in the distinguished limit of interest is available in the literature. In both
cases, the flame has a three-layer structure, as illustrated in Figure 2.4, with a thin central
boundary layer where the fuel is completely burned.

2.2.2.1 One-step reaction

The problem of finding the structure of a slow, premixed flame with one-step Arrhenius
chemistry is well-studied in the literature [e.g. 16, §2]. Here we find the leading-order
flame structure and the leading-order mass flux through the flame in the distinguished
limit (2.39), with e = O(F~') and M = O(E™') as E — oo.

The first step in the analysis of the flame structure is changing coordinates to a
frame moving with the flame, z — 2*(t) = €£, where £ = O(1). By rescaling the
spatial coordinate in this way, we effectively zoom in on the region—labelled [I-V in
Figure 2.4—in which the transport terms we ignored in writing (2.43) are important. In
terms of rescaled spatial coordinate, &, the governing equations (2.14) and (2.16) become

e% + %(p (u - dft*) ) =0, (2.53a)
0 0 dz* 1 ou
Ea(pu) + o (/)U (u T ) + VL Pra—£> =0, (2.53b)
e 0(pT) , 0 [ pu? 9, 1dz*
=g () i (o (-3 7)
s 0 [ pu? dx* 0T 2 0 Ou\
rlr- 0tz (5 (o= ) - G - g (ugg) = @
(2.53c)
p=pT, (2.53d)
0(pYr) 0 da” 1 0Yr\

where 7 is given by (2.17). We seek a bounded approximate solution to (2.53) for & =
O(1), which matches with the outer solution ahead of the flame—in the region labelled |
in Figure 2.4—as £ — oo. The appropriate matching conditions are

p—p (), T — T™(), u—u™), Yr— YE), (2.54)

as & — 0o, where, as in Section 2.2.1, we use the superscript R* to denote the limiting
value of the outer solution as = \, z*(t).
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We pose that the solution to (2.53) takes the form of asymptotic series, for example
T ~Ty+ E'Ty + -+, where Ty, Ty = O(1) as E — oo. In this section, for ease of
notation, we drop the subscript on the leading-order approximation to the solution where
doing so is not ambiguous. Statements such as ‘'Yz = 0 to leading order’, should therefore
be taken to mean 'Yz = o(1) as £ — o0,

The partial t-derivatives in (2.53) are all premultiplied by €. We assume the leading-
order flame structure is quasi-steady in the limit ¢ — 0, meaning that for £ = O(1)
the solution to (2.53) only depends on time through the boundary conditions (2.54).
Note, however, that if (2.54) vary too rapidly, because, for example, the outer solution in
regions | and V exhibits disturbances with an O(¢) characteristic wave length, then the
structure of the flame will change dynamically and the Chapman—Jouguet conditions will
not accurately describe the relationship between the values of the dependant variables on
either side of the flame [3, 68].

Taking the hydrodynamic and small Mach number limit, ¢ — 0 and M — 0, and
integrating (2.53a) and (2.53b), we find that the mass flux and pressure are spatially
uniform to leading order, so

p (u - dx*) =—q(t), p=p(t), (2.55)

dt

where the leading-order mass flux, ¢(t), is to be found as part of the solution. Furthermore,
combining (2.53c) and (2.53e) and taking the limit A/ — 0 and ¢ — 0, we find upon
integrating that the leading-order temperature and mass fraction satisfy
T Y.
T+ QYr) 4 G+ [ p =T+ QY W) (259
The ¢T term in (2.56) is justified from (2.53c) by noting that pT" dz*/dt is independent
of £ to leading order.

Consistent with the assumption that the temperature remains finite within the flame,
the reaction must approach equilibrium as & — —oo, meaning Y — 0. We deduce
from (2.56) that

lim T(&t) = T () + QYF*(t) =T (t) = lim T(x,t). (2.57)
£——00 x S (t)
Note that (2.55) and (2.57) are consistent with the Chapman—Jouguet conditions (2.44)
in the limit M — 0, as expected.

To find an expression for the leading-order mass flux, ¢(t), we need to solve for
the leading-order temperature within the flame. Taking the limits M — 0 and ¢ — 0
in (2.53c) and (2.53e), we deduce that the temperature profile is quasi-steady and that
viscous dissipation has a negligible effect within the flame. Naively, before taking the limit
E — o0, we might write down the problem of finding the structure inside the flame as

or o*T E
_qa_f — 8_52 = QZY]_- exp (_T>’ (2583)
oYr 1 0°Vr E
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subject to

Jim T(&,1) = T™(t), Jim Yx(&.1) = Y1), |T|<oo, [YF[<oo, (259)
where ¢ is the, as yet unknown, mass flux (2.55). However, the left-hand sides of both
equations (2.58) tend to zero as { — oo, but the Arrhenius source terms on the right do
not, meaning there is no solution to (2.58) and (2.59). We resolve this manifestation of
the cold-boundary difficulty by taking the limit £ — oo.

We assume, as in [15, §2.4], that in the limit £ — oo the reaction rate is only
significant in a thin layer, region Ill, where the dominant balance is between reaction and
diffusion, and the temperature is close to the highest temperature in the flame. Elsewhere,
the reaction rate is exponentially small* as £ — 0o, so the dominant balance in regions |l
and IV is between advection and diffusion. Since the rate of reaction is negligible in
region Il, the solutions to the leading-order governing equations in region |l are able to
satisfy the boundary conditions (2.59) as £ — oo, and hence match with the unsteady
leading-order solution in region I.

2.2.2.1.1 Region Il — Preheat region Since the activation energy is large, £ > 1,
we assume that the reaction only plays a role in a thin region (region Il of Figure 2.4)
where the gas is close to the maximum temperature, i.e. T2 — T = O(E~'). By
comparison, in the cooler gas of region Il, the reaction rate, 7, is negligible and therefore
the leading-order approximation to (2.53c) and (2.53e) as M — 0, ¢ — 0 and £ — oo
is

g — 2 =0, (2.60a)

- = 0. (2.60b)

The model (2.60) represents a balance between advection and diffusion. Region Il is
often called the preheat region because the heat released in region Ill diffuses through
region |l, preheating the cold gas. The general solution to (2.60) is

T=a+bexp(—q¢€), Yr=c+dexp(—qlezf), (2.61)

where a, b, ¢, d are functions of ¢ to be determined. It is clear that a non-spatially-uniform
solution of the form (2.61) cannot remain finite as & — —oo, reinforcing the need for
an interior layer where the reaction plays a significant role. We assume that this layer,
region Ill, is located at & = &.

Matching the solution (2.61) in region Il with the outer solution in region | comes
through the boundary conditions

T — TH(t), Yr—YEt), as &— oo (2.62a)

4t is a consequence of the first-order reaction that the reaction rate is exponentially small in region IV
behind the reaction zone. For higher orders of reaction, where the reaction rate is proportional to Y2 for
n > 1, the mass fraction in region IV would be algebraically small in E.
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Furthermore, the leading-order solution (2.61) must match with the leading-order solution
in region Ill where Yz = O(E~!) and T — T™* = O(E™!), meaning, in region II,

T —TY®), Yr—0, as &N\ &. (2.62b)
We find that the solution in the preheat region, where £ — &, = ord(1), is

T = TR+ (T =T exp(—q(§ — &), Vr = VA (1—exp(—qLez (£ — &))). (2.63)

2.2.2.1.2 Region IV The reaction also plays a negligible role in region IV, behind the
reaction zone. However, rather than the reaction being frozen due to the temperature, as
is the case in region |l, the reaction is negligible in region IV because the mass fraction
of the remaining fuel is exponentially small in £ as £ — oco. For {§; — ¢ = ord(1), the
leading-order temperature and mass fraction are governed by (2.60). Exponential growth
is impossible as & — —oo if the solution in region IV is to match with the outer solution
in region V. Therefore, the only acceptable leading-order solution in region IV is

T =T"(t), Yr=0, (2.64)

where T'™* is given by (2.57).

2.2.2.1.3 Region Il — Reaction zone With (2.63) and (2.64) we have found the
leading-order structure of the flame. However, we are still to determine the leading-order
mass flux, g, through the flame. We find ¢ by solving for the temperature in the reaction
zone and matching it with (2.63) and (2.64).

We examine the reaction zone by rescaling the spatial variable £ — &, = E‘lf, and
seeking a solution to (2.53) of the form T~ T™* + E-'T' + ... Yr ~ E7'Y 4 -+ in
terms of £ = O(1) as E — co. We find that 7" and Y~ satisfy

O*T QZ - E T

8—52 = _ﬁy €xXp (—ﬁ + W) s (2658)
1 0%Y Z .- E T

— =Y —_— 2.65b

Ler 02 B2 eXp( 7o (TL*)2>’ (2.650)

to leading order as M — 0, ¢ — 0 and £ — .

The corrections to (2.64) in region IV are exponentially small as E — co. Therefore,
to match the solution in region Ill with the solution in region IV, we require T,Y =0 as
¢ — —oo0. Combining (2.65) and integrating, we deduce

T (2.66)

€r

We are therefore able to eliminate Y from (2.65) to find that 7" satisfies

[ E T
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After multiplying (2.67) by 8T/8§, we may integrate once to find

~ 2 2
1 (0T 7L E T
5 (a—é) = Ei}— exp <_TL*) (/0 S exp (ﬁ) dS) s (268)

where we have used the matching conditions as é — —o0 to set the lower limit of the
integral to zero.

We are now in a position to find ¢, by matching the temperature gradient as f — 00
(or, equivalently, T — —00) with the temperature gradient in the preheat region, so that

\ ~
27 Ler(T*)! E o . oT I
= 7 — = 1 — =1 — = —q(T™ = T"). 2.
\/ E2 exp TL* T—lleoo 8§ 1m Q( ) ( 69)

& O

In Section 2.1.3, we chose the typical flame_width, L*, such that the reaction coefficient,
Z, is given by (2.18). With that choice of L*, we find

.- \/(TR* + QY ) eXp( E E ) ’ (2.70)

(YF)2(1 + Q)" 1+Q Th + QY

where we have used T%* = T™* + QYF* to eliminate T™*. Note that the scalings we have
adopted imply that when T7* = 1 and Y* = 1, the leading-order mass flux through the
flame is equal to 1.0.

We have found the leading-order mass flux, ¢, through the flame without resolving
the translational invariance; that is, we have not determined &,. If we wanted to find an
approximation to &, we would find the O(E~!) perturbation to the solution (2.63) in the
preheat region. Then, by integrating (2.68) once more and matching with the solution in
the preheat region, we could find &, so that the centre of the flame, £ = 0, corresponds
to the point where the heat release rate is maximised.

The mass flux (2.70) through a flame with one-step chemistry is acutely sensitive to
changes in the temperature, 7%, ahead of the flame. Holding Y}B* constant, an ord(1)
increase in T results in an exponentially large increase in ¢q. As we will discuss in more
detail in Section 4.1.2.1, our simplified models, based on the assumption the flame is
slow, become invalid if the mass flux through the flame becomes too large. The one-
step reaction is therefore unsuitable for modelling combustion in confinement because the
temperature ahead of the flame increases by an ord(1) amount as the flame crosses from
r=0tozxr =1

2.2.2.2 Three-step reaction

Activation energy asymptotics can also be used to find an approximation to the mass
flux through a thin, slow flame where the fuel is burning with the three-step reaction
mechanism (2.6). In this section, we present the leading-order flame structure and mass
flux for the three-step reaction—as determined by Dold [29]—for the distinguished limit
summarised in Table 2.2, with M — 0 and ¢ — 0 as ¥ — oo. In addition, in Appendix A,
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we extend the analysis in [29] to calculate the O(E~!) correction to the mass flux through
the flame, which, as we will discuss in more detail in Section 3.3.1, is necessary to give
an asymptotically consistent description of normal combustion.

Dold [29] assumes that the branching cross-over temperature, Txo, is within the
temperature range of the flame. That is, if 7% is the temperature immediately ahead
of the flame and T* is the temperature immediately behind the flame, then Ty, €
(T™* TL*). We choose to study the parameter regime (2.41a) so that the branching
cross-over temperature is within the temperature range of the flame when 7% = 1 and
TH = 1+Q. Dold [29] finds that the flame has a three-layer structure with a thin central
layer where the fuel is rapidly consumed by the branching reaction (2.6b), as illustrated in
Figure 2.4. We call this boundary layer the branching zone because the dominant balance
in this layer is between diffusion and the branching reaction (2.6b). Either side of the
branching zone, the rate of the branching reaction is negligibly small and the behaviour
of the gas is dominated by advection, diffusion, and the termination reaction.

Despite the similar three-layer flame structure for both the one-step (2.1) and three-
step (2.6) reactions, there are two key differences in the flame structure to bear in mind.
Firstly, for the three-step reaction, heat is released throughout the flame, including in
regions Il and IV, because the rate of the termination reaction (2.6¢) is proportional to
the mass fraction of radical. Secondly, the temperature in the branching zone is close to
the cross-over temperature, Ty, for the three-step reaction, rather than being close to
the highest temperature within the flame as is the case for the one-step reaction.

The chemical model Dold [29] uses does not include the initiation reaction (2.6a).
We include the initiation reaction in our model (2.6) because it plays an important role
in increasing the amount of radical in the early stages of autoignition. However, we
choose to study a parameter regime (2.41b) where the initiation reaction has a negligible
effect on the flame structure and, hence, the mass flux through the flame. We assume
that the initiation cross-over temperature, T'x1, is greater than the branching cross-over
temperature, Two, with Tw; — Txo = ord(1) as E — oco. In regions Il and Ill, the rate
of the initiation reaction is negligible because the Arrhenius factor, exp(E/Tx, — E/T),
is exponentially small as & — oo. The initiation reaction also has a negligible effect on
the leading-order temperature profile in region IV, even if the temperature approaches or
exceeds T, because the mass fraction of the fuel is exponentially small.

As with the one-step reaction, the first step in analysing the flame structure is changing
variables to a coordinate frame moving with the flame. In terms of the rescaled spatial
variable, £ = (x — x*) /e, the equations (2.14) and (2.22) governing the behaviour of the

gas become
dp 0 dx* B

0 0 dz* 1 Ju
ea(pu) + T (pu (u T ) + 7M2p - Pr8—£> =0, (2.71b)
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(2.71c)

p=pT, (2.71d)

€ ot +a—€ plu a Y]: Ea—g = -7 T, (2716)
8(pYR) 0 dz* 1 8YR .

S +a§(p(u— dt)YR_LeR 85)—r1+r2 T3, (2.71f)

where r, 71, o and 73 are given by (2.23). As before, we seek a bounded approximate
solution to (2.71) for £ = O(1), which matches with the outer solution ahead of the flame
as £ — oo. The appropriate matching conditions® are

p—p(t), T —T™t), u—u™@F), Yr—YE®W), Yr—0, (2.72)

as & — oco. As with the one-step reaction, we assume that the flame structure is quasi-
steady in the limit ¢ — 0. Furthermore, it is straightforward to show that the Chapman-
Jouguet conditions (2.44) follow from integrating the quasi-steady conservation equa-
tions (2.71), using the same argument as in Section 2.2.2.1.

We now present the leading-order governing equations for the temperature and mass
fractions in each of the regions II-1V. By solving these equations subject to appropriate
matching conditions, we find the leading-order approximation, q(o), to the mass flux,

d *
qg=—p <u - ;; ) ~qOW)+ E W) + - (2.73)

2.2.2.2.1 Regions Il and IV There is only a small range of temperatures, T'— Ty o =
O(E™1), where the effect of the branching reaction (2.6b) is significant. For much of
the flame temperature range, (T%*,T*), the branching reaction plays a negligible role,
either because T — T = ord(1), and therefore the Arrhenius reaction rate (2.23b) is
exponentially small as £ — oo, or because the fuel has all but run out. The latter is
the case when T'— Txo = ord(1), because the Arrhenius factor, exp(E/Txo — E/T),
is exponentially large as £ — oo and therefore the mass fraction of the fuel must be
correspondingly small. For simplicity, we only consider the flame structure when Ty, —
TR = ord(1).

We first consider regions Il and IV of Figure 2.4, where the branching reaction plays
a negligible role. In both of these regions, we seek a solution to (2.71) in the form of

5In Chapters 3 and 4, we find that the mass fraction, Y7I€, of the radical ahead of the flame is
exponentially small as £ — oo during the stages of autoignition that we consider. The matching
condition Yr — 0 as & — oo is therefore correct to the order of approximation necessary to determine
the mass flux correct to O(E~1).
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Poincaré series,

p~po+E g 4+, (2.74a)
p~po+E e, (2.74b)
u~ U+ E g+ (2.74¢)
T~Ty+E Ty +---, (2.74d)
Yr~Yro+ E'Yr 4o, (2.74e)
Yr ~Yro+E WYri+---, (2.74f)

as £ — oo. Substituting (2.73) and (2.74) into (2.71) and comparing coefficients of
E~!, we deduce that, in the distinguished limit summarised in Table 2.2,

Opo
D¢ 0, (2.75)

meaning po = p’**(t). Furthermore, we find that T,, Y=, and Yz, are governed by

(0) 8T0 (92T0

_ 8_5 — 062 = QYRO7 (2763)
8Y]:0 1 82Y]:0
—q© 56~ Loy o0 =0, (2.76b)
Y] 1 0%,
() 62?0 e 857;0 = —Yxo. (2.76¢)

Note that the factor of ¢(® in (2.76a) is justified from (2.71c) by noting that z* is
independent of &, and O(pyTy)/0& = 0 follows from (2.71d) and (2.75).
The general solution to (2.76) is

C5Q Cs@
— P (O 1 SR b A 6w
TO - Gl + C12 exp( q g) m2+ + (](O)m+ exp(m+§) m% + q(o)m_ exp(m_f),
(2.77a)
Yo = C3 + Cyexp(—Lerq¢), (2.77b)
Yro = Cs exp(m &) + Cgexp(m_¢§), (2.77¢)
where {C}, | k € {1,...,6}} are functions of time to be determined, and

—Lerq® £ /(Lerq©®)2 + 4Ler

my — —hera? & V(Lerg®) +dler (2.78)

2

To arrive at the expression (2.77a) for Ty, we have assumed that m_ # —¢(?). If equality
were to hold, then T would include a term proportional to € exp(m_¢), but the solution
would still be a limit of solutions of the form (2.77a). We simply accept that limiting
forms are included in special cases.

The appropriate boundary conditions to match (2.77) with the solution in region | are

lim Ty(&,t) = TR (), ﬁlim Yro(€,t) = YE* (1), 5hm Yro(€,t) =0.  (2.79a)
—00 —00

E—o0
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Furthermore, for the solution in region IV to match with with region V, we must have
’Tﬂ(gat” < e, ’Y}'0<£>t)‘ < 00, ‘YR0<€>t)‘ < o0, (279b)

as & — —oo. The remaining boundary conditions necessary to solve (2.76) in regions
and IV come from matching with the branching zone, a thin boundary layer where the
branching reaction is significant. With (2.77) and (2.79), we have sufficient information
from regions 1l and IV to find the leading-order approximation, ¢'*), to the mass flux
once we have the matching conditions from analysing the branching zone. However, in
Chapter 3, we additionally require an expression for ¢! to give an asymptotic description
of combustion in confinement correct to O(M) as M — 0, with EM = O(1) and
E?M > 1. To this end, in Appendix A, we extend the analysis in [29] to find T}, Y7,
and Yz, in regions Il and IV.

2.2.2.2.2 Region Ill — Branching zone When the temperature, T, is close to the
cross-over temperature, T, the branching reaction can no longer be neglected. The
branching zone is a thin boundary layer, labelled as region Ill in Figure 2.4, where the
temperature satisfies T — Tyo = O(E™'). We find ¢(® by matching the asymptotic
solution to (2.71) in the branching zone with (2.77) in regions Il and IV.

We let & = &y(t) lie in the branching zone, and rescale the spatial variable so that

E—&=E7% £=0(1). (2.80)

The boundary layer position, &g, is to be determined as part of the solution to ensure that
¢ = 0 is the position of maximum heat release. We seek a solution to (2.71) of the form

T~Tyo+E Ty +E 2Ty + -, (2.81a)
Ye~ B Yr + B 2Yry 4, (2.81b)
Yr ~Yro+ B Wry + B Vro + -+, (2.81c)

as F — oo. We have introduced hats to the dependent variables to distinguish the
solution in the branching zone from (2.74) in regions Il and IV. Substituting (2.73),
(2.80) and (2.81) into (2.71) and comparing coefficients of powers of E~1, we find that

"~

YRo is simply a function of time, and

0°T,
L —0, (2.82a)
0&?
1 02Yr N T
—— = =YY — 2.82b
Le; 652 F1¥Ro €Xp T>2<2 ) ( )
1 Vi o o T
————— =YY, — |- 2.82
Lew 02 7 TP\ TZ, (2820
Integrating (2.82), we find R ) o
T1 = Cl + 025, (2833)
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1
Le]:

~ 1
Y
H+Le

Yri = C + Cié, (2.83b)
R

where {C} | k € {1,...,4}} are functions of time to be determined. Through an
appropriate choice of Yo, we can set Cs = 0 without loss of generality.

With (2.83), we have sufficient information from the branching zone to determine
the leading-order approximation, ¢{?), to the mass flux, ¢. To find ¢*), we match the
three term inner expansions (2.81) with the two term outer expansions (2.74) using Van
Dyke’s matching rule [46, §5.1.5]; we rewrite (2.74) in terms of £ = O(1) and expand
in powers of !, By comparing the form of the first two terms of the outer solutions,
expressed in terms of the inner variable, with the form of the first two terms of the inner
expansions (2.81), we find that the conditions we must apply at £ = & to solve for ¢(©,
and Ty, Yz and Yxg in regions Il and IV are

oTy 1" 1 oY, 1 0Yr "
{ 0} :{ RO Ol = [YrolT = Yro =Ty — Ta =0,  (2.84)

8_5 LGR 65 Le; 0{ _

where here [{]T = limg g, (€, 1) — limg n¢, (€, ¢). Using (2.79) and (2.84) with the
general outer solution (2.77), we find that the leading-order solution in region Il is

To =T + (Txy — T™) exp(—¢ (€ - &))
QLerq VY[

+ (m+ — m_)(mg_ + m_q(())) (eXp(—q(O) (f - 50)) - exp(m, <§ - fO)))? (2'853)
Yro = Y (1 — exp(—Lerq® (€ — &))), (2.85b)

eR (0)y Rx
Vi = SR el (€ o). (285¢)

In region IV, the leading-order solution is given by

QLerq VY
=t L= - 2
b=Tx2 t o T 2y (T SR €~ @), (2862)
Yr0 =0, (2.86b)
Le (O)YR*
Yo = — R TF oxp(m (€ — &)). (2.86¢)
my —m_

From (2.85c) and (2.86¢), we deduce that

N L (O)YR*
Yro = “ORGTYE (2.87)

my —m-—

In deriving (2.85) and (2.86), we have yet to enforce one of the matching condi-
tions (2.84), namely the continuity of temperature gradient, [0T,/0¢]T = 0 at & = &.
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For the gradients of (2.85a) and (2.86a) to be equal at & = &y, we find that the mass
flux, ¢©) > 0, must satisfy

2QL€RYJE* (0) ‘
TR (0))2
To T \© 7T V(Lerg®)? + dLer

— \/ (Lerq®)? + 4Leg (ZLeR + Ler(¢™)? 4 ¢ \/ (Lerg®)? + 4Leg ) , (2.88)

where recall that 7% + QYZE* > Ty, by assumption. Using (2.88) we are able to
simplify (2.86a),

To =T + QYE* + (Tuo — T — QYF") exp(my (€ — &)). (2.89)
Taking the limit £ — —oo of (2.89), we observe that
5hm Ty = T + QYE, (2.90)
——00

as expected from the leading-order approximation to the Chapman-Jouguet condition (2.44c¢)
as M — 0. In addition, we deduce from the matching that the gradient, Cs, of the tem-
perature perturbation, T}, in the branching zone satisfies

A aTy aTy

Cy = lim — = lim

—— = Ty — T — QY E )Y m_ < 0. 2.91
b0 Oy £ Ox (Tcz QYF") my (2.91)

There is a unique solution to (2.88), as we would hope. We can see this by changing
variables to 3, where 3 lies in (0,1) and is such that

0 _ 4p

A ) (252

Then ¢(% € (0, 00) solves (2.88) if and only if 3 solves
4 Ler (QYE — (Txy — T™)) 2QY £ 503
A7~ (e T%7 To-1marm %

As (3 increases from 0 to 1, the left-hand side of (2.93) increases monotonically from
4 to oo, while the right-hand side decreases monotonically from oo to QYF*(Ler +
1)/(Txy — T™) — Leg > 1. Hence, we deduce that there is a unique solution to (2.93).

In his analysis, Dold [29] further shows that it is possible to find the profile of Y, in
terms of modified Bessel's functions. We outline his argument in Appendix A, and use
well-known results on the asymptotic behaviour of solutions of modified Bessel's equation
to find that ¢V is the solution to

1 ( 11 (mi(er—m_)(Txg—TR*—QY]E*)2>)
— (e — 5 log -
q® 2 LegrLerqOYE TS,
QLer(1 — LeR)q(O)miYﬁ*
= ) (Lerg® T 2m2 )2 + 0O T,

T., — TR _ QYR L (0)\2
X 2 5 Q F 1 - ( eRq ) 7 (294)
2q(O)T><2 (m—i- - m—)2
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which is reprinted in Appendix A as (A.25). Note that, as with the one-step model, we
did not need to find & to find ¢(® and ¢(V.

Note that the three-step reaction model for the mass flux does not suffer from the same
acute sensitivity to the temperature, T7*, ahead of the flame as the one-step reaction
mass flux model, provided that 7% is not close to the crossover temperature, To. If
Tyo — T = ord(1), then an O(E~!) change in T®* leads to only an O(E~!) change in
q, rather than the O(1) change we would see for the one-step reaction. This difference in
behaviour can be explained by considering the temperature of region Ill for both reaction
mechanisms. For the one-step reaction, the temperature of the reaction zone (region I11) is
close to the maximum temperature of the flame, T1* = T®* 4+ QYE*. If the temperature
ahead of the flame increases by an O(E~!) amount, the reaction rate in the reaction
zone increases by an O(1) amount. By contrast, the temperature of the branching zone
(region Il for the three-step flame) is close to the fixed crossover temperature, T,
meaning the rate of reaction, and hence the mass flux through the flame, only changes by
an O(E~') amount if the temperature ahead of the flame changes by an O(E~!) amount.

As we will discuss in Section 4.1.2.2, care must be taken to determine whether the
asymptotic approximations based on the limit M — 0 remain valid as the temperature
ahead of the flame increases. Both ¢(® and ¢") become unbounded as T7* — Ty,.
Our assumption that (2.73) is an asymptotic series holds if Txs — T = ord(1) and
TR + QYE* — Ty = ord(1).

2.2.2.3 Summary

The Chapman—Jouguet conditions (2.44) describe the conservation of mass, momentum
and energy across thin flames. However, in deriving the Chapman—Jouguet conditions in
Section 2.2.1, we did not take into account the rate of reaction within the flame, and
therefore were unable to solve for the flame speed without prescribing an additional piece
of information—namely, the mass flux, ¢.

