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Preface

For my thesis, I initially had no idea what topic to pursue and was extremely undecided until
only a few months before starting. The only thing I knew was that I was really curious to see
what the research environment in the USA looked like. I knew that combustion was one of the
topics at the top of the list, so when the opportunity to work in the Energy and Combustion
Research Laboratory at the University of Massachusetts Lowell arose, I did not think about it
too much. The project seemed extremely intriguing, and the idea of achieving measurements
at subzero temperatures fascinated me.

The project turned out to be very interesting (albeit with quite more work than I believed),
but it also tested me as a person and as a researcher: for the first time,  had to become a true
problem-solver, with every day bringing new challenges and small wins.

Overall, I'm very grateful for the experience and all that I have learnt, as I've grown so much as
a person and developed such a varied set of skills that would have been difficult to achieve
otherwise.

I'm very glad to have achieved results that, as the title suggests, help explain ammonia’s
behaviour at subzero temperatures and provide a starting point for validating kinetic models.
More importantly, I'm proud to have designed the entire combustion chamber on my own,
which will remain in the laboratory and will be used in the years to come, so knowing that I
was the one to design and build it thrills me.

Alberto Francesco Aversa
Delft, January 2026
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summary

The sustainability issue has sparked growing interest in investigating low-carbon alternatives
to conventional hydrocarbon fuels, particularly for transport and power applications where
combustion is still expected to play a role. Within this context, ammonia has emerged as a
promising carbon-free energy carrier because it can be produced from renewable electricity
and offers practical storage and distribution advantages. However, ammonia also poses
a fundamental combustion challenge: ignition is difficult, and early flame propagation is
slow, both of which can become critical during cold ambient operation and at high pressure.
Experimental data in this combined regime are largely absent, making it difficult to assess
feasibility and define mitigation strategies. This thesis was motivated by this gap and aimed to
provide a validated experimental basis for understanding ignition and early flame propagation
of ammonia and ammonia-hydrogen blends under subzero conditions.

To address this objective, a custom constant-volume chamber was designed, commissioned,
and validated to enable controlled subzero operation while maintaining measurement fidelity
during ignition transients. The methodology relies on high-quality pressure traces to infer
laminar burning velocity during early spherical flame growth, and the setup was verified
against established trends before being applied to the subzero ammonia campaign. The
main result is that reducing the initial temperature from room temperature down to -50° C
imposes a strong penalty on neat ammonia early performance. Laminar burning velocity
decreases systematically across the investigated equivalence ratios, pushing ammonia into a
very low-velocity regime where the pressure rise becomes weaker and more sensitive to losses
and stretch, especially for lean mixtures. This implies a narrower operability window and a
higher likelihood of intermittent ignition or early quenching at subzero temperatures, both of
which are directly relevant to cold-start reliability.

Hydrogen blending was assessed at the coldest condition and produced a large improvement
in combustion performance even at modest fractions. Adding 20% hydrogen increased the
burning velocity markedly and brought the mixture close to the neat-ammonia performance at
room temperature at stoichiometric conditions, while 30% hydrogen provided a further strong
increase, moving the flame into a distinctly faster propagation regime. This shows that the
low-temperature penalty is not an unavoidable limitation of ammonia-rich mixtures and can
be offset by relatively small additions of a more reactive fuel, with hydrogen being especially
attractive because it is carbon-free and counteracts ammonia’s main weaknesses in the subzero
regime.

Minimum ignition energy was investigated as a second key metric, but a reliable quantitative
determination was not achievable with the present setup due to inconsistent discharge
waveforms and sensitivity to noise. A qualitative trend was still evident from practical ignition
threshold settings, showing that ignition becomes substantially more demanding as temperature
decreases and that the coldest conditions required changes in ignition configuration to maintain
reliable ignition. Overall, the work delivers a validated subzero combustion platform which
shows that subzero temperatures penalise neat ammonia ignition and early flame propagation
more strongly than predicted by kinetic models, while hydrogen blending enables performance
recovery and improves robustness in the conditions that matter most for cold-start operation.
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1.1. Context

Since the Industrial Revolution, global energy use
has steadily increased, with an exponential rise
in the last century, driven primarily by two fac-
tors: population growth and technological ad-
vancements. These two factors are the primary
drivers of higher energy demand for production,
transportation, and domestic life. To put this into
perspective, as of 2024, global energy use amounts
to approximately 180 000 TWh which is more than
six times the 28 000 TWhneeded in 1950, as shown
in Figure 1.1. Furthermore, although the growth
rate has decreased slightly, demand continues to
increase at approximately 2% per year [2], indi-
cating that without adequate control measures,

Introduction

Figure 1.1: Global energy consumption
over the years [2]

energy demand will continue to grow, eventually exceeding available supply. To determine
where meaningful interventions can be made, it is therefore essential to identify which sectors

contribute most strongly to this increase.

Figure 1.2: Energy consumption in
the transport industry [2]

Among these, the transport sector is particularly sig-
ni cant, accounting for approximately 27% of total
energy use globally, the largest share. In particular,
road transport accounts for the bulk of this energy de-
mand, at roughly 74%, followed by the aviation sector
at 10% [3]. Maritime shipping, rail, and other transport
modes constitute the remainder, but together they still
represent a signi cant fraction of global consumption.
The reason for the preeminence of this sector in energy
use can be primarily explained by its needs, that is,
extended ranges, high payloads, and operational ex-
ibility, which require large amounts of energy. Despite
rapidly increasing interest in electri cation and alter-

native propulsion systems, most of these needs are still satis ed by the direct combustion of
liquid fuels, due to their wide availability, high energy density, and ease of combustion. For
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this reason, this energy production system currently provides more than 90% of the global
energy demand [4].

However, around 79% of the employed fuels are of fossil origin, including, among others,
natural gas and oils, such as gasoline and kerosene, which produce harmful emissions caused
by the presence of carbons in the molecular structure, which leads to the creation of CO and CO »,
among others. The latter is particularly signi cant, as it is one of the main contributors to global
warming and climate change. Hence, fossil fuel combustion has caused a corresponding rapid
growth in CO , emissions and accounts for more than 80% of the global arti cial greenhouse gas
(GHG) emissions [5]. Forthese reasons, inrecent years, the transport sector has seen a signi cant
increase in interest in sustainability and the need to transition away from carbon-based fuels.
Recent studies indicate growing concern about climate change, whose consequences span a
wide range of elds, calling for a broader investigation of strategies to reduce these emissions.

To achieve meaningful decarbonisation, en-
hancing combustion e ciency alone is insuf-
cient, as it does not eliminate carbon dioxide
emissions; therefore, the current most sought-
after strategy is the use of alternative, low-
carbon, or carbon-free fuels. Among these
candidates, ammonia has attracted increasing
attention as a potential carbon-free fuel due
to a combination of advantages that make it
highly compelling. Indeed, it is readily and
widely available globally, with a considerable
rise in recent years, as shown in Figure 1.3,
and is used on a large scale as a fertiliser and
cleaning agent, which ensures a well-established global supply chain. In addition, ammonia
can be stored and transported under comparatively mild conditions, either as a refrigerated
liquid at atmospheric pressure (-33 C) or as a pressurised liquid at room temperature (roughly
0-8 bar to 1 bal), which makes logistics less demanding than for cryogenic hydrogen. Finally,
ammonia can be synthesised using renewable electricity via water electrolysis and nitrogen
separation, enabling a near-zero life-cycle pathway when coupled to low-carbon hydrogen
production, and its high volumetric hydrogen density makes it attractive both as a fuel and as
a hydrogen carrier.

Figure 1.3: Ammonia market growth [6]

From a combustion perspective, as mentioned, ammonia produces no carbon emissions
during oxidation, and its high octane rating of approximately 110 RON can be advantageous
for high-compression engine operation. However, these bene ts are counterbalanced by
signi cant combustion challenges that complicate its combustion, including a very low ame
speed relative to conventional hydrocarbons, high ignition energy, and narrow ammability
limits. In parallel, the presence of fuel-bound nitrogen contributes to NO ¢ production because
nitrogen is contributed not only by the oxidiser but also by the fuel itself. These limitations
do not necessarily preclude ammonia from practical use, but they do imply that system-level
measures are often required to ensure robust ignition and stable ame propagation. A common
mitigation strategy is to blend ammonia with hydrogen, either through direct co-fuelling

or by partially cracking ammonia to generate hydrogen in situ, leveraging ammonia's high
volumetric hydrogen density. Consequently, while ammonia is not a drop-in replacement for
hydrocarbons, its carbon-free character, scalable production routes, and compatibility with
existing liquid-fuel infrastructure position it as a strong candidate for applications where high
energy density and transportability are critical.
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1.2. Research interest

Although research into ammonia combustion began in the 1950s [7], the recent surge in
sustainability interest has sparked renewed interest over the last couple of decades. In
general, studies have already characterised its ignition characteristics and pollutant formation
(mainly NO gand unburned NH 3). However, most work has been limited to atmospheric or
slightly higher pressures, using constant-volume chambers, shock tubes, or rapid compression
machines. As a result, existing datasets often emphasise either low-pressure ame behaviour or
high-temperature chemical-kinetics regimes, such as those relevant to gas turbines, rather than
high-pressure or low-temperature conditions found in some practical systems. This creates a
persistent gap in experimental coverage under these conditions.

High-pressure experiments are particularly important because they determine whether ammo-
nia can deliver acceptable ignition and propagation behaviour under engine-relevant conditions.
To date, most experiments have focused on near-atmospheric pressures or high-temperature
regimes relevant to gas turbines and fundamental kinetics. Only a limited number of works
report ignition or ame propagation at pressures above 2barto 10bar([8, 9, 10], and almost
none explore the high-pressure conditions that are directly relevant to modern internal com-
bustion engines. This scarcity limits the ability to tune and validate kinetic mechanisms and
turbulent-combustion submodels under realistic constraints. It also complicates assessments
of stability limits and required ignition-system capability as pressure increases. Therefore,
expanding the high-pressure experimental database is a prerequisite for improving predictive
con dence and accelerating technology readiness for ammonia-based combustion systems.

Low-temperature behaviour is equally important because it governs performance during
non-ideal operating phases such as cold starts, where slower chemistry and altered transport
properties can substantially shift ignition margins and engine requirements. In the specic
case of ammonia, low-temperature operation is not just a remote case but can arise naturally
from storage and delivery constraints. Ammonia can be stored as a liquid at atmospheric
pressure only below -33 C, and even when stored pressurised at ambient temperature, the
fuel can undergo cooling during expansion and along unheated feed lines. Consequently,
unless the injection and supply path are actively heated and insulated, ammonia may enter the
combustion system at subzero temperatures. This makes subzero characterisation essential to
anticipate changes in minimum ignition energy, ame speed, and overall stability limits, and

to inform design decisions such as injector thermal management and ignition-system sizing.
In combination with high pressure, these e ects de ne a challenging but practically relevant
regime that remains underexplored.

Addressing this gap is crucial, as these conditions strongly in uence ignition delay, ame
stability, and pollutant pathways and will ultimately determine the feasibility of ammonia as

a fuel in alternative to carbon fuels [11, 12, 13]. Therefore, the objective of this research is to
characterise and quantify the initial combustion performance, speci cally focusing on two of
the most de ning parameters for this phase, minimum ignition energy and ame propagation
speed, under these two operating conditions. To achieve this, it is important to answer the
following research questions:

1. How should a combustion chamber be designed to enable reliable ignition measurements
at high pressure and subzero initial temperatures, while ensuring measurement delity,
thermal control, and safe integration of instrumentation?

2. How do subzero temperatures a ect the minimum ignition energy and laminar burning
velocity of ammonia?

3. How much does blending ammonia with hydrogen at subzero temperatures a ect
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combustion performance?

Filling the gap in understanding ammonia combustion under high-pressure and low-temperature
conditions can have fundamental implications. In fact, from a fundamental perspective, it
could provide the data needed to validate and re ne chemical kinetic models, which currently
extrapolate beyond their validation range and thus provide only crude estimates of performance
under these conditions. Thus, improving the models enhances predictive capability for ignition
description, ame stability, and pollutant formation. Moreover, from a design perspective,
the results would be critical for understanding the operation of internal combustion engines
and gas turbines fuelled by ammonia. In fact, knowledge of this regime would help develop
ignition systems and combustion strategies that minimise mis re and instability while also
reducing NO g emissions. Ultimately, eliminating this gap could accelerate the adoption of
ammonia as a carbon-free fuel in sectors that are di cult to electrify, such as heavy-duty
transportation and shipping.

1.3. Thesis structure

Before beginning the study, a thorough analysis of the current state of research on the topic is
conducted to precisely pinpoint the research gap and provide data that attempts to address
it. This information is summarised in Chapter 2. Following this, the research objective and
related questions are reformulated and presented in Chapter 3, along with a research plan
to address them and the proposed methodology to achieve them. This entails rst creating
an experimental setup that meets the strict temperature and pressure requirements. This
includes both the design of an ad hoc combustion chamber and the setup for pressurisation
and temperature conditioning, explained in Chapter 4. Once this is achieved and the set is
created, the necessary experiments are conducted, starting with the veri cation and validation
of the chamber design and progressing toward achieving the desired operating conditions.
The experimental methodology, including the methods used and the data extrapolation, is
described in Chapter 5, where the methods and processes employed are detailed, allowing
the research to be replicated. Then, the results are presented in Chapter 6, where they are
analysed against simulated values to compare trends and gain an understanding of ammonia
combustion behaviour in the mentioned gap. Finally, Chapter 7 summarises the research
results and answers the research questions, while Chapter 8 highlights key points of interest
and potential areas for improvement in future studies.



Literature review

This chapter provides the theoretical background and research context for the present work by
summarising the current state of combustion research and identifying the speci ¢ knowledge
gap addressed in this thesis. It begins by outlining the continued signi cance of combustion
as an energy-conversion pathway, both in current systems and in the context of the ongoing
transition toward sustainable energy services. It then introduces two ame characteristics,
particularly signi cant for the work carried out in this thesis, which will lead to a description

of the main fuels available and considered. The key parameters used in this thesis to quantify
early-stage combustion performance explain why these metrics are useful when comparing
fuels and assessing practical operability. The discussion emphasises that these parameters
are not intrinsic constants but depend strongly on environmental variables, such as initial
pressure and temperature, which can shift ignition susceptibility and ame development,
thereby constraining combustor design.

