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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 TWh needed 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,

180,000 TWh

160000 TWh

140000 TWh

120,000 TWh

100000 TWh

80000 TWh

60000 TWh

40000 TWh

20000 TWh

oTwn
1800

Introduction

1850 1900 1950 2000 2024

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.

Transportation sector share of total U.S. energy consumption, 2022

transportation
o ~

"_ other
73%

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

Among these, the transport sector is particularly sig-
nificant, 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 significant 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 flex-
ibility, which require large amounts of energy. Despite
rapidly increasing interest in electrification and alter-

native propulsion systems, most of these needs are still satisfied 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 significant, 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 artificial greenhouse gas
(GHG) emissions [5]. For these reasons, in recent years, the transport sector has seen a significant
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 fields, calling for a broader investigation of strategies to reduce these emissions.

To achieve meaningful decarbonisation, en-

hancing combustion efficiency alone is insuf- ~ Ammoma Market R
ficient, as it does not eliminate carbon dioxide 50 s
emissions; therefore, the current most sought- ’ =mB
after strategy is the use of alternative, low- # s 00 e

carbon, or carbon-free fuels. Among these

candidates, ammonia has attracted increasing % o0 -—

attention as a potential carbon-free fuel due A BN EmEE
to a combination of advantages that make it " 201 2019 200 2021 2022 2023 ove4 aoes oues 2027 2008 2029 2030

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 bar), 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 benefits are counterbalanced by
significant combustion challenges that complicate its combustion, including a very low flame
speed relative to conventional hydrocarbons, high ignition energy, and narrow flammability
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 flame 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, and unburned NH3). 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 flame 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 flame propagation at pressures above 2bar to 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
confidence 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 specific
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, flame 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 effects define a challenging but practically relevant
regime that remains underexplored.

Addressing this gap is crucial, as these conditions strongly influence ignition delay, flame
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, specifically focusing on two of
the most defining parameters for this phase, minimum ignition energy and flame 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 fidelity,
thermal control, and safe integration of instrumentation?

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

3. How much does blending ammonia with hydrogen at subzero temperatures affect
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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 refine 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, flame 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 misfire and instability while also
reducing NO, emissions. Ultimately, eliminating this gap could accelerate the adoption of
ammonia as a carbon-free fuel in sectors that are difficult 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 first 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 verification 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 specific knowledge
gap addressed in this thesis. It begins by outlining the continued significance 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 flame characteristics,
particularly significant 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 flame development,
thereby constraining combustor design.

Building on this foundation, the review narrows from general combustion behaviour to
the fuel-specific 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 affect ignition and laminar flame propagation. Particular attention is given to
how the target operating envelope in this work, defined by elevated pressure and subzero
initial temperature, influences 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 defines 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
different phases, from solid to liquid to gaseous phases, but this thesis focuses
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Figure 2.1: Global energy flow [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 significant 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 flow structure, shown in Figure 2.1. In this framework, primary
energy sources are converted into energy carriers, including electricity and refined 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 significant 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 T

to decarbonise energy conversion methods 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 different sectors. Such system-level adjustments emphasise the
continued relevance of combustion research, even as electrification becomes more widespread.
Many hard-to-electrify applications, such as high-temperature process heat, long-duration
storage, and specific 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 flame can develop
without quenching.

2.2. Fundamental flame behaviour

These combustion processes are divided into different 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 effects that can strongly bias
measured flame speeds. This is particularly true in constant-volume experiments, where the
flame 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 flame 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 differential diffusion can either suppress or enhance local
burning, depending on the fuel, making early-time measurements not directly comparable
unless stretch effects are accounted for.

2.2.1. Flame stretch
In the early stages of flame propagation, particularly
for spherically expanding flames, the flame front is

highly curved and subject to significant stretch. This £
= Le<1
parameter refers to the rate of change of the flame 3 y
surface area, defined as: E Le=1
Q kY
1 dA g Le>1 y
= —— 1) & ’
A dt g
£ ,
g Complete reaction
For a spherical flame, A = 4172, and the time derivative =~ = | ~ Incomplete reaction
is ‘fi—’? = 87’(7’%, so the stretch scales down with the Increasing Stretch

radius. Therefore, when the flame radius exceeds

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

Flame stretch is the sum of two main contributions:
¢ Strain is the deflection of the flame due to velocity gradients in the flow field

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

— Shear is the shearing effect of the flame, tangential to the profile.
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¢ Curvature is the deviation from a planar profile

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

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

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

S.=S) (1- LuK) (2.2)

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

An important parameter affecting the stretch, at least on a microscopic level, is the Lewis
number:
a Al(pep)

Le =
°*D D

(2.3)
This parameter compares thermal diffusivity @ and mass diffusivity D, which determines the
flame’s response to stretch:

e If Le > 1, thermal diffusion dominates, and stretch reduces the flame temperature
and speed due to heat loss.

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

The Lewis number primarily affects developing flames, but it also affects the fully developed
flame; thus, it affects flame thickness and speed, though the microscopic effect has a lower
impact. This is because differential diffusion can only change the equivalence ratio locally, but
it needs a scalar gradient source (stretch) to maintain that imbalance. Inside a planar, steady
flame, the gradients quickly settle to self-similar profiles that result from the balance between
convection and diffusion. If there is no disturbance, diffusion acts to restore equilibrium and
smooth any existing gradients. Without the gradient, the temperature and species profiles
quickly relax to the one-dimensional steady solution, which is why the Le has no noticeable
effect at the macroscopic level [15].

2.2.2. Spherical flames

To connect measurements to physically meaningful combustion quantities, the literature often
adopts canonical flame configurations with well-defined geometry and boundary conditions.
A spherically expanding premixed flame provides such a configuration because it offers a
simple, analytically tractable geometry while still capturing the key physics governing early
flame development. In practice, spherical expansion is realised when combustion starts from
a localised region within an initially quiescent, premixed mixture, so that the flame front
grows outward with near-isotropic curvature over an initial interval. During this phase,
the flame area increases rapidly, and stretch effects are inherent, making the configuration
particularly useful for relating early propagation to transport and preferential diffusion. This
canonical geometry therefore provides a clear bridge between ignition-scale behaviour and the
larger-scale flame-propagation metrics used for comparisons across fuels and conditions.
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Apart from its occurrence in engines, this configuration is widely used in experimental and
numerical studies to characterise fundamental flame properties under controlled conditions.
In optical studies, the spherical geometry can be tracked directly to obtain stretched and
unstretched flame 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 flames 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 flames offer several advantages:

® They provide well-defined boundary conditions, simplifying the modelling of heat
conduction, mass diffusion, 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 flame speed) and Markstein length.

In spherical geometry, the flame expands outward due to both thermal expansion and chemical
reaction, and the point-like ignition introduces significant flame stretch during the early phase.
This stretch influences local flame speed through curvature effects, which becomes particularly
relevant when interpreting measurements during the kernel-growth period rather than in a
fully developed flame. 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 flame front.
These effects become more pronounced when reactants are at subzero initial temperatures and
at elevated pressures, because ignition behaviour and flame stability are more sensitive to heat
losses, diffusivity, 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 significant emissions underscore the
importance of exploring alternative fuels and adopting technologies such as carbon capture.
Different fuels exhibit different combustion characteristics, which influence system design
and operation. Factors such as ignitability, flame speed, and pollutant formation dictate how
combustion systems are constructed and optimised. Understanding these properties is key to
developing cleaner, more efficient combustion technologies.

The energy sector’s emissions profile varies signif-

icantly depending on the fuel source used. Coal, = — 1|
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 I I I I I I I I II
alternatives. As such, there is growing interest in S I T S -
alternative fuels that aim to reduce in-use impacts. e
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,

Enengy emissions (GEC0

B Coal peat and oil shale Natural gas
0il I Other
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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, flame propagation characteristics, and operability
constraints must be quantified 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
verification 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 different 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 flame 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 e o
modelling is typically represented through /
elementary-reaction mechanisms that de- . o
scribe the breakdown of CHy into smaller

radicals and intermediates, followed by rapid CHy €l 0 o ey 0 cnyhco
oxidation to the stable products CO, and \
H,0. Compared with heavier hydrocarbons, uco ety e e
methane generally exhibits lower soot ten-

dency and reduced CO, per unit energy re- co GoHy 0+ ety o, oo )
leased, while maintaining robust premixed
flame propagation in practical devices. How- co,

ever, despite being a well-characterised fuel,

its ignition and flame behaviour can still vary ~ Figure 2.5: Methane reaction pathways [15]
substantially with operating conditions, un-

derscoring the need to consider pressure and temperature effects 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].

10,01

Y
CyHs -2~ CH;. CH,0

M0

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 benefit 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 gasification: 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 defining 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 20H —— O+H
low density at ambient conditions imposes a sig- b

H4+——

nificant practical penalty on volumetric storage, /
meaning that equivalent energy content typically R R

. . HO S
requires much larger storage volumes compared =~ 'ov . hichP : OH+O
25N>,

+H,

with conventional fuels. This constraint is fre-

quently addressed through high-pressure storage =~ H:0:+0.  20H 0; +OH
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 flame
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-off: hydrogen offers 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 benefits: it only emits water vapour, thus does not
contribute to harmful CO, emissions.

- High energy density: approximately 120 M]/kg, which is considerably
higher than any carbon fuel’s.

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

- High diffusivity: due to its small mass and size, it can diffuse 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 m].

¢ Disadvantages

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

— NO, 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 diffusivity, MIE, and flammability range are safety
concerns that need to be addressed, especially in the infrastructure [18,
19].

2.3.3. Ammonia

NH3 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 NHj3 production process, known as the Haber-Bosch process, converts catalytically
N> (from air) and Hj (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 NHj3 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 298K at a pressure of only 10.2 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
offers several advantages, but to be used as an energy carrier, certain important drawbacks
must be overcome.
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¢ Advantages

- High volumetric energy density: ammonia’s is of about 11.2 MJ /L, which
is comparable to methanol (15.6 MJ/L) 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: it is 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 significant temperature drop

if injected in the liquid state.

— Poor combustion properties: ammonia is characterised by low flame
speed, high MIE, high autoignition temperature, and narrow flammability

limits

- High NO, 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
difficult 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
NHj; 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

NO

+M+OH.+NI—V

HNO ,on [+0 +0,,+OH
(8] +O;,

®

+OH, +H +H,+OH +H,+OH
NH, NH

+NN +NO

NNH N0 +NO

Figure 2.7: NHj reaction pathways
[12]

board by dissociating NH3 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
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The identity of the NH; radicals 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 first and then N [12]. The production of these radicals and
products explains the buoyant behaviour of ammonia flames, 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
NHj3 in combination with hydrogen, since H; is an effective 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 flame 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 flame kernel, which is often the limiting stage for ammonia in spark-ignited
and premixed configurations. This is also consistent with recent state-of-the-art assessments
of spark-ignition engines, where hydrogen enrichment has been repeatedly identified as a
practical enabler to avoid misfire and reduce cycle-to-cycle variability when ammonia is used
as a primary energy carrier [21].

The impact of hydrogen addition is especially evident
NHs <= = — = p, When ignition behaviour is analysed under engine-

V +OH,0 «=C relevant pressures and intermediate temperatures, where
+NO2 . . P . . I

o pure ammonia remains difficult to ignite and exhibits

—~ HONO NH: — NNH  Jong ignition delays. He et al. [22] measured ignition

60 bar and 950-1150 K, and demonstrated that increasing

\ l % delay times of NH3 /O, and NH3/H, /O, mixtures at 20—
+HNO NO H2NO \ N:

+NO2, +HOz
-OH +NO2
+H2NO
+07

N2 . the hydrogen mole fraction in the fuel mixture increases
+HO2 +HOz, o e . R .

l \ 1 +NO2, reactivity and shortens ignition delay times. Importantly,
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Figure 2.8: NH3-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 differences among the three different fuels just presented, evidencing
the main chemical and combustion properties. These are important for understanding the
combustion behaviour of these fuels under different conditions.
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Table 2.1: Comparison of combustion and transport properties of methane, hydrogen, and
ammonia. All values, unless specified are at T =298 K and p = 1 bar [18, 12, 20, 15, 23]

Property Methane (CHs) Hydrogen (H;) Ammonia (NH3)
Boiling Point [°C @ 1 atm] -161.5 -252.9 -33.3
Storage Pressure [bar @ 25°C] ~200 350-700 ~10
Lower Heating Value [M]/kg] 50.0 120.0 18.6
Laminar Flame Speed [cm/s] ~38 ~265 ~7
Autoignition Temperature [°C] 537 585 651
Minimum Ignition Energy [m]] ~0.28 ~0.02 ~20
Flammability Limits [vol% in air] 5-15 4-75 15-28
Adjiabatic Flame Temperature [K] ~2220 ~2400 ~1800
Stoichiometric Air-to-Fuel Ratio (mass) 17.2 34.3 6.1
Density at STP [kg/m?] 0.656 0.0899 0.73
Molecular weight [g/mol] 16.04 2.02 17.03
Diffusivity in Air [em?/s] ~0.22 ~0.61 ~0.20
Dynamic Viscosity [pPa-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/M]] ~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 flame 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 misfires, blows off, 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 flow, 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 efficiency at ignition affects how
effectively fuels can deliver energy.

Two parameters are particularly important to describe the behaviour of a flame at the initial
combustion stage analysed in this work: the minimum ignition energy and the laminar burning
velocity. The minimum ignition energy (MIE) reflects 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 diffusive/convective losses. Early
laminar flame propagation sets the growth rate of that kernel into a flame, 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-defined 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,
different discharge characteristics, or improved thermal management to achieve reliable light-
off. On the other hand, if LBV is low, flame stabilisation becomes harder, residence-time
requirements increase, and the combustor becomes more susceptible to quenching, buoyancy
effects in quiescent vessels, or heat-loss-dominated extinction near walls. These effects are



2.4. Combustion performance parameters 16

amplified 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 influences flammability hazards,
the likelihood of unintended ignition, and the energy required to initiate combustion in
controlled settings, while laminar flame development affects 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, and unburned species, because kernel growth and early flame temperature
history influence 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 defined as the speed at which a planar, one-dimensional
laminar flame 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 flame with a consistent flame
speed.

However, achieving such an ideal flame is complicated by non-uniformities, such as temperature
and density gradients, which lead to local stretching effects. Due to these variations, perfectly
spherical flames are rarely observed in practice. Therefore, it is crucial to distinguish between
the instantaneous flame speed, denoted as S, which reflects local conditions, and the general
flame speed, S, representing the average velocity of the entire flame. The instantaneous flame
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 flames under
different conditions.

One challenge in understanding flame speed is accurately determining the flame front, which
marks the boundary between burnt gases and the unburnt mixture. This defines the flame
region and introduces additional complexity regarding flame thickness. Correctly identifying
this flame front is essential for analysing flame 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, flame dynamics, and the influencing factors is pivotal for advancing knowledge in
combustion science.