In Section 2.2.2, we have derived two models for the mass flux through a slow flame:
one for the one-step reaction (2.1) and one for the three-step reaction (2.6). For both
reaction mechanisms, we used asymptotic analysis in the limit of large activation energy,
E — o0, small Mach number, M — 0, and small reciprocal Péclet number, ¢ — 0,
to identify the three-layer, interior structure of the flame and simplify the mathematical
description of the behaviour of the gas in each layer. By solving for the temperature
in each layer, and matching between neighbouring layers, we have derived an expression
for the mass flux through the flame in terms of the temperature and mass fraction of
fuel ahead of the flame. For the one-step reaction, the leading-order approximation to
the mass flux is given explicitly by (2.70). For the three-step reaction, we sought an
approximation to the mass flux in the form of an asymptotic series (2.73). We found the
first two terms of this asymptotic series, with ¢(© given by (2.88) and ¢(!) given by (2.94).

The two models for the mass flux presented here are by no means the only models
we could use for q. For example, in Chapter 3, we will occasionally use ¢ = 1 as a
simple motivating example. Furthermore, activation energy asymptotics, and the similar
concept of reaction rate asymptotics, can sometimes be used more generally to determine
the structure of flames with more complex chemical reaction schemes. The analysis,
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in principle, is similar to the analysis for the one- and three-step reaction mechanisms
presented here; regions within the flame are identified where at most two elementary
reactions in the reaction scheme are dominant. Solving simplified models for the behaviour
of the gas in each of these regions and matching the solutions together gives the structure
of the flame and the mass flux through the flame [13].

In Sections 2.2.2.1 and 2.2.2.2, we implicitly assumed that the flame was far from the
walls at = 0 and = 1. Our analysis is not valid if z* = O(e€) or 1 —z* = O(¢), because
the boundary conditions at the wall change the interior structure of the flame. In order to
accurately model the ignition of a flame from initial conditions such as (2.20) or (2.25),
one would need to account for unsteady changes in the flame structure as the flame moves
away from the wall [51, 77]. However, going forward, instead of modelling the nuances of
flame ignition, we pragmatically choose to use the Chapman—Jouguet conditions (2.44),
together with one of the mass flux models we have discussed, to describe the motion of
the flame for all z* € [0, 1].

2.2.3 Homogeneous ignition

Autoignition is a particular example of ignition; the fuel-oxidiser mixture ahead of the flame
transitions from a weakly-reactive low-temperature state to a high-temperature state due
to a rapid increase in reaction rate [51]. It is prudent, therefore, to study ignition models
from the literature to understand the behaviour we should expect during autoignition. We
start by studying homogeneous ignition before considering ignition with spatial variations.

2.2.3.1 One-step reaction

We start our discussion of ignition by discussing the simple case of homogeneous ignition
due to the one-step reaction (2.1). That is, we solve (2.14), (2.16) and (2.17) subject to
the spatially uniform initial conditions,

p(x,0) =T(2,0) = Yr(z,0) =1, wu(z,0) =0, (2.95)

for all x € R. Homogeneous ignition would never be observed in reality; the slightest spa-
tial variation, either in the initial conditions or from the boundary conditions, would induce
gas motion [57], leading to inhomogeneous ignition as we shall discuss in Section 2.2.4.
However, homogeneous ignition is an important problem to consider from a theoretical
standpoint due to similarities with the case where the gas varies in space.

With no spatial variation in the initial conditions (2.95), the solution to (2.14),
(2.16) and (2.17) is independent of z. From conservation of mass (2.14a) and mo-
mentum (2.14b), and the equation of state (2.14d), we deduce that, for ¢ > 0,

p=1 u=0, p=T. (2.96a)

By combining and integrating (2.14c) and (2.16), we recover conservation of (thermal
and chemical) energy,

T +~9QYr = 1 +4Q, (2.96b)
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for t > 0. Thus, the evolution of the temperature, T', mass fraction, Yz, and pressure, p,
is governed by a single ODE.

We choose to introduce a new dimensionless time variable, ¢, which is more appropriate
than t for describing ignition. We define ¢ such that

eexp(FE) -
= ————t. 2.97
Y (2.97)
In terms of £, the energy equation (2.14c) becomes
dT 1
7 E'Q7 (1 +~Q — T)exp (E (1 - T)), (2.98)

where we have used (2.17) and (2.96) to eliminate 7, p, u and Yz. We solve (2.98) subject
to T'(0) = 1. As we will see in Section 2.2.3.1.1, our choice to define ¢ by (2.97) ensures
that (2.98) has a particularly simple asymptotic form as E — oo when T'— 1 = O(E™!).

As time progresses, the temperature increases towards the maximum temperature,
1 + 4@, which is reached when all the reactant is used up. The exact solution of (2.98)
may be written implicitly in quadrature form,

. [T EQ 1
t= /1 mexp (—E (1 — g)> ds, (2.99)

and can be expressed in terms of the exponential integral, Ei(z) = §*__ e/t dt [75], as

t = EQexp(—E) [Ei (%) — exp(1 +E7Q> Ei (g — 7 +E7Q>I' (2.100)

While we are able to find the exact solution to (2.98), finding an exact solution to more
complicated combustion problems is not always possible. The dimensionless activation
energy, F, is often large for combustion problems, and perturbation methods based on
the limit £ — oo can help us understand more subtle combustion problems. Kassoy [54]
uses asymptotic analysis in the limit £ — oo, with v@ = ord(1), to provide a complete
description of homogeneous ignition for the one-step reaction (2.1).

As time progresses, the solution to (2.98) goes through two distinguished stages—
thermal explosion and relaxation—each associated with its own timescale. We discuss
these two stages in turn. First though, it is beneficial to discuss the first part of the thermal
explosion stage, known as the induction stage, when the temperature only changes by an
O(E~1) amount.

2.2.3.1.1 Induction stage We first consider the solution to (2.98) when 7" = 1 +
O(E~") as E — oco. Substituting the asymptotic series T' = 1 + E~'T\ () + O(E~?)
into (2.98), we find that T} satisfies

dT
dfl =~exp(Ty), Ti(0)=0. (2.101)
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Note that the timescale (2.97) is chosen so that the leading-order terms balance during
the induction stage. Integrating (2.101), we deduce

Ty = —log(1 — ). (2.102)
The form of (2.102) motivates the definition of the constant volume induction time,

~

tr =

1
—. (2.103)
~

The temperature perturbation 7T} tends to infinity as ¢ — ¢;, invalidating our assumption

that T = 1 + E~'Ty(f) + O(E~2) is an asymptotic series. To capture the behaviour
of (2.98) when T'— 1> E~!, we must rescale the time variable.

2.2.3.1.2 Thermal explosion The induction stage solution (2.102) is only valid when
T = 1+ O(E™'), whereas we seek a solution which is valid for ord(1) changes in
temperature. Based on the form of the induction stage solution (2.102), Kassoy [54]
introduces a new time variable, o, defined by

k=0

t—t,(E) = —exp (—UE + i Ekgk(0)>, o=0(1), (2.104)

where the functions (gx(c))x>o are to be determined as part of the solution and

t.(E) = exp (i E_kgk(0)> : (2.105)

so that the initial condition at ¢ = 0 is satisfied when o = 0. In terms of the new time
variable, o, equation (2.98) reads

% = Q7 (1+1Q-T) exp (E (1 —0— %)) exp(go) {1+E‘1 (91 - %) +0(E‘2)}-

do
(2.106)
The (1 — o — T7!') term in the argument of the exponential is critical to the behaviour
of (2.106). For an order O(1) rise in temperature on the ¢ = O(1) timescale, we require

: (2.107)

otherwise, the exponential term is exponentially small or large as & — oco. Equating

terms of the same order yields a system of algebraic equations for (gx(c))k>0, which we
solve to find or? -

=log| — |, =2+ ———. 2.108

90 g(l—l—'yQ—T) g1 1+°0-T ( )

Substituting the expression for gy into (2.105), we find that the integration constant,

t., is equal to the induction time to leading order, t, = t; + O(E™'), meaning the
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induction time is not just representative of the early stages of combustion. The functions
go(o) and g1(o) blow up as T — 1+ (@, indicating that the asymptotic solution (2.107)
is only valid up until 1 +~Q — T = O(E~!). A different distinguished limit of (2.98)
governs the relaxation stage, as the concentration of reactant approaches zero.

By using the ansatz (2.104), we have effectively sought a solution of the form ¢(T’; E),
rather than T'(£; E). An asymptotic expansion for T'(f; E) could be found if we had instead
used

t—1.(B) = ~t.(F)e, &=0(1), (2.109)

where £, (E) = t; + O(E~") is to be determined as part of the solution. The nonlinear
time scaling (2.109) has been used to tackle other ignition problems [48, 51, 77], as we
will discuss in Section 2.2.4.

2.2.3.1.3 Relaxation stage The thermal explosion stage ends when almost all of the
reactant has been used up and the temperature approaches 1 + (). We seek a solution
of the form T'=1+vQ — E~'T + O(E~?). We define a new time variable, 7, by

. :EQGXP(E(l—i—l’yQ —1>>%, 7 =0(1), (2.110)

so that the leading-order terms in (2.98) balance. This natural time scale for the relaxation
stage is exponentially short compared to the induction time. We find that T satisfies

ar - T
1) [ — 2111
dr eXp( (1+7Q)2) (2.111)

[ N

t—

Integrating (2.111), and matching with the explosion stage solution (2.107) to determine
the constant of integration, Kassoy [54] completes his description of the homogeneous
one-step reaction (2.1).

As we will discuss in Section 2.2.4, ignition with spatial variations also exhibits stages
analogous to the induction, thermal explosion and relaxation stages of homogeneous ig-
nition. By analysing the ODE (2.98) using matched asymptotic expansions in the limit
E — oo, rather than using, for example, the method of steepest descent on the solu-
tion (2.99), we have demonstrated techniques that will allow us to better understand the
behaviour of combustion problems where it is not possible to find an analytic solution.

2.2.3.2 Three-step reaction

Although homogeneous ignition seldom occurs in reality, by analysing (2.98) we have
gained valuable insights into the temporal structure of explosions which will help when we
come to model explosions with spatial variations. However, before we consider ignition
with spatial variations, we first turn our attention to the three-step reaction (2.6). The
solutions to the three-step reaction model, (2.14), (2.22) and (2.23), with uniform initial
conditions on z € R,

p(z,0) =T (2,0) = Yr(2,0) =1, wu(z,0) = Yr(x,0) =0, (2.112)

56



also exhibits an interesting temporal structure, which we reveal using asymptotic analysis
in the limit £ — oo.
Using an analogous argument to in Section 2.2.3.1, we deduce that

p=1, u=0, p=T, (2.113a)

T+vQ(Yr+ Yg) =1+ 10, (2.113b)

for t > 0. For the three-step reaction (2.6), the dynamics of homogeneous ignition are
governed by

T
ed— =vQYg, (2.114a)
dt
e E E ) E E
— = E°Y; —_—— — E*YrY) — - — | =Y 2.114b
1 feXP<m (Tx1 T>) + F ReXP(TXQ T) r o ( )

subject to the initial conditions 7'(0) = 1 and Yz = 0.

The behaviour of (2.114) depends on the relative sizes of the initial temperature,
T =1, the final temperature, T' = 1+~(), and the cross-over temperatures, Tx; and T».
For simplicity, Blythe et al. [9] and Sharpe and Maflahi [78] assume the initiation cross-over
temperature is greater than the maximum temperature, i.e. T > 1 + y@Q). We consider
a slightly less restrictive parameter regime than in [9, 78], with T'x; — T'x2 = ord(1), but
note that the temperature will exhibit the same behaviour to leading order.

Blythe et al. [9] consider five distinguished limits on the size of the branching reaction
cross-over temperature, Txso: one limit where Tyo > 1 + vQ, one limit where 1 —
Tyo = ord(1), and three different distinguished limits where T is close to the initial
temperature, i.e. Two—1 = 0(1) as E — oo. Studying ignition where the branching cross-
over temperature is close to or below the initial temperature is motivated by ignition caused
by a shock reflecting at a wall. In this scenario, the temperature close to the wall rises
very quickly to become close to or above the cross-over temperature, and the branching
reaction dominates the ignition process.

As we have established in Section 2.2.2.2, in order to have a flame with 7%* = 1 and
the structure described by Dold [29], we require that Tk, satisfies (2.41a), meaning the
branching cross-over temperature exceeds the initial temperature by an ord(1) amount,
but is less than the maximum temperature, 1 +~Q). Blythe et al. [9] do not consider this
parameter regime. However, by considering their results for Two > 1 + (), and other
work on chain-branching explosions [50, 78], we give a brief description of the different
stages the reaction goes through, albeit without all the quantitative details.

2.2.3.2.1 Initiation and thermal explosion In the case where Ty, > 1 + @,
Blythe et al. [9] show that there is an O(e) boundary layer in time—which they call
the initiation stage—during which the mass fraction of the radical, Y5z, approaches
E?exp(m(E/Tx1 — E)). For t > ¢, the gas undergoes a thermal explosion, analog-
ous to the thermal explosion due to the one-step reaction described in Section 2.2.3.1.
To leading order, the temperature satisfies

C;? =FE'Q7' (1 +~7Q —T)exp (m (E — %)), (2.115)
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as ' — oo, where
E

t =yeE 3exp (—m <T_><1 - E))f (2.116)

With T'wo > 1 4+ ~(@Q), the mass fraction of the radical remains exponentially small, with

E E
Yo = E%Y; — = 2.11
R ;exp(m (Txl T)) ( 7)

to leading order, throughout each of the induction, explosion and relaxation stages of the
thermal explosion.

The description of the early stages of the reaction is the same for the parameter regime
of interest, summarised in Table 2.2. After the O(e) initiation stage, the gas undergoes
the beginnings of a thermal explosion, with the rise in temperature governed by (2.115)
to leading order. However, as T approaches T'x2, the approximation (2.115) becomes
invalid.

2.2.3.2.2 Chain-branching explosion stage As T — Ty, the branching reaction
becomes significant [78] and the gas undergoes what is known as a chain-branching ex-
plosion. Based on analysis by Kapila [50] and Blythe et al. [9] with Ty — 1 = o(1), we
expect that while T'wo — T = o(1), the branching reaction will act to quickly consume the
remaining fuel, and increase the mass fraction, Y%, of the radical to an ord(1) amount.

The temporal structure of the chain-branching explosion in [9] subtly changes de-
pending on the size of Tws — 1. We therefore anticipate that careful asymptotic analysis
of (2.114) would be needed to find the subtle temporal structure of the chain-branching
explosion and match it to the thermal explosion stage.

2.2.3.2.3 Termination stage The chain-branching explosion comes to an end when
the mass fraction, Y7, of the fuel becomes exponentially small. The temperature continues
to rise as the radical is consumed by the termination reaction (2.6c). We call this final
stage of the reaction process the termination stage, in line with the terminology in [9].
During the termination stage, the evolution of the temperature is governed by

aT
T =1te-T (2.118)

to leading order. Note that the final temperature is given by 1 + 7Q).

2.2.3.2.4 Comparison with one-step reaction For both the one-step and three-
step reactions, we are able to identify an induction period, where the temperature only
changes by an O(E~!) amount. While the temporal structure of the reaction following
the induction period is different for the two models, in both cases the induction time
is indicative of when explosion occurs; the temperature rises through an ord(1) amount
in an exponentially short boundary layer in time, centred around the constant-volume
induction time. As we will see in Chapter 4, the induction period is of most importance
in determining when and where autoignition occurs.
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2.2.4 Ignition with spatial variations

As we have seen, we are able to use matched asymptotic expansions to find asymptotic
solutions to the models {(2.14), (2.16) and (2.17)} and {(2.14), (2.22) and (2.23)} with
spatially uniform initial conditions. Asymptotic analysis in the limit £ — oo can also help
us understand ignition with spatial variations. However, the analysis is more nuanced due
to the interplay between the dynamics of the gas and the exothermic chemical reaction.

There are a number of different scenarios that lead to spatial variations during ignition.
Examples of scenarios considered in the literature include: homogenous initial conditions
with fixed temperature boundary conditions [59, 77]; homogenous initial conditions with
an additional source of heat [60, 83]; spatially inhomogeneous initial conditions [53, 79];
and ignition due to a shock reflecting at a boundary [10, 30, 78]. For the three-step
reaction (2.6), ignition following the reflection of a shock at a boundary is often considered
in the literature [10, 30, 78]. However, as we have already discussed, the waves present in
the end-gas prior to the onset of autoignition are much weaker than shocks. Therefore,
it is most instructive to discuss ignition from spatially inhomogeneous initial conditions.
We choose to focus our attention in this section on the one-step reaction (2.1), because,
as we noted in Section 2.2.3.2.4, the early stages of ignition are similar for both the one-
and three-step reactions.

Diffusion can play a role in the ignition of gases, provided that the reaction is suffi-
ciently slow such that the characteristic time over which diffusion has a significant effect is
of the same order as the induction time [58, 77]. However, in the context of autoignition,
the time over which diffusion has a significant effect in the end-gas is asymptotically long
compared to the time taken for the flame to travel from x = 0 to x = 1. Autoignition
develops rapidly on a yet shorter time scale, therefore, we deduce that diffusion plays a
negligible role during autoignition.

The difficulty in modelling the ignition of a gas is that the energy released by the
chemical reaction induces motion in the gas [55, 56|, which, in turn, affects the rate of
reaction and the subsequent evolution of the gas [53, 57]. If the gas dynamics are ignored
and it is assumed that each fluid particle undergoes a constant volume ignition analogous
to that described in Section 2.2.3.1, then we can easily identify a constant volume induc-
tion time for each fluid particle directly from the initial temperature profile [97]. However,
in reality, the motion of the gas complicates how the time at which each particle explodes
depends on the initial conditions.

When energy is deposited in an inert gas, it is converted into thermal and kinetic
energy. Assuming the effect of diffusion is negligible, the behaviour of the gas depends on
the ratio of the energy deposition time scale and the characteristic time scale for acoustic
propagation through the region being heated, and on the ratio of the amount of energy
being deposited and the initial thermal energy of the gas. For example, Kassoy [55] finds
that, when a moderate amount of heat is added on a time scale much shorter than the
acoustic time scale of the region being heated, the behaviour of the gas is characterised
by ‘nearly inertial confinement’, where the temperature rises and the density remains
almost constant. By contrast, if the time taken for an acoustic wave to cross the heated
region is much shorter than the characteristic time scale for the energy deposition, then
the temperature rises and the pressure remains nearly constant [56]. Other distinguished
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limits are discussed in [55, 56].

For gaseous combustion, the situation is even more complicated. The rate of energy
deposition (i.e. the reaction rate) increases considerably as the temperature rises. It is
therefore possible for the behaviour of the gas to change from nearly constant pressure to
nearly constant volume as the reaction rate increases during the course of ignition [27].

Spatial variation in any of the initial conditions will lead to a localised explosion [79],
at what we will call a hot spot. Then, starting from the hot spot, either a detonation or
a deflagration will travel through the unburnt gas. We note that steep gradients in the
initial conditions can result in the ignition of a deflagration [53, 58]. However, due to its
significance when modelling autoignition, we focus here on the case where ignition results
in a weak detonation directly. We gain insight into when and where the gas first explodes
by considering the induction stage, where T'=1+ O(E™1).

2.2.4.1 Induction stage

The earliest stage of ignition is the induction stage, where ' =1+ O(E~!). We seek an
approximate solution to the model (2.17), (2.33) and (2.34) of the form

p~l1+E g+, ( )
Veal+d BV A4 ( )
T~1+E'T +-- (2.119¢)
Y~ 1+ E7Y 4o, ( )
u~E My 4 ( )

For easy comparison with the literature [e.g. 31], we use the Lagrangian coordinate rep-
resentation of the governing equations, and rescale both the time and space variables,

_eexp(b) ., _eexp(b) .

EQ7 U X = EMNO7 X- (2.120)

The time variable, ¢, is the same time variable that we used to study homogeneous ignition
in Section 2.2.3.1.

Substituting (2.119) and (2.120) into (2.17), (2.33) and (2.34), we find that the
leading-order behaviour of the gas is governed by

(9‘/1 3u1
17y, 2121
oi  ox (2.121a)
8u1 1 apl
i 2OP 2.121b
ot v Ox ( )
oy  ~v—10p
10O Ty, 2121
e ) (21219
107, ~—1
10h 7= 10Vi oy, (2.121d)

v ot voot
Rl (2.121e)



In writing (2.121), we have assumed the effect of the transport processes—viscosity and
diffusion—are negligible as ¢ — 0. Eliminating p;, V1 and u; from (2.121), we find a
single partial differential equation for 77,

0* (0T, 0* (0Th

In the literature, (2.122) is known as Clarke’s equation [21, 31]. The system of PDEs (2.121)
is often easier to work with than Clarke's equation, so, for convenience, we will refer
to (2.121) as Clarke's equations. In general, Clarke's equations (2.121) need to be solved
numerically, although asymptotic solutions can be found in the limits v — 1 [8, 76] and
@ — 0 [12]. Furthermore, exact solutions to Clarke's equations (2.121) can be found in
the special cases of where either the specific volume or the pressure is constant.

A key observation from the literature is that Clarke's equations (2.121) are singular.
That is, given finite initial and boundary conditions, the solution to (2.121) will first
become unbounded at some point, ¥ = X, at the finite time, £ = ¢;. A hot spot develops
at )A([ as tA — Z?].

2.2.4.2 Thermal explosion

The assumption that (2.119c¢) is an asymptotic series becomes invalid as 7} — oco. For the
one-step reaction (2.1), the subsequent evolution of the hot spot is described by Jackson
et al. [48]. They show that the gas undergoes a thermal explosion as  — ;, with the
temperature rising rapidly in a shrinking region of space centred around y;. Jackson et
al. [48] use the nonlinear time scaling (2.109) introduced by Kassoy [54] to describe the
evolution of the hot spot, and show that the leading-order approximation to the density
within the hot spot is constant. Despite the steep temperature gradients within the hot
spot, Jackson et al. [48] show that diffusion does not play a role in the evolution of the
hot spot, at least in the parameter regime they consider where the induction time is of
the same order as the acoustic time.

2.2.4.3 Singularity path

For the one-step reaction, the thermal explosion at the centre of the hot spot ends as
the mass fraction of the fuel approaches zero. Jackson et al. [48] do not go as far
as determining the structure of the gas witin the hot spot during the relaxation stage.
However, insights into the behaviour of the detonation formed during ignition can be
gained by further considering the solution to Clarke's equations (2.121). Despite the
singularity at (Y7,%;), we can continue to solve Clarke's equations at ¥ # X; for > f;.
With bounded initial data, the solution to Clarke’ equations becomes unbounded for every
Y at some finite time, which we denote by #;(X) so that £; = ming #;(X). In the literature,
the path defined by (X,%;()) is known as the singularity path [31]. The singularity path
can be determined using the numerical procedure outlined by Short and Dold [80].

The singularity path is necessarily supersonic because the solution to Clarke's equations
is finite at (Y, ) only if the solution is finite along the characteristics entering (¥, %) [28].
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What is more, dfl/d)z — 0 as x — X7, meaning that, initially, the apparent speed of the
singularity path is infinite [31].

While the singularity path travels through the gas at speeds faster than the Chapman-
Jouguet speed, the combustion wave that originates at the hot spot is best described as a
weak detonation. The structure of the weak detonation is quasi-steady [52], and its posi-
tion is accurately predicted by the singularity path [53]. If the singularity path slows down
below the Chapman—Jouguet speed, then structure of the detonation becomes unsteady
and the singularity path no longer accurately describes the position of the detonation.
A shock is formed at the rear of the detonation wave, as the gas there transitions from
supersonic to subsonic relative to the combustion wave. The shock propagates forward
towards the unburnt gas, ultimately resulting in a Chapman—Jouguet detonation with the
ZND structure [52, 53].

The autoignition front in Figure 1.7a is a weak detonation, suggesting that the mech-
anism that results in autoignition is similar to mechanism of ignition presented here. Of
course, for different chemical reaction mechanisms, the specific structure of the hot spot
and of the weak detonation will be slightly different. However, we recognise that the
position of the hot spot and the path of the weak detonation during autoignition will be
determined by the behaviour of the gas during the induction stage.

2.2.5 Combustion in confinement and autoignition

In Section 2.2.1, we discussed the theoretical literature on deflagrations and detonations,
and, in Section 2.2.2, we identified the quasi-steady structure of premixed flames for
the one-step (2.1) and three-step (2.6) reaction mechanisms. However, we have not yet
discussed how the flame interacts with the gas either side of it. We now begin to introduce
the work that will come in Chapters 3 and 4 and the context in which it sits.

We are concerned with finding the behaviour of gaseous premixed flames propagating
through a 1D channel of finite length with closed ends. Despite the apparent simplicity
(modelling in 1D rather than 3D), the theoretical understanding of gaseous combustion
in confinement is limited.

The difficulty with modelling premixed combustion in confinement is that flames are
subsonic, and therefore affect the gas either side of them through the production of
acoustic waves or shocks. For unconfined flames this does not present too much of a
problem; the wave produced when the flame is initiated will travel out into the unburnt
gas and does not subsequently interact with the flame. As long as the chemical activity
between the flame and the wave is negligible over the time-scale of interest, we are justified
in modelling the mass flux through the flame as constant®.

For flames in confinement, however, the production of acoustic waves or shocks
presents a particular difficulty. Any wave emitted from the flame will reflect from the
boundaries and subsequently interact with the flame again. The repeated reflection of
these waves between the flame and the confinements of the burning gas considerably
complicates modelling the behaviour of the flame.

61f however, the flame produces a shock of sufficient strength that the chemical activity in the gas
behind the shock cannot be ignored, then DDT will follow [83].
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Flames are often much slower than the speed of sound, meaning the disturbances
to the surrounding gas are weak, i.e. acoustic waves. Analytic progress can be made by
taking the limit of small Mach number, i.e. M — 0. We discuss how the limit M — 0 has
been used in the literature to understand, in part, the behaviour of flames in confinement.

2.2.5.1 Zero Mach number approximation

The limit M — 0 is a singular perturbation. Taking M = 0 in the conservation of
momentum equation (2.14b), we find that we are unable to specify the initial velocity,
and that the pressure is necessarily spatially uniform at all times. The approximation
M = 0, however, does allow us to gain some insight into how the pressure changes as the
flame moves. This is the approach Sivashinsky [84] uses to model a confined spherically-
symmetric flame. Sivashinsky [84] finds the structure of the combusting gas for a one-step
reaction mechanism (2.1), assuming the reaction is negligible away from the flame. They
find that the dynamics of the flame are governed by a single ODE. We discuss the zero
Mach number approximation in detail in Section 3.1, and show how the results in [84] are
applicable for reaction mechanisms other than the one-step reaction (2.1).

Like Sivashinsky [84], Kagan and Sivashinsky [49] study the behaviour of a flame in
confinement using the M = 0 approximation. However, they do not assume the reaction
rate is zero ahead of the flame. Instead they retain the source terms on the right-hand
side of (2.14c) and (2.16) when modelling the gas ahead of the flame. The model Kagan
and Sivashinsky [49] develop can be thought of as a simple model of autoignition, albeit
one which does not capture the highly localised nature of autoignition due to the M =0
approximation.