Building on this foundation, the review narrows from general combustion behaviour to
the fuel-speci ¢ motivations for ammonia, summarising its advantages as an energy carrier
and the principal combustion challenges that currently limit deployment. It then positions
ammonia within the broader landscape of alternative fuels by focusing on the aspects that
most directly a ect ignition and laminar ame propagation. Particular attention is given to
how the target operating envelope in this work, de ned by elevated pressure and subzero
initial temperature, in uences the interpretation of the selected combustion metrics. Finally,
the chapter consolidates the literature evidence to show that data remain limited for ammonia
and ammonia hydrogen blends under these combined conditions, which motivates the
experimental focus of this thesis. This gap de nes the context for the methodology and results
presented in the subsequent chapters.

2.1. Introduction to combustion processes

Combustion is a rapid, exothermic process that converts the chemical potential energy in
molecular bonds into usable thermal energy by oxidising a highly energetic fuel. This can then
be translated into mechanical work, direct thrust, or electricity generation. It is one of the most
widely used methods for energy conversion due to its high energy density, versatility, and
straightforward implementation. For combustion to happen, three elements are necessary:

Fuel, which is the element that donates electrons during oxidation. It exists in
di erent phases, from solid to liquid to gaseous phases, but this thesis focuses
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Figure 2.1: Global energy ow [14]

only on gaseous-injected fuels, as they simplify analysis and are commonly used in
high-pressure combustion studies.

Oxidiser, which is the element that accepts the electrons in the reaction and is
typically air or oxygen.

Heat or energy source, which is necessary to overcome the activation energy
necessary to break the initial bonds. If this is enough, the reaction becomes
self-sustaining due to the heat released by the combustion process.

Combustion is a fundamental process in modern energy systems, serving as a primary
means of converting the chemical energy in fuels into various usable forms, such as heat,
mechanical power, and electricity. A signi cant portion of the global energy supply depends

on combustion, in which fuels are oxidised in engines, turbines, boilers, and industrial
furnaces. The relationship between combustion processes and energy services is clearly
illustrated in the global energy ow structure, shown in Figure 2.1. In this framework, primary
energy sources are converted into energy carriers, including electricity and re ned fuels,
which are then distributed to end-use sectors such as industry, buildings, and transportation.
Consequently, combustion plays a vital role in both centralised electricity and heat production
and decentralised applications.

From a climate and environmental perspective,

combustion is of paramount importance, as the

global energy system is the most signi cant con-

tributor to CO , emissions. Energy-related green-

house gas emissions largely stem from the com-

bustion of fossil fuels, primarily for heat supply,

electricity generation, and transportation. This

reliance on fossil fuels highlights the urgent need

to degarbon_ise energy convgrsion me_thods while Figure 2.2: Global CO, emissions [14]
ensuring reliable energy services continue to meet

our demands. As shown in Figure 2.2, global

emissions have consistently increased over time, underscoring a pressing problem that cannot
be ignored. Addressing these emissions is critical to achieving climate goals and promoting a
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sustainable future.

In the context of the ongoing energy transition, future energy systems must adapt to meet
stringent climate targets. This will necessitate substantial changes in how energy is produced,
converted, and utilised across di erent sectors. Such system-level adjustments emphasise the
continued relevance of combustion research, even as electri cation becomes more widespread.
Many hard-to-electrify applications, such as high-temperature process heat, long-duration
storage, and speci ¢ segments of transportation, might still depend on low-carbon fuels and
advanced conversion technologies. These technologies, which include combustion processes
that minimise or manage emissions, will be crucial in bridging the gap toward a more
sustainable energy landscape. In such systems, operability is often set by the earliest stage of
combustion, namely, whether ignition is reliable and whether the initial ame can develop
without quenching.

2.2. Fundamental ame behaviour

These combustion processes are divided into di erent phases. One of the fundamental ones
is the ignition and early propagation phase of premixed combustion, governed not only by
chemical kinetics, but also by transport and geometry-driven e ects that can strongly bias
measured ame speeds. This is particularly true in constant-volume experiments, where the
ame develops from a small kernel and evolves through a strongly curved, stretched regime
before approaching a more weakly stretched, quasi-planar behaviour. Since this thesis relies
on early ame development metrics such as minimum ignition energy and laminar burning
velocity, it is essential to establish the fundamental concepts that govern their interpretation in
practice. In particular, curvature and di erential di usion can either suppress or enhance local
burning, depending on the fuel, making early-time measurements not directly comparable
unless stretch e ects are accounted for.

2.2.1. Flame stretch

In the early stages of ame propagation, particularly
for spherically expanding ames, the ame front is
highly curved and subject to signi cant stretch. This
parameter refers to the rate of change of the ame
surface area, de ned as:

= =2 (2.1)

Foraspherical ame, =4A 2 and the time derivative
is = = 8 A2 so the stretch scales down with the

radius. Therefore, when the ame radius exceeds

roughly ten times the ame thickness, the curvature Figure 2.3: Relation between ame
becomes negligible, and the ame front behaves as stretch and Lewis number [15]

locally planar.
Flame stretch is the sum of two main contributions:
~ Strain is the de ection of the ame due to velocity gradients in the ow eld

Normal strain is due to the compression or stretch of the ame perpen-
dicular to itself.

Shear is the shearing e ect of the ame, tangential to the pro le.
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" Curvature is the deviation from a planar pro le

Positive when the curvature is towards the unburnt mixture, hence
decreasing the ame speed

Negative when the curvature is towards the burnt mixture, hence increas-
ing the ame speed

The sensitivity of the ame speed to stretch is captured by the Markstein relation:

(b =(PL. e (2.2)

Here, L - is the Markstein length, which describes how the stretch a ects the ame. A positive
length indicates that the stretch suppresses ame propagation, whereas a negative value
suggests that it enhances it.

An important parameter a ecting the stretch, at least on a microscopic level, is the Lewis
number:
ol 2 ?0

Le=—= (2.3)

This parameter compares thermal di usivity and mass di usivity  , which determines the
ame's response to stretch:

~

If Le > 1, thermal di usion dominates, and stretch reduces the ame temperature
and speed due to heat loss.

~

If Le < 1, stretch increases radical concentration, boosting reaction rates and ame
speed.

The Lewis number primarily a ects developing ames, but it also a ects the fully developed
ame; thus, it a ects ame thickness and speed, though the microscopic e ect has a lower
impact. This is because di erential di usion can only change the equivalence ratio locally, but

it needs a scalar gradient source (stretch) to maintain that imbalance. Inside a planar, steady
ame, the gradients quickly settle to self-similar pro les that result from the balance between
convection and di usion. If there is no disturbance, di usion acts to restore equilibrium and
smooth any existing gradients. Without the gradient, the temperature and species pro les
quickly relax to the one-dimensional steady solution, which is why the !4 has no noticeable
e ect at the macroscopic level [15].

2.2.2. Spherical ames

To connect measurements to physically meaningful combustion quantities, the literature often
adopts canonical ame con gurations with well-de ned geometry and boundary conditions.

A spherically expanding premixed ame provides such a con guration because it o ers a
simple, analytically tractable geometry while still capturing the key physics governing early
ame development. In practice, spherical expansion is realised when combustion starts from
a localised region within an initially quiescent, premixed mixture, so that the ame front
grows outward with near-isotropic curvature over an initial interval. During this phase,
the ame area increases rapidly, and stretch e ects are inherent, making the con guration
particularly useful for relating early propagation to transport and preferential di usion. This
canonical geometry therefore provides a clear bridge between ignition-scale behaviour and the
larger-scale ame-propagation metrics used for comparisons across fuels and conditions.
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Apart from its occurrence in engines, this con guration is widely used in experimental and
numerical studies to characterise fundamental ame properties under controlled conditions.

In optical studies, the spherical geometry can be tracked directly to obtain stretched and
unstretched ame speeds, whereas in non-optical studies, the same phase can be interpreted
through the associated pressure rise and the inferred rate of heat release. Consequently, spheri-
cal ames provide a common reference point between optical and non-optical methodologies
and form the conceptual bridge to the constant-volume chamber approach used in this work.

From a research perspective, these ames o er several advantages:

" They provide well-de ned boundary conditions, simplifying the modelling of heat
conduction, mass di usion, and chemical kinetics.

" They closely resemble real-world ignition events, which typically begin from a
point-like source.

~ Their evolution enables accurate determination of parameters such as the laminar
burning velocity (or ame speed) and Markstein length.

In spherical geometry, the ame expands outward due to both thermal expansion and chemical
reaction, and the point-like ignition introduces signi cant ame stretch during the early phase.
This stretch in uences local ame speed through curvature e ects, which becomes particularly
relevant when interpreting measurements during the kernel-growth period rather than in a
fully developed ame. As a result, the measured propagation in the earliest stage is not only
controlled by chemistry, but also by transport and by the stability of the curved ame front.
These e ects become more pronounced when reactants are at subzero initial temperatures and
at elevated pressures, because ignition behaviour and ame stability are more sensitive to heat
losses, di usivity, and radical-production rates.

2.3. Fuels

The choice of fuel in combustion systems is crucial for both performance and environmental
impact. Fossil fuels, known for their high energy density and established infrastructure, have
been the backbone of energy production. However, their signi cant emissions underscore the
importance of exploring alternative fuels and adopting technologies such as carbon capture.
Di erent fuels exhibit di erent combustion characteristics, which in uence system design
and operation. Factors such as ignitability, ame speed, and pollutant formation dictate how
combustion systems are constructed and optimised. Understanding these properties is key to
developing cleaner, more e cient combustion technologies.

The energy sector's emissions pro le varies signif-

icantly depending on the fuel source used. Coal,

oil, and natural gas all contribute to greenhouse

gas emissions in varying degrees, with coal being

the most detrimental per unit of energy, as shown

in Figure 2.4. This highlights the need for cleaner

alternatives. As such, there is growing interest in

alternative fuels that aim to reduce in-use impacts.

However, it's essential to assess the life-cycle emis-

sions of these alternative fuels to fully understand

their overall environmental implications. Within Figure 2.4: Combustion CO, emissions
this landscape, ammonia has gained attention as per fuel [14]

a potential carbon-free energy carrier and hydrogen vector, with prospective roles in shipping,
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power generation, and industrial energy supply. Its relevance to combustion research follows
from a practical systems question: if ammonia is to be used in combustion devices, either
pure or blended, then its ignition behaviour, ame propagation characteristics, and operability
constraints must be quanti ed under conditions representative of real systems [14].

In this section, an overview of the fuels considered in this thesis will be provided. Methane is
included as a well-characterised hydrocarbon reference fuel, providing a reliable baseline for
veri cation and for benchmarking the facility against established literature trends. Hydrogen

is considered because it is a carbon-free fuel with extensive validation data and combustion
behaviour that contrasts strongly with ammonia, making it a useful comparison case for
assessing method robustness across very di erent transport and kinetic regimes. It is also
the most relevant blending partner for ammonia within a low-carbon framework, as it can
substantially improve ignition and early ame propagation while maintaining a sustainable
overall fuel strategy. Finally, the characteristics of ammonia are explained to understand the
properties that govern its combustion behaviour.

2.3.1. Methane

Carbon-based fuels include a broad category of components that are the most common means
of energy production in energy systems and exist in the three forms of matter. Among them,
methane, due to its high hydrogen-to-carbon ratio, is considered the "cleanest” carbon-based
fuel. Methane is widely used as a practical fuel in gas turbines and gas engines, and, for that
reason, it has become a standard reference fuel in combustion research and model development.
Its combustion chemistry is comparatively well understood, making it useful as a baseline
for validating experimental setups or comparing fuels under controlled conditions. However,
since the objective of the thesis is to investigate sustainable alternatives, after validation, the
focus shifts towards cleaner fuels.

Following the reaction pathway shown in

Figure 2.5, methane oxidation in kinetic

modelling is typically represented through

elementary-reaction mechanisms that de-

scribe the breakdown of CH 4 into smaller

radicals and intermediates, followed by rapid

oxidation to the stable products CO , and

H,0. Compared with heavier hydrocarbons,

methane generally exhibits lower soot ten-

dency and reduced CO» per unit energy re-

leased, while maintaining robust premixed

ame propagation in practical devices. How-

ever, despite being a well-characterised fuel,

its ignition and ame behaviour can still vary Figure 2.5: Methane reaction pathways [15]

substantially with operating conditions, un-

derscoring the need to consider pressure and temperature e ects when using methane data or
models. Methane behaviour is also strongly dependent on the equivalence ratio, which shifts
both reactivity and pollutant formation pathways [16].

2.3.2. Hydrogen

Hydrogen is an alternative energy carrier that could replace fossil fuels and is increasingly
used in transport systems, both in combustion and in fuel cell engines. From a chemical
standpoint, hydrogen oxidation does not form CO », and the primary stable product of complete
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combustion is water, as shown in Figure 2.6, which is one of the main reasons it is often framed
as a clean fuel in the context of decarbonisation. However, this bene t is only applicable when
it is produced sustainably, which is currently only achieved on a small scale due to high costs
and energy requirements. The most commonly used techniques for producing hydrogen are:

" Steam methane reforming: entails the reaction of methane with steam to produce
hydrogen and carbon dioxide. Since it is the cheapest, it accounts for 95% of
hydrogen production.

Electrolysis: it splits water into hydrogen and oxygen using electricity. When
electricity is generated from sustainable sources, it is called green hydrogen. This
process accounts for only 4% of global hydrogen production due to high electricity
costs.

Biomass gasi cation: in this case, organic materials are converted into hydrogen-
rich syngas through high-temperature processes. This process represents another
renewable alternative, but it is less developed commercially due to the considerable
costs.

A de ning property of hydrogen is its very high
gravimetric energy density, which makes it attrac-
tive whenever mass is a dominant constraint and
supports its use as an energy carrier across mul-
tiple applications. At the same time, hydrogen's
low density at ambient conditions imposes a sig-
ni cant practical penalty on volumetric storage,
meaning that equivalent energy content typically
requires much larger storage volumes compared
with conventional fuels. This constraint is fre-
guently addressed through high-pressure storage
or cryogenic liquid storage, but both options in-
troduce additional complexity, cost, and design
constraints for real systems. For this reason, hy-
drogen adoption tends to be driven not only by combustion performance but also by how
realistically the fuel can be stored and delivered in the target application, particularly when
space and integration constraints dominate.