2.4.1.1. Fuel dependency of LBV

The flame speed is highly dependent on the fuel’s chemical structure and behaviour, as these
determine its reactivity, diffusivity, and exothermicity in the mixture. These factors directly
affect how energy is released and the fuel’s kinetic behaviour. These differences in chemical
composition and structure result in significant differences in flame propagation speed. In fact,
for ammonia, the maximum LBV is about 6 cm/s to 7 cm/s at an equivalence ratio of 1.1. As a
comparison, methane can reach 35 cm/s to 37 cm/s, while hydrogen can reach 290 cm/s. These
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three behaviours are shown as a function of equivalence ratio in Figure 2.9.
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Figure 2.9: LBV of methane, hydrogen and ammonia at STP (T = 21° C, pg = 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 diffuses
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 flame. A consequence of this
is the thermo-diffusive instabilities, as hydrogen diffuses faster than the flame does, causing
the flame 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 flame reactivity. Finally, hydrogen oxidation mainly follows
the pathway H + O, <> O + OH, producing large amounts of atomic hydrogen, an extremely
reactive radical that drives the flame forward [11].
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Figure 2.10: Hy Schlieren flame propagation at STP (T = 21° C, pg = 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 flames produce fewer reactive H, O, and OH radicals in the reaction
zone. In contrast, hydrogen enrichment specifically boosts burning velocity by increasing
the concentration of these active species. Thus, during the reaction, some endothermic
decomposition occurs, lowering the global flame speed [27, 28].

(@ ¢ =038 (b)p=1.0 (=13

Figure 2.11: CHy4 Schlieren flame propagation at STP (T = 21° C, pg = 1 bar) [29]

The even lower flame speed of ammonia can be attributed to a greater prevalence of endothermic
decomposition reactions, as ammonia combustion produces a significantly lower concentration
of key reactive radicals, such as H, O, and OH. Moreover, because its chemical structure does
not contain any highly energetic bonds, such as CO or CH, 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 flame front forward into the unburnt mixture. Finally, ammonia shows a difference
between local and global flame speeds, as its lower reactivity, due to its lower molecular weight
compared to air, also leads to buoyancy, causing the flame to rise. Therefore, a point in the flame
expanding upwards will have a higher velocity with respect to one expanding downwards [30,
20].

Its speed can be increased by changing the mixture composition 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
OH, H, O, and N H; radicals, which causes many more chain-branching reactions.

* Hydrogen addition: it leads to an increase in the peak pressure, as with more Hp,
more H, O, and OH radical mole fractions will be released during the combustion
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Figure 2.12: NHj3 Schlieren flame propagation at STP (To = 21° C, pg = 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.
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Figure 2.13: 50%NH3-50%H> Schlieren flame propagation at STP (To = 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 affects flame 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 flame is depleted more efficiently at high pressure, thereby reducing
the overall reaction rate within the flame 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 flame propagation [15].
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Figure 2.14: NHj flame speed variation with changes in mixture composition [31]

This behaviour can be illustrated using hydroge

n 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: H + O»

chain-terminating: H+ OH +M — H>O + M.

The first 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 M increases with pressure.
Although the specific dominant pathways differ be-
tween fuels, an analogous shift occurs for methane
and ammonia because their flame propagation also
depends on maintaining sufficient concentrations
of key radicals (notably H and OH) in the preheat
and reaction zones. Consequently, higher pres-
sure typically shifts the chemistry toward more
effective radical removal, thereby slowing the net
flame chemistry and reducing the burning velocity
[33].
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Figure 2.15: LBV variation with pressure
for NHj3 [10]
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In addition to kinetics, pressure modifies the transport processes that control the preheat
zone ahead of the flame. Thermal diffusivity decreases as density increases, and since
density is approximately proportional to pressure (for fixed initial temperature), heat diffuses
less efficiently 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 flame
propagation rate. Taken together, enhanced radical termination and reduced thermal diffusion
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 effect can vary by fuel and equivalence ratio [15]. The general behaviour is shown in
Figure 2.15.
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in the reaction zone [34]. As a result, the flame
requires less time to build and sustain the radical
pool that drives propagation, thereby increasing
the netburning rate and, consequently, the velocity.
This trend is reflected in the empirical correlations
commonly used to represent laminar burning ve-
locity, where S|, is often fitted with a positive temperature exponent of the form Sy, oc (To/ Ty £)*
[35]. Here, T, is the fixed reference temperature (ambient conditions) and Ty is the unburnt
initial temperature, showing that the speed tends to increase with increasing temperature.

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

Transport effects 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 k and c, varies with
mixture composition, the key point is that flame propagation is controlled by how efficiently
the unburnt gases are heated to reaction-relevant temperatures and how rapidly radicals can be
sustained near the flame front. [34] Furthermore, at fixed pressure, an increase in Ty reduces the
unburnt-gas density, which increases diffusivities and generally promotes faster mixing and
heat diffusion ahead of the flame. 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 effects on Sy, (increasing with Ty and decreasing with pg). [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 first 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 flame,
counter flow or stagnation flame, burner-stabilised flat flame, hot-wire and outwardly prop-
agating spherical flame methods [24]. However, most of these methods carry the inherent
difficulty 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 flame method

The method consists of reconstructing the entire flame history from either pressure-
time or flame radius, computing the instantaneous burnt mass, and then computing
the LBV. For this, the difference between the early and later stages of flame
development must be understood. The former is characterised by high curvature
and stretch but low pressure rise, while as the flame expands, the pressure increases
and the stretch becomes negligible. Oppositely, the final stage of flame development
is influenced 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 flame radius
is sufficiently 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 flame instabilities is
not identified, which may reduce measurement accuracy. Metghalchi and Keck
[36] develops a formula to calculate the LBV from the pressure measurements, first
outputting the mass burning rate, based on the use of a correction factor for the
equivalence ratio and the flame 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 flame stretch. The zones in these models represent the
areas where the flow is under different conditions, with the flame assumed to be
infinitely thin:

- Two-zone: the mixture is separated into an unburnt and a burnt zone,
separated by an infinitesimally small flame front. While this method
makes the computation much faster and easier, it misses the temperature
gradients across different points within the burnt zone, as the properties
are assumed to be constant within each point. In fact, the part closest
to the flame 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



2.4. Combustion performance parameters 23

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 flame propagates, it pushes unburnt gases outward, creating a gas velocity field
ahead of the flame. The wire measures the unburnt gas velocity before the flame
reaches it via hot-wire anemometry, which relates the velocity to the wire’s cooling.
This cooling effect is measured by monitoring changes in electrical resistance. Once
the unburnt gas speed is known, the flame speed can be measured optically or by
using ionisation probes. The LBV is simply the difference 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 first 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 different assumptions.

Numerical methods

Laminar burning velocity, S, is most commonly obtained numerically by solving canonical
premixed-flame problems in which the flame 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-fidelity 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 Sy under
well-defined initial pressure and temperature and under premixed, laminar assumptions,
since these conditions are directly comparable to the early-flame regime of interest. In that
sense, one-dimensional premixed-flame solvers constitute the standard and most transferable
methodology, while multidimensional approaches are mainly used when curvature, instability,
or flow coupling must be explicitly studied [34].

¢ 1D freely propagating premixed flame (unstrained, planar)

This is the most common and direct numerical route to Sy, because the flame
propagates into a uniform premixed mixture without imposed strain, and the
resulting Sy, 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 flame speed for specified Tp, po, ¢,
and mixture composition.

¢ 1D burner-stabilised premixed flame (flat flame)

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

¢ 1D strained premixed flame (counterflow) with extrapolation to zero strain
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When stretch effects are of interest, premixed flames 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 flame configurations.

¢ Other approaches

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

For the present work, the freely propagating 1D premixed flame calculation is the most
appropriate numerical reference because it provides a well-defined definition of S; under
specified Tp and po without additional geometric or flow-induced effects. This makes it
particularly suitable for comparing trends across fuels and for discussing how environmental
variables, such as pressure and temperature, can shift early flame propagation in a controlled
manner. The burner-stabilised and strained-flame 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 Sy,
computations from turbulent-combustion closures, where Sy, is typically an input or a tabulated
quantity 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 flame 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 specific 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 specific 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 different source types, which are discussed in more detail in Section A.2, but the
process that leads to the first rupture of bonds is equivalent and is shown in Figure 2.17. Here,
the example is given for the conversion of methyl isonitrile (H3CNC) to acetonitrile (H3CCN),
but the same principles apply to any other molecule, albeit simpler for one such as hydrogen.
At first, 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 sufficient, 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 configurations 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 sufficient 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  Moleculebends |\ —HyC:-
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 efficiency standpoint, as it is beneficial to |
only provide the minimum necessary energy instead H,C—C=N
of wasting usable work. This parameter, called the Reaction progress
minimum ignition energy (MIE), is a key focus of this
study and is widely used to design ignition systems
and assess explosion and fire hazards. Formally, it
is normally defined 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.
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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
reflects how readily a mixture can generate and sustain a self-propagating radical pool after
a finite energy deposition. Fuels that produce chain-carrying radicals rapidly and release
heat efficiently 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 diffusion and heat transfer govern how effectively the deposited energy is
retained in the kernel and converted into chemical activity. Consequently, the same underlying
physical factors that promote fast flame propagation also generally facilitate easier ignition,
which explains why trends in MIE and LBV often remain consistent across different fuels.

This is reflected in the typical magnitude of reported values. Most light hydrocarbons
(e.g., methane, propane, and butane) exhibit MIE in the order of 0.1 m]J, while hydrogen is
significantly lower, around 0.019 m]J [44]. In contrast, ammonia exhibits MIE values that are
orders of magnitude higher, typically of the order of 20 mJ and in some conditions approaching
200 m] [45]. These differences 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 affects 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 flammability limits. In fact, when the flame 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 flame. Normally,
this point occurs at a slightly rich equivalence ratio, around 1.1-1.2, at which the chemical
kinetics are optimised.
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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 different from the point of maximum velocity. This is
because there is a difference between the fully developed flame and the flame at the ignition
point, which has not yet fully formed. In fact, at this position, the flame 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 flow 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 flame 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 specific equivalence
ratio, the Lewis number must be considered.

In a mixture, the deficient 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 diffuses to interact with the fuel. The Lewis number as a function of the
equivalence ratio for different fuels is reported in the literature, with some differences 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 flame.
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Figure 2.19: Velocity variation from initial to fully expanded flame [46]

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

108 |09 |11 |12
Methane |4 =~ 0es5 886 T1.003 | 1.003
But & |09 |11 |13 |15 |17 |19
wane e 11745 | 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 diffusion is higher than thermal diffusion, encouraging combustion
and thus increasing the flame 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
diffusion. This is confirmed 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 different equivalence ratios, which explains the shift in
the points of minimum ignition energy observed in Figure 2.20. Murase et al. [46] defines that
the minimum radius at which the flame can be considered self-sustaining, and thus identified
as a kernel, is of 3 mm. This is therefore the size at which the initial burning velocity is defined,
while a radius of 6 mm corresponds to a more fully developed flame, 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 diffusion 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 diffusivity, as
described in Subsection 2.3.2. In lean mixtures, hydrogen diffuses into the reaction zone faster
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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 diffusion
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
diffusion 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
¢ ~ 0.9 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 CO, and H>O, which will not dissociate into CO and O», or H»
and O,, 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 briefly reviewed below, with
emphasis on those most relevant to the present setup. Based on this overview, one method is
identified 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
specific mixtures. All of these methods work similarly to the Golden-section search algorithm
to find 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 modified 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.

t
E:/O u(t)i(t)dt (2.6)

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 identification 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 of 2m]J until no ignition is found in 5
consecutive tries, which defines the lower energy limit.

5. The energy level is increased again in steps of 0.1 m]J until one ignition is found,
which is defined as the MIE.

6. One more attempt is run at an energy level lower by 0.1 m] to ensure that no
ignition is found.

One of the issues with this method is its instrumental sensitivity of 0.1 m] to 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.

e Method from Proust [50]:



2.4. Combustion performance parameters 30

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 first 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 different circuits. The method works similarly to the
one proposed by Lesmana et al. [43], with the difference 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 sufficient 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 difference
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 confirm 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 S is calculated with the "Freely
propagating adiabatic 1D flame" solver in Chemkin.

— The parameter Xsp is set based on the fuel concentration to account for
the effect of flame stretch and preferential diffusion.

— The stretched laminar burning velocity S5 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 diffusive laminar flame thickness 0 is calculated.
— The flame thickness is related to the heat release via Blint’s definition,
resulting in 6°.

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

— the MIE is found as
1
MIE = gnd?’pucp,u (T, - T,,) (2.7)

where

MIE Minimum ignition energy
d Critical kernel diameter
pu Unburnt mixture density
cp,u Unburnt mixture specific heat at constant pressure
T, Burnt mixture temperature

T, Unburnt mixture temperature

This method introduces a novel flame 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 difference 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 find X,yx,fit- From 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.

e 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

(L8
q = Gmaxe G5) (2.8)

Where 7, is the ignition radius and g4y is the maximum energy density. By
integrating this over the flame 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 flame 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 flame. In the literature, this typically leads to
two families of approaches: optical methods, which directly measure flame 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 flame 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 identified 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 flame-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 flame occurrence, along with the evolution of flow 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
affecting flame 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 flow temperature without
directly affecting it. In fact, since this type of sensor typically requires in-chamber protrusion
to ensure sufficient heat transfer, measurements can be affected by errors arising from this
protrusion, including conduction losses through the probe, radiative exchange with the
surroundings, and finite 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 define the initial temperature.
Finally, the sensor can also disturb the flow 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 different ,
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hot junction, while the other ends are main-

tained at a different temperature, as shown Thermocouple
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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 finite, as the junction
must first exchange heat with the surrounding flow 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 differences; 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 flexible 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 specific 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.
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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:

R(T)=Rg + (T - TO)Z—I; (2.9)

The formula shows that the resistance behaves almost linearly, at least up to high temperatures.
This type of sensor offers 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 difference 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:

R(T) = Rge'B/T-B/To), (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 sufficient
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 significant
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 first 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 fluctuations linked to flow 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 differential 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 amplifier 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 stiffness 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 flames is not only bulk tem-
perature drift but also thermal shock at the diaphragm ~ Feolnt
(cyclic heating during combustion), so prolonged or di-

rect flame exposure typically requires thermal protection ’]Tl

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]
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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 differential sensors depending on how the reference side is packaged
and vented. Their main drawback is that both the bridge offset 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. Appled

pressure
From a combustion perspective, the limiting fac- e I e ) R ——
tor is often the temperature range: conventional Menbrare : voliage
diffused silicon piezoresistive structures are com- Brdge input

@ voltage

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)

2.5.2.3. Capacitive Wheatstone bridge [58]

Capacitive pressure sensors measure pressure by tracking changes in capacitance between two
electrodes, with one electrode a diaphragm that deflects 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
stiffness, 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
thermal management and a carefully designed electronic front
end to avoid temperature-driven offsets and gain changes.

Figure 2.25: Capacitive
transducer [59]

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 efficiency. Compared to
atmospheric pressure, the chemical effect is substantial, altering chemical timescales, transport
properties, flame 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 affects
ignition dynamics but also influences pollutant formation and overall combustor performance.
For these reasons, the behaviour at ignition is considerably different, 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 specifically targeting high-pressure
hydrogen ignition and flame behaviour, including mechanism updates and validation against
shock-tube ignition delays and laminar flame 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 specific 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 diffusivities and thermal transport,
so kernel growth and flame 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 flame propagation.