As a result of taking M = 0, Kagan and Sivashinsky [49] find that, ahead of the
flame, the temperature, 7%, and the mass fraction, Y}%, of the fuel are spatially uniform,
as is the pressure, p, throughout the channel. They find that the evolution of T%#, Y£
and p is governed by a system of three coupled ODEs. The reaction rate (2.17) we use is
slightly different to that used in [49], but, by using analogous analysis to in [49], we find
that the corresponding system of ODEs for our model (2.14), (2.16) and (2.17) is

dx* _ (TR + QY]{-%)2 E B oo
dt — Yr(1+Q)? eXp(2(1 +Q) 2(TR+QY]§))’ X'(0) =0, (2123)

p dT%  y—1dp R
N TR0) = 1 2.123b
TR d Sar Qr, (0) =1, (2.123b)
dy#
d—f = —'r, YE0) =1, (2.123c)

where 7 is given by (2.17) and x* is the position of the flame in the Lagrangian coordin-
ate (2.26). It follows from the conservation of mass that the pressure, p, is given in terms
of x* and Y by

p=1+7Q—7Q(1—x")YE. (2.123d)

Kagan and Sivashinsky [49] solve their system of ODEs (analogous to (2.123)) numer-
ically, and find that, for some parameter values, the temperature ahead of the flame rises
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suddenly before the flame completely crosses the domain. This sudden temperature rise
can be thought of as representative of autoignition. Kagan and Sivashinsky [49] observe
that autoignition occurs earlier for smaller values of ¢, corresponding to increasing the
length of the container. Such behaviour agrees with the numerical simulations by Yu and
Chen [95] that we have discussed in Section 1.3.2.2.2.

Kagan and Sivashinsky [49] stop short of providing the parameter regime where
autoignition occurs. However, we recognise that further analysis of (2.123) in the limit
E — oo is possible and would shine a light on the parametric dependence of autoignition.
In Section 4.1.1.1, we determine a critical temperature, below which autoignition does
not occur, by considering where the approximation that the chemistry in the end-gas is
negligible is justified in the limit £ — oo.

2.2.5.2 Multiple scales approach

The models by Sivashinsky [84] and Kagan and Sivashinsky [49] are instructive, but they
do not exhibit any spatial variation in the end-gas. The zero Mach number approximation
is therefore unable to capture the localised nature of autoignition.

As we will show in Section 3.3, ideas from the method of multiple scales [46, §7] can
be used to capture the acoustic waves in the gas either side of the flame. Previous studies
taking this approach [5, 37] have focused on modelling a channel with one end open and
one end closed, which is simpler than the case with both ends closed because the pressure
remains constant to leading order. It is assumed in [5, 37] that the chemistry in the gas
either side of the flame is negligible, and that the gas surrounding the flame is inviscid.

For a channel with one end open and one end closed, Bauwens et al. [5] find the
pressure perturbation either side of the flame can be written in terms of a series of
sinusoidal eigenmodes. The leading-order temperature takes a different constant value
on either side of the flame, meaning the frequency of each mode changes slowly as the
flame propagates through the channel. Therefore, Bauwens et al. [5] introduce an infinite
family of fast time variables to describe the time dependence of each mode. Pragmatically,
Bauwens et al. [5] consider the motion of a flame whose speed relative to the velocity of
the gas ahead of it is constant.

Fachini and Bauwens [37] build upon [5] by considering a flame where the gas is
reacting with a one-step Arrhenius reaction. The one-step reaction mass flux (2.70)
can be used consistently in the case where one end of the channel is open, because the
temperature ahead of the flame only changes by an O(E~!) amount. However, as we
will discuss in Section 4.1.2.1, the one-step reaction is not suitable for modelling flames
in a channel with both ends closed because the mass flux through the flame becomes
exponentially large as the temperature rises by an ord(1) amount ahead of the flame.

We find that there is an inconsistency in how the Chapman—Jouguet conditions are
applied in [5]. Bauwens et al. [5] find that the leading-order temperature and the density
perturbation are discontinuous across the flame, but the temperature perturbation, the
leading-order pressure and the pressure perturbation are continuous, which is inconsistent
with the equation of state (2.14d). To resolve this issue, we find it is necessary to
use ideas from the method of multiple scales in both time and space, as we discuss in
Section 3.3.4.3.
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In Section 3.3, we extend the work of Bauwens et al. [5] to describe the interaction
between a flame and the gas surrounding it in a channel with both ends closed. The
description of the eigenmodes in this case is more nuanced because the leading-order
temperature is not spatially uniform behind the flame.

2.3 Statement of originality

As discussed in Section 2.2, there is already a vast literature on mathematical modelling
of combustion. In the remaining chapters of this thesis, we build upon the existing body
of literature to provide novel insights into combustion in confinement and autoignition.

We use ideas from the method of multiple scales to understand the evolution of
acoustic waves during normal combustion in confinement. We describe the acoustic waves
in the gas either side of the flame as a series of modes, whose amplitude, frequency and
spatial structure slowly change. In private correspondence [4], Luc Bauwens has shared
incomplete, preliminary work on extending his work [5] to a channel with both ends closed.
In this unpublished work, Bauwens finds the leading-order pressure and density, but does
not find the form of the eigenmodes. We identify the eigenvalue problem to solve for
the spatial structure of each mode, and find the ordinary differential equations governing
the evolution of the amplitude of each mode. We find that the eigenmodes depend on
time only through the flame position, and not, for example, on the mass flux through the
flame. Additionally, we find that the solution behind the flame exhibits short-scale spatial
variations that have not been previously reported on in the literature.

The multiple scales framework we develop in Chapter 3 can be used with any chemical
reaction mechanism, provided that a suitable model for the mass flux through the flame
can be identified and that the asymptotic assumptions we make remain valid. We choose
to focus on the three-step reaction (2.6) rather than the simpler one-step Arrhenius
reaction (2.1) because, based on the experimental and numerical studies discussed in
Section 1.3, we do not expect the flame to accelerate excessively prior to autoignition;
for the one-step reaction, the mass flux through the flame increases to a point where
our analysis based on the limit M — 0 becomes invalid. We present numerical solutions
of our model for normal combustion for the three-step reaction (2.6). For asymptotic
consistency, we find we require an approximation to the mass flux with at most o(M)
errors. Therefore, in Appendix A, we extend the perturbation analysis by Dold [29] to find
additional terms in the asymptotic approximation to the mass flux through the flame for
the three-step reaction mechanism.

We further demonstrate how asymptotic analysis can be used to predict when and
how autoignition occurs. By considering the size of the reaction rate in the limit £ — oo,
we identify a critical temperature at which autoignition occurs for the simple, zero Mach
number model of Kagan and Sivashinsky [49]. Similarly, by considering which of the
three elementary reactions in the three-step reaction (2.6) dominate in the early stages
of autoignition, we identify a critical temperature at which autoignition occurs and derive
a model for the initial development of a hot spot for the three-step reaction. We find
that the behaviour of the end-gas is governed by Clarke's equations (2.121) during the
induction stage. Even though Clarke's equations are well-studied in the literature, the

65



situation we consider—with the rise in temperature partially driven by compression due to
the flame—is unconventional. We show how to systematically match the induction stage
solution with the multiple scales solution during the compression stage, resulting in initial
conditions that allow for numerical solution of the induction stage model. We solve our
induction stage model numerically for a range of initial conditions, and observe that hot
spots can develop at the flame, at the wall or in the bulk of the end-gas. As the amplitude
of the acoustic waves in the end gas decreases (i.e. as M gets smaller), we demonstrate
that the hot spot tends to develop at the wall.
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Chapter 3

Normal combustion

As we saw in Chapter 1, knock is a result of a sudden, rapid explosion in the unburnt
end-gas ahead of the spark-ignited flame. This explosion, known as autoignition, is first
apparent at localised points in the interior of the gas, often away from the flame or
cylinder walls. Predicting when and where these so-called hot spots occur requires an
understanding of the events leading up to autoignition. Therefore, in this chapter, we
model the propagation of a flame in confinement during the compression stage—the
period of normal combustion where we are justified in ignoring the effect of the chemical
reactions in the end-gas. We use asymptotic analysis in the limit of small Mach number,
M — 0, large Péclet number, ¢ — 0, and large activation energy, & — oo to simplify
the model (2.14) and identify the structure of the combusting gas. First, we outline the
simplifying assumptions that come from taking ¢ — 0 and E — 00, and write down a
model for normal combustion with M as a parameter. We then, in Sections 3.1-3.3,
derive three approximate solutions to this model with increasing fidelity, using the fact
M < 1 to simplify the gas dynamics.

Throughout this chapter we use the Lagrangian coordinate, y, defined in (2.26) to
describe spatial variations either side of the flame. The benefit of using a Lagrangian
coordinate system over an Eulerian (or lab-based) coordinate system is that in a Lagrangian
coordinate system the flame position is monotonic in time because each fluid particle
passes through the flame only once.

Since € < 1, the transport processes (thermal and chemical diffusion, and viscosity)
only have a significant effect in boundary layers, which are thin compared to the length of
the container. One such boundary layer is the flame, across which the gas burns. In this
chapter and the next, we treat the flame as a discontinuity between two regions of inviscid
gas, labelled as regions | and V in Figure 2.4. The Chapman—Jouguet conditions (2.47)
apply across the flame and relate the pressure, velocity and specific volume adjacent to
either side of the flame.

As part of the solution, we need to find the flame position, x = x*(¢). To solve
the free-boundary problem for the flame position, we require knowledge of the mass
flux, q, through the flame. By analysing the quasi-steady interior structure of the flame in
Section 2.2.2, we have derived models for the mass flux, consistent with the one-step (2.1)
and three-step (2.6) reaction mechanisms. As a simple and motivating example, we also
consider the case of constant mass flux, ¢ = 1.
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Throughout this chapter we assume that the rate of heat release due to chemical
activity ahead of the flame is negligible in the limit £ — oo and € — 0. Clearly, chemistry
has a significant effect during autoignition, and in Chapter 4 we will analyse when the
assumption that chemistry is negligible breaks down. However, for now, we consider the
case of ‘normal combustion’ where the rate of chemical reaction in end-gas, ahead of
the flame, is sufficiently small that we can ignore the effect of chemical reaction there.
Furthermore, we assume the rate of heat release behind the flame is also zero because we
assume the gas leaving the flame is completely burnt. That is, we assume there is no fuel
or radical behind the flame, so Y = Yz = 0 for x € (0, x*).

Occasionally, we will need to specify the mass fraction of the fuel and/or radical, for
example when evaluating the mass flux through the flame. In Section 4.1.1.2, we will use
quadrature to track the small amounts of radical produced in the end-gas. However, for
this chapter, it will be sufficient to approximate Y» and Yz where needed by

0, f e (0, x*
A (N N P (S IUT RN C R
1, for x € (x*,1),

By taking ¢ — 0 and £ — oo, we find that the problem of modelling normal com-
bustion in confinement simplifies to modelling two regions of inert, inviscid gas separated
by a free boundary (the flame). In the limit ¢ — 0 and E — oo, on both sides of
the flame—that is, for x € (0, x*) and x € (x*, 1)—the equations (2.33) governing the
conservation of mass, momentum and energy become

oV Ou

- 7 = 2
ou 1 op
BN + ’YMQa =0, (3.2b)
0S
E = 0, (32C)

where V' is the specific volume, u is the velocity and p is the pressure. The entropy, 5, is
given by
S =~ tlog(pV7), (3.2d)

and the temperature, T', is given by
T =7pV. (3.2¢)
The flame position, xy = x*(t), is found by solving

dy*

where ¢ is the mass flux. The mass flux through the flame in general depends on the con-
ditions in the gas immediately ahead of the flame. In this chapter, we mainly consider the
mass flux model for the three-step reaction (2.6), that we determined in Section 2.2.2.2.
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However, for comparison, we will occasionally mention the one-step reaction mass flux
model (2.70), and the constant mass flux model, ¢ = 1.
The Chapman—Jouguet conditions (2.47) across the flame, y = x*, are

[u+qV]" =0, (3.4a)

[p+M*Ve]" =0, (3.4b)
Y=L e o "

pV+ =MV =, (3.4c)

where, as in Chapter 2, we use [¢)]T to indicate the jump in %; in this case, [¢)]7 =

limx\x* w - limx/(x* w

Finally, to specify a solution of (3.2)-
conditions. At the fixed boundaries, x = 0
0,

u(

fort > 0. For 0 < x < 1, we impose the initial conditions

(3.4), we require some boundary and initial
and y = 1, we impose that

£) = u(1,t) = 0, (3.5)

p(x,0) =V (x,0) =1, u(x,0)=x"(0)=0. (3.6)

The boundary and initial conditions (3.5) and (3.6) have been chosen to be representative
of the ignition of a quiescent reactive gas at one end of a rigid, insulated, impermeable
container. We do not concern ourselves with the actual ignition of the flame itself.

As an aside, taking ¢ — 0 is a singular perturbation, meaning we only require a
reduced set of boundary conditions (3.5) to solve (3.2) compared to the set of boundary
conditions (2.24) required to solve the full model, {(2.14), (2.22) and (2.23)}. If we
had specified general heat or species flux boundary conditions in (2.24), then we would
need to consider boundary layers at y = 0 and y = 1 of size O(e!/?). However, as it is,
the solution to (3.1)—(3.6) satisfies the zero flux boundary conditions (2.24), so further
consideration of boundary layers at Yy = 0 and y = 1 is not necessary.

In the following sections we analyse the model (3.2)—(3.6) in the limit A/ — 0. Taking
M — 0Ois a singular perturbation problem; when M = (0 we are unable to freely choose the
initial velocity or pressure profiles, and the pressure throughout the combustion chamber
remains spatially uniform at all times. However, the approximation M = 0 does allow
us to gain some important insights into how the pressure changes as the flame moves.
Therefore, in Section 3.1, we take the zero Mach number approximation and find a simple
model for a flame in confinement where the dynamics of the flame and surrounding gas
are governed by a single ODE. In Section 3.2, we consider the early interactions between
the flame and acoustic waves for t = O(M). The resulting model is able to satisfy the
initial conditions (3.6), but is not valid for ¢ = ord(1) as M — 0. In Section 3.3, we
use an adapted version of the method of multiple scales to find an approximate solution
to (3.2)—(3.6), valid in the limit A/ — 0, which is both able to satisfy the initial conditions
and is valid for ¢t = O(1). Finally, in Section 3.4, we compare the solutions to all three
models.
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3.1 Zero Mach number approximation
In the limit M — 0, the momentum equation (3.2b) becomes

9 _

I O(M?). (3.7)

The limit M — 0 is a singular perturbation; if we take M = 0, then we are unable to
choose the initial condition for u freely. More significantly, (3.7) implies that the pressure
is spatially uniform when M = 0, meaning we are unable to predict any spatial variation
in pressure, let alone the large local pressure rise produced during autoignition.

By taking M = 0 we essentially ignore the acoustic waves produced by the flame, or,
rather, we assume that the acoustic waves act to instantaneously regulate the pressure. In
Sections 3.2 and 3.3, we account for these acoustic waves in the limit A/ — 0. However,
taking M = 0 substantially simplifies the analysis of (3.2)—(3.6), and we gain important
insights into how a flame interacts with its surroundings by solving the resulting reduced
model. In particular, the pressure and the temperature profiles we find by solving the zero
Mach number approximation are precisely the leading-order approximation to the pressure
and temperature we find using the method of multiple scales in Section 3.3.

The analysis in this section is analogous to the analysis of Sivashinsky [84]. Sivashinsky
uses the zero Mach number approximation to model a spherically-symmetric flame in
confinement, assuming the gas burns with a one-step reaction mechanism (2.1). We
emphasise here that some of Sivashinsky's results are independent of the flame chemistry,
including the temperature profile behind the flame.

3.1.1 Approximate governing equations

In Sections 3.2 and 3.3, we will seek an asymptotic solution to (3.2)-(3.6) as M — 0. For
now, though, we take M to be equal to zero. This should be seen as an illustrative way of
identifying the structure of the combusting gas, rather than a formal way of conducting
asymptotic analysis.

Taking M = 0, we find that, on both sides of the flame, the governing equations (3.2)
are

oV Ou
dp
oy = (3.8b)
9,
— (v log(pV7)) = 0. (3.8¢)

ot

The flame position, x = x*, is found by solving (3.3). At the flame, x = x*, the zero
Mach number approximations to the Chapman—Jouguet conditions are

[u+qV]T =0, (3.92)

plI= =0, (3.9b)
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V]I =-0Q. (3.9¢)
We solve (3.3), (3.8) and (3.9), subject to the boundary conditions (3.5) and the initial
conditions,

p(x,0) =V(x,0) =1, x"(0) =0. (3.10)
An immediate consequence of (3.8b) and (3.9b) is that the pressure is spatially uniform
throughout the domain, with

p=p(t), (3.11)
for x € (0,1).

3.1.2 Ahead of the flame

We now consider the regions ahead of and behind the flame in turn to reveal the ODE
governing the evolution of p(¢). Since we start with uniform conditions ahead of the
flame (3.10), we deduce from (3.8¢c) that, for x € (x*, 1),

V= V() = plt) (3.12)

We use the superscript ‘R’ for ‘right’ to indicate the values of the dependent variables

ahead of the flame. Integrating (3.8a) with respect to x, and applying the boundary

condition u = 0 at x = 1, we find

(1—x)VTdp
P dt’

for x € (x*,1). Note that in (3.12) and (3.13) we have been able to write u* and V% in
terms of p and dp/dt.

u=ul(y,t) = (3.13)

3.1.3 Behind the flame

Similarly to the situation ahead of the flame, from (3.8c) we deduce that the entropy, S,
behind the flame is constant along lines of constant y. However, since the flame starts
at xy = 0, the gas behind the flame was initially ahead of the flame so we cannot use the
initial conditions (3.10) directly to determine the entropy behind the flame. Instead, the
entropy at x € (0, x*(¢)) is determined by the entropy at the earlier time, t* < ¢, when
the flame was at x. We define t*(x) as the inverse of the flame position function, x*(¢),
so that

X (" (X)) = x- (3.14)
Using the superscript, ‘L’ for ‘left’ to denote the values of the dependent variables behind
the flame, we find the entropy, SZ(y), is given by

SH(x) =~ "log(p(t)VF(x,t)") (3.15a)
=y Hog(p(t* (x))V (x. t*(x))") (3.15b)
=7t (bt 0) (V000 + ity ) ) (3.15¢)
:»fllog(( +Op(t* )I*T”)W). (3.15d)
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Here the equality (3.15c¢) follows from the Chapman—Jouguet condition (3.9¢c), and (3.15d)
follows from (3.12). We deduce that the specific volume, V, is given by

1—

V= VEGE) = p) 7 (14 Q' () ). (3.16)

for x € (0,x*(t)). Differentiating (3.16), we find upon integrating (3.8a), and applying
the boundary condition u = 0 at y = 0, that
1dp [X

u=ul(x,t) = ——-— VEiis, t)ds. 3.17
()= [ Vhen (317)

3.1.4 Pressure in terms of flame position

In Sections 3.1.2 and 3.1.3 we found expressions for the specific volume, V', and velocity,
u, either side of the flame in terms of the pressure, p(t), and the flame position, through
t*(x). In this section we use the conservation of mass to identify an ODE we can solve
for p(t).

Eliminating V' from the Chapman—Jouguet conditions (3.9a) and (3.9c), which rep-
resent the conservation of mass and energy across the flame, we find that the jump in
velocity across the flame is

Qq

uf (7 (1), 1) — ul(x* (1), 1) = ==. 3.18
(x"(2),t) (xX*(2),t) o) (3.18)
Substituting the expressions for the velocity, (3.13) and (3.17), into (3.18), we find
1 dp [!
——p/ Viy = 94 (3.19)
vp(t) dt Jo p(t)
It follows from the conservation of mass (3.8a) that
1
/ Vdy=1. (3.20)
0
We therefore deduce that the pressure, p(t), satisfies
dp
5 =9 p(0)=1. (3.21)

By eliminating ¢ from (3.3) and (3.21) and integrating, we find that the pressure and
flame position satisfy
p=1+7Qx"(1). (3.22)

Note, in deriving (3.22) we have not used any information about ¢, so the relation-
ship (3.22) between the flame position and pressure holds regardless of the underlying
chemistry. Substituting (3.22) into the expression (3.16) for the specific volume behind
the flame, we find

1—v
5

Vi) = (L+9Qx" (1) (1 +Q(1+7Qx) ) : (3.23)
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Figure 3.1: Temperature and velocity profiles for six equally-spaced flame positions,
including x* = 0 and x* = 1, found by taking M = 0. For this figure, v = ) = 1.4 and
qg=1.

We recognise that the specific volume profile depends on time only through the position
of the flame, and not, for instance, on the mass flux through the flame. The same is also
true for temperature, since we have
-1 1y
T = (1+7Qx*(1)) (1+Q(1+7Q><) g ) for x € (0,x"),
T=pV = - (3.24)
TR = (14+9Qx*(t) for x € (x*,1).

The temperature profile (3.24) is plotted for six equally-spaced flame positions in Fig-
ure 3.1a.

By taking M = 0 we have reduced the dynamics of a flame in confinement to a
single ordinary differential equation (3.21), which is a substantial simplification from the
system of partial differential equations (3.2). The simple zero Mach number approximation
captures some of the features of normal combustion, including the Mache effect—the
non-uniform temperature profile behind the flame [49]. Unfortunately, however, by taking
M = 0 we are unable to specify the initial velocity of the gas; the velocity profile is given
by (3.13) and (3.17), and is plotted for ¢ = 1 for six equally-spaced flame positions in
Figure 3.1b.

3.2 Early-time behaviour: acoustic disturbances

In Section 3.1, we derived a simple model for a flame in confinement by taking M = 0
in (3.2)—(3.6). While the zero Mach number approximation provides us with useful insights
into the structure of the combusting gas, it is not able to capture the initial velocity profile
of the gas. From the numerical simulations discussed in Chapter 1, we expect that the
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expansion of the burning gas produces an acoustic wave that propagates into the unburnt
gas at a speed much higher than the flame speed. In this section, we investigate the
behaviour of the acoustic waves produced at the flame, and derive an asymptotic solution
to (3.2)—(3.6), valid for t = O(M) as M — 0.

3.2.1 Rescaled governing equations

In order to model the acoustic waves produced by the flame, we introduce a new time
variable, 7, defined by
t=Mr. (3.25)

The motivation behind rescaling the time variable in this way is so that 7 = O(1) is

representative of the time taken for an acoustic wave to cross the domain. As we will see,

the time at which the first acoustic wave arrives at the right-hand wall, y =1, is 7 = 1.
In terms of 7, the governing equations (3.2) are

oV M@u

— — — .2
57 o 0, (3.26a)
ou 10p
M— 4+ ——= = 2
5t oy = (3.26b)
oS

where the entropy, .S, is given in terms of p and V' by
S =y tlog(pV"). (3.26d)

The flame position is found by solving

*

dx
dr

We seek an asymptotic solution to (3.26) and (3.27) in the limit M — 0, subject to the
Chapman—Jouguet conditions (3.4), boundary conditions (3.5) and initial conditions (3.6).
Formally, we pose that the solution takes the form of Poincaré series [46, §2.5], with

= Mg (3.27)

X~ M+ (3.28a)
p~po+ Mp+---, (3.28b)
Ve Vo MVi 4+ (3.28¢)
U~ Uyt (3.28d)

as M — 0. By substituting (3.28b) and (3.28c) into (3.26d), we see that the entropy, S,
can also be written as an asymptotic series,

S~ So+ MSy+ -+, (3.28¢)

as M — 0, where
So = v tlog(poVy), (3.29a)
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Yo Vo
To proceed we substitute the expansions (3.28) into the governing equations (3.26) and
compare coefficients of M. In Sections 3.2.2 and 3.2.3 we show that the leading-order
pressure, po, and specific volume, Vj, are constant either side of the flame, and the
perturbations, p; and wug, to the pressure and velocity are linear acoustic waves.

S = (3.29b)

3.2.2 Ahead of the flame

We first consider the behaviour of the gas ahead of the flame. Substituting the expan-
sions (3.28) into the governing equations (3.26) and comparing ord(1) terms, we find

Vo  9py DS

ooy o (3.30)

Applying the leading-order initial conditions, V;(,0) = po(x,0) = 1, we deduce that the
leading-order specific volume and pressure ahead of the flame are constant,

Vi =plt=1. (3.31)

Initially the specific volume and pressure perturbations are zero—that is, V;(y,0) =
p1(x,0) = 0 for x € (0,1). From the expression (3.29b) for the entropy perturbation,
S1, and the ord(M) approximation to the energy equation (3.26c),

85,
- =0, (3.32)

we deduce that Sf* = 0. Substituting Sf* = 0 and (3.31) into (3.29b), we find

vE=_0 (3.33)

Using (3.33), we are able to eliminate V; from the ord (M) approximation to (3.26a),

oV Ouyg
2 _ 20 . 34
N 0 (3.34)

We find that the remaining equations to solve to determine pf and uf® are

18Lﬁz+8ué%

Oug 1 0ptt

p— . . b
oot =0 (3.35b)

The hyperbolic system of partial differential equations (3.35) describes acoustic waves
travelling through the unburnt gas with unit speed. We solve (3.35) using the method of
characteristics in Section 3.2.4.

75



3.2.3 Behind the flame

We now show that the leading-order specific volume, V{, and pressure, py, behind the
flame are also constant. The leading-order approximations (3.30) to the governing equa-
tions (3.26) hold for x € (0,x*(7)). We infer that py is spatially uniform behind the
flame from (3.30). From the leading-order approximation to the Chapman—Jouguet con-
dition (3.4b),

[pol = =0, (3.36)

we deduce that p, is continuous across the flame, and therefore py = 1 for x € (0,1).
From the leading-order approximation to the Chapman—Jouguet condition (3.4a) and the
leading-order solution ahead of the flame (3.31), we deduce that the specific volume, V%,
immediately behind the flame is given by

Vo (' (1),7) =1+ Q. (3.37)

Since, by (3.30), VOL is constant along lines of constant x, we conclude that behind the

flame
ph=1, ViE=1+0. (3.38)

Behind the flame, we eliminate V; from (3.34)—the ord (M) approximation to (3.26a)—
using (3.29b) and (3.32). We find that p* and u} satisfy

1+ Q opt +8u0L

et =0, (3.39)
oul 1 0pk

R S .39b
e (3.39b)

In deriving (3.39), we have used (3.38) to evaluate V" and pl. We solve the hyperbolic
system of partial differential equations (3.39), which describe acoustic waves travelling at
speed 1/(1 4 @), using the method of characteristics in Section 3.2.4.

For completeness, the specific volume perturbation, VlL, can be written as

VL
Vi = ==t (x, 7) + ViSE (X)), (3.40)
YPo
where V& = 1+ Q, po = 1, and p! is the solution to (3.39). One would need to consider
the ord (M) approximation to the Chapman—Jouguet condition (3.4a),

[poVi +m Vo)== 0, (3.41)

to find an expression for SlL. However, in the context of autoignition, there is very little
benefit to finding an expression for S¥ explicitly; we are more interested in the behaviour
of the gas ahead of the flame. From the solution to (3.39), we have sufficient information
about the conditions behind the flame to solve for py, Vi, ug ahead of the flame.
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3.2.4 Solution using the method of characteristics

In Sections 3.2.2 and 3.2.3 we found that the pressure and velocity perturbations, p; and
ug, are linear acoustic waves, described on either side of the flame by

Vo O (pl) Ouyg

—— = )+=—=0, 3.42a

po 0T \ v ox ( )
dug J (p;

Y 2 () 2 42
8T+8x(7> 0, (3.42b)

where po and 1 are given by (3.31) and (3.38) either side of the flame. After some
algebraic manipulation, we see that (3.42) can be rewritten as,

0 Vo 1 po ' O Vo p1
— |ty ——Fu | £/ =— |/ ——+u | =0. 3.43
37(\/1907 0) \V Vo dx Po Y ’ (3.43)

Using the method of characteristics [72, §2.2], we deduce that, on either side of the flame,

the quantity £v 'py/Vo/po + 1o is constant along lines with dy/d7 = ++/po/Vo . We
solve (3.43) subject to the initial and boundary conditions

p1(x,0) =up(x,0) =0, up(0,7) =wue(l,7) =0, (3.44)

for >0, x € (0, x*(7)) U (x*(7), 1).