Figure 2.6: H reaction pathway [17]

From a combustion perspective, hydrogen has already been explored in several established
conversion platforms, including internal combustion engines and gas turbines, where it is
typically used as either a neat fuel or a blending component. Blending strategies are especially
relevant in transitional pathways because hydrogen can be used to improve ignition and ame
development of slower-burning fuels, thereby extending operability, with ammonia commonly
discussed as a carbon-free partner fuel in this context. However, hydrogen combustion is
not automatically "emissions-free", since high-temperature oxidation can still lead to NO ¢
formation, making its mitigation a central constraint in combustor design and operation even
when CO; is eliminated. The practical picture is therefore a trade-o : hydrogen o ers strong
decarbonisation potential and favourable mass-based energy content, but it also introduces
storage and integration challenges and requires careful control of combustion conditions to
avoid shifting the emissions burden from carbon species to nitrogen oxides.

To summarise, hydrogen presents some considerable advantages but also some drawbacks that
make its large-scale use challenging:
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~ Advantages

Environmental bene ts: it only emits water vapour, thus does not
contribute to harmful CO , emissions.

High energy density: approximately 120 MJe<kg, which is considerably
higher than any carbon fuel's.

Wide ammability range: hydrogen can combust with a percentage in air
anywhere in between 4 and 75%.

High di usivity: due to its small mass and size, it can di use much faster
than any other molecule, which positively contributes to mixing.

Low MIE: the two above factors contribute to hydrogen having a very
low MIE, of about 0«02 mJ.

" Disadvantages

Production emissions: as explained, most hydrogen is produced by
emitting carbon dioxide.

NO g emissions: due to its higher combustion temperatures, thermal NO ¢
is more concerning than in carbon fuels.

Storage and transport challenges: due to its very low freezing point, it
must be stored and transported at cryogenic temperatures.

Safety concerns: its di usivity, MIE, and ammability range are safety
concerns that need to be addressed, especially in the infrastructure [18,
19].

2.3.3. Ammonia

NH 3 is another sustainable energy carrier under consideration. In fact, it is a very widespread
and interesting hydrogen carrier, with a hydrogen density of 17.8% per unit weight. The most
common NH 3 production process, known as the Haber-Bosch process, converts catalytically
N> (from air) and H » (from industrial processes) to ammonia using a metal catalyst under high
pressure (150 atm to 250 atm) and high temperature. The most common way to achieve this
is via steam methane reforming, which, however, produces CO , emissions. However, with
the rising issue of sustainability, the synthesis from sustainable energy sources is becoming of
more interest, such as

" Wind power
" Nuclear energy
" Fossil fuels via CO , capture and storage (CCS)

This means that NH 3 can be fully carbon-free, both in production and in use.

Ammonia is widely used in the agricultural industry as a fertiliser, accounting for about 80%
of its global use. Moreover, it is commonly used as a refrigerant and in the production of other
industrial chemicals, including rocket fuel hydrazine. Once produced, ammonia can be stored
in the liquid state at 298 K at a pressure of only 102 atm which is much lower than that of
natural gas, which requires 245 atm. This makes the transport of ammonia much easier, also
compared to hydrogen, which needs cryogenic temperatures to remain liquid. Thus, ammonia
o ers several advantages, but to be used as an energy carrier, certain important drawbacks
must be overcome.



2.3. Fuels

13

~ Advantages

High volumetric energy density: ammonia's is of about 112 MJeL, which
is comparable to methanol (156 MJeL) and 33% higher than that of
hydrogen.

High heating value at stoichiometric conditions: in these conditions,
the heat released per unit of fuel is comparable to both methane and

hydrogen.

High octane number: itis 110 RON, which is higher than that of natural
gas and gasoline, meaning that it can be operated at high pressure without

risking detonation.

Ease of handling and storage: due to low vapour pressure and high

boiling point.

Carbon-free production and combustion: as explained before, ammonia

does not produce any carbon emissions.

Low cost: the cost per unit energy is much lower than gasoline (9.9

USD/GJ vs 21.8 USD/GJ)
" Disadvantages

High latent heat of vaporisation: causing a signi cant temperature drop

if injected in the liquid state.

Poor combustion properties: ammonia is characterised by low ame
speed, high MIE, high autoignition temperature, and harrow ammability

limits

High NO g emissions: in addition to the thermal creation, the fuel-NO ¢

production must also be considered.

High corrosivity: ammonia is a base, with a relatively high pH, which

can make the environment caustic [11, 20].

Due to its poor combustion properties, which make it
di cult to use as a stand-alone fuel, ammonia is mostly
used in blends. When added to carbon fuels, the fuel-
NO formation process becomes dominant, overcoming
the thermal one. However, as the percentage of added
NH 3 increases, more of the fuel is converted to N»
rather than to NO. The addition also leads to a longer
ignition delay and lower available power due to a
high ignition temperature and a low burning velocity.
The pressures and temperatures achieved during the
combustion of this blend are also lower, which increases

CO and HC emissions while reducing CO ;, and soot.

For these reasons, it is more convenient to use H, as
a combustion promoter since it can be produced on

Figure 2.7: NH 3 reaction pathways
[12]

board by dissociating NH sz itself. As shown in Figure 2.7, the main radical formation processes

for ammonia are:

~ Oxidation leading to NO formation
" Reaction with NO leading to N » formation



2.3. Fuels 14

The identity of the NH gradicals responsible for the formation and destruction of NO depends
on the equivalence ratio: for lean mixtures, NH » is the critical radical, while as the mixture
becomes richer, this becomes NH rst and then N [12]. The production of these radicals and
products explains the buoyant behaviour of ammonia ames, which tend to rise up. This is
because the density of the burnt gases, mainly made of light substances, is much lower than
the unburnt ones.

This is also why, in practice, a large fraction of the ammonia-combustion literature considers
NH 3 in combination with hydrogen, since H , is an e ective combustion promoter that
directly compensates for ammonia's low reactivity. From a system perspective, this strategy
is particularly attractive because hydrogen can be generated on board by partially cracking
ammonia, thereby improving ignition and ame propagation without introducing carbon into

the fuel stream. This approach keeps storage and transport closer to conventional fuels than for
pure hydrogen [20]. From a combustion standpoint, adding hydrogen expands operability and
stabilises the early ame kernel, which is often the limiting stage for ammonia in spark-ignited
and premixed con gurations. This is also consistent with recent state-of-the-art assessments
of spark-ignition engines, where hydrogen enrichment has been repeatedly identi ed as a
practical enabler to avoid mis re and reduce cycle-to-cycle variability when ammonia is used
as a primary energy carrier [21].

The impact of hydrogen addition is especially evident
when ignition behaviour is analysed under engine-
relevant pressures and intermediate temperatures, where
pure ammonia remains di cult to ignite and exhibits
long ignition delays. He et al. [22] measured ignition
delay times of NH 3/O » and NH 3/H /O , mixtures at 20
60 bar and 950 1150 K, and demonstrated that increasing
the hydrogen mole fraction in the fuel mixture increases
reactivity and shortens ignition delay times. Importantly,
they also showed that the role of equivalence ratio is
not universal but can change with the hydrogen fraction,
Figure 2.8: NH 3-H, mechanism [22] meaning that trends observed for pure ammonia do not
necessarily extrapolate to ammonia-hydrogen blends. A
further consequence is that kinetic models that reproduce pure ammonia ignition can still
struggle to capture blend behaviour across the same conditions, indicating that hydrogen
enrichment introduces additional sensitivities in the radical pool and nitrogen sub-mechanism
that are not fully constrained by existing datasets. This thesis reinforces the need to characterise
ignition metrics within the relevant pressure-temperature envelope rather than infer them
from atmospheric-pressure trends.

2.3.4. Summary

Table 2.1 summarises the di erences among the three di erent fuels just presented, evidencing
the main chemical and combustion properties. These are important for understanding the
combustion behaviour of these fuels under di erent conditions.
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Table 2.1: Comparison of combustion and transport properties of methane, hydrogen, and
ammonia. All values, unless specied are at T=298 Kand p =1 bar [18, 12, 20, 15, 23]

Property Methane (CH 4) Hydrogen (H 2)  Ammonia (NH 3)
Boiling Point [°C @ 1 atm] 161.5 252.9 33.3
Storage Pressure [bar @ 25C] 200 350 700 10

Lower Heating Value [MJ/kg] 50.0 120.0 18.6
Laminar Flame Speed [cm/s] 38 265 7
Autoignition Temperature [°C] 537 585 651
Minimum Ignition Energy [mJ] 0.28 0.02 20
Flammability Limits [vol% in air] 515 475 1528
Adiabatic Flame Temperature [K] 2220 2400 1800
Stoichiometric Air-to-Fuel Ratio (mass) 17.2 34.3 6.1
Density at STP [kg/m 3] 0.656 0.0899 0.73
Molecular weight [g/mol] 16.04 2.02 17.03

Di usivity in Air [cm  ?/s] 0.22 0.61 0.20
Dynamic Viscosity [uPa s] 11.0 8.9 9.8
Thermal Conductivity [W/m K] 0.034 0.180 0.025
Toxicity Low Non-toxic Toxic and pungent
In-use CO, Emissions [g/MJ] 50 0 0

2.4. Combustion performance parameters

To correctly quantify fuel performance, it is important to analyse the initial phase of combustion,
including ignition and early laminar ame propagation. This is because it is the stage that
determines whether combustion starts reliably, how rapidly it transitions into a self-sustaining
process, and what operating margin a device has before it mis res, blows o, or becomes
unstable. In practical combustors, the system is often designed around the most demanding
conditions for ignition (cold start, high dilution, high pressure, high ow, transient operation),
and failures at this stage can dominate real-world operability even if the fuel burns well
once fully established. Therefore, improving reliability and e ciency at ignition a ects how

e ectively fuels can deliver energy.

Two parameters are particularly important to describe the behaviour of a ame at the initial
combustion stage analysed in this work: the minimum ignition energy and the laminar burning
velocity. The minimum ignition energy (MIE) re ects an ignition source's ability to create a
kernel that survives losses and can grow. This growth is governed by heat release rates, radical
chemistry, and the balance between chemical timescales and di usive/convective losses. Early
laminar ame propagation sets the growth rate of that kernel into a ame, and the laminar
burning velocity (LBV) is a standard metric for comparing fuels and validating chemical
kinetic models because it links directly to reaction rates under well-de ned conditions. This is
especially relevant when extrapolating to conditions where data are scarce, because a model
that cannot reproduce ignition thresholds and LBV under controlled conditions is unlikely to
predict real-device behaviour reliably.

Moreover, a study of these early-phase metrics directly aligns with design requirements for
ignition systems and combustor stability. In fact, if MIE is high or pressure- and temperature-
sensitive, the ignition system may require higher delivered energy, smaller electrode gaps,
di erent discharge characteristics, or improved thermal management to achieve reliable light-
0. On the other hand, if LBV is low, ame stabilisation becomes harder, residence-time
requirements increase, and the combustor becomes more susceptible to quenching, buoyancy
e ects in quiescent vessels, or heat-loss-dominated extinction near walls. These e ects are
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ampli ed for low-reactivity fuels such as ammonia and for ammonia hydrogen blends in
cold/high-pressure regimes, where small changes in conditions can shift the mixture from
ignitable to non-ignitable .

Finally, early combustion phases are tightly coupled to safety and emissions, which are often
decisive constraints in adopting new fuels. Ignition behaviour in uences ammability hazards,
the likelihood of unintended ignition, and the energy required to initiate combustion in
controlled settings, while laminar ame development a ects how long the mixture spends

in low-temperature, partially reacted states that can promote undesirable intermediates. For
ammonia-based fuels, early-phase behaviour also conditions the downstream formation
pathways of NO g and unburned species, because kernel growth and early ame temperature
history in uence residence time and local equivalence ratio evolution near the ignition region.
The broader energy-systems context reinforces why these details matter: deploying alternative
fuels at scale requires not only low-carbon supply pathways but also conversion processes that
are reliable, safe, and compatible with practical devices.

2.4.1. Laminar burning velocity (LBV)

The laminar burning velocity is de ned as the speed at which a planar, one-dimensional
laminar ame propagates through a quiescent unburnt mixture. In this context, "quiescent"
refers to an environment in which the air within the combustion chamber remains relatively
still and non-turbulent. This stillness enables a controlled distribution of fuel, leading to
more predictable combustion characteristics. The focus of this thesis will be on this stable
environment, intentionally excluding the complexities introduced by turbulence. Ideally, the
goal is to achieve a perfectly planar, stationary, and adiabatic ame with a consistent ame
speed.

However, achieving such anideal ame is complicated by non-uniformities, such as temperature
and density gradients, which lead to local stretching e ects. Due to these variations, perfectly
spherical ames are rarely observed in practice. Therefore, it is crucial to distinguish between
the instantaneous ame speed, denoted as ( p, which re ects local conditions, and the general
ame speed, ( 2, representing the average velocity of the entire ame. The instantaneous ame
speed can vary based on local stretching and, as a result, may be either higher or lower than the
average speed. This distinction helps in better understanding the behaviour of ames under
di erent conditions.

One challenge in understanding ame speed is accurately determining the ame front, which
marks the boundary between burnt gases and the unburnt mixture. This de nes the ame
region and introduces additional complexity regarding ame thickness. Correctly identifying
this ame front is essential for analysing ame behaviour and dynamics. Understanding these
characteristics provides insight into the overall combustion process, aiding in the design and
optimisation of combustion systems. Thus, a comprehensive exploration of laminar burning
velocity, ame dynamics, and the in uencing factors is pivotal for advancing knowledge in
combustion science.

2.4.1.1. Fuel dependency of LBV

The ame speed is highly dependent on the fuel's chemical structure and behaviour, as these
determine its reactivity, di usivity, and exothermicity in the mixture. These factors directly

a ect how energy is released and the fuel's kinetic behaviour. These di erences in chemical
composition and structure result in signi cant di erences in ame propagation speed. In fact,

for ammonia, the maximum LBV is about 6 cmes to 7 cmes at an equivalence ratio of 1.1. As a
comparison, methane can reach35 cmes to 37 cmes, while hydrogen can reach 290 cmes. These
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three behaviours are shown as a function of equivalence ratio in Figure 2.9.