For premixed ammonia-air flames, 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 flames, 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 flame speeds with acceptable fidelity, 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 flame thickness with pressure but
also the increasing impact of buoyancy on flame morphology as propagation becomes slow,
especially near flammability limits. Together, these studies anchor the present consensus that
high-pressure ammonia flames are slow, sensitive to transport/instability effects, 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
flames 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 effects 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 NH3; and NH3-H, mixtures and to show how strongly
the threshold depends on both mixture composition and ambient pressure, findings 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 definitions that differ between studies, making
cross-comparison more difficult [65, 66].

Hydrogen enrichment remains the most widely explored pathway to make high-pressure
ammonia combustion feasible, because it simultaneously accelerates flame propagation and
reduces the ignition-energy penalty. High-pressure flame-speed studies of NH3-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 flame 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 flame-speed problem alone. This is particularly relevant if hydrogen is
generated by cracking, since the resulting mixture may contain substantial N, dilution, which
affects 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 flame-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 affects not only flame-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 confidence 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
flame 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 NH3 and NH3-H,
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 flame 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 flame 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 flame 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 sufficient 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-
flame 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 first ensure sufficient vaporisation
and mixing to form a flammable 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 flammability limits. This is
why low-temperature ignition studies of carbon fuels often need to treat mixture preparation
as a first-order factor alongside chemical factors. In the context of this thesis, carbon fuels
serve mainly as a reference point for the general effect of temperature on reactivity and flame
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-flame 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 flame growth. In particular, reducing the initial temperature slows the
chemistry that sustains chain branching, while higher gas density and reduced diffusivities
modify how heat and radicals are transported ahead of the flame. For this reason, even when
the mixture remains flammable, the ignition delay increases and the burning velocity decreases
as Tp is reduced, which can push the system closer to quenching and instability thresholds.
The recent subzero flame-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 Ty decreases,
the usual chain-branching reactions slightly mark, and the chemistry shifts toward alternative
routes involving HO, and H>O,, which become comparatively more relevant below mixture
temperatures of about 1000 K [61]. This produces a significant 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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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 effects can
amplify instabilities, meaning that cold hydrogen flames 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 Tp
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 effects, 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 first stage of flame 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 non-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 qualification 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 offshore systems rather than
being an abstract laboratory choice [68]. Existing subzero flame-speed studies for hydrogen
show that decreasing Tj 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
effects.

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 benefit 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 diffusivities
increase quenching sensitivity during kernel growth, which directly impacts minimum ignition
energy and early flame propagation. For this reason, predictions at pressures above roughly
5bar to 10 bar remain uncertain for ammonia in many configurations, 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
difficulty 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 quantified 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 NHz and
NH3-H; mixtures limits confidence 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 filling 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 flame 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 fidelity, thermal control,
and safe integration of instrumentation?

* What geometrical features should the chamber include to withstand the
maximum achievable pressure while minimising flame 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 affect the minimum ignition energy and laminar burning velocity of
ammonia?

* What is the dependence of ammonia’s ignition energy and flame 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
affect combustion performance?

¢ What hydrogen fraction is sufficient to offset 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 first 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 fidelity
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 define 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-offs 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 workflow 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 verification of ignition behaviour, pressure evolution, and parameter
extraction. Ammonia is then included at room temperature to confirm 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, specifically
to validate the cold environment, confirm 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 final ammonia dataset is built on a validated measurement chain and that
deviations can be interpreted with confidence.

The final 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 configuration
and the pressure-based measurement approach, and the outputs are first checked against
reference-fuel expectations to establish confidence 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 flame 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 refined. 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.



3.2. Research plan 45

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 first iteration. If the ignition system
proves insufficient 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 differential 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.
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3.3. Proposed methodology

This section defines the methodological framework for investigating the ignition and early
flame development of ammonia and ammonia-based blends. The work focuses on two
complementary metrics that characterise the initial phase of combustion: minimum ignition
energy (MIE), which quantifies the threshold for forming a self-sustaining flame kernel, and
laminar burning velocity (LBV), which describes the subsequent kernel growth into a premixed
flame. Together, these metrics provide a practical and fuel-comparable description of ignition
susceptibility and early propagation, which can then be mapped across operating conditions
to identify limiting regimes. This is particularly relevant for ammonia, where low baseline
reactivity makes early flame development sensitive to losses and to small changes in initial
state. The methodological novelty lies in applying these measurements to ammonia and
ammonia-hydrogen blends at combined subzero temperature and elevated pressure, a regime
for which the experimental evidence base remains limited.

(a) Front view (b) Rear view

(f) Injection/exhaust line

(g) FTIR (Fourier Transform
Infrared Spectroscopy) machine

Figure 3.3: Initial test setup
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3.3.1. Experimental concept and measurement approach

The experiments are designed around a constant-volume combustion chamber (CVCC) operated
under premixed, quiescent initial conditions. A controllable-level ignition is initiated at a
localised point central to the chamber, so that the early flame can be treated as an isotropic
expanding spherical kernel during its initial growth. This canonical configuration is widely used
because it provides well-defined boundary conditions and enables comparison between different
fuels under controlled initial pressure and temperature. Because the target thermodynamic
envelope requires a robust pressure boundary and repeated thermal cycling, a non-optical
chamber is considered and used, meaning the combustion event is inferred from time-
synchronised measured signals rather than flame imaging. Consequently, the methodology
relies on pressure, temperature, and electrical ignition traces to quantify the two target metrics:
MIE is determined from the delivered ignition energy and the corresponding ignition outcome,
while LBV is derived from the chamber’s thermodynamic response during the early and
intermediate stages of combustion.

A key advantage of this approach is that it remains compatible with the operating envelope of
interest, where optical access is limited by pressure rating and thermomechanical constraints.
At the same time, it imposes clear requirements on instrumentation and signal quality, since
the pressure trace becomes the primary observable for combustion characterisation. For this
reason, it is assumed that a portion of the pressure trace always captures the behaviour of
the laminar flame expansion, and that optical access is not required to determine the limits of
this zone. The laminar interval is therefore treated as a trace-selection problem rather than
an imaging problem, and its determination is addressed later through a consistent bounding
procedure. The detailed acquisition chain, signal conditioning, and data-reduction workflow
that implement this approach are presented later in Chapter 5, after the final hardware
configuration has been defined.

3.3.2. Experimental requirements and test envelope

The experimental envelope is defined to quantify how ignition and early propagation vary with
initial pressure, initial temperature, and fuel composition. The regime of interest extends to
initial pressures up to 50 bar and initial temperatures down to approximately —50 °C, because
these conditions capture a challenging, engine-relevant direction where both kinetics and
transport penalise early flame development. To avoid conflating effects, pressure, temperature,
equivalence ratio, and blend fraction are treated as distinct variables, and the campaign is
structured so that trends can be interpreted without relying on a single-point comparison.
Fuel selection follows the same logic, using well-characterised reference fuels to establish
method credibility before drawing conclusions for ammonia. Methane is included primarily as
a baseline for verification and for anchoring the facility against established literature trends
under standard conditions. Hydrogen is included both as a subzero validation fuel with
abundant comparison data and as a relevant blending partner for ammonia within a low-carbon
framework.

Ammonia is then investigated as the target fuel, both neat and in ammonia-hydrogen blends,
to quantify how composition can mitigate ignition difficulty and slow early propagation under
penalising conditions. Blend definition is expressed as a hydrogen fraction in the fuel mixture, so
it maps directly to partial-pressure mixture preparation and remains consistent across operating
points. The equivalence ratio is explored independently of the thermodynamic sweeps, because
mixture-strength effects can otherwise obscure the interpretation of temperature and pressure
dependencies. This structure ensures that the dataset addresses both fundamental questions,
such as how Ty shifts ignition and burning velocity, and practical questions, such as how much
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hydrogen is required to achieve robust early combustion. The complete experimental matrix
and the procedure for populating it are presented later, once the design and final hardware
configuration are established.

3.3.3. Baseline setup and motivation for redesign

The University of Massachusetts Lowell has an existing experimental foundation for ammonia
combustion studies through a test setup previously developed at the Energy and Combustion
Research Laboratory. In Figure 3.3, the already existing experimental setup is shown, comprising
its main components, namely the optical combustion chamber, the filling line, the injection
and exhaust lines, and the FTIR machine for exhaust-gas analysis. Starting at the top of the
experimental process, the filling line consists of several wall outlets that lead to the respective
gas bottles, stored in a separate, enclosed area of the laboratory. These outlets ensure direct
access to all necessary reactants, including Hy, CHy, NHj3, O,, and N, which are supplied via
high-sensitivity check valves to regulate the amount of gas reaching the chamber. The limit on
the delivery pressure is set by the regulators, which can release up to 200 psi to prevent the
cylinders from depleting too quickly and ensure safe operation.

The filling process is controlled by piezoresistive pressure transducers from the Omega PX409
family, which are set in parallel with the line leading to the chamber. Multiple sensors with
different pressure ratings are used to ensure accurate filling across the required range. To
ensure a consistent baseline for mixture preparation, a vacuum pump (Welch Duoseal 1402B-01)
is used to evacuate the chamber and the line prior to each experiment. As shown in Figure 3.3f,
the setup features a single line for both injection and exhaust gas, meaning that the chamber is
connected through a common port and the flow direction is controlled externally. The chamber
closure is therefore achieved through a valve placed on the line, which is opened and closed
as required during injection and exhaust. This arrangement is effective for routine testing at
moderate conditions and provides a simple architecture for gas handling and evacuation.

In its original configuration, the setup provides optical access, which is beneficial for qualitative
flame visualisation and for calibration under moderate conditions. However, the baseline
chamber is rated for approximately 30 bar of pressure, and the windowed design introduces
additional constraints during thermal cycling due to differential thermal expansion between
the window material and the metal housing. Moreover, the original setup was designed
for room-temperature operation and does not provide a controlled method for imposing
repeatable subzero initial temperatures. For these reasons, achieving the target envelope
requires redesigning the chamber and partially redesigning the surrounding architecture.
In this thesis, the redesign serves both as a means to obtain experimental results and as an
objective in itself, namely, presenting the necessary setup for ammonia combustion under these
conditions with adequate repeatability and instrumentation compatible with non-optical data
reduction. The details of the final chamber design, supporting systems, and integration are
presented in Chapter 4.

3.3.4. Design methodology overview

The design approach follows a requirement-driven process that begins from the target op-
erating envelope and the measurement needs for MIE and LBV. This includes defining the
required instrumentation and interfaces (pressure and temperature sensing, ignition port,
injection/exhaust ports), since these dictate the chamber layout and the measurable outputs.
The chamber geometry and material are then selected to withstand repeated high-pressure
operation and thermal cycling while maintaining a stable internal volume and reliable sealing.
In parallel, two enabling subsystems are specified: a pressurisation solution capable of reaching
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the target initial pressure with sufficient control and a cooling strategy capable of achieving
the target subzero temperatures with acceptable repeatability. The final architecture is then
integrated with the existing laboratory infrastructure so that mixture preparation, evacuation,
and data acquisition remain consistent across the full experimental matrix.

3.3.5. Verification and validation strategy

To ensure that the experimental results can be interpreted as fuel behaviour rather than facility
artefacts, the overall programme is executed through a staged verification and validation (V&V)
strategy before progressing to the target ammonia conditions. Verification establishes that the
integrated setup operates as intended, including acceptable leak rates, repeatable evacuation
and filling, correct sensor response, and reliable triggering and recording of the relevant
signals. Validation then benchmarks the measurement and reduction chain against established
reference behaviour, using fuels and conditions for which trends and representative values are
well documented in the literature. This step is particularly important for a non-optical constant-
volume approach, as it provides confidence that the selected pressure-trace intervals and the
reduction workflow yield physically consistent burning velocities across different fuels. Only
after this staged V&V is completed are the novel subzero ammonia and ammonia-hydrogen
measurements interpreted as discovery data, since the prior stages provide the baseline needed
to attribute deviations to the fuel, the operating condition, or the blend composition rather
than to unresolved methodological limitations.



Test setup design

As discussed in Section 3.3, to achieve the required pressure and temperature conditions, an ad
hoc setup is needed. In this chapter, the design process will be thoroughly explained, detailing
all choices and trade-offs made and the changes to the existing setup, and demonstrating the
feasibility of the design in meeting the requirements. The process was divided into three main
parts. The first step involved designing the combustion chamber, as explained in Section 4.1,
encompassing all geometrical aspects; then the ignition system and sensors required to achieve
combustion and measure it are described in Section 4.2. Finally, using the existing setup
as a starting point, the required component selection for pressurisation and temperature
conditioning is described in Section 4.3.

4.1. Combustion chamber design

The design of a combustion chamber is a complex project that requires meeting multiple
requirements simultaneously. Indeed, aside from the primary requirements of this work, which
aim to achieve novel measurements, the chamber must also comply with the requirements
characteristic of any combustion chamber. Among these, the primary objectives are to provide
easy access for cleaning, ensure correct sensor placement, and have dimensions that are limited
yet allow for both mobility and reduced turbulent flame behaviour. Most importantly, the
chamber needs to be compatible with all the gases used, especially those such as ammonia
and hydrogen, which are highly reactive with materials. Indeed, the first is highly corrosive
and can lead to the complete obliteration of a surface, while the latter, over time, can cause
embrittlement, resulting in micro-damages that ultimately lead to failure.

While the temperature requirement needed for the measurements is self-explanatory, with -50°
C being the metal design minimum temperature (MDMT), the pressure requirement requires
a bit more elaboration. In fact, it is of interest to study initial pressures up to 50bar; in a
constant-pressure chamber, this would thus be the maximum pressure for which to design
the chamber. However, since a constant volume one will be used in this case, the chamber
pressure will increase during combustion. Due to the scarcity of sources, including data at
such high pressures, an estimate of the maximum pressure the chamber might be exposed
to is achieved with the Cantera! software, an open-source chemical kinetics package that
couples detailed reaction mechanisms with thermodynamic and transport property models
to solve reacting flow problems. This calculates the adiabatic temperature by integrating the
conservation equations with constitutive models provided by the selected mechanism and

1https: / /cantera.org/ [Accessed on 12/05/2025]
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property databases, and, from it, the adiabatic pressure, ensuring a conservative estimate. In
real systems, losses are always present, and thus these quantities will naturally be lower; this
explains why taking this estimate as a starting point is a good approach. To ensure an adequate
level of safety, however, an additional 10% safety factor is applied to the maximum adiabatic
pressure.

During this work, three fuels will be used: methane, hydrogen, and ammonia. To estimate
the worst-case maximum achievable pressure in the chamber, the most constraining fuel must
be considered. In this case, H is chosen because it has the highest reactivity and the fastest
reaction rate, resulting in the largest pressure rise. Then, assuming the worst-case condition of
a pure hydrogen mixture at an equivalence ratio of 1, with an initial pressure of 50 bar and an
initial temperature of -50° C, the estimated adiabatic pressure with the GRI-Mech 3.0 model?
is 707 bar. The method is known to overestimate hydrogen pressure and temperature, as it
is designed for carbon fuels and overlooks some fundamental reactions that occur only in
hydrogen combustion. Using, for instance, the "H>O" mechanism, this maximum pressure is
simulated at only 500 bar. However, since the former is the common baseline used across all
studies and provides a more conservative estimate, it is chosen as the starting point, thereby
allowing greater flexibility in the initial pressure as well. Considering the 10% safety factor,
thus, the chamber will be designed for a maximum allowable working pressure (MAWP) of
777 bar.