We are yet to solve (3.27) for the flame position, x = x*(7). In general, the mass
flux, ¢, through the flame will change in time as the conditions in the gas ahead of
the flame change. If the ord(M) temperature perturbation, 77, ahead of the flame
affects the leading-order approximation to the mass flux, g, as is the case for the one-
step reaction (2.70) when (EM)~! = O(1), then we would have to solve for ¢, p; and
ug simultaneously. However, the leading-order approximation to the mass flux for the
three-step reaction, given by (2.88), is constant for 7 = O(1) because the leading-order
chemical composition (3.1) and leading-order thermodynamic properties (3.31) ahead of
the flame are constant. Hence, for simplicity, we choose to focus on the case where
q=qo+ O(M) and g is constant. Substituting (3.28a) into (3.27) and integrating, we
find that

Xi = 4T, (3.45)

where we have used the initial condition, x7(0) = 0, to set the constant of integration
to zero. Across the flame, the Chapman—Jouguet conditions (3.4) imply the pressure
perturbation, pq, is continuous,

(1] =0, (3.46a)

and there is a jump in wuy,
(o] " = Qqo. (3.46b)

We are now in a position to model the interaction between the flame and acoustic
waves. Initially, the flame is at the left-hand wall, x* = 0, and the gas ahead of it is
still. Having uy = 0 on either side of the flame is inconsistent with (3.46b). A step-
like acoustic wave is therefore produced from the flame and travels into the unburnt gas
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Figure 3.2: Characteristic diagram: (a) Reflection and transmission of acoustic waves
(black) at the flame (pink), and reflection of acoustic waves at the walls, x = 0 and
X = 1, (b) Acoustic waves emanating from the flame. For this figure, Q = 1.4, q¢o = 1
and M = 1/40.

along the characteristic y = 7, as illustrated in Figure 3.2a. From (3.46b), we deduce that
ug = (Qqo immediately ahead of the flame, because the gas adjacent to the rigid wall y = 0
has zero velocity. Since —y~'p; + ug is constant along the dy/dr = —1 characteristics
ahead of the flame, we deduce from the initial and boundary conditions (3.44) that the
pressure perturbation, p;, behind the first pressure wave is p; = 7Qqo.

At 7 = 1, the acoustic wave hits the boundary, x = 1, and reflects back towards the
flame. The magnitude of the pressure jump across the reflected wave is the same as the
incident wave, meaning the pressure perturbation at the wall, x = 1, is p; = 27Qqo.
Behind the reflected wave, the velocity is zero. At the moment the reflected acoustic
wave hits the flame there is an instantaneous imbalance of pressure across the flame. To
restore the gas to a state where the Chapman—Jouguet conditions (3.46) hold across the
flame, two acoustic waves are generated—one travelling into the unburnt gas and one
travelling into the burnt gas. The characteristics emanating from the flame following a
flame-acoustic interaction are depicted in Figure 3.2b. We denote the values of p; and
ug adjacent to the flame at the moment the acoustic wave hits the flame by pff = pf,,
ull = ully, pF = pL, and ul = ul,, and denote the values of p; and uy adjacent to
and ahead of the flame following the collision by pf = pe, and ul! = unew, as shown in
Figure 3.2b. Using the method of characteristics on (3.43), and taking into account the
Chapman—Jouguet conditions (3.46), we find that ppew and upey satisfy

L
1+@Q p";w + tUnew — Qo = /14 Q p;'d + uky, (3.47a)
R
Pro e = P24 — (3.47b)
gl gl
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Figure 3.3: Pressure perturbation, py, at the right-hand wall, x = 1, plotted against 7.
For this figure, v = Q =14, ¢ =1 and M = 1/40.

Each acoustic wave produced at the flame travels away from the flame until it arrives
at one of the boundaries, x = 0 or x = 1. The wave then reflects back towards the
flame, before hitting the flame and generating more acoustic waves, as illustrated in the
characteristic diagram in Figure 3.2a.

We use a numerical implementation of the method of characteristics that tracks each
acoustic wave. At each step of our method, we note the position of the flame, and the
position, amplitude and direction of travel of all the acoustic wave fronts. Using the speed
of sound on either side of the flame and the speed of the flame, we calculate the time at
which an acoustic wave next hits either the flame or one of the walls, and then update the
position of the flame and all the acoustic waves. When an acoustic wave hits the flame,
we delete that acoustic wave from our list, and add two new acoustic waves at the flame
position—one travelling in each direction for the transmitted and reflected components of
the incident wave. When an acoustic wave hits one of the walls, we delete that acoustic
wave from our list, and add another wave travelling in the opposite direction. Despite
the simplicity of the method of characteristics, it is infeasible to use this method for large
times because the number of waves that need tracking increases exponentially.

In Figure 3.3, the pressure perturbation, p;, at the right-hand wall, x = 1, is plotted
against 7. The cumulative effect of the repeated interactions between the flame and
the acoustic waves is an overall increase in pressure, which is evident in Figure 3.3. As
the pressure perturbation, p;, increases, our assumption that (3.28b) is an asymptotic
series becomes invalid. The model (3.42)—(3.46) is therefore only valid for 7 = O(1) as
M — 0. In Section 3.3, we use the method of multiple scales to derive a model for normal
combustion that is valid for t = O(1).
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3.3 Long-time behaviour: multiple scales analysis

So far in this chapter we have looked at the problem of flame propagation on two distinct
time scales. In Section 3.1, we looked at the adiabatic compression of the unburnt gas on
the ¢-time scale, with t = O(1) representative of the time taken for the flame to cross the
domain. In Section 3.2, we looked at acoustic variations in the unburnt gas on the 7-time
scale, with 7 = O(1) representative of the time taken for an acoustic wave to cross the
domain. Unfortunately, both of these models are unsatisfactory for understanding normal
combustion; the former does not satisfy all of the initial conditions (3.6) and the latter
does not remain asymptotic for ¢t = ord(1).

To understand the long-time behaviour of the flame, we need to account for both the
rapid acoustic variations in the gas and the slow adiabatic compression associated with
the flame propagation, which, as we have seen, occur on disparate time scales. One might
expect that we could use the method of multiple scales [46, §7], treating t and 7 =t/ M
as independent variables. However, due to the changing sound speed in the gas either
side of the flame, we are unable to find an asymptotically consistent solution using only
a single short time variable. Instead, we use a method similar to the WKBJ method for
linear equations [46, §7.5] and similar to the method exploited by Bauwens et al. [5].

Ultimately, we find that the leading-order approximations to the pressure, temperature
and specific volume vary slowly in time. The leading-order pressure, temperature and spe-
cific volume perturbations and the leading-order approximation to the velocity vary rapidly
in time, and can be written in terms of a series of modes whose frequency, amplitude and
spatial structure all vary slowly with time. Specifically, in Section 3.3.4, we find that the
solution to (3.2) for the pressure, p, has the form

p~po(t) + M (Pi(t) + pi(x,t)) + o(M), (3.48)
as M — 0, where
P06 = D (Aa()e® OP 4 A @O G (1), (3.49)
n=1

and po(t), p1(t), (An(t))n>1, (On(t))n>1 and (Gn(x,t))n>1 are functions we define as part
of the solution. In some sense, the phase, 7,, = ¢,(t)/M, can be thought of as a short
time variable that describes the evolution of the mode indexed by n. It is tempting to
press forward with the method of multiple scales by treating ¢ and (7,,),>1 as independent
variables [5]. However, we will need slightly more flexibility in our notation to deal with
nonlinear terms, such as d(p?)/0t. For all n > 1, 7, is ord(1/M), so while developing
the model we let 7 be a representative short time variable, where

7= o(t)/M (3.50)

and ¢(t) is a function of ¢ with ¢(t) = O(1) as M — 0. As usual in multiple scales
analysis [6, §11.2], we treat 7 and ¢ as independent variables, so that the ¢-derivatives

in (3.2) become 9 ) '20) (£> . (2) ' (3.51)
ot M \or), \ot).
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At this stage, it is also necessary to introduce a representative short space variable, ¢,
because, in Section 3.3.4, we find that the entropy, S, exhibits fine spatial variations
behind the flame. We define { by

¢= ¢(X)/M7 (352)

where () is a function of y with ¢(x) = O(1) as M — 0. We treat ¢ and x as
independent variables, so the x-derivatives in (3.2) become

Written in terms of ¢, 7, x and (, the governing equations (3.2a) and (3.2b) either
side of the flame are

ov 8V ou ou
10 EAS YA & 54
Ay A ) (3543
ou ou Y'(x)0p M dp
2 7 OU sdu  Y(Xx)Jdp
MG (1) g+ MY+ g e (3.54b)

From (3.2c), we conclude that the entropy, S, on both sides of the flame is independent
of t. Therefore, in this multiple scales formulation, S is a function of y and (,

S(x,¢) =~ og(pV7). (3.54c)
In terms of ¢ and 7, the equation (3.3) for the flame position, x*, is
ox* ox*
= Mgq. 3.55
¢'(t) 5 P q (3.55)

We pose that the solution of (3.54) and (3.55) takes the form of Poincaré series [46,
§2.5], with

X5~ xg + MXT A+ MAxG (
p~po+ Mpy+ M?py+ Mps + - -+ | (3.56b
Ve Vot MVi4+ M?Vy - (
u ~ ug + Muy + Mug + - -+ (

as M — 0. Substituting (3.56b) and (3.56¢) into (3.2¢) and (3.54c) and Taylor expanding
in powers of M, we deduce

T~Ty+MT) +---, (3.56¢)
S~ So+ MS; + M?*Sy + -, (3.56f)
as M — 0, where
TO — po‘/o7 (3573)
Ty = p1Vo + poVi. (3.57b)

81



So(x,¢) =7 log(poVy), (3.58a)

y4 Vi
Si(x, ) = —+ —, 3.58b
1(X C) LT ( )

P2 P% Va V12
Sa(x;, ¢) o 2vp2 + Vo 2v2 (3.58¢)
To proceed, we substitute the expansions (3.56) into (3.4)—(3.6), (3.54) and (3.55),
and compare coefficients of powers of M. By introducing additional variables to represent
short time and length scales, we have introduced additional degrees of freedom to the
model (3.2)—(3.6). In the following analysis, as with conventional multiple scales analysis,
we exploit the extra degrees of freedom to ensure the solution (3.56) remains asymptotic
for t = O(1). Note that, in writing (3.48), we have separated the ord(M) term into an
oscillatory component, p;, with zero mean, and a slowly-varying component, p;, where
O0p1/01 = 0. Separating the pressure, and subsequently all other dependent variables, into
two components in this way allows us to identify the solubility (or solvability!) conditions
that are necessary for us to proceed with the method of multiple scales, and will form a
central part of the analysis for the rest of this chapter.

3.3.1 Approximate flame position

Finding an approximation to the flame position, x*, is an important first step in our
analysis. We use the leading-order approximation, xg, to the flame position to define the
domain on which we solve (3.54).

To solve (3.55) for the flame position, we must specify a model for the mass flux, ¢.
In this section we consider the mass flux model derived in Section 2.2.2.2 for the three-
step reaction (2.6). We do not consider the one-step reaction mechanism in this section;
the unsuitability of the one-step reaction mechanism for modelling normal combustion in
confinement and autoignition will be discussed in Section 4.1.

In Section 2.2.2.2, we found the mass flux through a flame with three-step chem-
istry (2.6) has form

g ~ O (TR YR 4 E-1g(TR YR + O(E™?), (3.59)

as B — oo, where ¢ and ¢V are given by (2.88) and (2.94) respectively, provided
that EM = O(1). Recall that, here, T = lim~« T% and Y = lim, - YZ are
the temperature and mass fraction of fuel immediately in front of the flame, respectively.
To use (3.59) consistently with the asymptotic expansions (3.56) in (3.4) and (3.55),
we need to specify the relative sizes of F and M. In Section 4.2, we will reason that
the distinguished limit defined by EM = O(1) and E?M >> 1 is of most interest for
studying autoignition. Hence, for the rest of this chapter, we will limit our discussion to
the parameter regime where EM = O(1) and E*M > 1.

1\We use the same terminology as Hinch [46].
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In Section 3.3.4, we find that the temperature, 77 immediately ahead of the flame
can be written as . )
TR ~ TE + M(TF + TF) + o(M), (3.60)

where OT{™ /01 = 0T /or = 0% TF* dr = 0. Substituting (3.1) and (3.60) into (3.59)
and expanding in powers of M, we find that ¢ can be written as,

q~qo+ Mg + o(M), (3.61)
where ¢; = ¢; + ¢1, and
g0 = ¢ O(T3", 1) + B~ qW(T5™, 1), (3.62a)
N O
g =T 2 , (3.62b)
aT (TR*,YR*):(T(F*J)
)
q="T" qR* : (3.62¢)
or (TR )Y Bx)=(TF* 1)

As with (3.48), we have split the ord(A/) term in (3.61) into two parts, emphasising that
0¢, /0T =0 and fozw g1 dT = 0. Before the end of this section, we will see that splitting
¢1 in this way allows us to find an equation governing the evolution of 7.

As a brief aside, note that the O(E~!) term, E~1¢Y(T* 1), has been included
in the O(1) term (3.62a) because the parameter regime we are studying, defined by
EM = O(1) and E*M > 1, includes the possibility that E~! > M. Furthermore, the
error in the approximate mass flux (3.61) is o(M), not O(M?). We could include O(E~2)
and O(E~'M) terms in ¢y, if we were so inclined. However, an O(M) description of the
mass flux with o( M) errors is acceptable for our discussion.

We are now in a position to find the flame position, x*. Substituting (3.56a) and (3.61)
into (3.55) and comparing powers of A, we find the leading-order flame position, xg,
satisfies

OXG

or
We conclude that x is a function of ¢ only. From the ord(M) approximation of (3.55),
we find that

= 0. (3.63)

N dxg
t)— = — + qp. .64
¢()07' dt qo (36)

For (3.56a) to remain asymptotic for ¢ = ord(1), we cannot have x7 growing faster than
Xo- As we have established in (3.62a) and (3.63), x§ and ¢ are independent of 7. We
therefore insist that

dxg

dt
to prevent x7 growing linearly with 7, which would otherwise invalidate our assumption
that (3.56a) is asymptotic for ¢ = ord(1). Similarly, from the ord(M?) terms of (3.55),
we find

o OXs - dxi
d(t)5- @ =—— "+ (3.66)
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Since X7 and ¢; are independent of 7, and fo% ¢1 d7 = 0, we require

% = q1, (3.67)
to prevent x5 growing linearly with 7.

By solving (3.65) subject to the initial condition x(0) = 0, we find the leading-order
approximation to the flame position, x* = x(t). Going forward, we use the leading-
order flame position, X, as the divider between the burnt and unburnt gas. That is,
we solve (3.54) for x € (0,x¢) U (x5, 1), rather than for x € (0,x*) U (x*,1). To
find the appropriate boundary conditions to apply at x = xg, we substitute (3.56a) into
the Chapman—Jouguet conditions (3.4) and Taylor expand around yj. We will state
the approximate Chapman—Jouguet conditions at x = x{ where needed without further
comment. For the three-step mass flux model (3.62), we find that the solution to (3.67)
with x1(0) = 0 is x7 = 0. We will, however, continue to account for xi in our analysis
below, so that our analysis is applicable for a generic mass flux model of the form (3.61)
as far as possible.

3.3.2 Leading order in terms of p(t)

Having established the leading-order flame position, x{, we are now in a position to
solve (3.54) for x € (0, x§) U (xg,1). By substituting (3.56) into (3.4)—(3.6) and (3.54)
and comparing coefficients of M, we find that the zero Mach approximation from Sec-
tion 3.1 yields the leading-order pressure, py and specific volume, V5.

The leading-order terms from (3.54b),

Ipo

— =0 3.68

aC J ( )
imply that po is independent of  on both sides of the flame. If (3.56b) is to remain

asymptotic as M — 0, we cannot have p; growing linearly with (. The ord(M) terms
from (3.54b) yield that, on both sides of the flame,

Ip1 _ Ipo

¥ (x)
To prevent p; having a linear dependence on (, we conclude that py must satisfy

0

oy, (3.69b)

%
on both sides of the flame. In a moment, we will use a very similar argument to show that
Oug/0¢ = 0. To streamline the presentation, the equivalent of (3.69) will be combined
into a single line where possible.
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3.3.2.1 Ahead of the flame

With (3.68) and (3.69) we have shown that p, is independent of x and ¢ on both sides
of the flame. We now consider the leading-order entropy, S, ahead of the flame to show
pit is a function of ¢ only.

Applying the initial conditions (3.6) to (3.58a), we find that S{* = 0, or equivalently,

po (Vo) =1L (3.70)

Since Opft/Ox = Opl /OC = 0, we deduce from (3.70) that V[ is also independent of y
and (. Considering the ord(1) terms from (3.54a), we require

oVt
or

2 _ g

A — 0, (3.71)

P'(x)

to prevent ul! growing linearly with ¢ ahead of the flame.
From (3.70) and (3.71), we conclude that the leading-order pressure, p{, ahead of the
flame is some, as yet unknown, function of ¢ only,

& = po(t). (3.72)

It follows from (3.57a) and (3.70), that the leading-order temperature, T;%, and specific
volume, V%, are also functions of ¢ only, with

TE = po(t)' =7, VEE = po(t)~1. (3.73)

It follows from (3.62a) and (3.73) that the leading-order mass flux, gy, is independent of
T as asserted in section 3.3.1. The leading-order flame position, x{(t), is therefore found
by solving (3.65) subject to the initial condition x¢(0) = 0.

3.3.2.2 Behind the flame

Since the flame starts at x = 0, any gas behind the flame at ¢ > 0 has passed through the
flame at some earlier time ¢} < t. We are therefore unable to use the initial conditions (3.6)
directly to determine the entropy, ST, for x € (0, x;(t)). We now consider the Chapman-
Jouguet conditions (3.4) at the approximate flame position, x = x(¢), to find the pressure
and entropy behind the flame. Similarly to in Section 3.1.3, we define ¢§(x) as the inverse
of the leading-order flame position function, x§(¢), so that

Xo(to(x)) = x. (3.74)

Balancing the ord(1) terms in the approximation to the Chapman—Jouguet condi-
tion (3.4b) at x = x;(t), we deduce that

[po] " = 0. (3.75)

From (3.68) and (3.69) we have already established that pf is spatially uniform. We
therefore infer from (3.75) that

Po = po(t) (3-76)
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for x € (0, x5), as well as for x € (x5, 1).

From (3.58a) we have that the leading-order entropy, SOL, behind the flame does not
vary with time. However, due to the liberation of chemical energy as the fuel burns
across the flame, the entropy does vary in space behind the flame. To find SF at x €
(0, x5(t)), we use (3.58a), (3.75) and the ord(1) approximation to the Chapman—Jouguet
condition (3.4c),

Vo) © = —Q. (3.77)
Following an identical argument to that used in Section 3.1.3, we find that
st =1og (14 Quf(t00) 7)) - (3.79)
Substituting (3.76) and (3.78) into (3.58a), we deduce that
Vi = po(®) ™ (14 Quolt500)) 7). (3.79)

As is the case ahead of the flame, we recognise that the leading-order specific volume,
ViE, behind the flame is independent of (. Therefore, by considering the ord(1) terms
from (3.54a), we require

oV B

25 g2 o, (3.80)

¥'(x) ac

to prevent ul growing linearly with (.

3.3.2.3 Summary

Before pressing ahead to find ug, we reflect on what we have found so far. We have found
that the pressure, p, is spatially uniform to leading order as M — 0. That is,

P~ po(t), (3.81)

for x € (0,1), t > 0, where py(t) is some, as yet unknown, function of ¢. We have also
found that the leading-order specific volume, V), can be written in terms of py, with

ViE(x, t) = po(t) /7 (1 + on(té(x))l%) , for x € (0,x5(t)),

(3.82)
Vo (t) = po(t) /7, for x € (x5(t),1).

Vo(x,t) = {

3.3.3 Leading order pressure in terms of flame position

In Section 3.3.2, we found the leading-order approximations to the specific volume, V', and
pressure, p, in terms of a function, py(), which we are still to determine. In this section,
we use the conservation of mass to find an ordinary differential equation governing the
evolution of py(t) for ¢t > 0.

Our first step towards finding an ODE for py(t) is to show that Ou;/0( = 0.
From (3.71), (3.80) and (3.82), we have that Jug/0( = 0Vy/O( = 0 on both sides
of the flame. Furthermore, by rearranging (3.58b), and making use of (3.69), we find

%(X? t)pl(Xa ta T)

Vi= %(X,t)81(X,C) - 'ypo(t)

(3.83)
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on both sides of the flame. Differentiating (3.83) with respect to 7, we note that 9V, /07
is independent of (. Considering the ord (M) terms from (3.54a), we require

8U1 8V1 8‘/0 . 8u0

=0, (3.84)

to avoid u; with growing linearly in (. The solubility condition (3.84) ensures (3.56d)
remains asymptotic.

With (3.84), we have an equation relating 1 and v, that we might hope to use to
derive the ODE for py. From (3.82), we have that 1} is independent of 7, but currently
we have no similar information about ug, so a suitable solubility condition for V; in not
immediately obvious. To proceed, we assume that uy can be written as

o = Uo(x,t) + o(x,t,7), (3.85)
where 0ty /0T =0, fo% tpdr = 0, U is continuous for x € (0, 1), and
o(0,t) = to(1,t) = up(0,¢,7) = to(1,¢,7) = 0. (3.86)
Now, to ensure (3.56¢) remains asymptotic, we insist that

oV Oty

— - —— =0 3.87

ot Ox ’ (387)
so that V) does not grow linearly with 7 in (3.84).

Integrating (3.87) with respect to x yields the ODE for py(t) we require. To see this,
first note that the ord(1) approximations to the Chapman—Jouguet conditions (3.4a)
and (3.4c) indicate there is a discontinuity in g across x = xg,

o] = 2%, (3.88)
Po

Secondly, it follows from (3.82) that

Vo _ Volx,t)dpo
ot Ypolt) dt

(3.89)

Making use of (3.86), (3.88) and (3.89), we find upon integrating (3.87) with respect to
X that

L [ Qn

Vodx = 3.90
o dt Jo T Tp (390)
It follows from (3.4a), (3.6), (3.65) and (3.87) that
1
| vatetax =1, (3.91)
0
meaning that po(t) satisfies
P _ 0) =1 3.92
=~ V@, po(0) =1L (3.92)
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By eliminating ¢ from (3.66) and (3.92) and integrating, we find that

po =14+ 7Qxq (1) (3.93)
By substituting (3.93) into (3.82), we find

(14+7QxEM) ™7 (14 QUL +7Qx) =), for x € (0,x3(1),
(1+7Qxs(1) 717, for x € (x5 (t), 1)

As with the zero Mach number approximation from Section 3.1, we conclude from (3.94)
that the leading-order specific volume, V;(x,t), only depends on time through the flame
position, x§(t). In other words, the leading-order specific volume and temperature profiles
for a fixed flame position do not depend on the chemistry of the flame. We also recognise
that 1 is precisely the velocity profile we found using the zero Mach number approximation
in Section 3.1.

Vo(x,t) = { (3.94)

3.3.4 The form of p; and

In Section 3.3.3, we found that the leading-order pressure, po(t), and specific volume,
Vo(x, t), only depend on time through the flame position, x§(t). To find po(t) in terms
of the flame position, we split the leading-order velocity, ug, into two parts: a discontinu-
ous slowly-varying part, g, and a continuous rapidly-varying part, u,. We now look to
complete our leading-order description of normal combustion by finding an expression for
Uug.

To arrive at a system of equations that can be solved for uy and p;, we first substitute
the asymptotic series (3.56) into (3.54b) and compare coefficients of M? to find

apQ / (9710 18}91
i () Pt < .
Ft) o , (3.95)

/
where we have used Jig/0T = 0 to eliminate @y. With (3.69), (3.71) and (3.80), we
have already established that uy and p; are independent of (. We therefore require

8110 1 8p1
"t)—+-——=—=0 3.96
SO+ 2T =0, (3.96)
because our assumption that (3.56b) is an asymptotic series for x = ord(1) would become
invalid for if p, was allowed to grow linearly with (.
By eliminating V; and , from (3.84) using (3.83) and (3.87), we find a second
equation relating p; and o,

/ Vo apl Oty
H— 2 4 22
i )wO or  Ox

We have assumed that g is continuous across x = xg, and it follows from the approx-
imation to the Chapman—Jouguet condition (3.4b) at x = x{ that p; is also continuous.
By eliminating @y from (3.96) and (3.97), we are left to solve

JWolx,t) Pp1 0%y

& (1) " o7 " ae =" (3.98)

—0. (3.97)
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From (3.86) and (3.96), we deduce that p; is continuously differentiable and satisfies

Op1

o =0 (3.99)

at the rigid boundaries, y =0 and x = 1.

lgnoring the ¢ dependence of the coefficient of 9?p, /072 for the moment, we recog-
nise (3.98) as the linear wave equation with an inhomogeneous wave speed. Experience
with solving the wave equation on a finite domain would suggest that we seek a solution
that is a superposition of eigenmodes [71, §4.2].

3.3.4.1 Eigenvalue problem

We identify the eigenmodes using separation of variables, treating t as a parameter.
Suppose p; = F(1,t)G(x, t) satisfies (3.98), then, separating variables, we find F' and G

satisfy
o' (t)? O?°F B Po(t) loale

— = —w(t)? 3.100
Frt) 07 oG o (3109
where w(t) is to be determined.
The resulting eigenvalue problem for G is
2 t)? t
0 & _wlTob6D) (3.101a)
ox po(t)
with boundary conditions
a—G—O at =0,1 (3.101b)
oy x=0,1. :

It follows from Sturm-Liouville theory [42, §11.4] that there are a countably infinite
number of eigenvalues, w(t), where the solution to (3.101) is non-trivial. We index the
eigenvalues, which are real and distinct, by n such that wy = 0 and wy,11(t) > w,(t) for
n € N. For the eigenvalue, w,(t), we denote the corresponding eigenfunction by G,,(x, ).

It follows from (3.101a) that (G,(x,t))n>0 are continuously differentiable, despite the
discontinuity in V5(x,t). To specify each GG,, uniquely, we insist that

1 2
/%(X7t>Gn(X7t) dy=1 and Gn(0,1) > 0. (3.101c)
0 po(t)

A consequence of the integral constraint (3.101c) is that G, is real for n > 0. Since pg
and Vj depend on time only through the flame position, we find that the eigenfunctions,
(Gn(x,t))n>0, and eigenvalues, (w,(t))n>0, are similarly independent of the underlying
rate of chemical reaction. We solve (3.101) numerically, using the Chebfun eigs func-
tion [33, §7.5]. It is necessary to solve for (G, (x,t))n>1 numerically, because V;/po
is not spatially uniform behind the flame. In Figure 3.4a, we plot G, (x,%(0.4)) for
n=0,1,...,5, and, in Figure 3.4b, we plot w,(t) against x(¢) forn =0,1,...,5.

We now treat the special case, n = 0, separately. From (3.101), we deduce that
0Gy/0x = 0. Furthermore, we require 0Fy/07 = 0 in order to satisfy (3.100) when
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Figure 3.4: Solutions to the eigenvalue problem (3.101) forn = 0,1...,5: (a) Spatial
structure of the eigenfunctions, {G,(x,t)}, with the flame position fixed at x§ = 0.4;
(b) The eigenvalues, {w,(t)}, plotted against flame position, x;(t). The arrows pass
though the plotted functions in order of increasing n. For this figure, v = Q = 1.4.

w = 0, whilst also ensuring the series (3.56b) remains asymptotic for ¢ = ord(1). The
‘zeroth’ eigenmode is therefore simply a function of ¢ that we will call p;(¢).
Now, considering the general case, from (3.100) we have that, for n > 1,

,0*F,
or?