(a) CHg4 [24] (b) H2 [25]

(c) NH3[10]

Figure 2.9: LBV of methane, hydrogen and ammonia at STP (To =21 C, po =1 bar)

Starting with hydrogen, the reasons for its incredibly high velocity lie in the unique behaviour
of its molecule. In fact, due to the very small, lightweight nature of its molecules, it di uses
much faster into the unburnt mixture than other fuels, promoting rapid transport of both heat
and reactive radicals toward the region immediately ahead of the ame. A consequence of this
is the thermo-di usive instabilities, as hydrogen di uses faster than the ame does, causing
the ame front to become cellular or wrinkled, which increases the total surface area and
further boosts the burning rate. In addition, hydrogen's high thermal conductivity improves
reactant preheating, allowing the mixture to reach ignition-relevant temperatures more readily
and reinforcing hydrogen's high ame reactivity. Finally, hydrogen oxidation mainly follows
the pathway 1$ L,$$1$ , producing large amounts of atomic hydrogen, an extremely
reactive radical that drives the ame forward [11].
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Figure 2.10: H, Schlieren ame propagation at STP (To =21 C, pp = 1 bar) [26]

In the case of methane, its considerably lower speed is due to its complex chemical pathways
characteristic of carbon fuels. In fact, methane combustion involves a complex multi-step
reaction path. It requires the breaking of four stable C-H bonds and follows a chain-carrying
process that is much slower than the rapid, radical-driven chain reactions of hydrogen.
Moreover, methane ames produce fewer reactive , $, and $ radicals in the reaction
zone. In contrast, hydrogen enrichment speci cally boosts burning velocity by increasing
the concentration of these active species. Thus, during the reaction, some endothermic
decomposition occurs, lowering the global ame speed [27, 28].

(a)) =08 (b)) =10 (€)) =13

Figure 2.11: CH,4 Schlieren ame propagation at STP (To=21 C, pg =1 bar) [29]

The even lower ame speed of ammonia can be attributed to a greater prevalence of endothermic
decomposition reactions, as ammonia combustion produces a signi cantly lower concentration
of key reactive radicals, suchas ,$,and$ . Moreover, because its chemical structure does
not contain any highly energetic bonds, suchas $ or , the heat release is much lower, as
shown by its lower Lower Heating Value (LHV). In fact, ammonia's energy density is less than
half that of methane. With less energy released per unit of fuel, there is less heat available to
drive the ame front forward into the unburnt mixture. Finally, ammonia shows a di erence
between local and global ame speeds, as its lower reactivity, due to its lower molecular weight
compared to air, also leads to buoyancy, causing the ame torise. Therefore, a pointinthe ame
expanding upwards will have a higher velocity with respect to one expanding downwards [30,
20].

Its speed can be increased by changing the mixture compaosition in three main ways, which can
increase its value up to 5 times:

Mixture enrichment with oxygen: this provokes an increase in the reaction rates of
$ , ,%$,and# ,radicals, which causes many more chain-branching reactions.

Hydrogen addition: it leads to an increase in the peak pressure, as with more H ,,
more ,$,and$ radical mole fractions will be released during the combustion
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Figure 2.12: NH3 Schlieren ame propagation at STP (Tg=21 C, po =1 bar) [8]

process, enhancing the reaction. This results in a higher velocity, with this parameter
showing an exponential increase as the radical concentration increases, due to the
exponential increase in chain-branching reactions.

Carbon fuel addition: it leads to the production of more chain-branching reactions,
but the increase is linear due to the more complex behaviour of these fuels [31, 32].

The results of these three changes in mixture composition are shown in Figure 2.14. Hydrogen
addition will be considered primarily in this thesis as a means to increase velocity under
challenging conditions, such as low temperatures and high pressures.

(@) = 08 (b)) = 1+0 (©)) = 13

Figure 2.13: 50%NH3-50%H, Schlieren ame propagation at STP (Tg=21 C, pg =1 bar) [31]

2.4.1.2. Parameter dependency
The magnitude of the LBV depends on many parameters related to the combustion process;
Law [15] gives a complete overview of this parameter dependence.

Initial Pressure

Increasing the initial pressure a ects ame propagation through two coupled mechanisms:
changes in chemical kinetics and transport properties. From a chemical standpoint, higher
pressure increases the frequency of molecular collisions, which can, in general, accelerate
elementary reaction rates. However, the same increase in density also enhances the importance
of pressure-dependent three-body reactions, which tend to remove reactive radicals and
therefore reduce the net chain-branching character of the chemistry. As a result, the radical
pool that sustains the ame is depleted more e ciently at high pressure, thereby reducing
the overall reaction rate within the ame zone and lowering the laminar burning velocity.
This competition between radical-producing chain-branching steps and radical-removing
termination/recombination steps is a generic reason why increasing pressure often leads to
slower ame propagation [15].
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(a) Variation with increase in oxygen (b) Variation with increase in hydrogen
percentage fraction

(c) Variation with increase in methane fraction

Figure 2.14: NH3 ame speed variation with changes in mixture composition [31]

This behaviour can be illustrated using hydrogen chemistry, also present within ammonia
reactions, where the balance between a chain-branching step and a three-body termination
step becomes increasingly pressure-sensitive:

chain-branching: 1$ ,!$ 1$- (2.4)
chain-terminating: 1$ 1"! 251" (2.5)

The rst reaction promotes a reactive radical pool
by producing highly active radicals that sustain
combustion, while the second reaction reduces
that pool and becomes more frequent as the third-
body concentration " increases with pressure.
Although the speci c dominant pathways di er be-
tween fuels, an analogous shift occurs for methane
and ammoniabecause their ame propagation also
depends on maintaining su cient concentrations
of key radicals (notably H and OH) in the preheat
and reaction zones. Consequently, higher pres-
sure typically shifts the chemistry toward more

e ective radical removal, thereby slowing the net

ame chemistry and reducing the burning velocity ~ F19ure 2.15: LBV variation with pressure
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In addition to kinetics, pressure modi es the transport processes that control the preheat
zone ahead of the ame. Thermal di usivity decreases as density increases, and since
density is approximately proportional to pressure (for xed initial temperature), heat di uses
less e ciently into the unburnt mixture at higher pressure. This reduces the rate at which
the unburnt gases are heated to ignition-relevant temperatures, thereby lowering the ame
propagation rate. Taken together, enhanced radical termination and reduced thermal di usion
provide a consistent physical explanation for why increasing initial pressure generally decreases
laminar burning velocity for methane, hydrogen, and ammonia, even though the magnitude
of the e ect can vary by fuel and equivalence ratio [15]. The general behaviour is shown in
Figure 2.15.

Initial temperature

Increasing the initial temperature generally in-
creases the laminar burning velocity by acceler-
ating both chemical kinetics and the transport
processes that control ame propagation. From
a chemical standpoint, most elementary reaction
rates increase strongly with temperature through
Arrhenius behaviour, so higher ) promotes faster
radical production and faster overall heat release
in the reaction zone [34]. As a result, the ame
requires less time to build and sustain the radical
pool that drives propagation, thereby increasing
the net burning rate and, consequently, the velocity.
This trend is re ected in the empirical correlations
commonly used to represent laminar burning ve-
locity, where ( is often tted with a positive temperature exponent of the form (1 /1) ¢°) A48
[35]. Here, Tassis the xed reference temperature (ambient conditions) and T g is the unburnt
initial temperature, showing that the speed tends to increase with increasing temperature.

Figure 2.16: LBV variation with initial
temperature for NH 3 [31]

Transport e ects reinforce the same trend because a higher initial temperature tends to thicken
the preheat zone and facilitate the transfer of heat and reactive species toward the unburnt
mixture. While the exact temperature dependence of properties such as : and 2, varies with
mixture composition, the key point is that ame propagation is controlled by how e ciently

the unburnt gases are heated to reaction-relevant temperatures and how rapidly radicals can be
sustained near the ame front. [34] Furthermore, at xed pressure, anincrease in )greduces the
unburnt-gas density, which increases di usivities and generally promotes faster mixing and
heat di usion ahead of the ame. This is consistent with the same class of correlations reported
in the literature, in which temperature and pressure appear as separate control variables with
opposite e ects on ( | (increasing with ) g and decreasing with ?). [35]

2.4.1.3. Calculation methods

Now that the basic physics of the laminar burning velocity and its dependence on both fuels
and thermodynamic conditions are understood, the available methods for calculating it are
presented. For this, a distinction needs to be made between experimental and numerical ones.
The rst are needed because, in non-optical contexts, velocity measurement is non-trivial;
therefore, an easier way to determine it is to infer it from fundamental quantities such as
pressure and temperature. On the other hand, as explained, this parameter has an intrinsic
dependence on the kinetic behaviour of fuels, which can therefore be grouped into models that
can be simulated at the desired thermodynamic conditions to extrapolate the velocity.
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Experimental methods

In literature, many methods are found to calculate the velocity, including the Bunsen ame,
counter ow or stagnation ame, burner-stabilised at ame, hot-wire and outwardly prop-
agating spherical ame methods [24]. However, most of these methods carry the inherent
di culty of calculating the velocity at high pressure. Therefore, since in this work the use of a
non-optical chamber is considered, to ideally achieve high-pressure measurements, two main
methods can be used to measure the laminar burning velocity experimentally:

" Spherically expanding ame method

The method consists of reconstructing the entire ame history from either pressure-
time or ame radius, computing the instantaneous burnt mass, and then computing
the LBV. For this, the di erence between the early and later stages of ame
development must be understood. The former is characterised by high curvature
and stretch but low pressure rise, while as the ame expands, the pressure increases
and the stretch becomes negligible. Oppositely, the nal stage of ame development
isin uenced by heat loss to the cold chamber walls. Therefore, the actual considered
rise only contains the central part of the pressure curve.

Depending on the chamber design, the constant-volume (CVM) and constant-
pressure (CPM) methods can be used. The latter requires optical access because
the pressure rise is very low, and the radius must be measured visually, while the
former can be used with or without optical access. For this reason, the CVM method

is used throughout this work. The method is applicable only when the ame radius

is su ciently large; otherwise, no appreciable pressure rise is observed. In fact, the
LBV is determined by correlations based on pressure, pressure rise rate, and burnt
mass fraction.

The advantage of this method is that it can be used for high pressures, as no optical
access is required. The disadvantage is that the potential for ame instabilities is
not identi ed, which may reduce measurement accuracy. Metghalchi and Keck
[36] develops a formula to calculate the LBV from the pressure measurements, rst
outputting the mass burning rate, based on the use of a correction factor for the
equivalence ratio and the ame front area. Other authors, such as Stone, Clarke,
and Beckwith [37] and Elia, Ulinski, and Metghalchi [28], use two- or multizone
models that also include ame stretch. The zones in these models represent the
areas where the ow is under di erent conditions, with the ame assumed to be

in nitely thin:

Two-zone: the mixture is separated into an unburnt and a burnt zone,
separated by an in nitesimally small ame front. While this method
makes the computation much faster and easier, it misses the temperature
gradients across di erent points within the burnt zone, as the properties
are assumed to be constant within each point. In fact, the part closest
to the ame front is moving faster than the part that has already been
burnt and is farther away. Therefore, this method trades accuracy for
computational speed. One of its uses could be to provide an initial
estimate of the speed to determine whether the data point is sensible or
an outlier.

Multizone: the mixture is separated into multiple burnt zones, repre-
sented by concentric circles, either constant in mass or radius. This is
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much more accurate, as it can better predict phenomena such as heat loss
to the walls and instabilities, as shown in the temperature gradients [24].

~ Hot-wire method

In 1972, Bradley and Hundy [38] developed the hot-wire method. For this, a thin hot
wire is placed inside the combustion chamber at a known position. It is then heated
with a constant current, and the resistance through it is constantly monitored. As
the ame propagates, it pushes unburnt gases outward, creating a gas velocity eld
ahead of the ame. The wire measures the unburnt gas velocity before the ame
reaches it via hot-wire anemometry, which relates the velocity to the wire's cooling.
This cooling e ect is measured by monitoring changes in electrical resistance. Once
the unburnt gas speed is known, the ame speed can be measured optically or by
using ionisation probes. The LBV is simply the di erence between the two.

In this thesis, since the use of a hot wire is impractical, especially at the desired temperatures,
and because of the added complexity of the chamber design and the electrical architecture,
which introduces electrical noise, the rst method is used. This also guarantees a larger body
of literature results calculated with this method, which eases comparisons and removes bias
when comparing methods with di erent assumptions.

Numerical methods

Laminar burning velocity, (., is most commonly obtained numerically by solving canonical
premixed- ame problems in which the ame structure is resolved, and the propagation speed
follows from the conservation equations coupled with chemical kinetics and transport. These
models are then validated by comparing numerical results with high- delity experimental data
collected over a range of temperatures, pressures, and equivalence ratios. For the purposes
of this thesis, the most relevant numerical approaches are those that compute (; under
well-de ned initial pressure and temperature and under premixed, laminar assumptions,
since these conditions are directly comparable to the early- ame regime of interest. In that
sense, one-dimensional premixed- ame solvers constitute the standard and most transferable
methodology, while multidimensional approaches are mainly used when curvature, instability,
or ow coupling must be explicitly studied [34].

" 1D freely propagating premixed ame (unstrained, planar)

This is the most common and direct numerical route to (,, because the ame
propagates into a uniform premixed mixture without imposed strain, and the
resulting (. is obtained as part of the steady solution. Standard implementations
include software such as CHEMKIN/PREMIX and open-source solvers such as
Cantera, which explicitly compute the laminar ame speed for specied )og, ?0,)
and mixture composition.

~ 1D burner-stabilised premixed ame (at ame)

In this con guration, the ame is stabilised on a burner, and the characteristic
ame speed is inferred from the imposed mass ux and the computed ame
structure. This approach is widely used both experimentally and numerically, and
it is implemented within the same family of 1D premixed- ame solvers used for
freely propagating ames.

~ 1D strained premixed ame (counter ow) with extrapolation to zero strain
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When stretch e ects are of interest, premixed ames can be computed at controlled
strain rates and then related to an unstrained burning velocity, often alongside
stretch-sensitivity metrics. This method is useful to interpret conditions where
curvature or strain is non-negligible, and it provides a bridge between ideal planar
propagation and more practical ame con gurations.