All of these requirements can be grouped into the following list of requirements:

Table 4.1: List of requirements (T = Test, I = Inspection, A = Analysis, D = Demonstration)

Identifier Requirement V&V

REQ-01 The chamber shall withstand a pressure of at least 777 bar (MAWP) T A

REQ-02 The chamber shall withstand a temperature of at least -50° C (MDMT) T

REQ-03 The chamber shall withstand a minimum of 100000 cycles I A

REQ-04  The chamber shall guarantee the possibility for internal access A, D

REQ-05 The chamber should be compatible with NH3 and Hj D

REQ-06 The chamber shall ensure enough spacing for at least one pressure transducer A
with rating > MAWP

REQ-07 The chamber shall ensure enough spacing for at least one temperature sensor A
with rating < MDMT

REQ-08 Thg c.:hamber shall ensure enough spacing for two igniters for symmetrical A
ignition

REQ-09  The chamber should avoid sharp transitions and corners A

REQ-10  The chamber should be able to pull a vacuum of at least 200 mTorr D

REQ-11 The chamber should be small enough to limit the onset of flame turbulence A,

4.1.1. Material selection

The first step in defining the combustion chamber design is selecting the material, which must
meet all the requirements listed above. The material selection is thus driven by a series of
criteria that will serve as the deciding factors in a material trade-off. However, since not all the
criteria have the same importance, meaning, for instance, that a material with a shorter lead
time will be prioritised over a cheaper one, weights are assigned to the criteria, which are set at
the top of Table 4.3. The list of criteria considered, along with their importance, is given here:

Zhttp:/ /combustion.berkeley.edu /gri-mech /version30/ text30.html [ Accessed on 12/05/2025]



4.1. Combustion chamber design 52

* Strength and stiffness at design conditions (high): adequate yield/tensile strength
at 50bar and down to —50 °C, with sufficient modulus to limit deformation and
maintain sealing at minimal wall thickness. This enables a compact chamber; low-
strength options drive thickness, mass, cost, and complicate port/seal integration.

¢ Low-temperature toughness and ductility (high): high impact toughness and low
DBTT to prevent brittle fracture during subzero operation and thermal cycling.
This is essential to the subzero objective; insulation/coatings may slow cooldown
but cannot eliminate brittle-failure risk at stress concentrators, and internal coatings
are not robust under ignition events.

¢ Compatibility with ammonia environments (high): resistance to NH3; and com-
bustion products, including SCC and ammonia-assisted pitting/crevice corrosion.
Corrosion can thin walls and introduce flaws, reducing fatigue life and fracture
margin, especially at threads and sealing interfaces.

* Resistance to H, damage (high): low susceptibility to hydrogen embrittlement and
hydrogen-assisted cracking. Since hydrogen effects can be time- and microstructure-
dependent, long-term integrity under repeated exposure and cycling requires
demonstrated resistance.

¢ Availability and procurement (high): readily available in required stock forms
(bar/forging) with lead times compatible with the schedule. Availability is treated
as a feasibility constraint to avoid blocking iterations and testing completion.

¢ Fatigue and thermal fatigue (medium): adequate endurance and thermal cycling
resistance under repeated pressurisation, ignition shocks, and gradients, with notch
tolerance at ports/threads. Cyclic loading remains secondary to static strength and
toughness but drives local design and surface finish.

¢ Manufacturability and joinability (medium): machinability for ports and sealing
surfaces, compatibility with the sealing approach, and practical fabrication routes
for the geometry. Used as a discriminator between comparable candidates due to
its impact on the schedule and iteration speed.

¢ Cost-effectiveness (medium): acceptable total component cost (material, machining,
tooling, post-processing) relative to achieved margin. Not primary, but relevant
when performance is comparable.

¢ High-temperature wall capability (low): sufficient property retention and oxidation
resistance at transient inner-wall temperatures. Combustion is millisecond-scale,
so heating is local and brief; the goal is to avoid obvious incompatibilities and
cumulative surface degradation over repeated runs.

Among the numerous materials available, the choice is greatly narrowed by the presence of
ammonia, which is the most constraining criterion, as only a very limited number of materials
can withstand it. In fact, for example, any type of aluminium cannot be considered for this
reason. Therefore, the choice is reduced to the materials provided in Table 4.2.

These materials are then compared and selected based on the criteria just explained. This is
shown in Table 4.3, where the scores for the weight range from 1 to 3, with 3 indicating the
most important and 1 the least. On the other hand, the materials are scored on a scale of 1 to 5.
To calculate the final score and select the best material, therefore, a weighted sum is performed.
A more detailed explanation of the scores given in the table is presented in Appendix A.
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Table 4.2: Possible material choices

Material oy Characteristics

Excellent subzero toughness; good NH3

AISI 316L SS ~170 MPa . . ..
corrosion resistance; mitigates H, damage.

Duplex 450 MPa Higher strength; good weldability; strong

SS 2205 against ammonia and H embrittlement.

Super-Duplex 620 MPa Even higher yield; excellent corrosion

SS 2507 resistance in harsh environments.
Ni-Cr-Mo alloy; outstanding NHj3

Inconel 625 ~380 MPa  and Hj embrittlement resistance; fatigue
resistant.

Ultra-high strength; good corrosion
resistance; requires careful heat treatment.
Hastelloy 275 MPa Excellent chemical resistance; moderate
C-276 strength; good low-temp toughness.

Ni—Cu alloy; good for H» service;
Monel 400 ~250 MPa moderate strength; easy to fabricate.

Inconel 718 ~1030 MPa

Table 4.3: Material trade-off (scores: 1 = worst, 5 = best)

. Strength Cryo High-T NH;  Mfg. H; Fatigue .
Material & stiffness capability capability compat. ease compat. resistance Cost  Avail. Tot.
Weights 3 3 1 3 2 3 2 2 3
316L SS 1 5 2 4 3 4 3 3 4 74
SS 2205 4 3 1 4 4 3 4 4 4 79
SS 2507 4 3 1 4 3 3 4 3 3 72
Inconel 625 3 5 5 5 1 5 5 1 1 76
Inconel 718 5 5 4 4 1 4 5 1 1 75
Hast. C-276 2 4 3 5 3 5 3 1 2 71
Monel 400 2 5 2 2 4 4 3 2 3 68

Therefore, although all materials perform quite well, the chosen one is the Duplex 552205, for
which 4 companies are identified as possible sellers, as they have it in stock.

4.1.2. Geometry definition

For the geometry definition, the requirements outlined in Table 4.1 must be closely considered.
This phase consists of three main parts: first, the chamber’s geometric shape is selected; then,
the constraints on its dimensions are set; and finally, given the selected material, the thickness
is defined based on its properties.

4.1.2.1. Chamber shape
Looking at the literature, many possible shapes are widely used, among which:

Toroidal

Trapezoidal

Spherical

Cylindrical
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The differences in shape are due to the design’s dependence on the working environment;
when turbulence is considered, the geometry plays a significant role in how the flame moves,
namely in wrinkling and turbulent velocity. However, for a quiescent environment, that is,
a situation where there is no or minimal external flow disturbance affecting the combustion
process, the geometrical shape plays a negligible role in determining the MIE and the LBV.

Since turbulence is out of the scope of this work, spherical and cylindrical designs are more
interesting, as they hinder the expansion the least and therefore leave a larger area for laminar
flame propagation. Moreover, their design and stability at higher pressures are far superior to
those of the more complex toroidal and trapezoidal designs with more edges. Among these
two, a third concept exists: the spherical approximation by superposition of various cylinders,
which can unite the benefits of both geometries. Therefore, a trade-off will be performed

among these three shapes, the benefits of which will be summarised hereafter.

Spherical chambers:

+

+ o+ o+ 4+

Minimise the surface-to-volume ratio, reducing heat transfer to walls by up to 6
times as compared to a trapezoidal

Uniform pressure distribution
Able to easily handle high pressures due to its uniform distribution
Theoretically, the most efficient

Natural recirculation zones due to radial symmetry, promoting homogeneous
mixing

- Manufacturing of hemispherical components is very difficult and often leads to

imprecision, causing cost and complexity to go up

More difficult to seal perfectly due to the manufacturing challenges

Complex injector configurations to achieve mixing, potentially introducing instabil-
ities

Difficult to mount components at precise angles and ensure sealing

Higher stress concentration, with greater difficulty of reinforcement due to the
shape

Especially at high pressures, they lose most of their advantage with the addition of
holes

Cylindrical chambers:

+

Simpler to seal and manufacture

+ They promote predictable mixing over a distance of 5 times the chamber diameter,

+

+

+

Spherical approximation chambers: are produced by arranging multiple cylindrical tubes to

which makes the injector design much easier. This is because axial flow is dominant,

and there are turbulent boundary layers at the walls

Easy to insert the injector, electrodes and probes due to the almost flat surfaces
Most available components are designed specifically for cylindrical chambers
Can be designed modularly, improving accessibility for inspection

Higher surface-to-volume ratio, increasing the heat loss

form a polyhedral structure resembling a sphere.
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+ Ease of manufacturing of cylinders while approximating a sphere
- Heat loss is higher compared to the sphere due to the increase in surface area

- Joints create localised stress points, requiring reinforced welding or gasket systems
to handle high pressures

- Abrupt transitions between segments may disrupt spherical wave propagation

- Joints can reflect or scatter pressure waves, causing instability

From this discussion, it is clear that, given all requirements, the cylindrical geometry offers
the greatest advantages. Within it, a further classification, depending on the position of the
cylindrical axis with respect to the injection one:

1. Vertical chambers: Injection axis same as the cylinder axis

+

Geometry closer to an actual engine, closer to real conditions

+

Stratified filling, meaning that air and fuel can layer axially, promoting ignition

+

Laminar filling, indicating a lower chance of turbulent disturbance

Less area for optical access

- Poor radial mixing in the absence of swirlers

- Longer filling time due to the flow having to take a long route

- Axial stratification could lead to uneven combustion or ignition delays

2. Horizontal chambers: Injection axis perpendicular to cylinder axis

+ Easy to design, construct, and maintain
+ May allow for higher compression ratios

+ Better radial mixing due to the creation of shear layers and vortices, leading to
a better homogenization of gases

+ Faster chamber pressurization
+ Better control of local equivalence ratio

- Wall impingement when the jet hits the opposite wall too directly, causing
thermal or flow issues (wall erosion, thermal fatigue due to the creation of
pockets)

Given the significant advantages, the horizontal cylindrical chamber is chosen.

4.1.2.2. Chamber dimensions
Diameter and length estimation

Regarding the determination of chamber size, most volumes reported in the literature are
approximately 2L [36, 28, 78]. The reason for this similarity and number comes from the
superposition of two main criteria, that is:

¢ The chamber shall be large enough so that the flame remains in its spherical laminar
flame regime

The free propagation length should be large enough that the flame remains
essentially spherical up to its maximum flame radius. If the flame radius is less than
30% of the chamber wall radius, confinement-induced flow alters the measured
burning velocity by less than 3%. If, instead, 50% is taken, then uncorrected flames
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show errors up to ~15%. Thus, with a value of Ry ;;,x = 30 mm for a hydrogen
flame, that would mean that, to have minimal error, the minimum radius would
need to be set to at least R = 90mm. However, that would entail a very large
chamber, which would contradict the second criterion. Therefore, the 0.5 limit is
applied, accounting for the need for post-processing corrections (only for hydrogen),
a widely used practice, which sets the lower limit at D = 120 mm.

¢ The chamber shall be small enough so that the heat loss does not considerably affect
the flame

The chamber diameter sets the timescale over which wall heat loss distorts the
pressure rise. The pressure rise from ignition happens in ~5-40 ms; after that, heat
loss begins to soften the post-peak trace. Thermal-diffusion time scales roughly
with D?/a, where a is the diffusion coefficient. To maintain the “adiabatic window”
at a duration of 50 ms or less, diameters significantly exceeding ~150 mm begin to
extend that period. Therefore, the upper limit is set to D = 150 mm [79].

Hence,
120 < D < 150mm

A value of 130 mm is chosen to allow for some margin on both ends, with a closer proximity to
the lower end, as corrections are available. With the diameter set, the cylinder’s height must
be defined. Ideally, the best configuration is obtained with a 1:1 aspect ratio, for three main
reasons:

* Minimises flame-boundary interactions: as a spherical flame propagates in a
confined cylinder, the walls induce flow that distorts the flame and biases the
measured propagation speed. Burke, Ju, and Dryer [80] showed that this distortion
and the resulting error in inferred laminar burning velocity increase with chamber
aspect ratio (length/diameter). A 1:1 aspect ratio maintains nearly isotropic wall
effects and extends the valid range of flame-radius measurements before quenching
or distortion occurs.

¢ Extends the undisturbed spherical flame regime: in a spherical chamber, the flame
remains spherical until very close to the wall, where it is quenched. A cylinder
with an aspect ratio of 1 approximates this behaviour better than a long or squat
cylinder. This means that the unburned gas velocity remains near zero over a larger
radial span, thereby reducing the need for complex flow correction factors.

* Symmetry for sensor integration: equal length and diameter provide a highly
symmetric volume, simplifying the positioning of transducers so that each is
exposed to the same acoustic and flow environment. This helps ensure that
every component experiences a symmetrical pressure wave and that the bulk
measurement is acceptable [79, 80].

The aspect ratio, however, must accommodate all other requirements, so a 1:1 ratio can be
slightly adjusted to allow for better sensor integration if there is not enough space. Thus,
initially, a height of 130 mm: is selected, but this is iterated upon as the design progresses.

Cylinder thickness

Thus, once the diameter and height are known and the chosen material properties are specified,
the cylinder’s thickness can be determined. A distinction needs to be made between the
cylindrical part and the ends. For the former, the process is straightforward, as the stress, and
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(a) Hemispherical-ended (b) Flat-ended

Figure 4.1: CAD sketches of considered chamber flange configurations

thus the thickness, over the radial direction needs to be considered, being the most constraining
one; for the latter, the thickness depends on their shape. The ideal shape would be elliptical or
semi-spherical, allowing the chamber to simulate the flame’s spherical expansion as closely
as possible. However, since physical access to the chamber is necessary to clean and position
the igniters accurately, at least one side of the chamber must be removable. Therefore, such a
design becomes very difficult to achieve, especially from a manufacturing perspective, as it
would require a thick elliptical shape with a large flange at the bottom.