¢ (t) + w,(t)*F, = 0. (3.102)
At this stage, we must remember that we introduced 7 = ¢(t)/M as a representative
short time variable, where ¢ is to still be defined. For the n-th eigenmode, we require F),
to be periodic in 7, with a period independent of t. Without loss of generality, we choose
the period to be 27, and hence define 7 = 7,, = ¢,,(t) /M, where ¢, is the solution to

doy,
90 _ o 8), én(0) = 0. (3.103)
dt
Then, the real solution to (3.102) is
F, = A, (t)e™ + A, (t)e”™, (3.104)

where A, (t) is some complex function of ¢ to be determined, and A, () is the complex
conjugate of A, (t).

Equation (3.102), representing a simple oscillator with slowly-varying frequency, high-
lights why we needed to introduce a representative short time variable, 7 = ¢(t)/M,
rather than simply setting 7 = t/M. By introducing a representative short time variable,
T = ¢(t)/M, and then specifying ¢(t) in order to remove the ¢ dependence in (3.102),
we are essentially using the WKBJ method [46, §7.5].
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3.3.4.2 Solution as a series of eigenmodes

We conclude that p; can be written as

p1=pi(t) +pi(x 1), (3.105a)
where .
n=1

and (G(x,t))n>1 are the eigenfunctions satisfying (3.101), (¢, (t))n>1 satisfy (3.103),
and py(t) and (A, (t))n>1 are still to be determined. To streamline notation slightly, we
will write ‘c.c.” to denote the complex conjugate. Substituting (3.105) into (3.96), we

deduce that
I (1A sy ) oG,
Uy = — —e'" +c.c. . 3.106
M ; ( ¢/, (t) Ix (3.106)
To determine the unknown functions, p;(¢) and (A, (t)),>1, we must consider the problem

for po and u;. We find that the solubility conditions necessary to avoid secularity in po
are ordinary differential equations governing the evolution of p;(t) and (A, (t))n>1.

3.3.4.3 The form of V]

Before we consider the problem to solve for ps and wu;, we first identify S; on both sides
of the flame, so we can use (3.57b) and (3.83) to find expressions for V; and T7.
Ahead of the flame, the initial conditions (3.6) imply

Sft =0, (3.107)
meaning, for x € (x, 1),
n_ W
Vit = ———p1. (3.108)
YPo

Substituting (3.81), (3.82), (3.105) and (3.108) into (3.57b), we confirm that the tem-
perature, TH* = hmx\x(’; T, immediately in front of the flame can indeed be written in

the form (3.60)—that is, T7* ~ T + M (T + TF*), where T* = po(t)'=1/7,

(’V - 1)/’;0(01/7]51 (t), (3109)

R*x
7" =

and

_ —1/y
0= 0,87 (3110

Behind the flame, the entropy at y is determined at the moment the gas crosses
the flame, i.e. at t = t3(x). To find SE, we utilise the ord(M) approximation to the
Chapman—Jouguet condition (3.4c) at x = x§(t), which is given by

FRx
7" =

L0V i
PVt poxi gt o] =0, (3.111)
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where x7 is the solution to (3.66) subject to the initial condition, x%(0) = 0. The 0Vy/0x
term in (3.111) comes from approximating the Chapman—Jouguet condition (3.4c) at
X = Xg, rather than xy = x*. Using (3.58b), (3.82) and (3.111), we deduce that, for

x € (0,x7),

oL _ (1 =7)Q(p1 — vQx7)
L (v=1)/~ :
,yp ( + Q) t:tS(X)

The ord(M) specific volume, V¥, can then be found by substituting (3.112) into (3.83).

Substituting (3.105) into (3.112) justifies our assertion that a representative short
space variable, ( = ¥(x)/M, is necessary. Evaluating (3.105b) at t = t(), we recognise
that ST has short-scale spatial variations, described by (¢,)n>1, where ¢, = ¢,,(t5(x))/M.
While the short space scale has not played a role up until this point, by including ¢ in our
analysis we are confident that the short spatial variations in V;* do not drive short-scale
spatial variations in pg, Vp, ug or p;.

It is helpful at this stage to separate the ord(M) entropy, S;, into two components,

(3.112)

S1=51(x) + 51(x. ), (3.113)

where Sy has short-scale spatial variations and S; does not. Using (3.105) to evalu-
ate (3.112), we find

- JSE forxe(0,x5(1), & SE, for x € (0,x3(1)), 3
51 = {O, for x € (x§(t), 1), 51 = {0, for x € (x§(), 1), (3.1142)
where
(1= DQME0)) — 1))
= ) o0 A+ Q) (3.114b)
5t - U=7)e S (A0 EOM 1 e )Gl 13 (1).

o (5 () (o (£ (X)) =1/ + Q) &=

(3.114¢)
For completeness, it is necessary to include S¥ in our analysis. However, we will shortly
show p; = YQx?*, meaning S = 0.

3.3.5 Identifying solubility conditions to find p;(?)

In Section 3.3.4 we found p; and g as a series of modes whose spatial structure, amplitude
and frequency all vary slowly in time. To complete our leading-order description of normal
combustion, we need to find equations governing the evolution of the unknown functions,
(An(t))n>1 and py(t). In this section, we use the conservation of mass to show that p;(t)
is proportional to i (¢).

The ord(M?) terms from (3.54a) are

’ a‘/g 8V1 , 8u2 8u1 .
o)+ 003 =3y = (3.115)
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Rearranging (3.58) gives

v
Vi = SV, — L0 (3.116a)
Yo’
Vo Vo Sy SipVe PV
%:52%—p;p°+512+ Lo AR A (3.116b)
o 29 Yo 2R3

allowing us to then eliminate V; and V5 from (3.115) to find

9 p2Vo P%Vb Si;mVo p%% ) 9 ( p1Vb)
"t)= | — + - + = [ SiVo—
"W ( o 28 o 2e) N\ Ao
8u2 8u1

= —, (3.117
0GR+ G (31)

on both sides of the flame. To derive (3.117) we have used that

0 StVa

= (SQVO +=50) =0 (3.118)

To ensure that the series (3.56¢) remains asymptotic, we cannot have us growing linearly
with . The terms in (3.117) with no ¢ dependence must therefore sum to zero. Us-
ing (3.113) in (3.117), we infer that, on both sides of the flame, the solubility condition
for uy is

¢ ( Wo Opa  Ouy PN, <(7 + 1)piVo Slplv()> 0 (
e € — +
Ypo Ot Ox a )07 272p§ YPo

SV — plvo) . (3.119)
YPo
Similarly, we need to find a solubility condition to prevent ps growing linearly in 7, so that
our assumption that (3.56b) is asymptotic for ¢ = ord(1) remains valid. We currently
have no information about the 7 dependence of u;, so, to proceed, we separate u; into
two components, so that
Uy = ﬁl(x, t) + Uy (X, t, 7'), (3120)

where 9, /0T = 0, fo% i, d7r =0, and
0 (0,8) = n(1,8) = @1 (0, ¢,7) = @ (1,4,7) = 0. (3.121)

The solubility condition to prevent py growing linearly in 7 due to (3.119) is therefore
Vo  Vodpr  (v+ )Vo dpo .

8u1
ax =5 ot ypo dt - i " (3.122)
To find an ordinary differential equation describing the evolution of p;, we integ-
rate (3.122) with respect to x and make use of the boundary conditions (3.121) and the
Chapman—Jouguet conditions (3.4). Combining the ord(A/) mass and energy Chapman—
Jouguet conditions, (3.4a) and (3.4c), we find the jump in u; across the approximate
flame position, x = x(t), satisfies

+

v
q“;l C b aVy| =o. (3.123)
0 _

*8U0
U + Xla -
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Separating the terms in (3.123) that are independent of 7 and making use of (3.87)
and (3.89), we take the jump in @; across x; to be

* d ~ ~
]t = —2Xid0  Quby | G¢ (3.124a)
py dt Po Po
Correspondingly, the jump in 4, is therefore
* 8"’ ~ ~
]t = gy 9| _ Qb QO (3.124b)
Upon integrating (3.122), we find that
1 y , y
5 Vo 1 Opr  Qy+lg.  Qxidpo Qb1 Q¢
/Sﬁd T o M opat g o G
0 YPo TYPo YPo Do Do

where we have used (3.91), (3.121) and (3.124a). From (3.66), (3.114) and (3.125) we
conclude that

P =Qx1, (3.126)
where we have set the integrating constant so that p; = x7 = 0 at t = 0. Substitut-

ing (3.126) into (3.114b), we deduce that S; = 0. Furthermore, using (3.62b), (3.109)
and (3.126), we recognise that the solution to (3.67) with x;(0) = 0 is x} = 0, and hence

1= 0. (3.127)

3.3.6 Identifying solubility conditions to find (A, (¢)),>1

In this section, we find the solubility conditions necessary to avoid secularity in the solution
for ps and ;. The solubility conditions provide a system of ordinary differential equations
that we can solve to find (A, (t)),>1, hence completing our leading-order description of
normal combustion.

We start by considering the ord(M?) approximation to (3.54b). From (3.71), (3.80),
(3.84) and (3.95), we have that ug, u; and p, are independent of (. Therefore, to avoid
p3 growing linearly with ¢, we require

¢/(X) ap?) o
~ o =9

Here we have used that 0, /01 = 0 to eliminate ;.

Similarly, for (3.56d) to be asymptotic for ¢ = O(1), we cannot have @; growing
linearly with 7. We currently have no information to tell us if p, depends on 7. We
therefore assume p, can be written as

8711 8U0 1 8]72
DS 12
5, + 5 + PN 0 (3.128)

D2 :ﬁZ(Xat) +ﬁ2<X7t7T)7 (3129)

where Opy /0T =0, fo% pod7 =0, and

= 19%

) 3.130a
[pa] " o ( )

94



2] =0, (3.130b)

across X = xg. The jump (3.130a) in py is necessary so that p, satisfies the Chapman-—
Jouguet condition (3.4b). Substituting (3.85) and (3.129) into (3.128), we find the
solubility condition for iy is
1 8]52 . 8u0
v ox ot
We are now in a position to write down two equations governing the evolution of p,
and ;. Substituting (3.122) and (3.131) into (3.119) and (3.128), we find that

(3.131)

¢/(t) Lo ('3p2 8u1 (")/ + 1)]3% L() 0 pl LO
= ~ L 132
YPo 57 =t )87 272p? SOt \po ) (3.1322)
’ 8u1 1 8p2 8&0
— = ——. 132
o) or = v 8)( ot (3.132b)

Eliminating @; from (3.132), we find that p, satisfies

¢,<t)2% 82]52 _ 82]52 _ ¢/(t)2 82 (f}/ + 1)p%% _ /(t) 82 ﬁl‘/o 827]’0
o 072 02 72 22 arot oty
—— ~ ~— v N —
@ @ ® @ ®
(3.133)

Labels have been added to (3.133) so we can refer to each term easily.

From the Chapman—Jouguet condition (3.130b), we know that p, is continuous. How-
ever, due to the jump (3.124b) in @, across xy = x§, we deduce from (3.132b) that there
is a discontinuity in Opy/0x across x = x§, given by

1 [%] " _ Qv+ 1)¢'(t)q0 Op1 n Oxi (1) 9’p1 QY1) I
ox | VPR or x=xa(® YD} or? o o OT
(3.134)

We further conclude from (3.86), (3.121) and (3.132b) that, at the rigid boundaries,
x=0and y =1,
Op2 _
ox
From (3.126) and (3.127), we conclude that x; = 0. We retain x7 in (3.134) to
indicate where xj would appear if we had used a different model for ¢; that admits a
non-zero solution to (3.67) with xj(0) = 0.
Note that the differential operator acting on s in (3.133) is the same as the differential
operator in (3.98). We therefore seek a solution to (3.133) of the form

pr = cnlt,T)Gn(x, 1), (3.136)

0. (3.135)

where (G, (x,t))n>1 is the basis of eigenfunctions satisfying (3.101) we found in Sec-
tion 3.3.4. It follows from Sturm-Liouville theory [42, §11.4] and the integral (3.101c)
that, for m,n € N,

/ 6D 6t dy = {

Po (t)

1, ifm=n,

_ (3.137)
0, otherwise.
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We use the orthonormality relation (3.137) to find equations governing the evolution of
(Cn)nZI-

3.3.6.1 The equation for ¢,

We now multiply (3.133) by G(x,t) and integrate from xy = 0 to y = 1 to derive an
equation for ¢, for k = 1,2,.... For clarity, we consider each term of (3.133) in turn.
Substituting p, for the series of eigenmodes (3.136), we find, upon multiplying (D by G}
and integrating, that

/1 ¢'(t)*Vo(x, t) 9*Pe
0 ¥po(t) or?

82Ck

Y 2

(3.138)

We must carefully account for the discontinuity (3.134) using integration by parts.
Multiplying @) by Gy(x,t) and integrating with respect to y, we find

' 0%py Op2 _0GL]T L 9%Gy
B Q(y + 1) (t)q0 Opr QXTI e 9P
=7 2 or 5 ¢ (1) 72
lyp[] T X:XS(t) 7p0 T X:X6

Q' (1) 04, /1 wi()*Vo(x,t) -

— — | Gr(xs(t),t) — —— " G dy .

P k(Xo(t),t) . o(t) P2l d)

(3.139b)

In deriving (3.139) we have made use of the continuity of 0Gy/Jx, the definition of
the eigenfunctions (3.101a), and the boundary conditions (3.101b), (3.130b), (3.134)
and (3.135). Using (3.62c), (3.105b), (3.110), (3.126), (3.127) and (3.136) to evaluate
X%, i, p1 and py in (3.139), we find

' 0% = [iQe) (1A 040N
_ n n - _ bl ion(t)/M
/O 2 Grdx = E 2 ((7 +1)go — (v — L)py 8TR*> €

n=1

+c.c | Gulxa(t), 1) Gr(xg(t), 1) — wicy. (3.140)

Note that in going from (3.139) to (3.140), we have used the fact that xj(¢) = 0. Our

discussion, therefore, has changed from a general discussion of normal combustion with

mass flux of the form (3.61), to the specific case where the mass flux is given by (3.62).
Squaring (3.105), we deduce that

+ 21 Z (A ™ tcc) G, +pi. (3.141)

n=1
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Substituting (3.141) into (3), multiplying by G and integrating, we find

' ? ((v+1)piVe
/ ¢ 2 1 d
/0¢()872( 2vp5 )Gk X

YPo
_ ol 2 i(m+bn) /M
7 2 [( 5 (0) AnA e
1
+(¢’m(t)—¢;<t>>2AmA_nei<¢m—¢n>/M)+c.c. / VoG GG dx
0
(3.142)

Again, from (3.127), we have that p; = 0 for the specific mass flux model (3.62) we
consider. We highlight the presence of p; in (3.142) to emphasise that, given a different
model for the mass flux, the nonlinear term (3) could indeed contribute to the solubility
conditions for (A, (t))n>1-

We now consider the linear terms in p; and ug on the right-hand side of (3.133).
Substituting (3.105b) and (3.106) into @) and () we find

oL (p;z/b) :zn: {Z b2 (An(t)%(x,t)Gn(X,t))ez‘¢n(t)/M+c_c_],

orot ot po(t)
(3.143)
D%ty i ()M n ()@, (Vo (X, ) Gnlx, 1)
o "Z [Mb il ( O ) n c.c} . (3.144)

Multiplying (3.143) and (3.144) by Gy, using the product rule of differentiation and
integrating with respect to y, we find

/01 <_¢/(t)8(228t (ﬁ;vo) +7§;go) G dx
_ [—iewk/M <¢2( )% + — ((bk( )A )> n C_C_l

+2Z{ ze“ﬁ”/Mgb (t) n/o %(%Gn) dex—i—c.c}. (3.145)

Do

For n = k, we find, by differentiating (3.137) with respect to ¢, that the integral on the
right-hand side of (3.145) is given by

/12 (%(X,t)ak(x,t)> Grlx. 1) dy = QGG D%0(t) 1 dwy (3.146)

ot po(t) po(t)? Cow At
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Combining (3.138), (3.140), (3.142), (3.145) and (3.146), and using (3.127), we find
that ¢, satisfies

0%
¢ (t)Q?Qk + wk(t) Che

- S | 1Qndn = 9q"” ipn /M

__; 76 <<7+1)qo_<7_1)p0 TR )°
+cc | Gulxp (1), )Gr(xo(t), 1)
(T+1) &S 2 |

N Wi (1) & w,, (1))2A,, A, el (OmTén) /M
279po o <( ( ) ( ))

1
—i—(wm(t)—wn(t))QAmA_nei(‘bm’%)/M)+c.c. / %GmGndex
0 0

, dA d
+ |:—i€z¢k/M (wk—k + = (WkAk)) + C.C.:|

dt dt
QGr(X5(1),t)q(t) | 1 de:)

+ 2 (z’ewk/kaAk + c.c.) <

po(t)? wy dt
, Lo (VG
o idn/M 0lGn
+2 E [ ie wnAn/O _875( o )dex—i—c.c.}. (3.147)

n>1,n#k

3.3.6.2 The solubility conditions and transient resonance

The partial differential equation (3.147) governing the evolution of ¢ is linear in ¢, and
inhomogeneous. The general solution to (3.147) can be therefore be written as the sum
of a complementary function, ct", and a particular integral, c.'. The complementary

function satisfies the homogeneous equation (3.102), meaning
cSF = By (t)e" /M 4 cc, (3.148)

where By(t) is a complex function of time to be determined.

We cannot have secular terms, i.e. 7¢'7, in the particular integral, c,'j', if (3.56b) is to
remain asymptotic for all ¢ = O(1). The solubility condition to prevent secular growth
of p, comes from setting the sum of the coefficients of e'?®)/M on the right-hand side
of (3.147) to zero. That is, we require

dwk dAk (’7 — 1>Q(A)kAk (y=1)/ 8q(0) % 2

With (3.149), we finally have an equation governing the evolution of A (t), which, given
some initial conditions, we are able to solve to complete our leading-order description of
the velocity during normal combustion. The equation (3.149) is a linear, homogeneous
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ordinary differential equation with time-varying coefficients. We also note, by considering
the real and imaginary parts of Ay separately, that the modulus of A, satisfies

d [ AL (v — 1)QGR(x5(t),1)? (—1y/4 g |Ay|?
dt < W P2 % = Po OTR* wp |’ (3.150)

and the argument of A; is constant.

Before we move on and state the initial conditions we use to solve (3.149), we should
briefly reassure ourselves that the other terms on the right-hand side of (3.147) will not
force ¢, to grow in such a way that invalidates our assumption that (3.56b) is asymptotic.
From Sturm-—Liouville theory [42, §11.4], we have that w,, # wy, for n # k. Therefore, the
terms on the right-hand side of (3.147) of the form f(t)e™¢()/M where n # k and f(t)
is an arbitrary function of ¢, do not lead to secular solutions. The situation is more subtle
for terms of the form f(t)e Ei(om(0)+61(0)/M and f(t)eF@m=on)/M “hecause there exist
k,m,n € N and ty > 0 such that |w,,(to) - wn(to)| = wk(to). We assume that the
resonance is transient. In other words, we assume that, for fixed k, m,n € N, the forcing
frequency and the natural frequency are equal only at discrete times. Kevorkian [61] shows
that ¢, becomes asymptotically large in a boundary layer around ¢ = t. Crucially, though,
My, remains o(1) in the boundary layer as M — 0, meaning (3.56b) remains asymptotic.
We conclude that we are justified in ignoring the terms of the form f(t)e*i(¢m(®)+én()/M
and f(t)eFi(@m®=n®)/M on the right-hand side of (3.147) when deriving the solubility
condition (3.149).

3.3.6.3 Initial conditions

To solve (3.149) for Ax(t), we require initial conditions for the real and imaginary parts
of A,. Here we present the initial conditions which are representative of quiescent gas
ahead of the flame at £t = 0.

We are unable to choose an initial condition for g; the profile of g is determined
by (3.87), meaning for t =0, x € (0,1), we have

il = Q(1 = )ao(0). (3.151)
To ensure uy = 0 initially, we therefore require that
iy = —Q(1 — x)9(0), (3.152)

fort =0, x € (0,1). To find an initial condition for A; from (3.152) we rewrite
using (3.106). Then, by multiplying (3.152) by 0G}/0x and integrating with respect to

X, we find
G IONE 0Gy

In deriving (3.153) we have used the initial condition for ¢y, (3.103), and

(3.154)

0, otherwise,

18Gm8Gnd ~Jwa(®)?, ifm=n,
o Ox Ox
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which follows from (3.101) and (3.137). From (3.101), we deduce that wy(0) = km for
k=1,2,... and G(x,0) = v/2 cos(kry). Evaluating the integral in (3.153), we find

iv27Qqo(0)
km ’

Note that, because lim,~ o ug(x,0) # 0, partial sums of (3.106) will exhibit the Gibbs
phenomenon around xy = 0 at ¢ = 0. We will not concern ourselves unduly over the
presence of the Gibbs phenomenon in the solution, but flag its presence here so we know
to look out for it later on.

The second initial condition we require to solve (3.149) for Ay comes from the initial

condition, p; = 0. We have already assumed that p;(0) = 0, and therefore we require
p1=0at¢=0. Using (3.103), (3.105b), and (3.137), we deduce that

Ai(0) 4 A(0) = 0. (3.155b)

The same procedure can be used to identify (A4,(0)),>1 when there are O(M) per-
turbations in the initial conditions for p or O(1) perturbations in the initial conditions
for u. As we will discuss further in Section 4.3.3, acoustic variations in the gas prior to
ignition can change where and when the hot spot develops if autoignition occurs.

3.3.7 Summary

We have used an adaptation of the method of multiple scales to derive an asymptotic
solution to (3.2)—(3.6) as M — 0, valid for t = O(1). Here we briefly summarise the
form of the solution, before presenting realisations of the solution in Section 3.4.

To solve (3.3) we first specified a model for the mass flux, ¢, through the flame. For the
three-step reaction, the mass flux, ¢, depends on the temperature, T7* ~ Tf* + MTE*,
ahead of and immediately adjacent to the flame. In the distinguished limit EM = O(1),
E?M > 1, we found that, for the three-step reaction (2.6), ¢ has the form

9q\©

OT™ | e y oy (e 1)

q = qo(Tg") + MT +o(M), (3.156)

where go(T7) = ¢O(T%, 1)+ E~ ¢ (T, 1), and ¢ and ¢ are the defined by (2.88)
and (2.94) respectively.
We have found that the solution to (3.2)—(3.6), with ¢ given by (3.156), has the form

= Xo(t) + o(M), (3.157a)
p=po(t) + Mpi(x,t) + o(M), (3.157b)
V = Vo(x,t) + MVi(x, t) + o(M), (3.157¢)
u = 1g(x,t) + to(x,t) +o(1), (3.157d)
T = po(t)Vo(x. t) + M(po(t)Vi(x, t) + b1 (x, t)Vo(x, 1)) + o(M), (3.157¢)
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as M — 0. Note that (3.157) is expressed in terms of x and ¢ only. We included ¢ and 7
as independent variables in expressions such as (3.85) while developing the model, but it
would be inappropriate to include them here now that we know the x and ¢ dependence
of the then unknown rapid variations in the solution.

Combining (3.65), (3.73) and (3.93), we found that the leading-order flame position,
X0 1s the solution to

dxg B N . B
g D ((1+7on) ) Xo(0) = 0. (3.158)

In Section 3.3.3, we deduced that py and Vj depend on time only through the leading-order
flame position, with

po(t) = 1+~vQxg(t), for x € (0,1), (3.159a)
Vobut) = po(t)™/7 (1 +Q(1+ va)lﬂ , for x € (0,x5(2)), (3.150b)
T e, for x € (x3(t), 1). |

Additionally, we noted that 1 is the solution to (3.87), subject to the boundary condi-
tions (3.86), meaning

~Qao (Po()") J Vols,£)ds /po(t), for x € (0,x5(2)):

Qao (polt)™ ) S} Vols,t)ds /po(t),  for x € (x;(1). 1)

In Section 3.3.4, we wrote py, f/l and g in terms of the solutions of the eigenvalue
problem (3.101), with

do(x, t) = (3.159¢)

B0t = D (A O L A @O Gy (x,8), (3.160a)

n=1

' eV t)

Vilx,t) = Volx, 1)S 3.160b
1000) = Vol 9S00 = B2 (3.1600)

_ 1 > ZAn(t) in (t) /M ZAn(t) —ipn (t)/ M aG"
i ,t — 67« n _ e Pn _ 3160(:
o(x: ) 5 ; <—wn(t) wn (1) ox ( )

where S)(x) is defined by (3.114). For k = 0,1,..., recall that the solution to (3.101)
corresponding to the eigenvalue, wy(t), is denoted by G(x,t), and that the eigenvalues
are indexed such that wy = 0 and wi11(t) > wi(t). Furthermore, ¢ (t) is defined as the
solution to (3.103) for k =1,2,.. ., i.e.

t
or(t) = / wi(s)ds. (3.161)
0
Finally, in Section 3.3.6, we found that A(t) is the solution to
Ap—— =2 — —py s(t), 1) = 162
L Wk a1 n do — Po TR Gr(xo(t), 1) 0, (3.162)
subject to the initial condition
iv27Qq0(0)
Ap(0) = ————=. 3.163
4(0) e (3.163)
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3.3.7.1 Numerical solution

To use (3.157) practically, it is necessary to truncate the series (3.114c) and (3.160),
and solve (3.101), (3.158), (3.161) and (3.162) numerically. Partial sums of (3.114c)
and (3.160) with K =9 terms are used to create Figures 3.5-3.7. We briefly outline the
numerical procedure we use to solve (3.101), (3.158), (3.161) and (3.162) here.

Firstly, we use the MATLAB ode45 function to solve (3.158) for x; (). Then, for 1000
equally-spaced times between ¢t = 0 to t = t(1), we solve the eigenvalue problem (3.101)
using the Chebfun eigs function [33, §7.5]. For each time, we record the K smallest
non-zero eigenvalues, {wy(t) | k = 1,2,..., K}, and the corresponding values of the
eigenfunction at the flame, {Gy(x}(t),t)}. We also calculate the value of dwy/dt for
k=1,2,..., K, using

dwp Qqo(TH*(t)
dt 2po(t)

which follows from (3.146) and (3.154). We use linear interpolation of this data to specify
the time-dependent coefficients in (3.162). We then solve (3.162) using the MATLAB
ode45 function. Finally, we calculate ¢ (t), which is given by (3.161), for k = 1,2,..., K
using the samples of wy(t) and the MATLAB cumtrapz function.

3”’““) ((v + Dpo(t) — Gelxp (), 1)) 4 (3.164)

3.4 Discussion

In this chapter, we have formulated and solved a model for normal gaseous combustion
in confinement. By ‘normal’ we mean that the gas burns in a slow, thin premixed flame,
and that the rate of the chemical reactions is negligibly small in the gas away from the
flame. In the limit of large Péclet number, ¢ < 1, we are justified in treating the flame
as a discontinuity across which the Chapman—Jouguet conditions (3.4) hold. With ¢ < 1
and the chemistry either side of the flame negligible, we found that the model, (2.14),
(2.22), and (2.23), reduces to the free-boundary problem (3.2)—(3.6) for two regions of
inviscid, inert gas.

Flames are subsonic, often with Mach numbers significantly less than unity [15, §2.1].
Consequentially, flames produce acoustic waves in the surrounding gas. These acoustic
waves present a particular difficulty when modelling combustion in confinement; the acous-
tic waves produced at the flame reflect at the boundaries and subsequently interact with
the flame. We need to be able to account for flame-acoustic interactions to satisfactorily
model combustion in confinement.