" Other approaches

Multi-dimensional DNS can resolve laminar premixed ame propagation with
high delity and is often used to study ame instabilities or curvature e ects,
but it is computationally intensive and not typically used to map (, over broad
parametric ranges [39]. In turbulent-combustion simulations, (; is more often
introduced through reduced or tabulated representations (e.g., amelet-generated
manifolds) or front-tracking methods (e.g., level-set/G-equation), and thickened-
ame approaches are used in LES to make premixed ames resolvable on practical
meshes; in all cases, these methods generally rely on(, obtained from canonical
1D calculations or correlations [40, 41].

For the present work, the freely propagating 1D premixed ame calculation is the most
appropriate numerical reference because it provides a well-de ned de nition of (1 under
specied ) and ?p without additional geometric or ow-induced e ects. This makes it
particularly suitable for comparing trends across fuels and for discussing how environmental
variables, such as pressure and temperature, can shift early ame propagation in a controlled
manner. The burner-stabilised and strained- ame variants remain useful as supporting
frameworks, especially when interpreting departures from ideal behaviour due to stretch
or heat-loss sensitivity. At the same time, it is important to distinguish these canonical (,
computations from turbulent-combustion closures, where ( is typically an input or a tabulated
guantity rather than an independently solved output. [34, 40] Consequently, when numerical
results are used in this thesis, they are interpreted primarily as reference laminar quantities
aligned with early-stage ame development, rather than as full representations of practical
combustor operation.

2.4.2. Minimum ignition energy (MIE)

Any combustion process begins with the ignition of a speci ¢ mixture of fuel and oxidiser.
Before this, the components of this mixture are generally stable, with their atoms held together
by strong bonds. This binding is strong because each bond has a speci ¢ potential energy,
known as the bond energy, that holds the atoms together. Thus, to initiate combustion, these
bonds must be broken, which causes the release of this energy, which, when high enough,
causes the breaking of new bonds and the formation of radicals, which maintain the reaction.
In fact, throughout this transformation, the composition of the mixture changes, leading to the
formation of products at a lower energy level and ultimately releasing energy.

Hence, initially, it takes some external energy to break the stable fuel bonds. This can come
from many di erent source types, which are discussed in more detail in Section A.2, but the
process that leads to the rst rupture of bonds is equivalent and is shown in Figure 2.17. Here,
the example is given for the conversion of methyl isonitrile (3 # ) to acetonitrile ( 3 # ),
but the same principles apply to any other molecule, albeit simpler for one such as hydrogen.
At rst, the molecule is in a stable state and resists deformation, but once enough energy is
provided, it begins to bend. Then, if this energy is su cient, the excessive bending causes bond
rupture, and this energy is called the activation energy, which allows the formation of complex
forms, that is, hybrid states at a higher energy level. These unstable con gurations lead to the
formation of lower-energy bonds, as energy is released when bonds break. Finally, the new
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stable product is formed, carrying a lower potential energy than the initial component [42].

At this point, if the energy released is su cient to
activate other molecules and initiate a chain reaction,
the external energy is called the ignition energy (IE).
However, this can be much higher than the amount
actually required to ignite a mixture, and it is therefore
interesting to study the minimum energy required to
ignite a mixture. This is both for safety reasons, as
it is important to understand whether an accidental
electrostatic discharge may ignite a mixture at rest,
and from an e ciency standpoint, as it is bene cial to
only provide the minimum necessary energy instead
of wasting usable work. This parameter, called the
minimum ignition energy (MIE), is a key focus of this
study and is widely used to design ignition systems
and assess explosion and re hazards. Formally, it
is normally de ned as the minimum amount of energy leading to ignition in at least 50%
of cases [43]. As with the laminar burning velocity, this parameter also shows important
dependencies that must be analysed to understand its behaviour under the considered
experimental conditions.

Figure 2.17: Ignition energy [42]

2.4.2.1. Fuel dependency

As with the LBV, the minimum ignition energy (MIE) is strongly fuel-dependent because it
re ects how readily a mixture can generate and sustain a self-propagating radical pool after
a nite energy deposition. Fuels that produce chain-carrying radicals rapidly and release
heat e ciently during the earliest stages of kernel growth tend to exhibit low MIE, whereas
fuels with slower branching chemistry and larger relative heat losses require substantially
higher ignition energies. This behaviour is closely linked to intrinsic reactivity and transport
properties, since di usion and heat transfer govern how e ectively the deposited energy is
retained in the kernel and converted into chemical activity. Consequently, the same underlying
physical factors that promote fast ame propagation also generally facilitate easier ignition,
which explains why trends in MIE and LBV often remain consistent across di erent fuels.

This is re ected in the typical magnitude of reported values. Most light hydrocarbons
(e.g., methane, propane, and butane) exhibit MIE in the order of 0+1 mJ while hydrogen is
signi cantly lower, around 0019 mJ44]. In contrast, ammonia exhibits MIE values that are
orders of magnitude higher, typically of the order of 20 mJand in some conditions approaching
200 mJ[45]. These di erences highlight why hydrogen can ignite very easily and why ammonia
ignition is comparatively challenging. In practice, this often implies that ammonia requires
either substantially higher ignition energies, reduced ignition gaps, or the use of more reactive
additives to reliably achieve ignition under comparable conditions.

2.4.2.2. Parameter dependency
Naturally, this parameter also depends on other variables related to the initial state and the
combustion environment. This dependency will be explained here.

Equivalence ratio

Another parameter that a ects the energy level needed to ignite a mixture is the equivalence
ratio. Indeed, as shown in Figure 2.18, research shows that the relation between the MIE and
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this factor follows a U-shaped curve, with an optimal value at which the required energy is
minimised. The sharp increase in energy at low and high equivalence ratios is due to the
approach to the ammability limits. In fact, when the ame is too rich or too lean, there is
not enough fuel or oxidiser to ionise enough of the mixture to start a chain reaction. In these
conditions, a considerable amount of energy is required to increase the collision rate and
sustain the reaction.

As ) is increased from very lean conditions, the needed energy decreases, as the mixture
proportion is more favourable towards the production of radicals, entailing a higher energy
release. This means that less input is needed to sustain the reactions, and the chain reaction
occurs much more easily. A minimum MIE point is then achieved, at which the reaction is
at the optimal ratio to produce the highest amount of heat. This corresponds to the point of
maximum burning velocity and adiabatic temperature in a fully developed ame. Normally,

this point occurs at a slightly rich equivalence ratio, around 1.1-1.2, at which the chemical
kinetics are optimised.

(a) CH4 and other hydrocarbons [46] (b) NH 3-H > mixtures [47]

Figure 2.18: Variation of MIE with ) [46]

However, from Figure 2.18, something else seems to happen, as the equivalence ratios at which
the minimum energy is achieved are di erent from the point of maximum velocity. This is
because there is a di erence between the fully developed ame and the ame at the ignition
point, which has not yet fully formed. In fact, at this position, the ame is a purely spherical
kernel, as the energy is released at a single point almost instantaneously, resulting in a sudden
increase in temperature and pressure. Then, after the brief energy surge, the ow expands
equally in all directions due to the isotropic nature of the surrounding unburnt gas. Naturally,

to attain perfect isotropy, complete mixing of the fuel and oxidiser must be achieved, which is
not normally the case.

In reality, a sphere is still created, with some strain due to local variations in equivalence ratio.
Due to the strong curvature, the ame speed is not the same as the laminar burning velocity.
This, in addition to the lower temperature at this stage due to the low amount of mixture burnt,
implies that the speed will be lower and will be referred to as the initial burning velocity [48].
This is evident in Figure 2.19. To understand why the MIE is minimum at a speci ¢ equivalence
ratio, the Lewis number must be considered.

In a mixture, the de cient reactant controls the rate at which the mixture is supplied to the
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reaction zone. For instance, in a rich mixture, there is enough fuel for combustion, so the
point at which it begins and the rate at which it occurs will be solely controlled by the rate at
which the oxidiser di uses to interact with the fuel. The Lewis number as a function of the
equivalence ratio for di erent fuels is reported in the literature, with some di erences due to
the methods used to calculate it. This is shown in Table 2.2. These trends provide a consistent
framework to interpret why the equivalence ratio associated with minimum ignition energy
does not necessarily coincide with the conditions that maximise burning velocity in a fully
developed ame.

(a) Methane (b) Butane

Figure 2.19: Velocity variation from initial to fully expanded ame [46]

Table 2.2: Lewis number for methane and butane [46]

Methane ) 0.8 0.9 11 1.2
Le | 0.883| 0.886| 1.003| 1.003

Butane ) 0.9 11 1.3 15 1.7 1.9
Le | 1.745| 0.929| 0.918| 0.907| 0.897| 0.887

For methane, the mixture Lewis number is lower than 1 in lean conditions. This means that, in
this setting, methane mass di usion is higher than thermal di usion, encouraging combustion
and thus increasing the ame speed at its surface. However, for butane, the opposite behaviour
occurs, with the favourable conditions found in rich conditions. This is because the higher
molecular weight, due to the presence of more carbons, slows the molecule, reducing its
di usion. This is con rmed by examining the trend in the Lewis number for propane, which

is higher than for methane but lower than for butane. For these fuels, the maximum initial
burning velocity is therefore reached at di erent equivalence ratios, which explains the shift in
the points of minimum ignition energy observed in Figure 2.20. Murase et al. [46] de nes that
the minimum radius at which the ame can be considered self-sustaining, and thus identi ed
as a kernel, is of 3mm. This is therefore the size at which the initial burning velocity is de ned,
while a radius of 6 mm corresponds to a more fully developed ame, where stretch is reduced,
and the laminar burning velocity is taken. [46]

From this discussion, it is possible to extrapolate the behaviour of fuels such as hydrogen
and ammonia by interpreting how their relative mass and thermal di usion shift the Lewis
number with equivalence ratio. Hydrogen has been shown to have the lowest MIE at an
equivalence ratio of about 0.65 [44], which is consistent with its very high di usivity, as
described in Subsection 2.3.2. In lean mixtures, hydrogen di uses into the reaction zone faster
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(a) Methane (b) Butane

Figure 2.20: Relationship between LBV and MIE [46]

than the oxidiser can counterbalance it, leading to a Lewis number below 1 and, therefore,
higher initial burning velocities under lean conditions. However, because hydrogen di usion

is much stronger than for carbon fuels, the equivalence ratio at which this balance becomes
most favourable shifts further into the lean region, which explains why the minimum MIE
occurs at a lower ) than for methane or propane. In contrast, ammonia is reported to have
di usion behaviour closer to methane [20], meaning that its Lewis number trends with ) are
less extreme than hydrogen and do not push the optimum as far into lean conditions. As
a result, ammonia exhibits an optimal equivalence ratio closer to unity, with values around

) 049 reported in the literature [12], which makes the extrapolation consistent with the same
Lewis-number argument used above.

Initial pressure

Higher pressure favours combustion because it increases the number of collisions and reduces
dissociation, according to Le Chatelier's principle. This precept is based on the fact that
combustion occurs in dynamic equilibrium rather than a static state, since the reactions that
produce the product are reversible. Thus, the point at which the mechanism is at equilibrium
is the one at which the rates at which forward and backward reactions occur are equal. The
principle states that when this dynamic equilibrium is disturbed by changing the conditions,
the equilibrium position changes, consequently, to re-establish equilibrium. This means that if
the pressure is increased, the reaction will try to move towards a condition of lower pressure.
Therefore, mechanisms that produce fewer molecules will be prioritised, as they occupy
less space and thus tend to lower pressure. This means that complete combustion will be
favoured, as it produces $ , and %, which will not dissociate into $ and $,, or >
and $ ,, respectively. This means that, in general, higher initial pressure results in a lower
MIE. However, at very high pressures, the thermal conductivity and the number of collisions
increase to a level where quenching can occur. This normally happens at pressures higher than
engine-like ones, so well above 50 bar [42, 49].

Initial temperature

Similarly to pressure, a higher temperature also favours combustion. This is because it allows
for faster chemical reactions, lowering the required energy. In fact, higher temperature increases
the kinetic energy of the reactant molecules, leading to a higher rate and frequency of collisions.
This also results in a reduction of the ignition delay time and an acceleration of the reaction
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rate [42].

2.4.2.3. Calculation methods

As for the LBV, the literature describes numerous methods, both experimental and numerical,
for determining the MIE. In this thesis, the experimental approach relies on measuring ignition
parameters (voltage, current, and discharge characteristics) and using them to quantify the
energy delivered to the mixture. Numerical methods can then be used to provide a reference
for comparison and to assess the consistency of the experimental results under comparable
conditions. For this reason, the main available approaches are brie y reviewed below, with
emphasis on those most relevant to the present setup. Based on this overview, one method is
identi ed as the most appropriate for this work's objectives.

Experimental methods

Various experiments have been run over the years to determine the MIE necessary to ignite
speci ¢ mixtures. All of these methods work similarly to the Golden-section search algorithm
to nd the minimum. In this section, a summary of three of the most accurate and useful will
be presented. These are applied to spark ignition but can be easily modi ed to work with any
of the previously described ignition methods.

" Method from Lesmana et al. [43]:

In this method, the ignition energy is calculated by integrating the product of
voltage and current over time, as in Equation 2.6.

1
C

= D1C°81C°3C (2.6)
0
A notable feature of this method is the introduction of an inductor into the spark
generator circuit to vary the duration of the spark discharge. Moreover, the
possibility to vary the gap is introduced, allowing identi cation of MIE variation
with these parameters, not only the operating and mixture conditions.

1. Take a starting energy level and perform 5 sequential ignition attempts.

2. If none of the attempts leads to the formation of a kernel, the energy level is
raised by either varying the voltage or the capacitance.

3. If at least one of the 5 attempts leads to the formation of a kernel, then the
upper limit for the energy is set.

4. The energy level is decreased in steps of2 mJuntil no ignition is found in 5
consecutive tries, which de nes the lower energy limit.

5. The energy level is increased again in steps of0+1 mJuntil one ignition is found,
which is de ned as the MIE.

6. One more attempt is run at an energy level lower by 01 mJto ensure that no
ignition is found.

One of the issues with this method is its instrumental sensitivity of 0«1 mJto perform
the steps, while guaranteeing a high repeatability of  3-8%, with the highest scatter
observed for ammonia. The disturbances observed during MIE measurements of
hydrogen are attributed to electrode condensation. Moreover, it has quite a wide
ignition/no-ignition band.