Thus, initially, it was considered to have one elliptical side and one removable flat side; however,
due to symmetry and ease of manufacturing, this idea was quickly discarded in favour of
a double flat-ended chamber with removable bolted flanges. A CAD sketch of these two
configurations is shown in Figure 4.1 as a reference. As mentioned, these flanges will require a
different thickness than the cylindrical part due to their flat nature, which handles pressure less
effectively than a hoop structure. Since they need to be removable, these flanges will consist of
two parts: one welded to the cylindrical chamber itself and the other removable. Thus, the
bolt placement and number will also be important for effectively handling the pressure. The
dimension calculation for the full chamber is explained hereafter.

Starting from the inner cylinder diameter set before, the outer one can be found by calculating
the hoop thickness:

ApDi

teyr = (41)
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where

teyr Chamber cylinder thickness

Ap Maximum pressure differential [Pa]
oy Material yield strength [MPa]

D; Inner chamber diameter

D, Outer chamber diameter

It is worth noting that throughout the entire design, a safety factor of 2 is applied to the yield
strength; this means that it is assumed the material is only half as strong, reducing the strength
of the SS 2205 to 225 MPa, which ensures enough safety, especially close to the insert holes.

Flange sealing

To ensure proper sealing between the two flanges, a ring or gasket must be placed, which, when
compressed by the bolts, deforms to fill any voids between the flanges and thereby creates a
perfect seal for any temperature and pressure within its rating. In this case, given the pressure
rating and the temperature, the classical elastomer O-rings, also used in the optical chamber,
cannot be used, as they will become brittle under low temperatures and cannot withstand
high pressure. Therefore, the only feasible options are three types of metal gaskets: the R-ring,
RX-ring and BX-ring.

¢ Style R (R-ring, oval or octagonal)

— Geometry: Solid metal ring with either an oval or octagonal cross-section.

— Groove compatibility: Matches R-type grooves; the oval style is the one
used for older round-bottom grooves.

— Sealing mechanism: Bolt-load (initial seating) driven.
— Typical use: General service where pressure is not above 5000 psi.
¢ Style RX (RX-ring)
— Geometry: Modified octagonal cross-section derived from Style R, with a
higher profile.
— Groove compatibility: Designed to fit the same groove design as Style R.

— Sealing mechanism: Pressure-energised (self-energising); internal pressure
increases sealing efficiency (improves sealing as pressure rises).

— Typical use: More demanding services than basic Style R, but still ideally
below 5000 psi.

¢ Style BX (BX-ring)
— Geometry: Pressure-energised “BX” profile, designed to be fully confined

in the groove and to allow virtual face-to-face flange contact when
correctly fitted.

- Groove compatibility: Only for BX flanges/grooves; not interchangeable
with R/RX grooves.

— Sealing mechanism: Pressure-energised and includes a pressure balance
(relief) hole to equalise trapped pressure in the groove region.
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— Pressure envelope: Commonly specified for high-pressure systems up to
20,000 psi.

— Typical use: Ultra-high-pressure wellhead and subsea-style connections,
where pressure energisation and confinement are desired. [81]

Therefore, it is clear that the BX ring type is the only feasible option. Within this family, a variety
of sizes are possible. The requirement for gasket placement is that its inner diameter should
be larger (but as close as possible) than the chamber’s inner diameter, and its outer diameter
should be smaller than the bolt-circle diameter. The reason is that if the bolt diameter is smaller
than the chamber’s diameter, the gasket’s purpose is lost, as part of the bolt compression is not
applied to it, and the exposed part may introduce leaks. At the same time, it should be as close
as possible to the inner chamber diameter, as otherwise the area over which the pressure is
applied becomes larger, thereby increasing the required strength of the bolt and gasket. On the
other hand, the bolt-circle diameter is the diameter of the imaginary line connecting the centre
of the bolts, which defines the lever arm for the pressure-bending moment; naturally, if this is
larger, then the flange will be thicker. Therefore, among the many options, the BX-169 is the
most suitable, with an inner diameter of 131 mm and a pressure rating of 15000 psi.

Flange thickness

Once this gasket has been selected, then the blow-out area, that is, the area over which the
pressure is applied, and thus the blow-out force can be found:

D;.\?
Ap=m (—g) (4.3)
2
Fp = MAWP - A, (4.4)

where D; ¢ is the inner diameter of the gasket.

To determine the flange diameter and thickness, the only remaining step is to determine the
number and type of bolts. For these, a trade-off is needed between bolt diameter and class. In
fact, taking only metric bolts, they have classes ranging from 4.6 to 12.9, where these names
correspond to their maximum tensile strength (4.6 = 460 MPa, 12.9 ~ 1200 MPa). At the same
time, the bolt diameter also has an impact, shown in Equation 4.5.

A = g (dy — 0.938194 - py)> (4.5)
Fi=As-0.2% oy (4.6)
where

A, Stress area of the bolts [mm?]
dp Bolt diameter [mm)]
py Bolt pitch [mm]?
F; Tensile force in each bolt [N]
oy Yield Strength of the bolts [MPa]

This formula shows that a larger bolt diameter increases the stress area per bolt, as a larger
surface area withstands the stress, and consequently, a larger force is applied to each bolt.

3 https:/ /help.solidworks.com /2020/english/SWConnected /cworks /r_Tensile_Stress_Area_Bolt.htm Accessed
on 15/05/2025



4.1. Combustion chamber design 60

The 0.2% yield strength is used in these calculations, as the industry standard for bolts is to
design them for the proof strength. This naturally leads to the conclusion that a larger diameter
and/or a higher class reduce the number of bolts required to clamp the flanges.

F
Npoits = F_b (47)
i

The minimum number of bolts is rounded up, and, for redundancy and safety, the required
number is doubled, guaranteeing a safety factor of 2 on the flanges as well. Finally, the diameter
of the bolt centre can be calculated:

Dbc = Do,g +2- (Db + Py + Clwrench + Clwasher) (48)
where

Dy, Diameter of the bolt center line [mm]
D,,; OD of the gasket [mm]
Dy Bolt diameter [mm)]
pp Bolt pitch [mm]
clyrencn  Wrench clearance [mm]

clyasner Washer clearance [mm]

With this dimension and the bolt diameter, the diameter of the flanges, which is the same
for both, can be found with Equation 4.9, which also accounts for extra clearances due to the
presence of the bolt head and the presence of a stress area around the holes.

Df;=1.5-Dp -2+ Dy (4.9)

For the thickness, a distinction needs to be made between the welded flange and the cover.
Indeed, since the first one has the inner edge welded (i.e., clamped), whereas the other is free,
it bends under axial load. Therefore, to calculate the thickness, Roark’s plate bending formula
can be used [82]. On the other hand, the cover flange is clamped by the bolt preload, meaning
that the ASME VIII-1 UG-34 formula for a flat head under internal pressure can be used [83].
These two are presented hereafter:

Kp
trw=a4—+C+Eg (4.10)
Oy
_ |PDyc 2
tre =4 /4%E +C2+Eg (4.11)
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where

tfw Thickness of the welded flange [mm]
tr,c Thickness of the cover flange [mm]
Dbc
2
Bending coefficient (for a clamped-free plate ~ 0.27 [-])

MAWP [Pa]
Allowable bending stress [MPa]
Joint efficiency (~ 0.7 for clamped plates) [-]

_

Radial span of the plate (= ) [mm]

M n < X

E; Gasket seating allowance (0.5-1) [mm]

Bolt selection

As mentioned, the procedure and final values depend on the bolt diameter and class. Therefore,
a choice must be made to ensure sufficient safety and redundancy without affecting the
structural integrity of the flanges. In fact, if there are too few bolts, then not only is there
insufficient redundancy in case of failure, but also the clamping over the gasket is not uniform,
and a much stiffer flange would be required; on the other hand, too many bolts require more
holes, which reduces structural integrity, as there is too little metal surface between two adjacent
holes. This trade-off is particularly relevant here because the high internal pressure imposes a
large separating load on the joint, while the BX-169 gasket is a metal-to-metal ring joint seal
whose performance relies on maintaining compression and proper groove contact. Designs
commonly feature a pressure-relief feature to avoid pressure trapping. In practical terms, the
bolt pattern and size must be sufficient to maintain a positive residual clamp load under peak
pressure, with no flange separation, while keeping ligament widths and local stresses around
the bolt holes within acceptable limits so that the SS 2205 flanges remain in the elastic regime.

Starting with the bolt class, to generate a high, repeatable preload, the first step was to compare
property classes based on their proof stress, since this bounds the usable tightening load in
an elastic design. ISO 898-1 gives nominal proof stresses of about 600 MPa for class 8.8, 830
MPa for class 10.9, and 970 MPa for class 12.9. Class 8.8 was discarded because, at a fixed
diameter, the lower proof stress either reduces the preload margin (higher risk of unloading
the BX gasket at the MAWP) or forces an increase in bolt count to recover clamp capacity, which
directly penalises flange ligament efficiency. Class 12.9 was not selected because the joint is not
governed only by bolt strength: the practical preload is limited by local bearing and crushing
in the clamped parts (especially the gasket groove). Driving the design toward the higher 12.9
preload levels increases the risk of local damage in the flange and groove rather than improving
joint reliability. Moreover, a higher target preload implies a higher tightening torque. Since
torque control exhibits significant scatter and is sensitive to friction and galling, increasing
torque levels upward increases uncertainty in the achieved bolt tension and is undesirable for
a seal-critical, high-pressure joint.

For the diameter, the same approach was applied by comparing the tensile stress area and the
resulting preload per bolt: for coarse threads, the stress surface increases from 245 mm? (M20)
to 303 mm? (M22), 353 mm? (M24), and 459 mm? (M27). M20 and M22 bolts were therefore
disfavoured because meeting the required total clamp load would generally require more
fasteners, increasing hole density and reducing the ligament width between adjacent holes,
thereby weakening the flange and increasing the severity of the stiffness requirements. Moving
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up to M27 increases the preload capacity per bolt, but it also requires larger holes and more
flange real estate per fastener, and it can reduce the number of bolts that can be reasonably
placed on the available pitch circle, which works against uniform gasket compression. M24
class 10.9 is the compromise that closes the clamp-load requirement with a margin while
keeping bolt count, hole size, and remaining ligament widths in a range that preserves flange
integrity and supports uniform BX gasket seating without relying on extreme tightening targets
[84, 85].

Therefore, with this decision taken, the remaining measures can be determined, which are
summarised hereafter in Table 4.4. The mass is an estimation based on the CAD version of the
full combustion chamber.

Table 4.4: Initial chamber dimensions

D; [mm] H[mm] t,;[mm] N;[-] Dy[mm] tf, [mm] tf.[mm] W, [kg]
130 130 22.49 8 311.51 29.35 60.99 ~ 107

4.13. Final design

Based on the decisions taken in the previous sections, the final design can be drawn, as shown
in Figure 4.2, with the sensors and a model of the igniters already inserted. Here, the chamber
is shown on its supports; the design procedure for these supports is presented in Section B.2, as
it is outside the scope of this work. While building the CAD model, it was noticed that a height
of 130 mm would not work, as there would not be sufficient space for the nuts on the back
or for the sensors. Therefore, this had to be increased initially to 140 mm. The full technical
drawings for each part and assembly are given in Appendix C.

Once the CAD model is complete and fully constrained, a finite element analysis (FEA) can
be performed directly in SolidWorks to calculate stresses at each point in the chamber. This,
while showing that the bolts were well under their yield point, confirmed that the weak points
were the insert holes. Therefore, two strategies are employed, which prove successful as shown
in Figure 4.3. The first step is to redesign the holes so that all the inserts sit flush with the
chamber, thereby providing stress relief through torque, as explained before. The second step
is to gradually increase the chamber height to 160 mm, ensuring that all stresses remain below
the yield margin.

This is because when a cylindrical pressure ves-
sel is clamped at both ends and subjected to in-
ternal pressure, the end constraints prevent the .
cylinder’s natural expansion, creating localised
bending moments and stress concentrations near
the boundaries. These boundary effects decay
exponentially as you move toward the cylinder’s
centreline, following Saint-Venant's principle, with ~ [vexferr f—
a characteristic decay length roughly proportional o
to the cylinder’s radius. In a short cylinder, the I 500
disturbed stress fields from both clamped ends 4500
overlap significantly in the central region, meaning
that holes located at the centreline experience a
complex combination of membrane stresses, bend-
ing stresses, and boundary-induced perturbations. As the cylinder height increases, the

von Mises (N/mmA2 (MPa)
I 450,000

| 405,000

_ 360,000
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Figure 4.3: FEA stress analysis
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(b) Front view

(c) Isometric view (d) Disassembled view

Figure 4.2: Combustion chamber CAD design

centreline moves farther from both boundaries, allowing the edge effects to fully dissipate
before reaching the middle section. This results in holes at the centreline experiencing a
stress state much closer to the classical thin-walled pressure vessel solution—dominated by
predictable hoop and longitudinal stresses without the complicating influence of constraint-
induced bending. Consequently, the stress concentrations around these holes are reduced
because they’re interrupting a simpler, more uniform stress field rather than one amplified by
boundary effects, leading to lower peak stresses and improved structural performance.

The final flange thicknesses are slightly smaller than the designed thicknesses due to manufac-
turing constraints within the company’s facilities, which are more than offset by the 2x safety
factor used throughout the design. However, a problem arose during manufacturing: the
groove for the gasket was not created according to specifications and was instead made into a
simple square groove on one side of the flanges only, rendering the gasket seal ineffective. This
is, in part, addressed by the second manufacturing step of the chamber, which is performed at



4.1. Combustion chamber design 64

a local company, where the groove is remade in accordance with the specifications on the other
side of the flange. Thus, the external flanges lost some material, which is well below the safety
factor, but this is still worth considering, especially for long-term use. The final chamber is
shown in Figure 4.4, with final dimensions summarised in Table 4.5.

(c) Isometric view (d) Internal view

Figure 4.4: Non-optical combustion chamber

Table 4.5: Final chamber dimensions

D; [mm] H[mm] t,;[mm] N, Dy[mm] tfg,[mm] t;.[mm] W {kg}
130.05 159.77  22.35 8 311.15 25.40 57.15 ~ 104
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4.2. Sensor and ignition selection

In parallel to the mechanical design of the chamber, its inserts and sensors also need to be
selected. Among them, some require coupling with the ignition system to achieve chamber
ignition. In this section, the ignition system design and the insert selection are described.

4.2.1. Ignition system design

For the ignition system, due to its ease of implementation and a significantly larger body
of literature supporting it compared to other types of ignition, spark ignition was chosen
from the beginning. However, a trade-off is still performed here to confirm the sanity of the
choice, shown in Table 4.6. This clearly demonstrates that spark ignition is the superior option,
particularly considering its suitability under the conditions of interest in this work. Therefore,
now the best mode of spark production needs to be selected, which will be achieved in the
trade-off shown in Table 4.7.

Table 4.6: Qualitative trade-off for ignition concepts (scores: 1 = worst, 5 = best).