In Section 3.3, we used ideas from the method of multiple scales [46, §7] to derive an
asymptotic solution to (3.2)—(3.6) in the limit of small Mach number, M — 0, which is
summarised in Section 3.3.7. We use (3.157) to refer to the solution hereafter and trust
that the details are adequately signposted from Section 3.3.7.

In essence, the solution (3.157) describes acoustic perturbations, py, f/l and g, to the
slowly-varying zero Mach number approximation, pg, Vo and g, derived in Section 3.1.
Unlike the early-time acoustic solution (3.28) derived in Section 3.2, the multiple scales
solution (3.157) is valid for all £ = O(1) provided gy = O(1); we will discuss the restriction
on the size of ¢y in more detail in Section 4.1.2.
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Figure 3.5: Pressure trace at the right-hand wall, x = 1, predicted by the acoustic
solution (3.28b) and the (truncated) multiple scales solution (3.157b), plotted against
time, t. For this figure, the mass flux through the flame is given by the three-step mass
flux model (3.62), and E =100, K =9, Ty =16, vy =Q = 1.4, Ler = Leg = 1 and
M = 1/40.

The divergence of the two solutions (3.28) and (3.157) for later times, ¢t = ord(1),
is clear to see when they are compared directly; in Figure 3.5, the pressure trace at the
right-hand wall, x = 1, is plotted against time for both acoustic and multiple scales
solutions. Notwithstanding the Gibbs phenomenon, which is an artefact of truncating the
series (3.160), the two solutions predict the same magnitude for the first acoustic wave,
and agree on its arrival time at the right-hand wall. The linear wave equation (3.42),
however, does not account for the overall rise in temperature in the gas either side of the
flame, meaning the acoustic solution (3.28b) predicts that subsequent waves arrive at the
wall later than the multiple scales solution (3.157b) does. The increase in the leading-
order mass flux, go, with temperature also plays a role in the difference between the two
solutions plotted in Figure 3.5; we use the initial value of the mass flux, go(1), in (3.45)
to determine the flame position in the acoustic model. However, we would still see the
acoustic solution predicting a slower rise in pressure than the multiple scales solution even
if there was a constant mass flux, ¢ = 1, through the flame.

In Figure 3.6, the pressure (3.157b) at the right-hand wall, x = 1, is plotted against
time for the full time it takes the flame to cross from y = 0 to y = 1. For comparison, we
plot both py(t) and po(t) + Mpi(1,t). The parameters used to create Figures 3.5 and 3.6
have been chosen such that the initial jump in pressure, 2M~yQqo(1), at the right-hand
wall and the final leading-order pressure, 1+~(@), correspond to the dimensional changes in
pressure exhibited in Figure 1.6a. Recall that a numerical simulation for the combustion of
hydrogen from [95] is depicted in Figure 1.6a. We have not conducted a formal procedure
to find the parameters that best fit our solution (3.157) with the numerical simulation
in used to create Figures 1.5-1.6, however, qualitatively, our solution (3.157) to (3.2)-
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Figure 3.6: Pressure trace at the right-hand wall, x = 1, predicted by the multiple scales
solution (3.157b). Both py(t) and po(t) + Mpi(1,t) are plotted. For this figure, the mass

flux through the flame is given by the three-step mass flux model (3.62), and E = 100,
K= 9, Tx2 = ]_6, Y= Q = ]_4, Le;: LeR =1and M = 1/40

(3.6) does exhibit much of the same behaviour as the solution to the comparatively more
complicated model Yu and Chen [95] use. For instance, we find that the pressure at the
right-hand wall, plotted in blue in Figure 3.6, rises with rapid variations around the slowly-
varying leading-order solution, plotted in yellow. By using the three-step reaction mass flux
model (3.62), we also find that the rate of change of the leading-order pressure increases
with time, which is similar to the trend exhibited by the pressure trace in Figure 1.6a.
For normal combustion, the gain from conducting the multiple scales analysis in Sec-
tion 3.3 appears to be small; the much simpler zero Mach number approximation correctly
predicts the leading-order pressure, specific volume and temperature profiles. Using the
method of multiple scales, we found the leading-order velocity and the O( M) perturbations
to the leading-order pressure, specific volume and temperature. The temperature (3.157¢)
profile at ¢t = ¢(0.4) is plotted in Figure 3.7. The O(M) perturbations introduce spatial
variations in pressure, specific volume and temperature ahead of the flame. Our model
also predicts short-scale spatial variations in specific volume and temperature behind the
flame, which are necessary to satisfy the Chapman—Jouguet conditions across the flame.
With a view to modelling autoignition, spatial variations in temperature ahead of the
flame are significant. For our three-step reaction model, the rates, (2.23a) and (2.23b)
of the initiation and branching reactions are temperature dependent. Therefore, a local
increase in temperature leads to a local increase in reaction rate, which, in turn, will further
increase the temperature locally. The resulting positive feedback cycle is responsible for
autoignition. In the next chapter, we model the early stages of autoignition development
by matching the multiple scales combustion solution (3.157) with a boundary layer in time
where the exothermic chemical reaction in the gas ahead of the flame is significant.
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Figure 3.7: Temperature predicted by the multiple scales solution (3.157¢), plot-
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Note that the vertical axis has been split, omitting
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tinuity. For this figure, the mass flux through the flame is given by the three-step mass
flux model (3.62), and E =100, K =9, Ty, =16, vy =Q = 1.4, Ler = Leg = 1 and
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Chapter 4

Autoignition

In Chapter 3, we assumed that the flame is slow, and that the chemical activity in the
unburnt gas ahead of the flame has a negligible effect on the gas dynamics. These are
reasonable assumptions during normal combustion. However, the reactions in the end-gas
play a significant role and the flame speeds up considerably during autoignition and DDT,
respectively. In this chapter, we first uncover boundaries of regions in parameter space
where autoignition or DDT may occur by assessing where the asymptotic approximations
made in Chapter 3 become invalid. Then, in Section 4.2, we consider parameter regimes
where the three-step chemical reaction becomes significant in the end-gas before the flame
arrives at Y = 1, and identify a model for the interplay between chemical reaction and
gas dynamics during autoignition. We use asymptotic analysis in the limit M — 0 to
investigate the behaviour of the model during the early stages of autoignition. We choose
to focus our attention on the parameter regime where EM = O(1) and E*M > 1 as
M — 0, because, in this distinguished case, the gas dynamics are fully coupled to the
chemical reaction during the induction stage of autoignition.

4.1 Validity of normal combustion model

In the work presented in Chapter 3, we found that, during normal combustion, the leading-
order temperature in the end-gas rises as the flame propagates across the domain. As a
consequence of the rising temperature, the rate of reaction in the end-gas increases, as
does the mass flux, ¢, through the flame. In this section, we consider the validity of the
inert gas approximation, ¢ 'Qr = o(1), and the validity of the slow flame approximation,
Mg = o(1), in turn to identify parameter regimes in which autoignition or DDT may
occur, respectively.

4.1.1 Inert gas approximation

Firstly, we consider the validity of the assumption that the chemical activity is negligible
in front of the flame. Specifically, in Chapter 3, we assumed that

e 'Qr = o(1), (4.1)
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as € — 0, E — o0, so that (3.2c) is the leading-order approximation to (2.33c). Clearly,
the assumption (4.1) does not hold during autoignition. By identifying where the assump-
tion (4.1) breaks down, we reveal the parameter regime in which the normal combustion
model (3.2) is a valid approximation to (2.14). For both chemical reaction mechanisms,
(2.1) and (2.6), we identify a critical temperature, 7., such that the assumption (4.1)
holds when the temperature, 7%, ahead of the flame satisfies 7, — T%® > E~!. For the
one-step chemical reaction, we identify the critical temperature from the reaction rate,
whereas determining the critical temperature for the three-step reaction requires tracking
the small amount of radical ahead of the flame.

4.1.1.1 One-step reaction

Substituting the reaction rate (2.17) for the one-step reaction into (4.1), we find that the
normal combustion model (3.2) is valid when

e 'Qr =e'QZYrexp (—%) =o(1), (4.2)

where we recall that Z is given by (2.18). If e 'QZ > 1, which we assume to be true
given the form of Z in terms of F, (), and Lez, then we are able to identify a critical

temperature, T,
E

T.= ———— 4.
“ log(e'QZ)’ (43)
such that 7, < 1+ @ and
E F
1Qr =Y, ——— . 4.4
e Qr Jrexp<TC T) (4.4)

Ahead of the flame, the assumption (4.2) is valid only when T, — T® > E~1. Of
course, if € is sufficiently small then we could have a situation where T, — 1 = O(E™1) or
indeed 7. < 1, in which case the assumption ¢ 'Qr = o(1) never holds, not even initially.
Assuming T. — 1 = ord(1), there is a period, at least initially, where the chemistry ahead
of the flame is negligible and (3.2¢) is a valid approximation to (2.33c). Any spark-ignited
internal combustion engine is, of course, designed to operate in this regime. However, if
the temperature ahead of the flame rises to a point where T, — " = O(E~1), then the
effect of the chemical reaction in the end-gas can no longer be ignored.

To illustrate numerically that (4.2) is valid when T, — T% > E~', we compare the
critical temperature (4.3) with numerical simulations of (2.123). Recall that (2.123) is
a simple model for autoignition—analogous to that of Kagan and Sivashinsky [49]. To
derive their model, Kagan and Sivashinsky use the same zero Mach number approximation
as Sivashinsky [84] that we use in Section 3.1, but they retain the reaction term, e 'r,
from (2.14c) and (2.16) when modelling the gas ahead of the flame.

In Figure 4.1, we plot the numerical solution to (2.123) for three different values of
T., together with the solution to

dx* (TR 4+ QYE)? ( E E

dt YE(1+Q)? 2(14 Q) N 2(TFR + QY]{-%))7 x*(0) =0, (4.5a)
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Figure 4.1: Temperature, T%, ahead of the flame, plotted against time, t. The dashed
curves are numerical solutions of (2.123), and the solid blue curve is the numerical solution
of (4.5). The critical temperatures, T, given by (4.3) are indicated by circles, with error
bars showing T, == E~. For this figure, E =50 and v = Q = 1.4.

p=1+vQx", TE=p""Y" YE=1 (4.5b)

The model (4.5) is found by combining (2.70), (3.1) and (3.21)—(3.24), and is analogous
to the zero Mach number model by Sivashinsky [84] for our 1D geometry and specific
reaction rate (2.17).

For T. = 1.1 and T, = 1.3, the critical temperature, T, is indicated in Figure 4.1
by a circle, and the error bars show 7. &= E~!, where E = 50. Note that 7T, = 1.5 is
greater than the maximum temperature, max 7% = (1 +~vQ)'~'/7, predicted by (4.5),
and therefore the circle and error bar corresponding to 7. = 1.5 are not displayed in
Figure 4.1.

The solution to (4.5), shown as a solid blue curve in Figure 4.1, is virtually indis-
tinguishable from the solution to (2.123) with 7, = 1.5, shown by the dashed yellow
curve. For T, = 1.1 and T, = 1.3, the solutions to (4.5) and (2.123) coincide initially,
but then start to deviate appreciably when the temperature is within O(E~!) of T,. For
T. = 1.1, this is not so clear to see. However, the temperature predicted by (2.123) with
T, = 1.1 first differs from the temperature predicted by (4.5) by E~!, when t = 0.12, or,
equivalently, when the temperature given by (4.5) is T =T, — 1.3E71.

We conclude that (4.5) is a valid asymptotic approximation to the more complicated
model (2.123) for T, — T® >> E~!. For the simple zero Mach number model (2.123),
autoignition does not occur if 7, — maxT® > E~!, or equivalently,

14 Q
14+ E-Y(1 + Q)(log(E?Q3) — log(2eLer (1 + Q)*))

—(1+7Q)""">E, (456)
where we have used (2.18) and (4.3) to evaluate 7..
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Our analysis here has yielded an algebraic expression for the critical temperature (4.3),
a quantitative prediction of the temperature at which autoignition occurs in the sense
of [49], without having to solve (2.123). If we were so inclined, we could use matched
asymptotic expansions to explain the behaviour of (2.123) for T, — T® = O(E~1). How-
ever, because the zero Mach number approximation precludes any spatial variation in the
temperature ahead of the flame, we do not analyse the model by Kagan and Sivashin-
sky [49] any further.

4.1.1.2 Three-step reaction

Substituting (2.23c) into (4.1), we find that (3.2c) is a valid approximation to (2.33c) in
the limit € — 0 when

e 'Qr = 'QYr = 0(1). (4.7)
To identify when (4.7) breaks down, we must track the small amount of radical produced in
the end-gas during normal combustion. Assuming, as we did in Chapter 3, that diffusion
has a negligible effect away from the flame in the limit ¢ — 0, we find that the mass
fractions of the fuel and radical satisfy

0Y;
ea—tf =~V (r1 +79), (4.8a)
Y;
eaa—tR =V (ri+ry—rs), (4.8b)

where 71, ro and r;3 are given by (2.23). At ¢t = 0, we assume that there is no radical

ahead of the flame, meaning (4.7) holds initially. Provided that (4.7) continues to hold, p,

V' and u satisfy (3.2)—(3.6), and Y and Yz are then found through quadrature of (4.8).

To identify the parameter regime where (4.7) holds, we use asymptotic analysis to

approximate (4.8) in the limit £ — oo, € — 0. We define the critical temperature, T, as
mETxl

Te= mE + 2log(E) — log(e)’ (4.9)

€ = B exp <m (Tix1 - %)) (4.10)

We choose to study the parameter regime where the critical temperature, T, satisfies

such that

T.—1=ord(l), Twy—T.=ord(l), Tx; —Txo=ord(1). (4.11)

As we will see in Section 4.1.2.2, the restriction Txo — T, = ord(1l) ensures that if
autoignition occurs then it occurs before there is significant acceleration of the flame, and
the restriction T, — 1 = ord(1) ensures there is an ord(1) period of t-time before the
temperature T is reached. As discussed in Section 2.2.2.2, the restriction Ty — To =
ord(1) ensures that the initiation reaction (2.6a) is subdominant in the interior of the
flame, and the flame has the three-layer structure described by Dold [29].

We will now show that, in the parameter regime (4.11), the assumption (4.7) breaks
down as T® — T.. Consider the size of the terms in the equation (4.8b) in the limit
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E — oo and € — 0. For Ty — T > E~!, the rate, 75, of the branching reaction is
asymptotically small compared to the rate, r3, of the termination reaction as £ — oc.
Furthermore, since Yz = 0 at t = 0, the initiation reaction (2.6a) dominates over the
branching reaction (2.6b), at least initially. There is an O(¢) boundary layer in ¢-time as
the amount of radical increases from Yz = 0, but then the dominant balance in (4.8b)

as F — oois 5 5
Yr = E*Yrexp (m (— - —)> (4.12)

T><1 T
Substituting (4.9) and (4.12) into (4.7), we find
E FE
e 'Qr = QYrexp (m (i — ?)) (4.13)

As with the one-step reaction, we deduce that e 'Qr = o(1) as E — oo while T, —T% >
E~1. In Section 3.3, we found that the perturbations to the leading-order temperature
during normal combustion are O(M). Comparing the critical temperature, T,, with the
maximum leading-order temperature, max T = (1 4+ yQ)~Y/7, of the end-gas during
normal combustion, we conclude that if EM = O(1) and

y—1

T.— (14+7Q) 7 > E, (4.14)

where T, is given by (4.9), then the normal combustion model (3.2) is valid up until the
time the flame reaches y = 1, and therefore autoignition does not occur. For EM > 1,
it is necessary to consider the higher order corrections to T'%, not just T}, to determine
whether (4.7) holds.

4.1.2 Slow flame approximation

With (4.14), we have identified a boundary of the region in parameter space where
autoignition does not occur. Before we turn our attention to analysing what happens
when autoignition does occur, we first investigate the validity of the assumption that the
flame is slow. In Chapter 3, we were able to significantly simplify the model (3.2) by
taking the limit M — 0 with @ = O(1) and v — 1 = O(1). Particularly, in Sections 3.2
and 3.3 we found that if Mg = o(1) then the perturbations to the leading-order solution
satisfied linear partial differential equations. If the mass flux, ¢, becomes large enough
that ¢ no longer satisfies Mq = o(1), then the mass flux appears in the leading-order
approximation to the Chapman—Jouguet conditions (3.4), and we expect nonlinear gas
dynamics to play a role in the subsequent behaviour of the solution to (3.2). We do
not analyse the solution further in this case, but postulate that the acceleration of the
flame would lead to the formation of shocks in the gas ahead of the flame, indicating the
beginnings of DDT [83].

In the analysis below, we identify a critical temperature, T, such that the assumption
that Mq® = o(1) becomes invalid as T%* — T, for both the one-step and three-
step reaction mass flux models, (2.70) and (2.88). We conclude that the asymptotic
solution (3.157) to the normal combustion model (3.2)—(3.6) is valid provided that T¢- —
TR = ord(1).
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4.1.2.1 One-step reaction

For the one-step reaction, the leading-order approximation, ¢(*), to the mass flux through
the flame is given by (2.70), and is acutely sensitive to the temperature ahead of the
flame; an O(E~!) rise in temperature causes an O(1) rise in ¢*). We find that M must
be exponentially small in E if Mq® = o(1) is to hold for T#* — 1 = ord(1).

If Mexp(E/(2(1+Q))) <1, then Mq® = o(1) as E — oo for all fixed T7* > 0,
YFA* > 0. However, when M exp(E/(2(1 4 Q))) > 1, we identify the critical temperat-

ure, T¢, as
1+Q

T 1+ 2E-1(1+Q)logM
The critical temperature (4.15) is chosen so that

(TR 4+ QY Fr)? o ( E E >

YF(1+Q)? 2Tc+Q)  2(TH +QYF)

Te

Q. (4.15)

Mg = (4.16)

Initially, T7%* = 1 < T and Y£* = 1, meaning Mq®) = o(1) as E — oco. However, with
YE* = 1, we recognise from (4.16) that the assumption M¢®) = o(1) becomes invalid
as TT* approaches T from below.

In the experimental results and numerical simulations discussed in Chapter 1, flame
acceleration does not play a significant role before or during autoignition. Therefore, for
the parameter regimes of interest, we would expect that M ¢® = o(1) would hold for an
ord(1) time on the t-time scale, or, equivalently, until 7%* —1 = ord(1). From (4.16), we
deduce that, unless M is exponentially small in E, the slow flame approximation breaks
down when T — 1 = o(1). We conclude that the one-step reaction is not suitable for
studying the interplay between chemistry and gas dynamics during autoignition because
the acceleration of the flame is unrealistic. We therefore do not consider the one-step
reaction mechanism (2.1) in any further detail.

4.1.2.2 Three-step reaction

For the three-step reaction model, we require Mg = o(1) for the asymptotic approxima-
tions we made in Section 3.3 to be valid. The leading-order approximation, ¢(*), to the
mass flux through the flame is given by the solution to (2.88). Since M — 0, the mass
flux needs to be correspondingly large for Mq® # o(1). As ¢© — oo, the solution
to (2.88) behaves like

LeR(Tx2 - TR*) .

We know that Y** < 1, and we assume that @ = ord(1) and Leg = ord(1). We therefore
deduce that our asymptotic approximations to (3.4) in the limit M — 0 become invalid as
T approaches the critical temperature, Tex = T». Given that flame acceleration does
not play a significant part in normal combustion or autoignition, we restrict our attention
to the parameter regime (4.11), where Ty, — T = ord(1).

(q (4.17)
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4.2 Hot spot development

The value of the critical temperature, T, defined by (4.9), should be seen to provide
an indication of whether autoignition occurs or not, rather than a prediction of how
autoignition occurs; if the temperature, T, of the end-gas rises to a point where T, —
TR = O(E™1), then the effect of the chemical reaction in the end-gas becomes significant
and autoignition follows. We are yet to address how a hot spot develops at localised points
within the end-gas, as observed in the experiments and numerical simulations from the
literature discussed in Chapter 1. To understand the early stages of hot spot development,
in this section we analyse a model which accounts for spatial variations in pressure as the
chemical activity in the end-gas first becomes significant. We choose to focus on the
more realistic three-step chemical reaction scheme (2.6), since we are able to identify a
parameter regime where autoignition occurs without significant flame acceleration.

We find that, in the parameter regime defined by (4.11), there is an initial period of
time where e 'Qr = o(1), meaning it is appropriate to model the dynamics of the gas
using the normal combustion model (3.2). We call this period of time the ‘compression
stage’ because the compression due to expansion of the burning gas at the flame is the
dominant cause of the increase in temperature and pressure in the end-gas. If, eventually,
the end-gas reaches a temperature where T, — T® = O(E™!), then the effect of the
chemical reaction in the end-gas can no longer be ignored. To analyse the behaviour of
the end-gas when T, — T = O(E™!), it is necessary to consider an O(E~!) boundary
layer in ¢-time, analogous to the induction stage in homogeneous explosion theory [54].
We therefore refer to this boundary layer in time as the ‘induction stage’. By matching
the solution in the compression stage with the solution in the induction stage, we reveal
how the acoustic waves generated during the compression stage affect where autoignition
occurs.

As before, we treat the flame as a free boundary between two regions of inviscid gas.
However, unlike in Chapter 3, we now retain the reaction terms in the governing equations.
We make use of (4.9) to eliminate ¢, and assume that 7, satisfies (4.11) so the mass
fraction of the radical, Yz, satisfies (4.12). We further assume that the fuel and radical
are completely consumed as the gas passes through the flame, meaning Y» = Yz = 0 for
X € (0, x*). With this in mind, we have that, for x € (0, x*) U (x*, 1),

08_‘: — g_z =0, (4.18a)

2_7; N 7542% 0, (4.18b)

25 gyl (E-5)). .
% o vYex (m (% - %)) (4.18d)
Yr = E*Y exp (m <T£><1 — %)) (4.18e)
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T =V, (4.18f)

S =" log(pV?), (4.18g)

where we have written Y = Y7 to simplify our notation. We have not included the

branching reaction in (4.18d) because 5 = 0 behind the flame, and, ahead of the flame,

the rate, 75, of the branching reaction is exponentially small compared to the rate, 7, of

the initiation reaction. The flame position, x*, is found by solving

dy*

=q, 4.19

v =4 (4.19)

where ¢ ~ ¢9+E~1¢(" is the mass flux through the flame, where ¢(® and ¢ are defined

by (2.88) and (2.94) respectively. At y = x*(t), the relationships between the dependent
variables on either side of the flame are given by the Chapman—Jouguet conditions (2.47),

[u+qV]T =0, (4.20a)
[p+yM2¢?V]T =0, (4.20b)

Y—1 999 "
pV + TM ¢V + QY| =0. (4.20¢)

Note, we have not included Y% in (4.20c), because from (4.18e) we have that Yy is
exponentially small away from the flame during the compression and induction stages. To
reiterate, we assume the fuel is completely burned in the flame, so
Y5 = lim Y = 0. (4.20d)
XX
We seek an approximate solution to (4.18)—(4.20) in the limit £ — oo, M — 0 fort >0
and x € (0, 1), subject to the boundary and initial conditions,

u(0,t) = u(1,t) =0, (4.21)

p(x0) =V(x,0) =Y (x,0) =1, u(x,0) = x"(0) =0 (4.22)
The approximate solution to (4.18)—(4.22) during the compression stage is simply
the solution (3.157) we found in Section 3.3. If the temperature, T, in the end-gas
reaches a point where T, — T® = O(E~1), then the source term on the right-hand side
of (4.18c) can no longer be ignored and we enter the induction stage. Matching back
to the compression stage, we have that the acoustic perturbations to the leading-order
temperature are O(M). Due to the form of the source term on the right-hand side
of (4.18c), the role acoustics play during the induction stage depends on the relative sizes
of £ and M. Consider the following cases with increasing M:

1. If E2M = O(1), then the O(M) perturbations to the leading-order temperature
generated during the compression stage are too small to affect the reaction rate at
leading order, resulting in spatially uniform blow up of the leading-order perturbation
to the temperature during the induction stage. Preliminary work has shown that,
in order to determine the spatial variations, an additional time scale is needed to
resolve the acoustic waves—which appear as a higher order correction—using the
method of multiple scales, but we do not present that work here.
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2. If EM = O(1) with E*M > 1, then the O(M) perturbations to the leading-order
temperature are sufficiently large to appear in the source term on the right-hand
side of (4.18c) at leading order. In this case, chemical reaction and gas dynamics
are fully coupled.

3. If EM >> 1, then the O(E 1) induction stage is much shorter than the O(M) time
taken for an acoustic wave to cross the domain. We anticipate that autoignition will
develop rapidly close to the time and location where the temperature, T, ahead
of the flame first reaches T..

We find that the induction stage is an O(E ') boundary layer in ¢-time, centred around
a critical time, t.. For the first two cases described above, since EM = O(1), we define
the critical time as the time the leading-order temperature, T({%, in the compression stage
reaches the critical temperature, T,.. That is,

TE(t,) =T, (4.23)

For the third case, since M > E~1, the higher order corrections to T'%, not just 7.7, will
be important in determining the critical time.
Of the three cases above, the second, with

EM =0(1), E*M > 1, (4.24)

exhibits the richest variety of behaviour during the induction stage. In the subsequent
parts of this chapter, we develop an asymptotic model for the induction stage in the limit
M — 0 with EM = O(1) and E*M >> 1, match it with the compression stage solution,
and solve it numerically to investigate how a hot spot develops following a period of
normal combustion.

4.2.1 Asymptotic description of the induction stage

We now analyse the model (4.18)-(4.22) as M — 0, in the distinguished limit sum-
marised in Table 2.2. During the compression stage, the asymptotic solution to (4.18)-
(4.22) is simply (3.157)—the solution we found in Section 3.3 to the normal combustion
model (3.2)—(3.6). We assume that the parameters do not satisfy (4.14), so the chem-
istry in the end-gas becomes significant before the flame reaches the right-hand boundary,
x = 1, and, hence, autoignition occurs. To understand the early stages of autoignition, we
consider the induction stage, an O(E~!) boundary layer in {-time where the temperature
in the end-gas satisfies 7, — T% = O(E!).
To describe the induction stage, we define a new time variable, 7, by

t=t.+ Mr, 7=0(1). (4.25)

We will justify shortly that ¢. is the critical time defined implicitly by (4.23). Additionally,
we use hats on the dependent variables, for example p, to distinguish the solution dur-
ing the induction stage from the solution (3.157) during the compression stage. In the
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induction stage, we seek approximate solutions to (4.18)—(4.21) of the form

p~po+ Mp+---, (4.26a)
Vo~ Vot MV, (4.26b)
u o~ g+ Mug + - (4.26¢)
X'~ Xo+ Mxi+---, (4.26d)
Y ~ Yo+ MY+, (4.26¢)
S~ S+ MS +--- (4.26f)
T~Ty+ MTy +--- . (4.26g)

We proceed by substituting (4.25) and (4.26) into (4.18)—(4.21) and comparing coeffi-
cients of M. To satisfy the initial condition (4.22), we insist the solution for 7 = O(1)
matches with the solution (3.157) in the compression stage as 7 — —oo. Results from
matching with the normal combustion model will be stated where required. In Sec-
tion 4.2.6, we will look closer at how the matching works in practice.