" Method from Proust [50]:
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In this method, the author separates the breakdown and glow phases of the spark
using two circuits: a high-voltage circuit and a low-voltage one. The rst one is
aimed at producing the plasma stream, which requires a high voltage. Once this
is created, a high voltage is no longer needed; a lower one is enough to sustain
the current. This is done so as to reduce the losses caused by the high current
achieved in the second phase. The ignition energy is then found as the sum of the
energies required by the two di erent circuits. The method works similarly to the
one proposed by Lesmana et al. [43], with the di erence that, in this case, 10 tries
are performed at each energy level. However, here ignition is required in all cases
to consider the energy level su cient for ignition. If at least one trial results in no
ignition, this level is considered below the MIE. This is then taken as the lowest
deposited spark energy leading to ignition in all trials. For cases of overlap between
ignition and non-ignition, particularly relevant for hydrogen, the band centre is
taken as the MIE. The author explains that the reason for the disturbances in the
case of hydrogen is due to humidity, which is, however, disproven by Ono et al.
Ono et al. Therefore, a possible explanation is the condensation of water on the
electrodes. The repeatability of this method is about 5% for propane and 15% for
hydrogen. In another of his works [52], the author shows that there is a di erence
between the cases of no ignition and ignition, and vice versa: in the former, the MIE
is found to be much higher. A possible explanation is that the combustion process
chemically activates the electrode tips and removes any residual.

" Method from Ono et al. [51]:

In this method, only one trial is used for each energy level. An interesting point
is that the author accounts for energy loss in the resistor and the residual charge
in the capacitor, both of which must also be considered part of the total MIE. The
method results in a scatter of 3%.

Numerical methods

To con rm the results found with experiments, some analytical methods have been developed.
Here, three are summarised:

" Method from Cirrone et al. [53]:

Since most methods in the literature rely on experimental data on either the
quenching distance or the laminar burning velocity to calculate the MIE, they
ultimately amount to empirical correlations. Therefore, they cannot be used in any
case where experimental data are unavailable, nor can they be extrapolated, as this
would result in considerable errors. Thus, since the paper's focus is the cryogenic
temperature range, for which experimental data are considerably limited, the author
develops a method that accurately predicts the MIE for any hydrogen composition
and temperature, which can then be applied to other fuels. The procedure is as
follows:

The unstretched laminar burning velocity ( 8 is calculated with the "Freely
propagating adiabatic 1D ame" solver in Chemkin.

The parameter - ( is set based on the fuel concentration to account for
the e ect of ame stretch and preferential di usion.

The stretched laminar burning velocity (§ is calculated as the product
of the two above terms.
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All the thermophysical properties of both the unburnt and burnt mixtures
are determined with the Equilibrium solver of the software Cantera.

The di usive laminar ame thickness is calculated.

The ame thickness is related to the heat release via Blint's de nition,
resultingin .

With this, the critical diameter for kernel propagation is determined,
which is assumed to be 2.5 times the ame thickness.

the MIE is found as

1
"= 38 3 p2-8)1 ) p° (2.7)

where

Minimum ignition energy
3 Critical kernel diameter
p Unburnt mixture density
2>_p Unburnt mixture speci c heat at constant pressure
)1 Burnt mixture temperature
)o Unburnt mixture temperature

This method introduces a novel ame stretch parameter, extending beyond the
capabilities of both Cantera and Chemkin.

~ Method from Nawaz and Mack [45]:

This method is very similar to the one just presented, with the only di erence being
how the correction factor to account for stretching is determined. Indeed, in this
case, the calculation starts from the initial experimental MIE values. In fact, initially,
the method just explained is reversed to nd - 4g7-s5gErom this, a fourth-degree
interpolation is used to obtain the remaining values of this parameter, which are
then used to compute the MIE. This introduces a dependency on the experimental
values, which depend on conditions such as the spark gap.

" Method from Wu et al. [54]:

This method stems from the use of an in-house code called INSFLA, which describes
the kernel as spherically expanding and ignited by an external energy source, with
energy density

@ = @ca ® (2.8)

Where A is the ignition radius and @qg is the maximum energy density. By
integrating this over the ame radius, the MIE can be found.

2.5. Non-optical diagnostics in combustion analysis

This section summarises the most commonly used experimental approaches for characterising
ignition and early ame development, with emphasis on techniques compatible with the
objectives and constraints of this work. Since the present thesis focuses on minimum ignition
energy (MIE) and laminar burning velocity (LBV) under controlled initial conditions, the
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discussion is narrowed to methods that can generate repeatable, quantitative metrics rather
than qualitative visual descriptions of the ame. In the literature, this typically leads to
two families of approaches: optical methods, which directly measure ame geometry and
propagation, and non-optical methods, which infer combustion behaviour from global chamber
signals such as pressure and temperature.

Non-optical techniques are widely used in combustion experiments whenever optical access is
limited, when the aim is to minimise complexity, or when robust operation is required over
broad pressure and temperature ranges. Instead of tracking the ame front directly, these
methods rely on signals that respond to the integrated heat release and the chamber's global
thermodynamic evolution, most notably pressure traces and temperature measurements. For
early-stage combustion analysis, this is particularly useful because ignition success, ignition
delay behaviour, and early heat release can often be identi ed directly from the onset and slope
of the pressure rise. In addition, non-optical measurements are typically easier to integrate in
high-pressure and subzero test conditions, where windows, illumination, and image-based
calibration can become limiting factors. For these reasons, the experimental framework in
this thesis is built around pressure-based diagnostics, supported by temperature sensing and
system monitoring, and is later used to extract both MIE and ame-propagation metrics.

Naturally, especially for non-optical combustion chambers, the quality of MIE and LBV
calculations highly depends on how accurately the chamber state and the ignition event are
measured. For this, accurate combustion diagnostics techniques are needed to measure and
analyse the ame occurrence, along with the evolution of ow parameters such as temperature
and pressure. These are particularly important in a system without optical access, as they
need to map how the combustion process occurs without actually being able to see it. The
main limitation of this type of sensor is its intrusiveness, as it must be placed inside the
chamber. Therefore, they need to be designed and placed to minimise interference and losses
a ecting ame propagation. The main types of sensors applicable to non-optical-chamber
measurements for LBV and MIE calculations are described below, grouped by the measured

quantity.

2.5.1. Temperature

Temperature sensors are very delicate, as they need to measure the ow temperature without
directly a ecting it. In fact, since this type of sensor typically requires in-chamber protrusion

to ensure su cient heat transfer, measurements can be a ected by errors arising from this
protrusion, including conduction losses through the probe, radiative exchange with the
surroundings, and nite response time. In fact, temperature sensors tend to have relatively high
response times, which makes them suitable for slow combustors but less useful for capturing
instantaneous ignition transients; they can instead be used to de ne the initial temperature.
Finally, the sensor can also disturb the ow itself, as the gas must wrap around the probe,
altering local velocity and, consequently, convective heat transfer at the measurement location.

Temperature sensors can be divided into two macro-categories, mechanical and electrical, de-
pending on the way the measurement is taken. Mechanical sensors, however, are not commonly
used in combustion applications and are therefore not considered here. Electrical sensors
are instead the standard approach, since they convert temperature changes into measurable
variations of an electrical quantity that can be recorded with appropriate instrumentation. In
practice, this is typically achieved by changing resistance, voltage, or thermoelectric potential
within the sensing element, which is then read as an electrical signal. This combination of
relatively straightforward implementation and high measurement sensitivity explains why
electrical temperature sensors remain the most common choice in combustion systems. The
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main types are described here.

2.5.1.1. Thermocouple

Thermocouples are formed by two di erent

conducting materials joined together at the

hot junction, while the other ends are main-

tained at a di erent temperature, as shown

in Figure 2.21a. This con guration produces

the Seebeck e ect, namely the generation of (a) Simple thermocouple

a voltage in the circuit due to the dissimilar

properties of the two metals when a tempera-

ture gradientis applied. The physical originis

that, as the junction is heated, charge carriers

gain energy, establishing a net electromotive

force along the conductors and leading to a

measurable potential di erence. Since the

two materials respond di erently to the same

temperature gradient, the resulting voltage is

directly related to the temperature di erence (b) Thermocouple with reference temperature
between the hot and cold junctions. For this

reason, thermocouples inherently measure a Figure 2.21: Schematics of a thermocouple [55]
relative temperature, and the voltage must be

interpreted with respect to a known reference temperature. This, however, can be accounted
for by proper calibration.

The main limitations of thermocouples arise from the way measurements are produced and
from the fact that the sensor itself is a thermal body. Response time is nite, as the junction
must rst exchange heat with the surrounding ow before the measured voltage stabilises,

and this can limit the ability to capture very fast transients. In addition, radiative heat

exchange at the junction can bias the measured temperature downward, particularly when
the junction is exposed and the surroundings are colder. Another practical point is that the
measurement circuit often includes additional metals, which introduce extra junctions and

therefore additional temperature di erences; this is addressed by enforcing a cold-junction
reference at a known temperature or by applying cold-junction compensation, as shown in
Figure 2.21b.

Despite these limitations, thermocouples remain exible because many types exist depending
on the metal pair used, such as K-type (Ni-Cr) and B/R/S types (Pt-Rh alloys). Each type is
optimised for a speci ¢ temperature range, with some operating well in subzero conditions,
such as E-type (NiCr-Constantan). In these environments, absolute accuracy can decrease
due to lower signal levels, but thermocouples remain attractive for their robustness, relatively
fast response compared with many contact sensors, and low cost. It should be emphasised
that, because the thermoelectric voltage is small, careful attention to wiring, shielding, and
cold-junction compensation is required to limit noise and drift, especially when long cable
runs or electrically noisy ignition systems are present.

25.1.2. RTD

This sensor type measures temperature variation
by monitoring changes in the metal's resistance.
In fact, like any material, metals have an inherent
resistance to conduction due to the interaction

Figure 2.22: RTD working principle [56]
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between the moving electrons and the atomic structure. The change in the resistance for metals
can be described as: 3
'1\O0 =" 1 o -

I (2.9)
The formula shows that the resistance behaves almost linearly, at least up to high temperatures.
This type of sensor o ers high stability and precision when measuring absolute temperature
rather than relative temperature. To measure the voltage drop caused by a change in resistance,
3 or 4 cables are needed: two to supply current and the other one or two to measure the voltage
drop across the sensors. The reason for using more than two cables is that the metal itself
has low resistance, so the cable resistance is not negligible and must be eliminated using a
so-called Kelvin connection. This implies that the response time is quite high, and the sensor
may contribute to temperature measurements through some self-heating due to its resistance.
Due to the setup, they are more expensive, while at the same time ensuring a higher precision,
even at temperatures as low as -200 C.

2.5.1.3. Thermistor

This sensor is similar to an RTD, with the main di erence being that the sensing element is a
semiconductor rather than a metal. As a result, the resistance exhibits a strongly non-linear
temperature dependence, which is commonly expressed as:

mo=r g o (2.10)
Since semiconductor resistance is considerably higher than that of metallic elements, the
lead-wire resistance is typically negligible; hence, a two-wire measurement is usually su cient
to determine the voltage drop across the sensor. Thermistors can be very accurate, including
at subzero temperatures, but they are also fragile, and their non-linearity tends to become
more pronounced over time, increasing the need for calibration and drift control. For this
reason, they are generally not well-suited to aggressive mixtures or chemically challenging
environments, such as those containing ammonia. In addition, self-heating can be signi cant
due to the sensing element's higher resistance, potentially biasing the measured temperature
and limiting the usable measurement range if the excitation current is not carefully controlled
[57].

2.5.2. Pressure

Pressure sensors can be divided into three main categories based on measurement method,
measurement type, and pressure reference. The rst division, as with temperature sensors,
is between mechanical and electrical devices. Again, the mechanical ones are not discussed
here, as they are not of interest for combustion analysis and do not readily integrate with
high-speed data acquisition. The second macro-division is between static and dynamic sensors:
the former measures the quasi-steady force per unit area exerted by the mixture (or the
chamber) and is mainly used to track slow pressure evolution, whereas the latter is intended to
resolve time-varying pressure uctuations linked to ow unsteadiness and fast combustion
phenomena, meaning that frequency response and signal conditioning become central. Finally,
the pressure reference indicates whether the sensor is referenced to absolute zero pressure, to
atmospheric pressure (gauge), or to a di erential between two points, which is particularly
relevant when pressure drops across components or when pressure drops between locations
are of interest.

2.5.2.1. Piezoelectric
Piezoelectric sensors contain a crystal (commonly quartz or piezoceramics) that gener-
ates an electrical charge when mechanically stressed by pressure, so the measured sig-
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nal is directly tied to the applied load. In practice, the output is read through a high-
impedance/charge ampli er because the sensor behaves like a charge source in parallel with
a capacitance, and any leakage paths will otherwise cause the signal to decay over time.
This is why these transducers are excellent for dynamic mea-

surements (fast pressure rise, oscillations, shocks), while

truly steady, long-duration pressures are not their natu-

ral operating regime unless the full measurement chain

is designed with a very long time constant. One of their

main advantages in combustion work is the combination of

high sti ness and high natural frequency, which supports

high bandwidth, and a generally linear response with neg-

ligible mechanical hysteresis under normal loading. The

main practical limitation in ames is not only bulk tem-

perature drift but also thermal shock at the diaphragm

(cyclic heating during combustion), so prolonged or di-

rect ame exposure typically requires thermal protection

strategies such as recessed mounting, protective coatings, or

water-cooling/thermal barriers, depending on the required Figure 2.23: Piezoelectric
timescales and accuracy. transducer [55]

2.5.2.2. Piezoresistive

Piezoresistive sensors rely on the change in electrical resistance of a semiconductor (typically
silicon) when it is strained by a pressure-loaded diaphragm. The resistors are usually arranged
in a Wheatstone bridge to convert strain into a voltage signal. Compared with piezoelectric
devices, they are well suited to static and low-frequency measurements and can be built as
absolute, gauge, or di erential sensors depending on how the reference side is packaged
and vented. Their main drawback is that both the bridge o set and sensitivity are strongly
temperature-dependent, which is why practical devices often require careful temperature
compensation (either on-chip or post-processing) to maintain accuracy across operating
conditions.