Ignition  Ener Flame ) Suitabilit )
8 24 ) Complexity Cost Y Maintenance Total
mode control disturbance LTHP
Spark 5 4 4 3 5 3 24
Plasma 3 3 2 2 4 2 16
Hot-surface 2 1 4 4 1 3 15
Pilot flame 2 2 3 4 2 4 17
Laser 5 5 1 1 4 2 18
Microwave 3 3 1 1 3 2 13
Table 4.7: Trade-off for spark ignition system architectures (scores: 1 = worst, 5 = best).
Energy Energy Breakdown . . .
Architecture  adjustability characterization headroom Cryogenic EM,I 1mpac't Integratl.on C,OSt & Total
& repeatability (MIE) at MAWP robustness on diagnostics complexity availability
CDI 5 5 5 4 5 2 2 31
TCI 4 3 4 4 3 4 4 30
Magneto 2 1 3 3 3 3 3 22
Battery 3 2 2 8 & & 5 24

Therefore, as shown, the CDI appears to be the best option for the given requirements, especially
for MIE calculations. Therefore, a full CDI circuit is initially designed and simulated in LTspice,
as shown in Figure 4.5. However, implementing this circuit and procuring all the necessary
components proved much more expensive and difficult than anticipated, as most components
were highly specialised and had limited market availability. Therefore, after a long search, due
to the time constraints of this work, it was decided to go for the second-best option to avoid
wasting more time. This means a TCI system was preferred in the form of an ignition coil,
the most common ignition mode in current automotive systems. An explanation of the CDI
ignition system is provided for reference in Section B.3 for future work.

The requirements for this, apart from the ability to provide the required voltage identified in
Subsubsection 4.2.2.3, are to also provide the necessary energy under the worst conditions,
namely, for ammonia at room pressure and -50° C. For this reason, since no measurements
exist, an assumption must be made. This will be based on the work of Nawaz and Mack [45],
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Figure 4.5: CDI ignition system

who extrapolated that the MIE at this temperature is about 190 mJ. However, this estimation is
based on chemical models that are not validated at low temperatures, especially below the
melting point (~ 240 K), and may be inaccurate. However, it is considered a reasonable starting
point that will need to be confirmed experimentally.

Among the various options, the IGN-1A coil from Induction
Performance, shown in Figure 4.6, is the only one that meets
every requirement, with a maximum output voltage of 81 kV
and a relative energy release of 250 mJ. This is a smart coil,
meaning the dwell time can be freely controlled between its
maximum and minimum values, above and below which
the coil can be damaged. The dwell time refers to the period
during which the primary circuit is closed, allowing the
current and, consequently, the energy to accumulate in the
system. Once this ends, the primary circuit closes, creating
a magnetic field that activates the secondary circuit, which
provides the voltage step-up. Naturally, the energy remains Figure 4.6: IGN1-A ignition coil*
the same in both (conservation of energy with minimal

losses), so the current through the secondary circuit will be much lower.

4.2.2. Sensor and inserts selection

Since the overall chamber geometry has now been defined, the next step is to select the inserts
required to instrument the vessel and enable the combustion experiments. In practice, this
includes the injection and exhaust ports, the ignition electrodes, and the sensors needed to
capture the relevant diagnostics. As discussed previously, the two key quantities addressed in
this work are the laminar burning velocity and the minimum ignition energy, which impose
specific requirements on the measurement hardware. For this reason, the choice of probes

4https:/ /www.inductionperformance.com/en-es/products/ignla-smart-coils [Accessed on 20/08/2025]
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is not only driven by pressure and temperature ratings but also by their interaction with the
internal flow and the development of the flame. Two general constraints are therefore applied
to all inserts: the threaded engagement should be as flush as possible with the inner wall, and
the protrusion into the chamber volume should be minimised.

The flush-thread requirement is primarily motivated by structural considerations. Any
penetration through a pressure vessel wall introduces a stress concentration that must be
explicitly accounted for, since it can become the governing failure location. This effect is
illustrated in Figure 4.7, where the local stresses increase markedly in the vicinity of the hole
relative to the nominal membrane stress in the cylindrical wall. If these local peaks are not
mitigated, failure may initiate at the penetrations at pressures significantly below the MAWP,
even if the global design appears conservative. Two established strategies exist to reduce
these concentrations, namely local reinforcement around the opening and the use of threaded
engagement and preload to provide stress relief through compressive contact at the interface.
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Figure 4.7: Stress concentration at hole locations [86]

While the reinforcement requirement can only be confirmed through a full stress analysis
once the final hole pattern is defined, the second strategy can be incorporated directly at
the insert-selection stage. In particular, inserts should be chosen with the smallest practical
thread diameter to minimise geometric disturbance and with a thread engagement length as
close as possible to the local wall thickness, ensuring proper load transfer without leaving an
unthreaded cavity. A perfect match is rarely achievable; therefore, small external pockets can
be machined to ensure the insert shoulder seats correctly while keeping the internal surface as
flush as possible. This solution also enhances manufacturability by providing a flat reference
for drilling and facilitating tool access during insert tightening. Additionally, a controlled
seating surface helps promote repeatable tightening, which is crucial when preload is relied
upon to stabilise the local stress state around penetrations. However, this cannot be overdone,
as the wall would lose too much thickness and therefore structural integrity.

The second key parameter in insert selection is the intrusion into the chamber volume, since
protruding features can alter the flame expansion and locally distort the pressure field. A
convenient way to quantify this impact is through the blockage ratio, which measures the
fraction of the chamber’s cross-sectional area obstructed by the insert’s projected frontal area.
For a characteristic intrusion diameter d within a chamber of diameter D, the blockage ratio
can be expressed as shown in Equation 4.12. This metric provides a straightforward screening
criterion when comparing alternative sensor geometries, particularly for probes that extend into
the flow. In the present context, it is used as a design constraint to ensure that instrumentation
does not become a dominant source of systematic bias in the flame dynamics.

_ md/2)? _

= - D)’ 12
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The threshold adopted for acceptable blockage is based on Li et al. [87], who report that
flame-front distortion remains minimal, meaning below the experimental scatter, for ® < 0.1,
and becomes increasingly noticeable above this value. This result is particularly relevant here
because both LBV and MIE are sensitive to early flame development and to the uniformity
of the pressure rise. Consequently, the blockage ratio must be checked for each candidate
insert, and it becomes an explicit constraint when selecting sensor bodies, probe diameters,
and any protective housings. When the blockage ratio cannot be reduced further due to sensor
availability or strength requirements, the intrusion location and orientation should be chosen
to minimise its interaction with the primary flame growth direction. For these reasons, ® is
treated as a practical design metric that directly informs the final selection and placement of
the instrumentation.

4.2.2.1. Inserts
Starting from the general inserts, the chamber will need several components:

Injector/exhaust

As mentioned in Section 3.3, the optical chamber features a
single line for both gas injection and exhaust, indicating that
aneedle valve is used right next to it, therefore extending the
chamber volume slightly. To quantify this error, it is to be o
noted that 1/4" OD tubes are used, with a wall thickness of 'Y 4

0.035", meaning that the circular area will be of ~ 23.4 mm?. >

Thus, even assuming a tube length of 300 mm between

the chamber and the needle valve, the total added volume

would be 0.007 L, which, for a 2L chamber, represents less Figure 4.8: Swagelok SS-400-1-8
than a 0.4% error, thus quite negligible. Thus, a similar

setup is also adopted for the non-optical chamber, eliminating the need for a complete redesign
of the injection and exhaust lines. The error due to the possible exhaust gas remainders in the
line leading from the chamber to the purge valve is also considerably small, considering the
evacuation to a pressure of about 200 mTorr, but will still be considered in the calculation of
the LBV uncertainty.

Therefore, a simple tube-to-chamber connector is needed for this purpose. Since this does not
need to be changed very often, tapered threads are the better option given the high-pressure
conditions. This is because the seal is not happening over a face, as it happens with straight
ones, which rely fully on a gasket or ring. Therefore, the taper provides a stronger lock as
torque increases, ensuring a better seal on the threads under high-pressure conditions. Among
the different options, the SS-400-1-8, 1/4" Tube - 1/2" MNPT connector, from Swagelok, shown
in Figure 4.8 is found to have the thread length closest to the wall thickness.

Igniter

Since the objective is to produce a flame as spherical and symmetric as possible, the ignition
strategy must minimise any bias introduced by the ignition location and geometry. Achieving
ignition in a manner similar to practical engines, that is, with a spark plug mounted at the wall,
becomes problematic under this requirement. In fact, a spark plug consists of a wall insert with
two electrodes in parallel, very close to each other, which reliably guarantees a consistent spark.
However, the drawback is that the spark is created very close to the wall, so the initial kernel

Shttps:/ /products.swagelok.com/en/c/straights/p/SS-400-1-8 [Accessed on 29/06/2025]
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grows in a strongly non-uniform environment influenced by the wall and local heat losses. This
tends to promote uneven early flame development and an asymmetric pressure rise, which
disrupts the accurate measurement of the pressure trace. Additionally, the assumption of bulk
measurement no longer holds, and the pressure sensor’s positioning becomes crucial.

For this reason, a configuration similar to that shown in Figure 3.3d is selected for the optical
chamber. This consists of two rod igniters placed one in front of the other, with the advantage
of freely adjusting the gap distance by cutting the electrodes, which helps in conditions where
the spark does not occur due to insufficient energy or excessive heat loss. Ignition is achieved
by creating a voltage difference between the two igniters: one is grounded, and the other is
set to a high voltage. To increase the probability of ignition, the electrodes should be tapered
towards the end, thereby increasing the strength of the electric field and orienting it towards a
smaller area.

An additional benefit of this geometry is that the most likely

breakdown path is the spark gap itself, as it corresponds %

to the smallest electrode separation and therefore requires L

the lowest breakdown voltage. The main competing failure %

mode is the formation of a discharge between an electrode

and the chamber wall, which can occur if the effective

breakdown conditions shift, for instance, due to changes

in gas composition, pressure, or temperature that affect the

Paschen curve. This behaviour must be prevented because a

wall discharge would reintroduce the same near-boundary

ignition problems discussed above while also increasing the

risk of local surface damage. The risk is reduced by selecting

igniters with robust ceramic insulation on the chamber side,

thereby constraining the electric field to the intended gap

region. Among the available options, US Ignition R6045-  Figure 4.9: US Ignition R6045
type igniters, shown in Figure 4.9, are selected because they igniter ©

offer strong ceramic insulation and a 1/2" NPT threaded

interface, which is compatible with the insert philosophy described previously and supports
reliable, repeatable installation. Moreover, the electrode is made of high-strength alumina,
capable of withstanding voltages up to 100 kV.

Static pressure sensor

Since the partial pressure method will be used for filling,
the static pressure inside the chamber must be measured
accurately. Therefore, a pressure sensor capable of measur-
ing this is needed, with the most accurate category being
the piezoresistive sensors. For this, the laboratory had a
spare Omega PX419-1.5KAV, shown in Figure 4.10, capable
of measuring pressures up to 1500 psi. This is, therefore, a
great option to meet the required specification. However,
since it is desirable to minimise the number of inserts into Figure 4.10: Omega
the chamber, it is worth noting that the static pressure re- PX419-1.5KAV transducer’
mains constant in any closed system. This means that the

bhttps:/ /horizonpfm.com /horizon-r6045-spark-ignitor-or-flame-rod-1-2-length-5/16045/  [Accessed on
28/06/2025]
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sensor can be freely placed on the portion of the tube between the needle valve and the chamber,
while performing the same function as if it were inserted directly into the chamber. This sensor
can also serve as a sanity check to verify that the dynamic sensor functions as intended, as it
can measure transients, albeit with a slower response, as seen in the specifications presented in
Table B.2.”

4.2.2.2. LBV sensors

For the LBV calculation, given the requirements, the most accurate method is the spherically
expanding flame, which is the only one available for high-pressure measurements. For this
reason, it will be the one used in this study. This method requires two main measurements:
the combustion pressure trace and the initial temperature. Therefore, inside the chamber,
two sensors are needed: a dynamic pressure sensor to measure the fast combustion pressure
transient and a static temperature sensor to accurately measure the initial pressure, particularly
important when the chamber is brought away from ambient temperature.

Pressure sensor

To capture the combustion event in a closed vessel, the pressure measurement must resolve
fast transients at sub-millisecond timescales while operating from an initial condition as low as
-50° C and an initial pressure of 50 bar. This combination immediately favours piezoelectric
technology because piezoelectric sensors offer very short rise times and high natural frequencies,
which are essential to avoid filtering or phase lag in the recorded pressure trace. In addition,
the relevant quantity for combustion analysis is the time-varying component of pressure, rather
than a perfectly stable DC reading. For this reason, the selection was primarily driven by
dynamic performance (rise time, resonance, and thermal shock behaviour) and survivability
across the required temperature envelope, rather than by the ability to measure static pressure
indefinitely.

Within piezoelectric sensors, the key architectural decision is between PE (charge output)
and IEPE (integrated electronics, voltage output). In an IEPE sensor, the charge-to-voltage
conversion electronics are built into the sensor housing, which simplifies cabling and interfacing
but constrains the sensor to moderate operating temperatures and a fixed measuring range.
Kistler explicitly distinguishes these options and notes that IEPE variants are intended for
dynamic profiles over short durations and “moderate temperatures,” whereas PE sensors, with
an external charge amplifier, can operate at extreme temperatures and allow more flexibility in
the measurement chain 8. Since the experiment must be achieved at temperatures as low as
-50° C, and can experience large thermal gradients during ignition and combustion, the PE
approach is more robust: the sensor itself remains a passive element at the chamber boundary,
while the charge amplifier can be kept in a controlled ambient environment. This configuration
also reduces the risk that embedded electronics become the limiting factor during cold starts
or transient heating.

Based on these criteria, the initial choice was the Kistler 601CAB. The Type 601C family is
designed for highly dynamic pressure measurements, featuring an optimised diaphragm
that withstands thermal shock and a rise time of less than a microsecond, which is suitable
for resolving the steep pressure rise associated with ignition and early flame development.
Importantly for the subzero requirement, the PE versions of the 601C series specify an operating
temperature range extending well below -50° C (down to-196° C), which provides a considerable

https:/ /assets.dwyeromega.com /pdf/ test-and-measurement-equipment /pressure / pressure-
transducers/PX409_Series.pdf [ Accessed on 20/06/2025]
8https:/ /kistler.cdn.celum.cloud /SAPCommerce_Download_original /003-199e.pdf [Accessed on 23/05/2025]
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margin and reduces the likelihood of offset shifts during the initial stabilisation period. The
“B” variant (601CAB) corresponds to the short-housing configuration, which is advantageous
for integration into a compact vessel wall, as it minimises the structural impact on the wall
and reduces the exposed sensor length. In practice, the 601CAB therefore matched both the
measurement physics (fast transient) and the environmental envelope (cold start with potential
thermal shock).