4.2.2 The leading-order pressure ahead of the flame

Assuming the source term on the right-hand side of (4.18c) is ord(1) during the induction

stage, upon substituting (4.25) and (4.26) into (4.18), we find that, on both sides of the

flame, R A R
oVo  0Opp 0Sy 0Y)
— =—=—=—7=0. 4.27
or Ox Ot or (4.27)

From (4.27) and Sy = v~ 'log (]50\707>, we deduce that py is constant ahead of the flame.
Furthermore, to match with the compression stage solution, we require that, ahead of the
flame, S — 0 as 7 — —oco. We deduce that S& = 0 for x € (x*, 1), and hence that V,?
and TA(F are constant ahead of the flame. Matching with the leading-order compression
stage solution, we find

~

6 = polte) = pe, Vit =polte) T = Ve, Tt =polt)07V, V=1, (4.28)

for x € (x*, 1), where py(t) is the solution to (3.92).
Substituting the asymptotic series, (4.26e) and (4.26g), into the source term on the
right-hand side of (4.18c), we find that, ahead of the flame

E E E E EMTE
Y — )~ S L 1 1 4.29
“ eXp(m <Tc TR)) Qexplm| gz~ Ga (:ﬁ({%)2 el (629

as M — 0 with EM = O(1). From (4.29), it is clear that we require T = T}, for the
source term in the right-hand side of (4.18c) to be ord(1) during the induction stage. We
are therefore justified in our assertion that ¢, is defined implicitly by (4.23).
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4.2.3 The flame position and the entropy behind the flame

In order to solve (4.19) for the flame position, x*, we need to specify a model for the
mass flux, ¢. In Section 3.3.1, we found that, for the three-step reaction, the mass flux is
given by (3.62). Since the leading-order temperature, 7%, and mass fraction of fuel, Y,
ahead of the flame are constant during the induction stage, we deduce that the mass flux,
q, is also constant to leading order. Substituting (4.26¢e) and (4.26g) into (3.62), we find

where
do = ¢N(T., 1) + E"'q"(T. 1) =: .. (4.31)

As before, we include the O(E~") term with the O(1) term because E~! could be asymp-
totically large compared to M in the parameter regime EM = O(1), E*M > 1.

Substituting (4.25), (4.26d) and (4.30) into (4.19) and comparing coefficients of
powers of M, we find

dxg
A0 4.32
dx]

= q,. 4.33
o = (4.33)

Matching with the first two terms of the asymptotic expansion (3.157a) for flame position
during the compression stage, we deduce

Xo = xolte) =1 X0y XTI = €T, (4.34)

where x§(t) satisfies (3.158).

We assume that the fuel is completely burned in the flame, meaning Y = 0 behind the
flame. Hence, from (4.18c), we deduce that the entropy of the gas behind the flame is
constant along lines of constant x. Far behind the flame—that is, for x* — x = ord(1)—
the gas will have passed through the flame before there was any significant chemistry in
the end-gas. Hence we can match to the entropy behind the flame during the compression
stage, given by (3.78), and deduce that

St =log(1+QU+1Q) ), (4.35)

for x — x = ord(1). By comparison, the gas in a narrow layer behind the flame will
have passed through the flame during the induction stage. From the Chapman—Jouguet
conditions (4.20) we deduce that the leading-order entropy, S’OL, behind the flame is
constant for xy < x* with x* — x = O(M), with

S¢ =1og(1+Q(1+7Qxe) 7). (4.35b)
Noting that the two expressions (4.35a) and (4.35b) differ by only an O(M) amount when

X — Xe = O(M), we recognise that (4.35a) is the leading-order entropy throughout the
gas behind the flame.
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It simplifies our analysis to seek an approximate solution to (4.18) for x € (0, x%) U
(x%,1). However, if we fix the flame position at y? then we are unable to specify the
higher order corrections to the entropy immediately behind the flame in a way that is
consistent with the Chapman—Jouguet condition (4.20c), because the entropy behind the
flame is constant along characteristics parallel to the boundary, x = xi. Fortunately,
the O(M) corrections to entropy behind the flame do not affect the solution for p;
and TlR which are of most interest during autoignition. We are therefore justified in
solving (4.18) with the flame position fixed at x = %, and approximating the Chapman—
Jouguet conditions (4.20) by Taylor expanding around x* = x.

Behind the flame, from (4.18b), we have that 9p,/0x = 0 for x € (0, x%). From (4.20b),
we deduce that the leading-order pressure, py, is continuous across the flame, meaning

Do = Pe; (4.36)
for x € (0,1). From (4.35), we deduce that
L _ -1/ =2
Vo =p. " (1 +Q(1+7Qx) ~ ) : (4.37)

for x € (0, x*). Since Vy = Vi(x, t.), we deduce from (3.91) that
1 A
/ Vodx = 1. (4.38)
0

4.2.4 Induction stage model

We now turn our attention to finding the partial differential equations describing ignition
in the gas ahead of the flame. Substituting (4.25) and (4.26) into (4.18) and comparing
coefficients of powers of M, we find that, on both sides of the flame,

oV, Oug

- _ - 4.39
or ox ’ ( )
Oug 10p;
il i | 4.39b
or * v Ox ’ ( )
. oV,
[ i (4.39¢)
YPo  Vp
Tl = ]30‘71 + ]51‘70- (4.39d)

Behind the flame—that is, for x € (0, x})—we have that
Y =0, (4.40a)
meaning the entropy behind the flame is constant along lines of constant Y,

dSL
—L —q. 4.4
S =0 (4.40b)
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By comparison, ahead of the flame, the ord(1) approximations to (4.18c) and (4.18d)
give that, for x € (x5, 1),

dSE mEMTFE
De o= Q exp (T—f , (4.41a)

Y mEMTE
5 = VeoXp (—TCQ : (4.41b)

Eliminating TFE from (4.41a) and (4.41b) and integrating, we find that the perturbation,
Y/, to the mass fraction of fuel ahead of the flame is given by

Pt (4.42)

Here we have used the fact that we require Y;¥ — 0 and SF — 0 ahead of the flame
as T — —oo to match with the compression stage solution. Therefore Y/*, SE and T
ahead of the flame are given algebraically in terms of p and ‘71R.

To determine pF and V; ahead of the flame, we solve (4.39)—(4.41), subject to the
boundary conditions

SR
Y’l__

Uo(0,7) = up(1,7) =0, (4.43)

and the approximate Chapman—Jouguet conditions (4.20) at x = X,

~ 1+
[ao n qcvo} —0, (4.44a)
[p]F =0, (4.44b)
. NEEs
[POVO + QYO} = 0. (4.44c)

Since we already have that [f]© = 0 and [Yp]* = —1, we simplify (4.44a) and (4.44c) to

fg] " = — e (4.45)

Pc

4.2.5 The compressive effect of the flame

Before we set about solving (4.39)—(4.41) numerically, we first isolate the bulk effect of
compression due to combustion at the flame. As in our previous analysis, on both sides
of the flame, we pose that the solution takes the separated form

Uy = ﬁo(X) + to(x, 7), (4.46a)
D1 = 151(7) + Zgl(X, ), (4.46b)
‘71 — ‘A/l(X? T) + AI(X7T)7 (446C)



where 1y and p; are continuous, including across x = xj. Separating the dependent
variables into components in this way is convenient because it allows us to solve for
continuous quantities, p; and g, numerically.

We define 1, by

f/ = - 4.47
! YPo ( )

. J Vi
S =214 L (4.48)
YPo  Vp
We suppose that 4 satisfies §
dig OV
T _ 9 (4.49)
dy T

subject to the boundary conditions (0) = (1) = 0. From (4.45) we have that g is
discontinuous at x = x, with

] =~ (450)

To find an equation for p1, we now multiply 8}51/87 by V; and integrate from y = 0
to x = 1. Using (4.38), (4.49) and (4.50), we find

dp
P00, 451
4 = Q (4.51)

Matching with the first two terms of the compression stage solution (3.157b), we find
that

p1 = 7QqT (4.52)

We are yet to find ]51 and ﬁo on both sides of the flame, and \71R ahead of the flame.
Substituting (4.46) into (4.39)-(4.41), we see that the appropriate equations to solve for

p1, Uo and f/lR during the induction stage are

91 pe Oty

= —= 453
or VL ox’ (4.53a)
dtig 19p;

-0 -7 4,
or v Ox’ (4.53b)
for x € (0,x7%), and )
OVE By
- 7Y 4,

or ox’ (4.53¢)
Dty 1 9p,
L 1 4.53d
or v Ox’ (4.53d)
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5251 YPc E)?:to +10e mEM
_ = = _ X
ar V. oy TP\ T2

for x € (x%, 1), subject to the boundary conditions

((7 — 1)Qq.Ver + p Vi + 5%)) . (4.53¢)

1o(0,7) = tp(1,7) = 0. (4.54)

The form of (4.53) is particularly amenable to numerical solution via the method of lines.
However, we first need to identify initial conditions by matching with the solution during
the compression stage.

4.2.6 Matching with normal combustion

We now have two asymptotic approximations to (4.18)—(4.22) in the limit M — 0 with
EM = O(1) and E*M >> 1, valid in two different time stages: the normal combustion
model (3.2)-(3.6), which we solved in Section 3.3, is valid for ¢ = O(1) during the
compression stage, and the induction stage model (4.53) is valid for t = t. + M7 with
7 = O(1). It is not obvious how to match the two solutions using Van Dyke's matching
rule [46, §5.1.5], because we do not have a closed-form solution to (4.53). To find suitable
initial data to solve (4.53) numerically, we adopt the method of intermediate variables [24,
§2.7]. We seek some o € (0,1) such that the solutions to the compression stage and
induction stage models agree with only o(M) errors at t = t. + M, where

7'* = _M—OA. (455)

By comparing the asymptotic behaviour of the two models at ¢t = t. + M, as M — 0,
we identify appropriate initial conditions to apply at 7 = 7, to solve (4.53) numerically.

The first step in matching the two models is writing the solution (3.157) during
the compression stage in terms of 7, and expanding to include O(M) terms. We will
only discuss the details of matching the pressure, p; the procedure for v and V is ana-
logous. Provided that M 72 < 1, the asymptotic behaviour of the compression stage
solution (3.157b) at t = t. + M, is

dpo
~ polt.) + M7, =2
p~ polte) + M. g

t=t.

+ M g (An(tc) exp (z (% - ¢;(tc)r*)> + c.c.) Gn(x,te) +o(M), (4.56)

as M — 0. The additional restriction, M72 < 1, on 7, is necessary so that the third
term in the Taylor expansion of ¢,,(t)/M around t. is o(1) and therefore does not appear
in the argument of the exponential.

We have already used (4.56) to derive (4.28) and (4.52). The form of (4.56), and
analogous expansions for u and V/, suggests that the initial conditions we should use at
T =T, for (4.53) are

p(T) = i (An(tc) exp (i <¢T}\(;C) + ¢;(tc)n>) + c.c.) G.(x,t.), (4.57a)

n=1
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~ (o) A
Uo(X, Te) = ; (ZW:E;)) exp (7, (% + d);(tc)n)) - c.c.) aaGX = L (4.57b)
for x € (0,1), and
; Ve ~
V(G T) = ———ni(x 7, (4.57¢)

YPc

for x € (x2,1).
The solution to (4.53) behaves like (4.57) to leading order when the source term
in (4.53e) is asymptotically small. That is, when

mEM
12

1Q eXP( ((7 — 1)QqeVer + pcVi + ﬁch)) = o(1). (4.58)
For (4.58) to hold, we require —E'MT, > 1. We now have three requirements on T, for
the compression stage solution and the induction stage solution to match:

I >1, Mrl<1l, —EM7, > 1. (4.59)

For some o € (0,0.5) to exist such that 7, = —M ~“ satisfies the conditions (4.59), we
require
EM > 1. (4.60)

4.2.7 Numerical solution

With the boundary conditions (4.54) and initial conditions (4.57), we are now in a position
to solve (4.53) numerically using the method of lines. We use a staggered grid to discretise
space [74, §6.3]—that is, we seek approximations to {iy and ]51 at alternate points of a
uniform grid on [0, 1]. We use central differences to approximate the spatial derivatives
in (4.53), and then solve the resulting system of ordinary differential equations numerically
using MATLAB ode15s.

To describe the grid, we let N = 200, and define h = 1/(2N) and x = xx = kh for
k € {0,1,...,2N}. For simplicity, we ensure that the leading-order flame position, X%,
lies at one of the even-indexed grid points, say, x5 = yar for some F € {1,2,... . N—1}.
To approximate the solution to (4.53), we solve

dpak11 U2 — U2k
i fprQhVOL(X%H) : (4.61a)

for k€ {0,1,...,F — 1},

dVaory1  Ugkyo — Uz

= 4.61b
dr 2h ’ ( )
d U —u mEM
% _ _WCW +7Q eXP( T2 (v = 1)Qq.Ver + peVayia +pzk+1Vc)>,
(4.61c)
forke {F,F+1,...,N —1}, and
dugy, D2k+1 — D2k—1
= -_— 4- 1d
dr 2~vh ’ (4.61d)
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for k€ {1,2,...,N — 1}, where

ug = ugn = 0, (4.61e)
and
pr(7) & p1(xa, 7), (4.62a)
Vi(r) = Vilxe, ), (4.62b)
uk(7) = to(Xk, 7), (4.62¢)

for k € {0,1,...,2N}.

For the specific form of equations in (4.53) there are advantages to using a staggered
grid, rather than solving for u; and p;. at every grid point. For one, the central difference
approximations to the x-derivatives naturally depend on values at alternate grid points. By
using a staggered grid, we not only reduce the number of ordinary differential equations we
need to solve, but also avoid inconsistencies whereby differences in, for example, pressure
between neighbouring grid points can have no effect on the solution, because the central
difference approximations only depend on the difference between alternate grid points [74,
§6.3]. Another benefit of using a staggered grid is that we are able to apply the boundary
conditions (4.61e) directly, without having to also calculate pgy, poy and Von. Similarly,
by enforcing that the leading-order flame position, Y7, lies at the grid point where we
solve for usp, we avoid having to introduce additional variables to deal with the jump in
derivative in ﬁo across the flame.

We solve (4.61) numerically using the MATLAB ode15s function. To prevent oscilla-
tions on the grid scale, we reduce the relative tolerance of ode15s to 107°, but otherwise
use the default settings. To use the matching conditions (4.57) practically, it is necessary
to truncate the series (4.57a) and (4.57b). In the numerical simulations used to create Fig-
ures 4.2-4.5, we use partial sums of (4.57) with nine terms as initial conditions for (4.61)
at 7 = 7,. We further discuss appropriate choices of the overlap time, 7, = —M~%, in
Section 4.3.1.

4.3 Discussion and numerical studies

In this chapter, we have investigated when and how autoignition occurs for the three-
step chemical reaction (2.6). Before presenting numerical solutions to (4.61), we briefly
summarise our modelling approach.

In Section 4.1, we identified a critical temperature, T., given by (4.9). The critical
temperature, 7., can be used to give an indication of when autoignition occurs on the
t-time scale. That is to say, if the temperature rises to a point where T, — T% = O(E~1),
then the effect of the chemical reactions in the end-gas becomes significant, resulting in
autoignition.

The critical temperature, T, is given in terms of the dimensionless parameters F,
T1, m and €. By comparing T with the maximum leading-order temperature, max Tt =
(1 +~Q)'"Y/7, ahead of the flame, we are able to relate the occurrence of autoignition
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Figure 4.2: The pressure, p = p. + Mpy, at the ignition time, T = 7;, plotted against
x for two different values of EM. The flame position is indicated by the circle and the
leading-order pressure, p., is indicted by the dashed line. For this figure, £ = 1000,
Tyo=16,v=0Q =14 m=Ler =Leg =1, x; = 0.6 and a = 0.45.

with the dimensionless parameters, and hence the dimensional properties of the system,
summarised in Table 2.1. For example, an increase in the length, L, of the domain
corresponds to a decrease in the dimensionless parameter ¢, and hence a decrease in the
critical temperature, T,.. We conclude that increasing the length, L, of the container lowers
the temperature the end-gas needs to reach for autoignition to occur. This observation
fits with the numerical results of Yu and Chen [95].

In Section 4.2, we analysed the model (4.18)—(4.22) to describe how a hot spot
develops as T%® — T,, during the early stages of autoignition. We chose to focus on
the distinguished limit where EM = O(1) and E?M > 1 as M — 0, because, in this
limit, the gas dynamics and chemical reactions are fully-coupled in the end-gas during the
induction stage.

During the induction stage, we find that the perturbations to the spatially-uniform
leading-order solution ahead of the flame satisfy (4.39) and (4.41). To isolate the com-
pressive effects of combustion at the flame, we have separated the solution into compon-

ents (4.46). We now solve the resulting system (4.53) for p;, ViF and g numerically,
using the method of lines as described in Section 4.2.7.

After rescaling the variables, we recognise (4.39) and (4.41) as Clarke's reactive acous-
tic equations [21, 80], which allows us to gain useful insights into the solution behaviour.
It is well known that solutions to Clarke's equations (2.121) with bounded initial data
become unbounded in finite time [31]. It is therefore no surprise that solutions to (4.53),
with (4.54) and (4.57), are singular. We find p; — oo at some location x; € [x*,1] as
T — 77 for some 77 € (74, 00). Depending on context, we call both 7; and t; = t.+ M,
the ignition time, and x; the position of the ignition centre. Numerically, the singularity
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causes a failure in the ODE solver. The failure of ode15s is evident as it is unable to
solve (4.61) accurately without reducing the step size to below the minimum step size.
In order to quantify the time and place of the singularity, we record the time at which
odelbs fails as the ignition time, 77, and the position of the maximum pressure at 7 = 7;
as xj-

Using the time at which the ODE solver fails gives a crude, but reasonable, approxim-
ation to the singularity. However, the approximation we obtain using this method depends
on the particular ODE solver being used. A more reliable approximation for the singularity
could be found if we fitted the asymptotic behaviour of Clarke's equations (2.121) as
T — 77 to our numerical simulation. The simpler approach of using the time at which the
ODE solver fails is sufficient for our purposes. For consistency, we use MATLAB odel5s
with the same settings for all numerical simulations. We set the relative tolerance to 1079,
but otherwise use the default settings of the MATLAB ode15s function.

In this section, we present numerical simulations with the critical temperature fixed
such that x} = 0.6. The pressure profiles at 7; for two different values of M are plotted
in Figure 4.2. Although we have not studied the details, we expect that the remainder of
the end-gas will explode shortly after the ignition time, following a supersonic singularity
path (or paths) starting at the ignition centre [28]. We anticipate that the singularity
path for EM = 1 will move much faster than the singularity path for EM = 10, because
the pressure gradient in Figure 4.2a is much shallower than in Figure 4.2b.

To understand and fully explore the range of behaviour exhibited by (4.53) for different
values of EM in the limit E — oo, we choose to use a larger value of the parameter
here than the value we used in the numerical simulations presented in Section 3.4. We
observe that the ignition centre is in a different location for the two different values of
EM presented in Figure 4.2. We will explore the sensitivity of x; and 7; to changes in
EM and on changes to the initial conditions (4.22) shortly. First, though, it is necessary
to discuss how we select 7, = —M ~“ to accurately match the solution of (4.53) with the
solution (3.157) in the compression stage.

4.3.1 Choosing T,

Typically, Clarke's equations (2.121) are solved numerically from fixed initial conditions
where the temperature is already close to the critical temperature, T,.. The situation
with autoignition is therefore somewhat unusual, because the temperature of the end-gas
starts at 7' = 1, far below the critical temperature. To solve (4.53) for the temperature
during the induction stage, it is necessary to match with the solution (3.157) during the
compression stage. We solve (4.53) by applying the matching conditions (4.57) at some

T, = —M"°, (4.63)

where a € (0,0.5). The matching parameter, «, does not appear in the full model (4.18)-
(4.22), so the solution should not depend on «.

The conditions (4.59) provide a theoretical range of acceptable 7, in the limit M — 0,
E — o0, such that the errors introduced to the solution (4.26) by matching are o(M).
As EM decreases, the range of acceptable values for o reduces. To investigate how the
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Figure 4.3: The ignition time, 7;, plotted against the matching parameter, «. For this
figure, £ = 1000, Txo =16, y=0Q =14, m = Ler = Leg =1 and x; = 0.6.

numerical solution to (4.53) depends on «, we plot the ignition time, 77, against «, for
a large, but fixed, value of E in Figure 4.3. We observe that as « increases, the ignition
time appears to approach a constant, albeit a different constant for each E M. We choose
to use « = 0.45 for our numerical simulations, because Figure 4.3 appears to show the
behaviour of 7; has become independent of « by this point for the range of values of EM
we consider.

4.3.2 Varying M

In Section 4.2, we recognised that the behaviour of (4.18)—(4.22) during the induction
stage depends on the relative sizes of £ and M. We have derived a model (4.53) for the
induction stage for the distinguished limit M — 0 with EM = O(1) and E*M > 1. In
this section, we investigate how the behaviour of the solution to (4.53) depends on the
size of the product EM, by varying M with E fixed. To ensure we are comparing the
time at which the solution becomes unbounded consistently for different values of M, we
use t; here, rather than 77, to describe the ignition time.

We solve (4.61), subject to the initial conditions (4.57) at 7 = —M %45, for 200
values of EM drawn from the uniform random distribution on (0.5,15). The predicted
ignition centre positions, X7, and ignition times, t;, are plotted against M in Figure 4.4.
The data presented in Figure 4.4 looks discontinuous but does, in fact, have an underlying
continuous structure, which we reveal in Figure 4.5 by considering a small range of EM
in detail.

It is clear to see from Figure 4.4a, that autoignition preferentially occurs at the wall
for the parameter range under consideration; for 72% of the simulations presented in
Figure 4.4, the highest pressure at ¢t = t; is at x; = 0.9975, which is the grid point
closest to the wall where we solve for the pressure. We find that as E'M decreases,
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the proportion of simulations where the reaction centre is located adjacent to the wall
increases. For instance, 80% of the simulations with EM € (5, 10) presented in Figure 4.4
result in autoignition at the wall, compared to 49% for EM € (10, 15).

To create Figure 4.5, we solve (4.61) for 750 equally-spaced values of EM € [9.5,10.5].
We observe that there are intervals of EM where the ignition centre occurs at the wall,
X = 1, and intervals of EM where autoignition occurs at the flame, x’ = 0.6. At approx-
imately EM = 9.68 and EM = 10.14, the ignition time, ¢;, reaches a local maximum,
and the ignition centre transitions sharply from being at the flame to being at the wall.
By comparison, the ignition centre transitions from the wall to the flame over the intervals
EM € (9.55,9.61) and EM € (9.98,10.08).

For the relatively large values of FM considered in Figure 4.5, the chemistry in the
end-gas is very sensitive to the acoustic changes in temperature. By varying M, we vary
both the amplitude of the acoustic waves produced by the flame, and the relative speeds
of the acoustic waves and the flame. Effectively, changing M changes the shape of the
initial conditions (4.57) we apply at ¢t = t.+ M. It appears as if the position, x;, of the
ignition centre tracks the point of highest pressure, and hence temperature, of any of the
wave fronts passing between the flame and the wall. The sudden transition from ignition
at the flame to ignition at the wall can be thought of as the change in the position of
maximum pressure following the reflection of a compressive acoustic wave at the wall.

By comparison, we do not see ignition anywhere other than at the wall in the numerical
simulations presented in Figure 4.4 for EM < 2. From Figure 4.4b, we also note that the
variability in ignition time, ¢;, decreases as M decreases. By reducing M, we increase
the speed of the acoustic waves relative to the flame, and decrease their amplitude.
For lower values of KM, therefore, the rate of reaction in the end-gas is less sensitive
to the acoustic perturbations to the temperature, which partially explains the reduced
variation in t;. Furthermore, the temperature adjacent to the wall rises higher than
in the surrounding gas as compressive acoustic waves are reflected from the wall. We
speculate that autoignition preferentially occurs at the wall for small values of EM,
because the repeated reflection of acoustic waves, coupled with the heating due to the
chemical reaction, causes a local increase in temperature at the wall that builds up during
the induction stage.

4.3.3 Varying the initial conditions

For the numerical simulations presented in Figures 4.2—4.5, we solved (4.61) subject to the
initial conditions (4.57) at 7 = 7. We derive (4.57) by matching with the solution (3.157)
to (4.18)—(4.22) during the compression stage. By using the initial conditions (4.22),
we assume the gas is quiescent at ¢ = 0. In practical applications, such as within an
internal combustion engine, the gas will not be stationary at the moment the flame is
ignited. Hence, we briefly investigate the sensitivity of the solution to (4.61) to noise by
introducing acoustic perturbations in the gas at ¢t = 0.

To introduce perturbations to the gas at ¢t = 0, of the same magnitude as the acoustic
wave produced by the flame, we shift the phase of each mode in (3.160) at ¢ = 0; that is,
fork=1,2,..., we replace Ay(0) with Ax(0)e™* where 1, € (0,27) is the phase shift. In
Section 3.3.6.2, we noted that the argument of the solution to (3.149) remains constant.
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The introduced phase shift therefore persists up until 7 = 7,, meaning the (truncated)
matching conditions (4.57) become

Pi(x, ) = EK: (An(tc) exp (z (nn + @}\(;C) + czﬁ;(tc)n)) + c.c.) Gu(xtc), (4.64a)

n=1
; o~ ((iAat) On(tc) e
Uo(x, 7)) = —Cexpl i gy + =t + @ (t)T | | +cc - ,
0o(X, %) ;<7wn(tc) p( <n A T oalte) )) ) o |,
(4.64b)
for x € (0,1), and
; Ve ~
Vle(XaT*):_fy pl(X;T*)a (464C)

for x € (x%,1). As before, Ay satisfies (3.162) subject to the initial conditions (3.163)
for k = 1,2,..., K. To create Figure 4.6, we solve (4.61) subject to the initial condi-
tions (4.64) with K =9, for 200 samples of (11, ...,79) drawn from the uniform random
distribution on (0, 27)°.

For EM = 1, there is very little variation in the ignition time, t;; the difference
between the minimum ¢; and the maximum #; is 3.0 x 10~*. Furthermore, we find that
the ignition centre is located at the wall for 99% of the simulations presented in Figure 4.6.

By comparison, the location, x;, of the reaction centre is much more strongly de-
pendent on the initial conditions for EM = 10, with autoignition occurring at the wall in
only 67.5% of the simulations with EM = 10 presented in Figure 4.6. Additionally, the
reaction centre was located at the grid point closest to the flame in 4% of the simulations
we conducted with EM = 10. The variation in ignition time, t;, for EM = 10 is also
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much wider than for EM = 1; the difference between the maximum and minimum #; in
Figure 4.6 is 1.7 x 1072 for EM = 10.

We conclude that the sensitivity of the ignition time, ¢;, and location, x;, on the initial
conditions in the gas at t = 0 increases as E M increases. As before, we postulate that
the increase in sensitivity for larger values of E'M is due to the size of the acoustic waves
and their ability to raise the temperature locally. For EM = 1, the effect of the acoustic
waves on the rate of reaction in the end-gas is relatively weak. We see autoignition at
the wall in almost all of the simulations presented in Figure 4.6 because the temperature
perturbation builds up slowly close to the wall where the heating due to the acoustic
waves is amplified. For EM = 10, the preferential heating at the wall is still important,
as evidenced by the fact that autoignition occurs at the wall in the majority of simulations.
However, the amplitude of the acoustic waves is sufficiently large that the local variations
in temperature can, in some cases, initiate a positive feedback cycle that leads to the
development of a hot spot within the interior of the end-gas.