From a combustion perspective, the limiting fac-
tor is often the temperature range: conventional
di used silicon piezoresistive structures are com-
monly constrained to roughly 120 150 C because
leakage mechanisms increase with temperature,
which quickly becomes problematic near hot gases
unless the sensing element is protected. In setups
where they are still desirable (e.g., for absolute
pressure level), mitigation is typically done by
thermal shielding/insulation, active cooling, or

remote mounting via an indicator passage line[57]. Figure 2.24: (a) Piezoresistive sensor: (b)

o Wheatstone bridge [58
2.5.2.3. Capacitive ge [58]

Capacitive pressure sensors measure pressure by tracking changes in capacitance between two
electrodes, with one electrode a diaphragm that de ects under pressure, changing the gap
(or overlap) between the plates. Because capacitance can be measured with very low power
and high resolution, this approach is particularly attractive for low-pressure sensing and for
applications where long-term stability and low drift are priorities.
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At the same time, the measurement is sensitive to parasitic ca-

pacitances and to temperature-dependent changes in diaphragm

sti ness, residual stress, and dielectric properties, so thermal

compensation and robust readout electronics are often central

to achieving reliable performance. The speed of these sensors

is not inherently slow: the ultimate bandwidth is set by the

mechanical resonance of the diaphragm and the readout circuit,

but many practical packaged devices are optimised for stabili-

ty/noise rather than for high-frequency combustion transients.

As a result, they are often less convenient than piezoelectric

transducers for fast in-chamber pressure dynamics, and, when

used in harsh thermal environments, they typically require both Figure 2.25: Capacitive
thermal management and a carefully designed electronic front transducer [59]
end to avoid temperature-driven o sets and gain changes.

2.6. High-pressure combustion

High-pressure combustion is of broad interest because it is the regime in which most practical
devices operate, as it generates the highest power release and thermal e ciency. Compared to
atmospheric pressure, the chemical e ect is substantial, altering chemical timescales, transport
properties, ame thickness, and the balance between chain-branching and radical-termination
pathways. In fact, as pressure increases, collision frequencies rise, and pressure-dependent
three-body reactions become more dominant. This heightened complexity not only a ects
ignition dynamics but also in uences pollutant formation and overall combustor performance.
For these reasons, the behaviour at ignition is considerably di erent, and it is therefore
important to study it experimentally to inform engine design, as extrapolating results from
atmospheric conditions might yield inaccurate results [34].

For more widespread fuels such as methane and hydrogen, the high-pressure combustion
landscape is comparatively mature, with extensive experimental databases and repeatedly
validated kinetic mechanisms available across wide ranges of pressure and temperature.
Methane has long served as a reference fuel in combustion science, and its pressure dependence
in laminar burning velocity has been surveyed and correlated in dedicated studies, with
multiple independent datasets available to support both empirical correlations and mechanism
assessment [60, 34]. Similarly, hydrogen oxidation has been treated as a canonical system for
combustion kinetics, and a substantial body of work exists speci cally targeting high-pressure
hydrogen ignition and ame behaviour, including mechanism updates and validation against
shock-tube ignition delays and laminar ame speeds [61, 62, 63]. In addition, standard methane
and hydrogen mechanisms are publicly documented and widely used as baselines in numerical
studies. Consequently, while methane and hydrogen still require careful mechanism selection
and validation for speci ¢ regimes, their high-pressure combustion properties are supported by

a deeper, more consistent literature base than ammonia, for which the high-pressure database
is still developing.

The high-pressure envelope is particularly critical for ammonia because its baseline reactivity
is low and its combustion is strongly governed by radical-pool availability, which is precisely
the part of the chemistry most sensitive to pressure through third-body and recombination
pathways. At the same time, higher density reduces di usivities and thermal transport,
so kernel growth and ame development become more sensitive to heat losses and local
inhomogeneities. For this reason, high-pressure studies are needed not only to quantify
burning velocities but also to determine whether ignition can be achieved reliably under
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realistic constraints. In practice, this means the state of the art must be evaluated through three
coupled metrics: ignition delay (autoignition propensity), minimum ignition energy (kernel
survivability under forced ignition), and laminar ame propagation.

For premixed ammonia air ames, the experimental literature has established a consistent
qualitative outcome: laminar burning velocity decreases with increasing initial pressure, and
ammonia remains markedly slower than typical hydrocarbon or hydrogen ames, as shown

in Figure 2.15. A foundational dataset is provided by Hayakawa et al. [8], who measured
unstretched laminar burning velocity and Markstein length for ammonia/air up to 0.5 MPa,
showing a clear pressure-suppression trend. Importantly, that work also highlighted that
several detailed mechanisms available at the time did not reproduce the measured pressure-
dependent ame speeds with acceptable delity, underscoring the need to validate mechanisms
against ammonia data (rather than nitrogen chemistry extrapolated from other fuels). More
recently, Alvarez et al. [10] extended the known pressure range to 10 atm at 298 K, emphasising
not only the nonlinear decrease of burning velocity and ame thickness with pressure but
also the increasing impact of buoyancy on ame morphology as propagation becomes slow,
especially near ammability limits. Together, these studies anchor the present consensus that
high-pressure ammonia ames are slow, sensitive to transport/instability e ects, and still
challenging for mechanisms to reproduce across the full parameter space.

In terms of ignition, recent progress has been driven by rapid compression machine and
shock-tube datasets at tens of bar, which have substantially improved the quantitative picture
of ammonia autoignition in intermediate-to-high temperature regimes. These studies show
that ignition delays are highly sensitive to mixture composition and, crucially, to hydrogen
addition, which can reorganise the controlling chemistry and reduce ignition delay nonlinearly
even at small fractions. This is a major step forward because it constrains the pressure-sensitive
branching and termination balance in kinetic models more directly than atmospheric-pressure
ames alone. However, these datasets primarily address autoignition propensity and, by
themselves, do not resolve the practical question of how much external energy is required to
form a self-sustaining kernel when ignition is forced rather than spontaneous. Consequently,
while the literature on ignition delay at high pressure is expanding rapidly, it does not fully
substitute for MIE evidence in ignition-system sizing and operability assessment [22, 64, 65].

This is where minimum ignition energy becomes a necessary complement to the high-pressure
story, especially for ammonia-containing mixtures where ignition is often the limiting constraint.
MIE captures the kernel-scale competition between energy deposition and quenching, which
becomes more severe at elevated pressure because transport ahead of the kernel is slower and
pressure-dependent termination pathways become more competitive. In ammonia, where
the early radical pool is already weaker, these e ects can translate into substantially higher
ignition energies and a narrower practical ignition window than in more reactive fuels. Recent
work has begun to quantify MIE for NH 3 and NH 3 H » mixtures and to show how strongly
the threshold depends on both mixture composition and ambient pressure, ndings directly
relevant when the available ignition energy is limited. At the same time, MIE data remain
far less abundant than burning-velocity and ignition-delay datasets, and are often reported
under narrower condition sets or with ignition de nitions that di er between studies, making
cross-comparison more di cult [65, 66].

Hydrogen enrichment remains the most widely explored pathway to make high-pressure
ammonia combustion feasible, because it simultaneously accelerates ame propagation and
reduces the ignition-energy penalty. High-pressure ame-speed studies of NH 3 H » blends
show consistent increases in burning velocity with hydrogen fraction while maintaining the
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typical decrease with increasing pressure and provide a practical mapping of the hydrogen
fraction needed to recover robust early ame growth. At the ignition level, high-pressure
autoignition datasets show that hydrogen shifts control toward the H  »/O » sub-chemistry, which
can strongly shorten ignition delays, while MIE-oriented studies show that the same enrichment
improves kernel survivability and reduces the required external energy. The combined
implication is that blend design must be interpreted as a coupled ignition-propagation problem,
rather than as a ame-speed problem alone. This is particularly relevant if hydrogen is
generated by cracking, since the resulting mixture may contain substantial N , dilution, which
a ects both reactivity and transport [21, 22].

From a modelling perspective, the literature increasingly indicates that high-pressure pre-
dictability for ammonia is still not fully consolidated. Several studies report that mechanisms
can match subsets of ignition-delay or ame-speed data but diverge as conditions move across
pressure, temperature, equivalence ratio, and blend fraction, implying that the controlling
pathways are not uniformly constrained. Mechanism comparisons at high pressure have
therefore become a key research activity in their own right, and they show that ammonia
validation cannot be treated as a minor extension of hydrocarbon validation. Importantly,
this limitation a ects not only ame-speed predictions but also kernel-scale behaviour, since
ignition thresholds are inherently sensitive to the earliest radical-production and loss channels.
As a result, the present state of research supports qualitative con dence in the trends (pressure
slows propagation; hydrogen promotes ignition and burning), but it still leaves quantitative
uncertainty that matters for design-level extrapolation [64].

Overall, the high-pressure ammonia literature is strongest in two areas: premixed laminar
ame propagation up to the sub-MPa range in closed vessels and autoignition delay times at
tens of bar in RCM and shock tubes. The evidence becomes thinner when the goal is to combine
high pressure with additional realism drivers, such as subzero initial temperature, strong
dilution, or hardware-limited ignition energies, all of which tighten the margin between kernel
growth and quenching. In particular, pressure-resolved MIE datasets for NH zand NH3H »
remain comparatively scarce and are not yet as standardised as ignition-delay reporting, even
though they directly map to ignition-system requirements. This is one of the reasons why
high-pressure ammonia combustion cannot yet be considered closed in the same way as
methane or hydrogen, despite recent rapid progress. Consequently, the research frontier
remains the coupled space of pressure, temperature, and ignition robustness, especially for
ammonia and ammonia hydrogen blends under conditions where both kinetics and transport
penalise early ame development [66].

2.7. Low-temperature combustion

Subzero combustion already occurs in several engineering contexts, such as cold-start operation
in transportation, especially in the marine sector [67, 68], and safety scenarios involving
cryogenic storage and accidental releases. For this reason, it is of interest to study the chemical
and kinetic behaviours that characterise low-temperature ignition and ame development,
both to predict them and to improve device operability and safety margins. At reduced initial
temperature, reaction rates generally slow and transport properties change, making ignition
more sensitive to heat losses and mixing quality, while ame propagation typically weakens.
Recent work has also highlighted that fundamental datasets at temperatures below ambient are
still scarce, even for reference fuels, which limits the reliability of extrapolations of correlations
or kinetic models beyond their validation range [69, 70]. This section, therefore, summarises
the low-temperature picture in su cient context, while maintaining focus on the carbon-free
fuels central to this thesis.
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2.7.1. Carbon fuels

For carbon fuels, low-temperature behaviour is often discussed in terms of low-temperature
oxidation chemistry and the transition between weak and hot ignition. In practice, the detailed
multi-regime description depends strongly on fuel class, mixture preparation, and ignition
energy, and it is most relevant for engine-like conditions where two-stage ignition and cool-
ame chemistry can emerge. In the present thesis, the most important point is that carbon fuels
can exhibit intermediate-temperature pathways that are absent in hydrogen- or ammonia-based
systems, because their oxidation proceeds through larger networks involving carbon-chain
fragments and oxygenated intermediates. These pathways can lead to partial heat release prior
to hot ignition and can create regions where increasing temperature does not monotonically
accelerate overall reactivity (the so-called NTC behaviour) [71, 72]. However, since the objective
is not to model carbon-fuel low-temperature autoignition in detail, the following discussion is
intentionally kept at a higher level.

A practical limitation in subzero combustion of carbon fuels is that combustion occurs in the gas
phase, while many carbon fuels are in the liquid phase at low temperatures. This means that,
regardless of the detailed kinetic regime, the system must rst ensure su cient vaporisation
and mixing to form a ammable gas-phase mixture. In low-temperature environments, this
often requires additional thermal management, pressure reduction, or external energy coupling
to support phase change and mixture preparation. Even when ignition energy is increased, this
does not fully remove the vaporisation constraint, because a strong spark or plasma can only
ignite the portion of the mixture that is already gaseous and within ammability limits. This is
why low-temperature ignition studies of carbon fuels often need to treat mixture preparation
as a rst-order factor alongside chemical factors. In the context of this thesis, carbon fuels
serve mainly as a reference point for the general e ect of temperature on reactivity and ame
propagation, rather than as the focus of the discussion of low-temperature combustion.

2.7.2. Carbonless fuels

For carbonless fuels such as hydrogen and ammonia, the carbon-fuel low-temperature frame-
work is not directly applicable, as these fuels lack complex carbon chains and therefore do not
exhibit the same cool- ame and two-stage ignition behaviour observed in low-temperature
hydrocarbon oxidation. Instead, low-temperature limitations arise primarily from kinetically
inhibited radical production and from transport-driven penalties that act most strongly during
ignition and early ame growth. In particular, reducing the initial temperature slows the
chemistry that sustains chain branching, while higher gas density and reduced di usivities
modify how heat and radicals are transported ahead of the ame. For this reason, even when
the mixture remains ammable, the ignition delay increases and the burning velocity decreases
as) o is reduced, which can push the system closer to quenching and instability thresholds.
The recent subzero ame-speed literature makes this general trend explicit even for reference
fuels, showing that the laminar burning velocity decreases substantially as temperatures drop
from ambient to near-cryogenic levels [69, 70].

For hydrogen, low-temperature combustion is characterised by strong kinetic inhibition of the
pathways that normally drive fast ignition and rapid premixed propagation. As ) decreases,
the usual chain-branching reactions slightly mark, and the chemistry shifts toward alternative
routes involving $ and 2% 2, which become comparatively more relevant below mixture
temperatures of about 1000 K[61]. This produces a signi cant increase in ignition delay and
generally raises the external ignition requirement, even though hydrogen remains highly
reactive once a self-sustaining radical pool is established. Experiments at near-cryogenic
temperatures show a strong reduction in the laminar burning velocity compared with ambient
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(a) Variation with ) at) o =240 (b) Variation with T gat) =1

Figure 2.26: LBV of H, at subzero temperatures

conditions, and recent dedicated datasets extend this trend into the subzero range, reinforcing
that temperature extrapolation requires care even for well-studied fuels [69, 70]. At the same
time, the low-temperature increase in density and the associated hydrodynamic e ects can
amplify instabilities, meaning that cold hydrogen ames can display strong wrinkling and

rapid acceleration once formed, even if the underlying chemistry is slower. This coupling
between inhibited chemistry and enhanced instability is one of the reasons cryogenic hydrogen
safety remains an active research area, especially when pressure is elevated as well [73, 74, 75].