Later, due to procurement constraints, the sensor was
switched to the Kistler 603CAA, shown in Figure 4.11. The f
603C series maintains the same fundamental benefits of
piezoelectric sensing for combustion transients, while offer-
ing an even higher dynamic capability (shorter rise time and
higher natural frequency) and a substantially higher max-
imum pressure range, which increases robustness against
unexpected peak pressures during energetic tests.” Al-

Y

though the 603C series generally has lower sensitivity than u
the 601C family (a typical trade-off when increasing full- o
scale range), the signal-to-noise ratio remains adequate for ! h
combustion work when paired with an appropriate charge 23

amplifier and careful grounding/shielding. As with the
601C, the PE variants of the 603C series are specified for Figure 4.11: Kistler 603CAA
cryogenic operation, ensuring the initial condition is not a 9
limiting factor. The switch to 603CAA therefore preserved

the core experimental capability while maintaining pressure

headroom and compatibility with the low-temperature requirement.

transducer

Combustion-dedicated cylinder pressure sensors, such as the Kistler 7061 series, used in the
optical chamber, were considered but were not suitable for the full test envelope. The 7061C is
a water-cooled reference sensor optimised for engine research, with excellent stability under
hot combustion conditions, but its specified operating temperature range only extends down to
-20° C'%, In addition, its cooling concept and coolant specification (including mixtures suited
only down to approximately -9° C as listed in the datasheet) make subzero cold-start operation
operationally complex and not aligned with the requirements. In contrast, the miniature
601C/603C PE sensors are specifically designed for dynamic transients and wide-temperature
operation, making them more suitable for a subzero initial state while still meeting combustion
bandwidth requirements. Their main specifications are summarised in Table B.3.

Temperature sensor

For temperature, the requirement is fundamentally different: the experiment needs a reliable
measurement of the static (or slowly varying) chamber temperature rather than millisecond-
scale gas-temperature fluctuations during combustion. Indeed, no temperature sensor can
measure a transient as quickly as in the order of hundreds of microseconds. For this reason,
a platinum RTD probe, specifically the Omega PR-12E-3-100-1/4-2, was selected, as RTDs
provide stable, accurate, and repeatable absolute temperature measurements. The PR-12
series is offered with Class “A” accuracy to IEC 60751 and a temperature range that covers
the cold-start requirement and provides ample margin for post-test heat soak; Omega lists an
“extreme” range extending to -50° C for the PR-12E configuration!!. The 3-wire configuration

9htt—ps: / /kistler.cdn.celum.cloud /SAPCommerce_Download_original /003-288e.pdf [Accessed on 24/05/2025]
Ohttps:/ /kistler.cdn.celum.cloud /SAPCommerce_Download_original /003-042e.pdf [Accessed on 23/05/2025]
https:/ /www.omega.co.uk/pptst/PR-12.html [Accessed on 25/06/2025]



4.2. Sensor and ignition selection 72

further reduces lead-resistance error compared to 2-wire wiring, particularly when the readout
electronics are located away from the chamber in a colder laboratory environment. Finally, the
316 stainless-steel sheath is compatible with pressurised test hardware, mitigating concerns
about corrosion or embrittlement compared to more reactive alloys.

However, the sensor alone cannot withstand the high pressures generated in the chamber. For
this reason, the RTD was installed inside a thermowell (Omega 3/4-260A-U15/8-316SS) to
decouple the electrical sensor assembly from the pressure boundary and to improve robustness
in a combustion environment. A thermowell provides a sealed metallic barrier between the
process and the sensing element, simplifying pressure sealing and protecting the RTD from
direct exposure to combustion products, soot, and mechanical damage during assembly. The
260A series is specifically designed for limited-space installations and is dimensioned for 1/4"
diameter elements with a 0.260" bore, ensuring a close match to the selected PR-12 probe

diameter without excessive clearance!?.

(a) Omega PR-12-E-3-100-1/4-2  (b) Omega 3/4-260A-U15/8-31655
sensor 1 thermowell 12

Figure 4.12: Temperature acquisition components

Using 316 stainless steel ensures material compatibility with typical pressure-vessel hardware
and provides a strong pressure—temperature capability. The datasheet presents pressure-
temperature ratings in the thousands of psi range for stainless-steel wells, placing 50 bar (about
725 psi) comfortably within typical limits. The main drawback is the added thermal mass,
which increases response time; however, this is acceptable because the objective is to maintain
the initial /static temperature and slow transients, rather than resolving the combustion event
itself (which is handled by the piezoelectric pressure sensor). In any case, some thermal paste
is applied between the sensor and the thermowell to improve measurement speed, since the
sensor’s response time is already quite slow.

Since the thermowell has a significant intrusion into the chamber, the blockage factor must be
calculated to determine whether it might affect the measurement. With D;,=12.7mm and D =
130 mm:

2
Dy,
O=|—] =0.95%
(D) 0.95%

2https:/ /assets.dwyeromega.com /pdf/hardware /thermowells /SERIES_385A_260A.pdf [Accessed on
25/06/2025]
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As seen, this is one order of magnitude below the 10% threshold, so blockage effects can be
considered negligible. Therefore, the specifications for the used sensor are summarised in
Table B.4.

4.2.2.3. MIE sensors

The determination of the ignition energy depends on the voltage and current at ignition, as
well as the duration of the streamer in the gap. Therefore, voltage and current probes are
necessary and will be placed on the igniters to precisely measure the voltage across the gap
and the resulting current. However, to select these probes, the worst-case conditions for
voltage and current production must be estimated, so that an instrument can be chosen that
not only operates under those conditions but also remains undamaged by them. Therefore,
for the voltage probe, this will be the maximum breakdown voltage of the mixture at the
most constraining pressure and temperature, while for the current probe, it will be the highest
possible created current. Both sensors will be connected to the oscilloscope BK2190E already
present in the laboratory.

The breakdown field at 50 bar was estimated by scaling from the well-known atmospheric
breakdown strength of air, which is approximately 30kV/cm (i.e., 3kV/mm) under dry, near-
STP conditions[88]. For a fixed electrode gap operated away from the Paschen minimum,
Paschen’s law indicates that the breakdown voltage depends primarily on the product pd, and
at sufficiently large pd the breakdown voltage (and therefore the breakdown field Epg = V34/d
scales approximately linearly with pressure[89]. Under the assumption that ammonia behaves
similarly to air in terms of the reduced field needed to sustain an ionisation avalanche (i.e.,
comparable collision length scales and ionisation thresholds), it is reasonable to treat (Epq/p) as
being of the same order of magnitude between the two gases. This is supported at a first-order
level by the fact that ammonia has a molecular “size” in the same range as common diatomics
(e.g., kinetic diameter ~ 0.26 nm for NH3, compared with ~ 0.35nm to 0.36 nm for O, /N;[90],
and an ionisation energy on the order of 10eV, consistent with a comparable threshold for
electron-impact ionisation). Applying the pressure scaling from 1bar to 50 bar then gives

E; 4(50bar) ~ 50 X 3kV/mm ~ 150kV/mm

, which is the value adopted for conservative insulation and electrode-gap design, subject to
the usual caveat that real breakdown depends on field non-uniformity, surface finish, and local
temperature and composition.

The -50° C requirement is then addressed by recognising two competing effects: density scaling
pushes Ep; upward, while mixture thermodynamics maintains the gap behaviour close to that
of air. In similarity terms, gas breakdown is often governed by the reduced field E/N, where N
is the number density; since N~ p/T, holding the critical E/N approximately constant implies
Epq o p/T, so cooling from ~ 293K to 223 K would increase the breakdown field at fixed
pressure by a factor ~ 293/223 ~ 1.31[91]. However, in an ammonia—air mixture at -50° C, the
ammonia partial pressure in the gas phase is limited by its saturation vapour pressure (about
40.9kPa = 0.41bar) at this temperature, meaning that most of the mixture in the electrode gap
remains air rather than NH3 vapour. Under those conditions, using the air-based scaling to
obtain ~ 150kV/mm remains a reasonable baseline, and it is not undermined by ammonia’s
intrinsic ionization threshold, which is of the same order as air constituents (NHz 10.07 eV), O,
12.07 V), N, 15.581 €V))[92]. Therefore, as a conservative estimate, 160 kV/mm can be taken
as the assumed value for breakdown at these conditions. Naturally, the real value will also be
dominated by electrode geometry, surface condition, and local field enhancement.



4.2. Sensor and ignition selection 74

Voltage probe

Given the above discussion, the voltage probe should operate with a breakdown voltage of
about 160 kV/mm. Therefore, assuming a gap value of ~ 0.5mm, the voltage probe will need
to be able to read voltages up to 90kV to 100 kV. Moreover, the second requirement is that it
should have a bandwidth large enough to read events in the order of microseconds. Given
the very limited options on the market, the PVM-5 from North Star High Voltage is selected,
with specifications presented in Table B.6.13 To obtain a measurement, this probe must have its
tip in contact with a high-voltage surface. Since contact with the electrodes is impractical and
not very sensible, the contact needs to occur on the pin of the igniter, through an insulated
extension cable, to avoid accidental secondary discharges, as shown in Figure 4.13b.

(a) North Star High Voltage (b) Extension cable for the voltage probe
PVM-513 connection

Figure 4.13: High-voltage reading setup

Current probe

For the current probe, the bandwidth requirement is the same as for the voltage probe, but
the current requirement is much less restrictive, as only a few amperes are typically delivered
across the spark gap. Therefore, the CWT Mini50HF 015/B/1/100/2 from PEM is chosen,
whose characteristics are summarised in Table B.7.14

Figure 4.14: CWT Mini50HF probe!*

Bhttps:/ /www.highvoltageprobes.com /bfd_download /voltage-probe-data-2021/ [Accessed on 17/08/2025]
4https: / /www.pemuk.com/uploads/files/instruction-sheets/ CWTMini50HF-instruction-
manual. pdf?v=1747394125 [Accessed on 20/08/2025]



4.3. Pipeline design 75

4.3. Pipeline design

Once the chamber is designed, the remaining experimental system around it needs to be
designed. This involves both redesigning the pipeline leading to the chamber and selecting the
components necessary to achieve high pressures and low temperatures. The full process will
be explained hereafter.

4.3.1. Booster design

A pressurisation system is required to pressurise the feed line and enable initial line pressures
above the maximum achievable with the existing tank regulators. The first step is to define
a clear maximum pressure requirement, because this value drives both component selection
and safety margins. In the present work, the sizing criterion is based on a conservative
injection-pressure rule. Specifically, the injection pressure is assumed to be a multiple of the
reactant partial pressure to prevent backflow and to ensure robust injection under transients.
Therefore, the system must be designed around the most demanding partial-pressure case
within the intended operating envelope.

As described in Chapter 5, the injection pressure is set to six times the partial pressure
of each reactant, and this factor is intentionally conservative. Under this assumption, the
maximum pressure the pressurisation system must provide is 6 times the highest expected
reactant partial pressure during operation. To identify that value, only equivalence ratios
in the range 0.7 < ¢ < 1.3 are considered. Within this range, the highest relevant partial
pressure occurs for the H, combustion case at a chamber pressure of 50 bar. For ¢ = 0.7, the
nitrogen partial pressure is approximately 30.5 bar, implying a maximum injection pressure of
6 x 30.5bar ~ 183 bar.

This requirement highlights a substantial mismatch with the capabilities of the existing tank
regulators. With the current nitrogen regulator, the maximum delivery pressure is 125 psi,
which corresponds to approximately 8.6 bar. Comparing this value with the required injection
pressure indicates that the pressurisation system must bridge a ratio of about 183/8.6 ~ 21, i.e.,
on the order of a X22 pressure step. In practice, the system should be capable of exceeding this
minimum ratio by a slight margin to account for uncertainty, losses, and future extensions of
the operating envelope. For these reasons, the pressurisation concept is selected not only to
meet the present requirement, but also to preserve flexibility for different fuels and a wider
range of equivalence ratios.

Among the candidate solutions, a pneumatic gas booster
offers a straightforward, robust approach to achieving the
required pressure increase. A gas booster uses compressed
air to drive a large-area piston, and this motion is mechan-
ically coupled to a smaller-area piston acting on the process
gas. By force balance, the pressure multiplication is ap-
proximately equal to the ratio of piston areas, so a modest
drive-air pressure can generate a much higher outlet pres-
sure on the process side. The pressurised process gas is
delivered through a high-pressure outlet port, while the
drive air is exhausted to the atmosphere. As a result, the
booster provides high outlet pressures without requiring
an electrically driven compressor to directly compress the
process gas.

Figure 4.15: PB30 gas booster’®

Among the commercially available options evaluated, the
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Protech Pumps PB30 is selected because it offers low cost, a short lead time, and compatibility
with the set of reactants considered in this work. The PB30 unit, shown in Figure 4.15, has
a maximum outlet pressure of 265 bar. This rating exceeds the maximum required injection
pressure of approximately 183 bar, providing margin for uncertainties and for possible future
operating points. The availability of margin is particularly valuable because the present x6
criterion is conservative, and future campaigns may explore different mixtures or chamber
pressures. Consequently, the PB30 enables the required high-pressure capability while keeping
the pressurisation architecture mechanically simple and modular.'

A practical integration issue arises because the booster outlet pressure is controlled entirely by
the drive-air inlet pressure. In the present configuration, the booster operates with a drive-air
pressure in the approximate range of 2-8 bar, and the drive air is supplied by a compressor.
However, the compressor’s minimum outlet pressure is 60 bar, which is significantly higher
than the maximum pressure achievable using the existing tank regulators alone. This creates a
discontinuity between the “low-pressure” regime provided by the regulators and the “high-
pressure” regime produced by the booster when driven by the compressor. Without additional
hardware, this gap would prevent operation at intermediate line pressures, which are expected
during commissioning and during tests requiring moderate injection pressures. Therefore, an
additional pressure-control element is required downstream of the booster to ensure continuous
coverage of the full pressure range.

To resolve this gap, a high-pressure regulator is installed downstream of the booster, rated
for an inlet pressure of at least 200 bar. This regulator allows the downstream line pressure
to be set accurately to any desired value, including pressures below the raw booster outlet
pressure. In operation, the system can run in a low-pressure mode by routing flow from the
tanks directly to the chamber through the standard regulator path. Alternatively, it can run in
a high-pressure mode by routing the gas through the booster and then using the downstream
regulator to set the final line pressure. In high-pressure mode, the regulator may throttle
to reduce pressure or remain fully open if the booster outlet pressure matches the required
setpoint. This architecture ensures that any target pressure within the operating range can be
achieved while maintaining controlled, repeatable pressurisation.

Finally, the maximum usable line pressure in the current implementation is limited by the
pressure ratings of downstream components. In particular, the three-way valves are rated for
a maximum pressure of 172 bar, which constrains the maximum permissible filling pressure
of the line. This limit does not necessarily preclude operation at higher nominal injection
pressures in all cases, because the X6 scaling used for sizing is intentionally conservative.
For specific operating points, smaller multipliers may still prevent backflow while remaining
within the component ratings, provided that the backflow risk is reassessed and validated.
Nonetheless, the 172 bar component rating defines the safe upper limit for routine operation
and should be treated as the primary constraint for the current hardware configuration. Future
upgrades to higher-rated valves would remove this constraint and allow full exploitation of the
booster pressure capability.

4.3.2. Cold-environment system selection

To meet the requirements, it is necessary to maintain a temperature of -50 °C throughout the
entire chamber, including the walls, not just the mixture. This is because the system is designed
to replicate a real engine, which is therefore exposed to subzero external temperatures. However,
reaching a chamber wall temperature as low as —50 °C is not, in itself, sufficient: the cooling

https:/ /www.protechpumps.com /shop/gas_boosters/pb/pb30/ [Accessed on 10/08/2025]
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method must also provide repeatable, well-characterised thermal boundary conditions. This is
particularly important when measuring minimum ignition energy (MIE) and laminar burning
velocity (LBV), as small variations in gas density, heat losses, and near-electrode conditions can
significantly alter the measurement. The selected solution must therefore cool the chamber
in a reasonably short time while maintaining a uniform and stable thermal field, without
introducing artefacts such as mixture stratification, local condensation, or electrical issues
around the instrumentation. Additionally, the implementation should be safe, operationally
simple, and compatible with repeated test campaigns.