4.3.4 Explosion stage

The induction stage is only the beginning of autoignition. As the temperature perturba-
tion, T increases, the asymptotic approximations we made to derive (4.53) break down
and the solution enters the explosion stage. We will not explore the explosion stage, but
point out that the model (4.18) continues to be valid while the initiation reaction (2.6a)
dominates over the branching reaction (2.6b)—that is, while Ty — T = ord(1). The
temperature at the ignition centre, x, will continue to rise to form a hot spot with
the self-similar structure described by Jackson et al. [48]. When the temperature rises
sufficiently, the branching reaction will become important, and the analysis in [48] will
need modifying to account for the chain-branching explosion. After the explosion stage,
there will be a depletion stage as the radical is consumed, but we have not considered the
behaviour that will occur then.
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Chapter 5

Conclusion

Knock in internal combustion engines is a result of an explosion, known as autoignition,
in the unburnt gas ahead of the flame. Autoignition produces high pressures and temper-
atures in the gas within the cylinder, which can cause catastrophic damage to the engine.
It is desirable therefore for knock to be controlled.

Knock and autoignition remain relevant areas of study, even as we as a society trans-
ition away from using fossil fuels to propel our vehicles. Many factors are known to affect
whether knock occurs, including the geometry of the engine, the intake temperature of the
air-fuel mixture and the fuel being used. To ensure compatibility with engines of vehicles
on the road, a fuel's propensity to cause knock is determined through experimental pro-
cedures, and is quantified using octane numbers, before it is sold to the public. In order
to lessen the environmental impact of our transportation needs, fuel manufacturers are
starting to blend more sustainable fuel components, such as ethanol, into their products.
Hydrogen is also being considered as an alternative fuel for use in internal combustion
engines. Knock is not only a concern for traditional gasoline, but also for novel fuels in-
cluding bio-fuels and hydrogen. Understanding how the physical and chemical properties
of a fuel influences whether or not autoignition occurs would help the automotive industry
expedite the development and adoption of more environmentally-friendly fuels.

Autoignition does not occur uniformly throughout the end-gas. Rather, autoignition is
first apparent at localised points, known as hot spots, which appear in the end-gas after a
period of seemingly normal combustion. It is not well understood how hot spots develop
or why they are located away from the flame.

Autoignition is not unique to internal combustion engines. Experiments in rapid com-
pression machines exhibit autoignition, as do one- and two-dimensional numerical simu-
lations of combustion in an enclosed volume. The simplicity of these systems precludes
many of the mechanisms proposed in the literature for how a hot spot develops in internal
combustion engines. For example, a rapid compression machine operates for a single cycle,
so spontaneous ignition due to hot combustion products left over from a previous cycle
is not possible. Furthermore, one-dimensional simulations do not exhibit flame folding
or turbulence, which are said to contribute to autoignition. We do not conclude that
these mechanisms play no role in the development of hot spots in internal combustion
engines. After all, an engine cylinder is a complex system with numerous chemical reac-
tions taking place in a turbulent mixture of gases, confined within moving boundaries in
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three-dimensions. It may be possible that more than one mechanism leads to autoignition
in an internal combustion engine. However, the fact that autoignition is a feature of these
simpler systems suggests that autoignition is a more fundamental aspect of combustion
in confinement. We therefore recognise that the formation of a hot spot can be explained
by considering the interplay between the gas dynamics and chemistry in the end-gas and
concentrate on understanding that dynamic interplay.

In this thesis, we have used perturbation methods to analyse a one-dimensional model
of gaseous combustion in confinement, to investigate the role acoustic waves play dur-
ing normal combustion and autoignition. We have identified a parameter regime where
autoignition does not occur, and, for a parameter regime where autoignition does occur,
we have derived and solved a model to identify when and where hot spots develop.

We have studied two simple chemical reaction mechanisms that are representative of
premixed combustion: a one-step Arrhenius reaction and a three-step chain-branching
reaction. These reaction mechanisms are a significant simplification of the actual reaction
mechanisms for hydrogen and hydrocarbon combustion. However, by using tractable
chemical models with only a few reactive species, we are able to provide analytic insights
into the interplay between gas dynamics and chemistry during autoignition. The one-step
reaction is limited in accuracy, but is key to understanding the modelling literature on
combustion. The three-step reaction we use is also well-studied in the literature, and
is more representative of the initiation, branching and termination reactions that occur
during the combustion of hydrogen and hydrocarbons than the one-step model.

In the limit of large Péclet number, Pe™" = ¢ — 0, we are justified in modelling
the flame as an interface between two regions of inviscid gas. We use the well-known
Chapman—Jouguet conditions to relate the density, pressure and velocity adjacent to both
sides of the flame. However, in order to write down a well-defined free-boundary prob-
lem, an additional piece of information is required to supplement the Chapman—Jouguet
conditions, namely the mass flux through the flame.

For both the one-step and three-step reactions, we follow established analysis in the
literature to determine the leading-order mass flux through the flame by examining the
quasi-steady structure of the flame. Additionally, we extend the analysis by Dold [29]
to find the second order approximation to the mass flux for the three-step reaction, in
the limit of large activation energy, £ — oo, and small Mach number, M — 0, with
EM = 0O(1).

In a cycle of an internal combustion engine where knock occurs, a period of normal
combustion precedes autoignition. We call this period—where the rate of chemical reac-
tion in the end-gas is negligible—the compression stage. Modelling the compression stage
is important to understand the conditions in the gas prior to the development of a hot
spot.

Acoustic waves are an intrinsic feature of combustion. Flames are subsonic combustion
waves, so affect the gas either side of them through the production of acoustic waves.
Although we do not study the details of ignition of the flame, acoustic waves are generated
by the ignition of the flame and the expansion of the burning gas through the flame. In
confinement, the acoustic waves generated by the flame reflect from the boundaries and
subsequently interact with the flame again. Despite their small amplitude, acoustic waves
provide the spatial variation necessary for a localised hot spot to develop in the end-gas.
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We use an adaptation of the method of multiple scales to account for the interactions
between the flame and acoustic waves during the compression stage, in the limit M — 0.
A similar method is used by Bauwens et al. [5] and Fachini and Bauwens [37] to study 1D
premixed flames propagating through a tube with one end closed and the other end open.
As in [5, 37], we find that the solution during the compression stage can be expressed
as a series of modes, whose spatial structure, frequency and amplitude all slowly vary.
However, with both ends of the tube closed, the leading-order temperature rises slowly
on either side of the flame, and the leading-order temperature behind the flame is not
spatially uniform. As a result, we are unable to express the spatial structure of the modes
in terms of sine and cosine. Instead, we find the spatial structure and frequency of the
modes numerically, using Chebfun [33].

We use Lagrangian spatial coordinates throughout our analysis. The benefit of using
Lagrangian coordinates is that the path of the flame is monotonic in time because each
fluid particle passes through the flame once. Using Lagrangian coordinates allows us
to apply the Chapman—Jouguet conditions at the leading-order flame position without
having to worry about characteristics following the flow incorrectly crossing the leading-
order flame position more than once. The Chapman—Jouguet conditions dictate that the
entropy immediately behind the flame changes rapidly as the acoustic waves interact with
the flame. Because the entropy behind the flame is constant following the flow, we find
that the entropy (and hence temperature and specific volume) behind the flame exhibits
fine-scale spatial variations. A novelty of our analysis is that we employ ideas from the
method of multiple scales in both time and space to ensure that the Chapman—Jouguet
conditions can be applied consistently.

In physical experiments, significant acceleration of the flame is not observed prior to
autoignition. For the one-step reaction, the mass flux through the flame is acutely sensitive
to the temperature ahead of the flame, with an O(E™1!) increase in temperature leading
to an O(1) increase in mass flux. We find that there is an ord(1) rise in temperature
ahead of the flame prior to the onset of autoignition. Therefore, we conclude that the
one-step reaction is unsuitable for modelling autoignition, because the acceleration of the
flame is unrealistic.

Furthermore, for the three-step reaction, the mass flux through the flame tends to
infinity as T%* — T». To ensure that the flame speed remains ord(1), we assume that
the leading-order temperature, 7,7, in the end-gas remains sufficiently below the branching
reaction cross-over temperature, T, so that Ty, — TOR = ord(1). For temperatures in
this range, the rate of the branching reaction in the end-gas is negligibly small compared
to the rates of the initiation and termination reactions as £ — oo.

Generally, when ignition due to the three-step reaction is discussed in the literature [10,
30, 78], the initial temperature is assumed to be close to the cross-over temperature, To.
Often the assumption is that a shock has reflected from a wall causing the temperature
to jump to above Tx,. In this case, the branching reaction plays a role during the early
stages of ignition. The situation with autoignition is a little different. The acoustic waves
in the unburnt gas are much weaker than shocks, and the temperature is far below the
cross-over temperature, Tyo. Therefore, for autoignition to occur prior to any significant
acceleration of the flame, we conclude that the initiation and termination reactions must
be the driving force behind the formation of a hot spot.
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We identify a critical temperature, T, given by (4.9). Provided that the temperature,
T, satisfies T, — TH > E~!, the rate of heat release in the end-gas is sufficiently
small that it has a negligible effect on the gas dynamics and autoignition does not occur.
However, if the temperature, T'%, in the end-gas rises to a point where T,— T = O(E~1),
then reaction in the end-gas starts to have a significant effect.

We use the critical temperature, 7., and the maximum possible leading-order tem-
perature of the end-gas during normal combustion, (1 +~vQ)'~'/7, to find an algebraic
expression (4.14) for a boundary of the region of parameter space where autoignition does
not occur. By rewriting (4.14) in terms of the dimensional parameters in Table 2.1, we
are able to predict whether autoignition occurs or not, based on the length of the combus-
tion chamber, the physical and chemical properties of the fuel-air mixture, and the initial
conditions within the combustion chamber. The same boundary in parameter space could
be found numerically by solving (2.14), (2.22) and (2.23) for different parameter values.
However, such a parameter sweep would require substantial computational effort.

Comparing the critical temperature with the maximum temperature gives an indication
of if autoignition occurs. In order to describe how autoignition occurs, we formulate a
model for the induction stage when T, — T® = O(E~"). For simplicity, we only consider
the distinguished limit where EM = O(1) and E*M > 1 as M — 0 in detail. In
this distinguished limit, the chemical reaction and gas dynamics of the end-gas are fully
coupled during the induction stage. The perturbation to the leading-order temperature is
governed by Clarke's equations (2.121), and blows up at a point in finite time, indicating
the onset of autoignition.

For our model of the induction stage, the initial conditions come from matching
with the multiple scales solution during the compression stage. This is unconventional;
Clarke's equations are well-studied in the literature, but are usually solved from fixed initial
data where the initial temperature is close to the critical temperature. By comparison,
the temperature in the end-gas during the compression stage is far below the critical
temperature, and rises due to compression by the gas burning in the flame, rather than
because of the reaction in the end-gas. To solve for the pressure in the gas during
the induction stage numerically, we use matching with an intermediate variable, 7,, to
identify suitable initial conditions to impose at 7 = 7,. We consider how the choice of
the intermediate variable affects the accuracy of the solution.

By solving our model for the induction stage numerically, we show that autoignition
can occur at the wall, at the flame and in the bulk of the end-gas for different values
the typical flame Mach number, M, with all other parameters fixed. For large values of
the product EM, we find that the time and position at which autoignition occurs are
very sensitive to changes in EM. As E'M decreases, we observe that the variation in the
time and position at which autoignition occurs decreases, with the hot spot preferentially
occurring at the wall for small values of F M.

Using asymptotic analysis, we provide a framework that can be used to identify if, when
and where autoignition occurs in cases where the chemistry of the fuel-air mixture is well
described using the three-step reaction (2.6). Understanding the relationship between
knock and fuel composition is key to the adoption of environmentally fuels for internal
combustion engines. Our work provides quantitative insight into the relationship between
the physical and chemical properties of a fuel-air mixture and whether knock occurs.
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5.1 Future work

We have analysed a 1D model for combustion in confinement with a simple three-step
chemical reaction mechanism, and presented a plausible description of the early stages of
autoignition. We now outline possible avenues for future research.

It would be worthwhile studying the subsequent evolution of the gas in the later stages
of autoignition to better understand how knock intensity depends on the dimensionless
parameters. The induction stage ends as the temperature perturbation blows up at some
ignition centre in finite time. The natural question to ask is ‘What happens next?’ From
our analysis, we identify when and where autoignition first occurs. However, if we wanted
to describe the large amplitude pressure waves characteristic of knock, then we would
need to consider the behaviour of the gas after the singularity develops in the induction
stage solution.

While Ty — T = ord(1), the three-step chemical reaction mechanism (2.6) is well-
approximated by the one-step Arrhenius reaction (2.1). We therefore expect that the hot
spot will continue to develop from the ignition centre in a self-focusing thermal explosion,
as described by Jackson et al. [48]. However, at some point when Ty, — T® = o(1),
the rate of the branching reaction will exceed the rate of the initiation reaction, and we
anticipate that the fuel will be rapidly converted to radical in a chain-branching explosion
in the core of the hot spot. The analysis in [48] would need to be modified to reveal
the structure of the hot spot during the chain-branching explosion and the subsequent
depletion of radicals.

The autoignition of the gas does not end with the formation of the hot spot. We
anticipate that the remainder of the end-gas will explode sequentially in an autoignition
front, starting from the hot spot. Based on solutions to Clarke's equations (2.121) in
the literature [31, 80], we expect that, at first, the autoignition front will take the form
of a quasi-steady weak detonation, following a supersonic singularity path that we can
determine numerically from the induction stage model. As with the one-step reaction [52],
we expect that if the singularity path drops below the Chapman—Jouguet speed, then
a shock will form, causing the weak detonation to transition to a Chapman—Jouguet
detonation with the ZND structure. This description of the later stages of autoignition
appears to agree with the numerical simulations of autoignition of a hydrogen-air mixture
by Yu and Chen [95], depicted in Figure 1.7a.

A further study, incorporating both numerical and asymptotic methods, is needed to
fill in the details. However, a desirable outcome of such a study would be a description of
the pressure waves following autoignition, and how their amplitude, in particular, depends
on the dimensionless parameters listed in Table 2.2. The behaviour of the gas following
autoignition is of interest to the fuel industry because the amplitude of the pressure waves
corresponds to knock intensity.

Octane numbers remain the primary measure used by fuel and engine manufacturers
to quantify a fuel's propensity to cause knock. Another potential avenue of investigation
is using our model to provide insights into the relationship between fuel composition and
octane number. While the geometry and chemistry of our model is a significant simpli-
fication of the reality inside a cylinder of an internal combustion engine, our model could
be used to investigate the propensity of different fuel blends to cause knock, provided
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that the chemistry of the fuel-air mixture is well approximated by the three-step reac-
tion (2.6), and suitable values of the dimensionless parameters can be identified. Careful
consideration would be needed to test whether the three-step chemical reaction (2.6) can
accurately capture the competing chemical mechanisms acting during the combustion of
a fuel blend with multiple components.

One particular challenge to overcome would be how to determine Tj,; to represent
the conditions within the test engine used to determine MON and RON [1, 2]. For RON
especially, it would be necessary to consider the enthalpy of vaporisation of the fuel,
because, in the RON test procedure, the fuel-air mixture is not heated again after the fuel
is introduced to the air in the carburettor [2].

Another useful direction for further research is to investigate how autoignition is af-
fected by the physical aspects of internal combustion engines that we have not captured
in our simple 1D model. For example, the gas in an internal combustion engine is slowly
compressed by the piston. In addition, the walls of an internal combustion engine are
generally not flat as we have assumed, and are not perfectly thermally insulating. Natural
questions to ask are ‘How does the additional compression by the piston affect whether
autoignition occurs or not?’, ‘Does focusing of acoustic waves in 3D lead to the devel-
opment of hot spots in particular locations within an engine?’ and ‘Does the thermal
conductivity of the walls affect the development of hot spots at the walls?’

One might also consider how to model autoignition in different types of internal com-
bustion engines. We have chosen to focus on spark-ignited internal combustion engines
where the fuel-air mixture is well mixed, because in the MON and RON tests the fuel and
air are mixed in the carburettor prior to entering the cylinder of a spark-ignited engine. Fur-
ther work would be needed to adapt our methodology to combustion of imperfectly-mixed
reactants, which are a feature of direct injection internal combustion engines. It would
also be interesting to explore how our approach to modelling combustion and autoignition
could be applied to diesel engines, where the fuel-air mixture is ignited by a glow plug,
rather than a spark plug.

It is clear that there is still a great deal more to understand about autoignition.
However, we have been able to shed light on the role acoustic waves play in normal
combustion in confinement, and in the development of a hot spot during the early stages
of autoignition.
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Appendix A

Three-step flame structure

In Section 2.2.2.2, we derive the leading-order flame structure for the three-step chain
branching reaction (2.6). Here, we extend the analysis by Dold [29] in order to find the

next term, ¢!, in the asymptotic expansion for the mass flux through the flame.

A.1 Regions Il and IV

To find ¢, it is necessary to solve for T}, Yz and Yz, in regions Il and IV. Substi-
tuting (2.73) and (2.74) into (2.71) and comparing coefficients of E~', we deduce that

8T1 82T1 a1y
_ — 0Y, H=z=9

(0) anl 1 aQY]-‘l o (1) aY]-‘()

96 T Ter 02 1 e

Y, 1 0%, Y,
(0 R1 . R1 _ (1) RO
06 Top B2 TIRITE e

(A.1a)
(A.1b)

(A.1c)

Using (2.77) to evaluate Tj, Yro and Yz, we find that the general solution to (A.1) is

QCsmqVLeg
Cend® + 20) (2 + 4OmL)

§ exp(m_¢)

Ty = Cr + (Cs — CaqV€) eXp(—q(O)f) +

+ QCsm_ C] LeR
(Lerq©® +2m_)(m?% + q©@m_)

2(1 — Ler)QCsm?2 ¢Y — QC11 (Lerq'® + 2my ) (m3 + ¢Om

§exp(m &)

+ exp(m§) (
2(1 — Ler)QCem2 gV — QChs

O +2m_)(m? + ¢Om_

+>)

(

(LeRq —|—2m+)(m +q(0)m+)
(Le
)

Car:

exp(m-£) ( (Lenq +2m_

Y1 = Gy + Croexp(—Lerq?¢) = CagVLer€ exp(~Lerq "),
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CsLerm. g€
Lerq©® + 2m

CsLerm_qM¢
Lerq® + 2m_

Vi = (G- ) exptm) + (Cua - ) exp(m-o)

(A.2¢)
where {Cy | k € {7,...,12}} are functions of time to be determined by matching.
To match the solution in region Il with the solution in region |, we require

lim Tl(g, t) = 0, lim Y]:l(g, t) = O, lim YRl(Sat) =0. (A3a)
£—o0 E—o0

£—00

Furthermore, we require that the solution within the flame remains finite. In particular,
’T1(£7t>| < 00, ’Y]:1<§7t)| < 00, |Y'R(§vt>| < 00, (A3b)

as & - —oa.

A.2 Region IIl — Branching zone

The next step in solving for ¢(!) is identifying boundary conditions to apply at £ = &. We
do this by solving the next order problem in the branching zone.

A.2.1 Solution to (2.82) in terms of modified Bessel’s functions

A key insight from [29] is that the leading-order solution within the branching zone can
be expressed in terms of modified Bessel's functions. We demonstrate this by following
the argument Dold [29] uses.

Using (2.83a), we eliminate & from (2.82b) in favour of 7}, so that

C2 Yy . - T
—£ - =YY — . A.4
Ler 0T} 7RO EED T3, (A4)

Then, by changing variables, ( = Zefl/(2T§2)}>7é62Le¥2T§2/]C’Q\, we find

0*Yr, n OYr

e+~ Tn=0, (A.5)

which is modified Bessel's equation. The solutions to modified Bessel's equation are
discussed in [73]. Since Yr; cannot tend to infinity as ( — oo, which corresponds to
Ty — o0, the only possible solution is

Yr = AKo(C), (A.6)

where A is a function of ¢ to be determined via matching.
The asymptotic behaviour of Kj is

Ko(() ~ {—1og<</2> — 7% +0(¢*1og(()). a5 ¢ 0, (A7)

O(¢? exp(—()), as ( — 0o,
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where 7, ~ 0.5772... is Euler's constant® [73]. Rewriting (A.6) in terms of £, we infer
that

Ci+Ceé |1 C3 58
§T2 =+ 5 log (—YROLQ}'T4 — Y, as Oy = —o0,

fr = Ao d 0 (exp(—02§>> , as C’Qé — 00,

(A.8)

where we recall from (2.91) that C, < 0. Using (A.8) to match (2.81b) with the leading-
order outer solution (2.85b) in region I, we find lime\ ¢, 0Y70/0§ = limg , 8?;1/85,

meaning 0 s
2¢\VLerY AT
A= 07 Tx2 (A.9)
Cy

A.2.2 Matching

To proceed, we extend the analysis by Dold [29] to identify the seven boundary conditions
at & = & needed in addition to (A.3) to solve (A.1) for ¢'¥, and Ty, Y7 and Yz, in
regions Il and IV. Throughout this section, we will frequently need to refer to the constant
part of the limiting form of Y7 as 5 — 00. For convenience, we define

. 1 2
B:=A +—lo — 2 |-~ ]. A.10

Substituting (2.73), (2.80) and (2.81) into (2.71), we find that T, Yz, and Yr,
satisfy?

02Ty 8T1

2 0% oy Alla
e q"° o QYRro ( )
2V 2V, ¥ R
1 0¥r | 1 OVm —q(o)ayfl _ o g (A.11b)
Ler 082 Len 022 0 0

Integrating (A.11a), we find that T} satisfies

. Cyq Y,
7o 5q"° ‘;Qno

&+ Cs& + Cs, (A.12)

where C and Cg are functions of ¢ to be determined. Using Van Dyke's rule to match
the first two terms of (2.74d) in regions Il and IV with the first three terms of (2.81a),
we deduce from (2.83a) that

Gy = lim Ty = lim T, A13
TR T et (A-13)

LEuler's constant is usually denoted by 7. We use . here to differentiate Euler’s constant from the
ratio of specific heats.

2Note, in writing (A.11a), we use that the é—derivative of the leading-order velocity within the branch-
ing zone is O(E~!) in the distinguished limit EM = O(1).
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and from (A.12) that

A . aTl . 3T1
C: =1 e lim —. A.14
ST 9 sk O€ (A-14)

In other words, at & = &,
Jr
Ty* = {—] = 0. (A.15)
To match the mass fractions of fuel and radical in regions Il and IV with the branching

zone, we require the limiting behaviour of Y, and Yz, as £ — +o00. From (2.83b), (A.8)
and (A.10), we deduce that

. C’4LeRé7 as f Lo
e {(Q@GR — pllep )i lemp as o oo, (A.16)

Using (A.8) and (A.16), we find that the solution (A.2) in region Il must satisfy
Yri—= B, Yrp— —EQ_ZB (A172)

as £ \, & to match with the inner solution in the branching zone. Similarly, for the
solutions in regions Ill and IV to match, we require

Yr —0, Yz —0, (Al?b)

as & /" &o.
With (A.3), (A.15) and (A.17) we have 12 boundary conditions we can use to solve (A.1)

in regions Il and IV for T}, Yz and Yz;. However, ¢V is also unknown, so we require
one more condition across & = & to find ¢(!). Integrating (A.11b) we find

1 Y N 1 OVro
Ler 9¢  Ler ¢

= _q(O)Y}j - q(O)YRl + Y’Roé + 6'7, (A].S)

where C is a function of ¢ to be determined. To conduct the matching with regions |l
and IV, we only require the asymptotic behaviour of the solution of (A.18) as & — +o0.
As such, we use (A.8) and (A.16) to give the asymptotic behaviour of Yz and Yg,
n (A.18), and integrate once more to deduce

Yio Vo ACy(Leg — Ler)q® . £2
Ler i Ler < 272,Ler T Yro — Calerq

OB(Leg — L A\ 2 .
N (q ( I:a: er) + 07) § as&— oo, (A.19a)
f

~ N A 0)Y 2
Vo Vi (Vro—Cilerg®)&

~ C —00. A.19b
Lo, " Lon 5 + 07§, as{ — —oo (A.19b)
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By using Van Dyke's matching rule on Yr/Ler+Yr /Ler, we deduce from the coefficients
of £ in (A.19) that, across £ = &,

1 OYp L] OYri]"  ¢9B(Leg — Lex)

. A.20
Le; 85 LeR 8€ _ Le; ( )

Having now found thirteen boundary conditions—(A.3), (A.15), (A.17) and (A.20)—
we are in a position to solve (A.1) for 71, Y7, and Yz in regions Il and IV, and g, In
region Il the solution to (A.1) is

_ (0),(1),,2 v R+
T — 2QLer (1 — Ler)qWqmi Y5 exp(—q@ (€ - &))
(my —m_)(Lerq® + 2m, ) (m?7 + ¢@m )2
Le q(o)q(l)YR*
(DT, — TR QLer a
R s [

OLeZm._ qOgDy B
(my — m—)(LeRRq(O) + 2m_)(fn% + qOm_) (§ — &) exp(m—(£ — &)

N 2QLex (1 — Leg)qWqMm2 Y~
(m

) (f - fo) eXP(—C](O)(f - 50))

+

— ) (Lerq® + 2m_)(mZ + qOm_)?

QLGRB
Ler(m2 +¢®Om_)

> (exp(m_(§ — &)) — eXp(—q(O) (€ —¢&)))- (A.21a)

Y1 = Bexp(—Lerq V(€ — &)) + Y ¢MLer(£—&) exp(—Lerg? (€ — &)), (A.21b)

Vs =~ [oR B exp(m- (€ ~ &)

B Le%qu(o)q(l)yjﬁ*
(my — m_)(Lerg® + 2m_)

(& — &o) exp(m_(§ — &)). (A.21c)

Behind the branching zone, in region IV, we find that
QLexm ¢ Vg MY
(s — m)(Lerg® + 2my)(m + qOmy)

N 2QLer(1 — Leg)q@qWm2 Y~
(my — m_)(Legq® + 2m_)(m? + ¢©m.)?

T = (€ — &o) exp(m(§ — &)

) exp(m. (€ —&)).  (A22a)

Yr =0, (A.22b)

L 2 (0) (UYR*
(m., fﬂﬂie?fqm i ) (€ — o) exp(m(§ — &))- (A.22c)

The solutions (A.21) and (A.22) are written in terms of ¢') and B. We now use (A.20)
to identify an expression for ¢ in terms of the dimensionless parameters listed in

Yri=—
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Table 2.2, the temperature, 77*, and mass fraction, Yﬁ*, of fuel ahead of the flame.
Substituting (A.21) and (A.22) into (A.20), and making use of (2.78), we find

| LesqYE (1 | (Lerg®)?
( i)

B —
my my —m_)

(A.23)

With (A.10) and (A.23), we have found two equations for B in terms of g, A, Cy, Gy
and Y. From (A.13) and (A.21a), we recognise that

¢ — 2QLer (1 — Leg)q@qWm2 Y B~ -
(i~ m_)(Leng® + 2m,)(m2 + (Om,

(A.24)

Now, eliminating 4, B, Ci, C, and Yg, from (2.87), (2.91), (A.9), (A.10), (A.23) and
(A.24), we find, after some algebraic manipulation, that q(l) satisfies

1 ( 1 (mi('m —m_)(Txo — T — QY}E*)Q»

. — = log
Te Ty LerLerqOVETL
QLGR(I — LeR)q(O)m%rY]E*
(my —m_)(Lerq® +2my)(m3 + ¢ Om,)*T3,

Tyo — TH* — QY]{-%* ) (LeRq(O))2
29013, (my —m_)?

¢@

+

) . (A.25)

where ¢ is the solution to (2.88), and m.. are given by (2.78). The form of (A.25) has
been chosen for ease of presentation across multiple lines; we can easily rearrange (A.25)
for an explicit expression for ¢(V).
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