For ammonia, the low-temperature literature is comparatively limited, and this lack of data
is not only a matter of novelty but also of experimental practicality. First, ammonia already
exhibits low reactivity and high ignition thresholds at ambient conditions, so lowering  )g
further penalises radical production and makes ignition more susceptible to losses, which
pushes experiments toward demanding ignition hardware and narrow stability windows.
Second, ammonia handling at low temperature introduces additional constraints related to
condensation, material compatibility, and safety, which can discourage systematic campaigns
compared with hydrogen or methane. Third, because ammonia is often proposed as an
energy carrier for blends (especially with hydrogen), low-temperature behaviour is intertwined
with composition e ects, the possible presence of dissociation products, and dilution, so
the parameter space expands rapidly. For these reasons, while low-temperature burning-
velocity and ignition studies have recently advanced for hydrogen and methane down to
cryogenic conditions, analogous fundamental datasets for ammonia are still sparse, and
mechanism validation remains less mature in the subzero regime. [69, 20] Existing modelling
approaches, such as extrapolations of MIE or ignition metrics from room-temperature data,
remain promising but require further validation before they can be treated as reliable under
subzero conditions. [45]

2.8. Research gap

Since ammonia is being studied as a potential carbon-free energy carrier for combustion-based
power, a realistic assessment of its feasibility must include operation in cold environments and
under elevated pressures. In these regimes, ignition and the rst stage of ame development
are often the limiting processes, because they control whether a stable kernel can form and
whether early propagation can overcome heat losses and quenching. For ammonia, this is
particularly important because its baseline reactivity is already low at ambient conditions,
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so any additional kinetic or transport penalty can push the system closer to hon-ignition.
Despite the growing modelling activity, the low-temperature behaviour of ammonia below
approximately 21 C is still largely inferred from chemical-kinetic mechanisms rather than
constrained by dedicated experiments. As a result, predictions in the subzero range are
commonly obtained by extrapolating models that were primarily tuned and validated at higher
temperatures, leaving uncertainty precisely in the part of the operating envelope where ignition
robustness becomes most critical.

It is of particular interest to obtain experimental datasets extending to approximately -50
C, because this range represents a severe but still operationally realistic boundary for cold-
region service without requiring cryogenic infrastructure in practical devices. In engineering
environmental quali cation practice, -51  C is widely used as a representative severe cold
reference for real-world cold regions [67]. Similarly, maritime winterisation and ice-class
requirements commonly consider low-temperature measures down to about -50 C, reinforcing
that this temperature range is extremely relevant for marine and o shore systems rather than
being an abstract laboratory choice [68]. Existing subzero ame-speed studies for hydrogen
show that decreasing ) g into this range produces a clear and measurable kinetic and transport
penalty in early combustion metrics, motivating the expectation that ammonia will exhibit an
equally pronounced reduction in burning velocity and ignition robustness Figure 2.26b. A
dataset reaching this level is therefore valuable because it pushes the system far enough from
ambient conditions that the trends are unambiguous and cannot be dismissed as marginal
e ects.

In parallel, the high-pressure regime remains essential because it is the regime where practical
combustors operate and where ammonia's limiting chemistry becomes most restrictive. While
methane and hydrogen bene t from mature high-pressure databases and repeatedly validated
mechanisms, the high-pressure ammonia literature is thinner and more fragmented, particularly
when additional realism drivers are introduced, such as limited ignition energy, dilution, or non-
ambient initial temperatures. At elevated pressure, the competition between radical production
and pressure-enhanced termination pathways becomes more severe, while reduced di usivities
increase quenching sensitivity during kernel growth, which directly impacts minimum ignition
energy and early ame propagation. For this reason, predictions at pressures above roughly
5 bar to 10 barremain uncertain for ammonia in many con gurations, even when the qualitative
pressure-suppression trend is understood. Therefore, it is important to extend the experimental
database into the tens of bars, with a particular interest shown up to 50 bar, as mentioned in
the approximate pressure in engine operations [76, 77].

Finally, the literature consistently shows that neat ammonia is rarely the most favourable option
for practical combustion, which makes blending a central part of the feasibility discussion.
Hydrogen enrichment is the most widely explored pathway because it can reduce ignition
di culty and increase burning velocity while remaining consistent with a low-carbon fuel
strategy. However, the extent to which blending compensates for subzero and high-pressure
penalties is not well quanti ed experimentally, and it is unclear whether trends observed at
higher temperatures can be directly applied to cold conditions, where loss mechanisms and
kernel survivability become dominant. This creates a coupled gap that is both fundamental
and practical: the lack of validated low-temperature and high-pressure evidence for NH 3 and
NH 3 H 2 mixtures limits con dence in kinetic mechanisms and prevents robust ignition-system
and mixture-design decisions. Addressing this gap requires controlled experiments that
quantify early combustion metrics under subzero and high-pressure conditions and that map
how hydrogen addition shifts those limits.



Research objective and plan

3.1. Research objective

From the discussion just presented, a clear research gap appears in ammonia literature. In fact,
the behaviour of this fuel alternative and of its blending with other fuels at low temperatures
and high pressure remains largely unknown, with its understanding limited to non-validated
numerical models. Therefore, the work of this thesis will be focused on lling this gap. As a
starting point, a clear research objective needs to be stated, which states that:

The research objective is to characterise the ignition and initial ame propagation behaviour of ammonia
and ammonia blends under subzero temperature conditions by developing and commissioning a
combustion chamber suitable to withstand subzero temperatures and high pressures.

The considered research objective will be achieved by answering a number of research questions,
which will lead to a unique answer to the proposed goal:

1. How should a combustion chamber be designed to enable reliable ignition measurements at high
pressure and subzero initial temperatures while ensuring measurement delity, thermal control,
and safe integration of instrumentation?

" What geometrical features should the chamber include to withstand the
maximum achievable pressure while minimising ame disturbance?

~

What chamber thermal design features are required to achieve a spatially
uniform and stable subzero temperature initial condition at the ignition site?

2. How do subzero temperatures a ect the minimum ignition energy and laminar burning velocity of
ammonia?

~

What is the dependence of ammonia's ignition energy and ame speed on
equivalence ratio at subzero conditions?

Do current chemical kinetic mechanisms accurately predict the laminar burning
velocity of ammonia at subzero temperatures?

3. How much does blending ammonia with hydrogen at subzero temperatures and high pressures
a ect combustion performance?

What hydrogen fraction is su cient to o set the subzero burning-velocity
penalty for ammonia under the tested conditions?

42
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~

Does the behaviour of blended fuels at subzero temperatures relate to the one
observed at higher temperatures?

3.2. Research plan
To achieve the objective of this work, a clear research plan must be developed, with a timeline
shown in the Gantt chart in Figure 3.2.

3.2.1. Plan

After developing the necessary theoretical background through a literature review of the
parameters of interest and the experimental conditions investigated in this work, the subsequent
phases begin. The rst step involves the full understanding and familiarisation with the current
experimental setup in the Energy and Combustion Laboratory at the University of Massachusetts
Lowell. In fact, to achieve the desired measurements, certain conditions must be met, stemming
from the pressure and temperature requirements. From this initial assessment, it is evident
that structural changes to the setup are required, primarily because the measurement delity
of MIE and LBV depends on a controlled initial state, reliable delivery of ignition energy,
and a chamber architecture that remains mechanically and thermally stable. The research
plan is therefore structured around redesigning the core experimental hardware, quantifying
measurement uncertainty, and running a staged experimental campaign that progressively
de-risks the most challenging conditions.

Therefore, the bulk of the work involves designing a novel combustion chamber that meets the
high-pressure, low-temperature requirements while remaining compatible with the existing
laboratory infrastructure. This begins with selecting the chamber inserts that directly enable
the measurements: pressure and temperature sensors to de ne the initial state and capture
the pressure transient, an ignition system with adjustable delivered energy to allow MIE
determination, and injection and exhaust ports that enable repeatable mixture preparation
and safe purging. Then, the chamber structure can be designed based on the selected material
and shape. For ease of integration in the current setup, the chamber design is designed to
work in a similar fashion to the existing one. The selection of materials, sensors, and ignition
systems is based on trade-o s that yield a design capable of safely withstanding the worst-case
conditions.

In parallel, the surrounding experimental architecture is updated to support the new chamber,
including the pressurisation approach, the cooling strategy for subzero operation, and the
revised piping and valve layout. For these, the selection was straightforward, as only one
option met the operating requirements while theoretically ensuring low lead times and costs.
At the same time, the data-acquisition and post-processing work ow is prepared, so that
pressure, temperature, and ignition electrical signals can be recorded consistently and reduced
into MIE and LBV using established literature methods. This parallel development avoids
a situation in which the hardware is available, but the measurement chain is not yet ready
to produce usable results. This was achieved using an ad hoc LabVIEW environment, with
outputs post-processed in MATLAB and the external software CVDART to calculate the MIE
and the LBV, respectively.

Once the redesigned setup is assembled and commissioned, the experimental campaign
is executed in progressive steps that serve both as data collection and as validation of the
measurement approach. First, room-temperature tests are conducted with methane and
hydrogen as reference fuels, because they provide strong benchmarks against established
literature and enable early veri cation of ignition behaviour, pressure evolution, and parameter
extraction. Ammonia is then included at room temperature to con rm that the chamber
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Figure 3.1: Thesis work procedure

and ignition system can support its more challenging ignition behaviour before introducing
additional penalties. The second phase moves to subzero testing with hydrogen, speci cally
to validate the cold environment, con rm repeatable initial-state preparation, and verify that
measured trends remain consistent with published low-temperature behaviour. Only after
these intermediate validations are complete does the campaign move to ammonia and ammonia
blends at subzero temperatures and elevated pressure, since these tests represent the combined
worst-case operating point and are most likely to require iteration. This staged approach
ensures that the nal ammonia dataset is built on a validated measurement chain and that
deviations can be interpreted with con dence.

The nal phase consists of reducing the experimental traces into the parameters of interest and
consolidating them into a coherent comparison across fuels, blends, and operating conditions.
MIE and LBV are extracted using literature methods consistent with the chamber con guration
and the pressure-based measurement approach, and the outputs are rst checked against
reference-fuel expectations to establish con dence in the reduction pipeline. The ammonia
and ammonia-blend results are then interpreted in terms of how pressure and temperature
shift ignition susceptibility and early ame development, and they are compared against the
numerical models, as direct literature data are not available. Throughout the project, writing
is carried out in parallel with the practical work so that methods and validation results are
documented as they are re ned. This structure ensures that the work remains focused on
producing a defensible dataset under the target conditions while maintaining clear decision
points that allow iteration without losing the overall coherence of the research plan. This plan
is illustrated in Figure 3.1 as a block diagram.
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3.2.2. Risk management

Risk management in this plan aims to preserve the ability to achieve the research objectives even
if individual elements do not perform as expected in the rstiteration. If the ignition system
proves insu cient at the most penalising conditions, the mitigation is to retain a chamber
interface that allows rapid replacement or adaptation of the igniter insert without redesigning
the full vessel. If the cold environment does not achieve stable, repeatable subzero initial
temperatures, the mitigation is to adjust insulation, sealing, and cooling implementation, and
to validate performance with hydrogen before returning to ammonia. If measurement quality

is limited by sensor noise, drift, or bandwidth, the mitigation is to rely on the reference-fuel
phases to diagnose the issue early and adjust instrumentation or signal processing before the
ammonia campaign. Finally, the optical chamber is not treated as a primary fallback for the
target campaign, because it is rated only to 30 bar, and the presence of windows introduces
additional uncertainty under thermal cycling due to di erential thermal expansion between
the window material and the metal housing. For this reason, it can be used only as a limited
diagnostic tool at reduced pressure, while the main plan remains centred on achieving the
required conditions in the redesigned high-pressure chamber.

Figure 3.2: Gantt chart for this work






	Preface
	Acknowledgements
	Summary
	Nomenclature
	Introduction
	Context
	Research interest
	Thesis structure

	Literature review
	Introduction to combustion processes
	Fundamental flame behaviour
	Flame stretch
	Spherical flames

	Fuels
	Methane
	Hydrogen
	Ammonia
	Summary

	Combustion performance parameters
	Laminar burning velocity (LBV)
	Fuel dependency of LBV
	Parameter dependency
	Calculation methods

	Minimum ignition energy (MIE)
	Fuel dependency
	Parameter dependency
	Calculation methods


	Non-optical diagnostics in combustion analysis
	Temperature
	Thermocouple
	RTD
	Thermistor

	Pressure
	Piezoelectric
	Piezoresistive
	Capacitive


	High-pressure combustion
	Low-temperature combustion
	Carbon fuels
	Carbonless fuels

	Research gap

	Research objective and plan
	Research objective
	Research plan
	Plan
	Risk management

	Proposed methodology
	Experimental concept and measurement approach
	Experimental requirements and test envelope
	Baseline setup and motivation for redesign
	Design methodology overview
	Verification and validation strategy


	Test setup design
	Combustion chamber design
	Material selection
	Geometry definition
	Chamber shape
	Chamber dimensions

	Final design

	Sensor and ignition selection
	Ignition system design
	Sensor and inserts selection
	Inserts
	LBV sensors
	MIE sensors


	Pipeline design
	Booster design
	Cold-environment system selection

	Full experimental setup
	Requirement compliance

	Experimental methodology
	Experimental procedure
	Procedure
	Safety control

	Experimental matrix
	Data acquisition
	Data processing
	LBV method
	MIE method

	Numerical methods
	LBV simulation
	MIE simulation

	Uncertainty and repeatability

	Results and analysis
	Verification
	Validation at ambient temperature
	Validation at subzero temperatures
	Novel experimental results
	MIE calculation

	Conclusions
	Research questions
	General outlook and implications

	Recommendations
	References
	Additional background information
	Constant-volume combustion chambers (CVCC)
	Ignition modes
	Spark ignition
	Plasma ignition
	Hot surface ignition
	Laser ignition
	Flame-induced ignition
	Microwave ignition
	Autoignition

	MIE dependency on ignition mode
	LBV dependency on adiabatic temperature and Lewis number

	Additional design details
	Material choice
	Chamber support
	CDI ignition system
	Component specifications
	Ignition coil
	Static pressure transducer
	Dynamic pressure transducer
	Temperature sensor
	Oscilloscope
	Voltage probe
	Current probe
	Gas booster
	Environmental chamber


	Technical drawings
	Experimental matrix
	Chamber verification