The following criteria were used to compare candidate cold-environment concepts:

¢ Temperature capability, stability, and repeatability at =50 °C, including the ability
to perform controlled ramps and soak periods.

¢ Cooling time and operational throughput, i.e., how quickly a stable thermal
condition can be reached between consecutive tests.

¢ Thermal uniformity at the chamber and around ignition hardware, to avoid local
hot/cold spots that bias MIE and LBV.

¢ Compatibility with sensors, cabling, and feedthroughs, avoiding frosting, water
ingress, or thermal shock of components.

¢ Non-intrusiveness with respect to the mixture (no dilution, no phase change
induced by the cooling method, and minimal risk of stratification).

¢ Practicality and safety (cryogen handling, oxygen-deficiency risks, and overall
complexity of integration).

LN, bath with full submersion of the combustion chamber

Submerging the pressure vessel in a tank filled with liquid nitrogen (LN>) offers a large
temperature margin and very high instantaneous cooling capacity, which can appear attractive
when targeting temperatures of —50 °C. However, heat transfer is governed by boiling at the
external wall, meaning the effective heat transfer coefficient can vary substantially during cool-
down and even during the soak, reducing repeatability. The temperature field is also likely to
be non-uniform, as ports, flanges, and local thermal masses cool at different rates, resulting in a
transient thermal gradient that is difficult to quantify without extensive instrumentation. From
an experimental-integration standpoint, full submersion complicates the routing and sealing
of electrical connectors, sensor cables, and high-voltage lines, and increases the likelihood of
ice formation around penetrations as ambient moisture freezes on cold surfaces. Finally, this
option introduces significant cryogenic handling and safety constraints (including the risk
of oxygen deficiency in poorly ventilated areas) and increases the risk of thermal shock and
material brittleness in seals or non-metallic parts if cool-down is not carefully controlled.

LN, introduced inside the combustion chamber

Using LN, directly in the test volume (either as a pre-cooling step or as a transient internal
cooling mechanism) provides the least controlled and most intrusive boundary condition
among the options considered. Any residual LN or cold nitrogen gas left over during mixture
preparation would significantly affect the thermodynamic state and composition, effectively
invalidating the initial conditions required for MIE and LBV measurements. The method also
risks local cold spots and strong buoyancy-driven flows, which promote stratification and
non-uniform equivalence ratios near the igniters. In practice, condensation or freezing of trace



4.3. Pipeline design 78

contaminants and moisture becomes highly probable, and the resulting particles or films can
alter surface properties and electrical breakdown behaviour. Moreover, rapid internal cooling
can cause large and poorly controlled pressure and temperature transients, which complicate
both safety and data interpretation. For these reasons, LN, inside the chamber was discarded
early as being incompatible with controlled-ignition limit experiments.

Cooling the reactants via a heat exchanger

Pre-cooling the reactant streams through an external heat exchanger can efficiently reduce
inlet-gas temperature and may appear to be a compact solution if only the mixture temperature
were of interest. In this work, however, the objective is to control the chamber and near-wall
environments, as wall heat losses and local temperatures at the ignition site can significantly
influence ignition behaviour at high pressure. Cooling only the incoming gases does not
guarantee that the vessel wall and ignition hardware reach a stable —50 °C condition, particularly
if the chamber has significant thermal inertia. This option also creates additional sensitivities:
any temperature-dependent adsorption/condensation of species in the supply line or at
valves can shift the delivered composition and thus bias MIE/LBV. The approach further
increases plumbing complexity and introduces thermal transients during filling, which can
couple into pressure measurements and repeatability. Consequently, reactant-stream pre-
cooling was judged useful as an auxiliary capability, but insufficient and risky as the primary
cold-environment system.

Cold jacket surrounding the chamber

A dedicated cold jacket (e.g., a double-wall sleeve or clamshell) allows cooling power to be
applied closer to the vessel than an environmental room, potentially reducing cool-down time.
Nevertheless, achieving a stable, uniform —50 °C wall temperature with a jacket is non-trivial
because coolant distribution, contact resistances, and local heat leaks at ports and fasteners
create azimuthal and axial gradients. If LN is used as the coolant, two-phase behaviour and
flashing can make temperature control difficult unless a carefully engineered conditioning
loop is implemented. A jacket also competes for volume around the chamber, potentially
interfering with sensor mounting, assembly /cleaning access, and high-voltage routing, and it
can worsen frosting around penetrations due to colder external surfaces. Finally, a bespoke
jacket increases manufacturing effort and introduces additional leak paths and failure modes.
For these reasons, a cold jacket was considered feasible but comparatively high-risk in terms of
repeatability, integration, and lifecycle effort.

Environmental chamber (temperature-controlled test chamber)

Placing the entire combustion-chamber assembly within an environmental chamber provides
the most controlled and repeatable cold boundary condition because the air temperature can
be regulated with a closed-loop controller and maintained for long soak periods. In contrast to
cryogenic baths or local jackets, the environmental chamber uniformly cools all external surfaces
and interfaces, thereby reducing uncontrolled gradients caused by the selective cooling of only
part of the hardware. This approach also preserves the integrity of the mixture: the chamber
can be filled and mixed under steady thermal conditions, without introducing additional
cold gas streams or cryogenic boil-off into the test volume. Instrumentation integration is
significantly simplified since sensor cables and high-voltage lines can be routed through
standard feedthroughs, thereby avoiding the risk of direct cryogenic contact with connectors.
Importantly, environmental chambers can be operated with dry air or dry nitrogen purging
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to suppress condensation and frost on cold surfaces, improving the electrical reliability and
repeatability of ignition hardware and sensors.

For the above reasons, and because it best satisfies
temperature repeatability, sensor compatibility, and
non-intrusiveness to the mixture, the environmental
chamber was selected as the baseline cold-environment
system for testing at =50 °C. The main requirements
for its selection, in addition to the ability to reach the
desired temperature, are that it must provide sufficient
space around the chamber to allow airflow and cooling,
and withstand the weight of the combustion chamber.
Additionally, it must have lateral entries for cabling
and wiring, as this is necessary for combustion to ~ Figure 4.16: C900 environmental
occur. A feasible option is the TotalTemp Technologies chamber'®

C900 temperature environmental chamber, shown in

Figure 4.16, which has an internal volume twice that of the chamber, thereby ensuring sufficient
space for counterflows and for making adjustments to the combustion chamber as needed. This
works by injecting liquid nitrogen until the temperature set in the control system is reached.
Naturally, the ingested nitrogen also needs to be released, which is purged towards the vent
line. For these reasons, this is the final system selected. 16

4.4. Full experimental setup

The full experimental setup is shown in Figure 4.17. In Figure 4.17a and Figure 4.17b, the setup
including only the new non-optical chamber on the new optical table is shown. This is used
at the beginning to verify, as any leak or issue may significantly damage the environmental
chamber. In Figure 4.17c, the power supplies used with the ignition coil and to excite the
chamber piezoresistive sensor are shown, along with the National Instruments modules used
to read the sensor outputs and send digital signals to the coil and oscilloscope.

The injection pressure sensors had to be updated to include two additional sensors capable of
handling the higher pressures, as shown in Figure 4.17d. However, as shown by its absence
in the pictures, the gas booster did not reach the laboratory in time to be used, so the actual
pressure in the system remains limited, limiting the combustion analysis. Figure 4.17e shows
the addition of a downstream pressure regulator, which, in the high-pressure experiments,
reduces the downstream pressure to a maximum of 2 bar, which is easily handled by the vent
system. Finally, the last three pictures show the environmental chamber with the LN2 Dewar
attached.

16h’c’cps: / /www.totaltemptech.com /model-c900-cryogenically-cooled-temperature-chamber/ [Accessed on
01/08/2025]
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(a) Lab front view with (b) Lab rear view with (c) Power supplies and NI
non-optical chamber non-optical chamber modules

el

(d) Additional pressure : (f) Inside of environmental
transducers and gauges (e) Exhaust line chamber

(h) Full setup for environmental
(g) Environmental chamber chamber

Figure 4.17: New setup
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4.5. Requirement compliance
With the completed design, it is necessary to return to the requirements listed in Table 4.1 to
verify their compliance and ensure a safe, redundant and usable design.

Table 4.8: Compliance matrix for combustion chamber requirements (from Table 4.1).

ID

Compliance

Justification

REQ-01

REQ-02

REQ-03

REQ-04

REQ-05

REQ-06

REQ-07

REQ-08

REQ-09

REQ-10

REQ-11

A: compliant; T: pending

Compliant; sealing at
low-T may limit vacuum
A: compliant, I: pending

Compliant

Compliant (by design ra-
tionale)

Compliant

Compliant

Compliant

Compliant

Ambient:  compliant;
Low-T: partially limited

A: compliant; T: pending

Structural sizing of flanges/bolting/gasket using ASME/Roark-
based formulas; minimum thickness confirmed by FEA. Testing is
left for the future due to the absence of a pressurisation system. Refer
to Section 4.1.

Material selection includes low-temperature toughness (DBTT) as
a high-importance criterion; the experimental campaign includes
operation at —50 °C. Refer to Chapter 6.

Material choice compliant with fatigue and safety factors included.
Inspection should be carried out every 1000 cycles to confirm the
analysis. Refer to Subsection 4.1.1

Mechanical architecture includes a bolted cover flange that enables
disassembly for cleaning, insert replacement, and internal inspection.
Refer to Subsubsection 4.1.2.2.

The material trade-off explicitly accounts for ammonia corrosion
resistance and hydrogen embrittlement resistance; SS 2205 is selected
for these constraints. Chamber filling with either substance shows
no damage. Refer to Chapter 6.

Instrumentation choice includes a high-range in-chamber pressure
sensor (0 ——1000bar) that exceeds MAWP and a packaging/insert
strategy that enables installation. Refer to Subsection 4.2.2 and
Subsection 4.1.3.

The temperature measurement architecture uses an RTD and ther-
mowell; the sensor temperature range meets the cold-start require-
ment (down to at least —50 °C), and the thermowell integrates with
the chamber geometry. Refer to Subsection 4.2.2 and Subsection 4.1.3.

Ignition concept selection targets symmetric ignition; the chamber
includes two igniter locations/ports to enable symmetric placement.
Refer to Subsection 4.2.1 and Subsection 4.1.3.

Stress-concentration mitigation: fillets/chamfers and insert/port
integration choices to reduce local stress risers and protrusions. Refer
to Subsection 4.1.3.

Vacuum at 100 mTorr is achieved at ambient temperature; at low
temperatures, thermal contraction introduces microleaks, limiting
the achievable vacuum level. Refer to Chapter 6.

Chamber diameter selected using turbulence-onset reasoning. Full
validation at the highest-pressure envelope is only possible once the
system reaches the intended operating range. Refer to Subsubsec-
tion 4.1.2.2.




Experimental methodology

Once the design phase was completed, the work transitioned from concept and specification to
the execution of the experimental programme. The first stage consisted of constructing and
commissioning the updated setup, starting with the mechanical integration of the combustion
chamber and its interfaces. This was followed by implementing the required modifications
to the filling and exhaust lines, including any additional branches, fittings, and provisions
necessary to integrate the additional instrumentation and components. In parallel, the data
acquisition chain was assembled and tested to ensure that all sensors could be read reliably at
the intended resolution and sampling characteristics. Only after these integration steps were
completed could the facility be considered ready for commissioning activities that establish
basic operational readiness.

In practice, the construction and commissioning phase was significantly impacted by procure-
ment constraints and supplier lead times. Delays in receiving critical components affected
the order in which subsystems could be integrated and reduced the extent to which assembly
tasks could be parallelised. As a result, several integration steps had to be re-sequenced, with
temporary configurations used where feasible to continue progress without compromising
safety or measurement quality. These disruptions extended the timeline required to reach
a stable, fully operational configuration and, consequently, delayed the start of the planned
experimental campaign, reducing the total number of achievable experiments. Moreover, a
fundamental component, the gas booster, was particularly affected by these delays and did
not reach the laboratory in time to be used for any experiment. Therefore, the tests will be
limited to varying initial temperatures, which is still of high interest for the study of ammonia
behaviour. Thus, once the setup was fully assembled and verified, the experiments defined in
the test plan could be executed systematically to generate the dataset used in the subsequent
chapters.

5.1. Experimental procedure

The experimental procedure is explained in detail here, including operational steps, to ensure
clarity and reproducibility. For consistency, the procedure is structured into three main phases:
filling and mixture preparation, execution and control of the experiment, and exhaust release
and evacuation. This breakdown reflects the actual sequence followed during testing and
provides a clear procedure for future repeatability of this work. This is explained using the
fluid diagram shown in Figure 5.1, which is read from right to left, starting with the gas bottles.
Because the facility handles hazardous gases, both flammability and toxicological exposure
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Figure 5.1: Fluid diagram (the blue line represents the compressed air line, the black the
working fluid line)

risks must be considered throughout the procedure, and certain safety requirements must be in
place. Thus, the safety measures and safeguards implemented for normal operation and upset
conditions are also presented here, alongside the operational steps, to complete the workflow
and make it auditable.

5.1.1. Procedure
Filling and mixture preparation

During this phase, the objective is to fill the chamber with the mixture at the required
equivalence ratio and initial pressure. Mixture preparation is performed using the partial-
pressure method, in which each reactant is introduced into the chamber to its target partial
pressure relative to the desired initial total pressure:

1

Yi (6.1)

nr
pi = Yipo (5.2)
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where

Y; Molar fraction of a reactant [-]

n; Number of moles of a reactant[mol]

nt Total number of moles of reactants [mol]
po Initial pressure

pi Partial pressure of a reactant

This method enables direct control of the equivalence ratio and blend fraction through measured
pressure increments, provided that the initial evacuation is sufficiently repeatable. Because the
mixture is prepared in a fixed-volume vessel, the method also ensures that the final mixture
state is defined by the measured initial pressure and temperature, which are later used directly
in data reduction.

For this method to work, the initial pressure in the chamber before filling should be as close
as possible to 0 Pa. Therefore, the chamber and lines are evacuated prior to filling, with the
evacuation setpoint chosen as a compromise between pump capability and minimising residual
gas effects on mixture composition, set at 200 mTorr. For the first gas, since the chamber and
line are both evacuated, the filling can be done with the chamber open. However, for the rest,
the chamber must start from the closed state. In fact, during filling, the supply-side line is
pressurised above the target chamber partial pressure, to approximately 6 times the partial
pressure, to maintain a positive pressure differential and prevent backflow through the common
injection/exhaust line. This is because, in the ECRL laboratory, it has been experimentally
proven that this pressure level prevents backflow and, after opening the chamber and flow
expansion, ensures that the pressure remains below the required level, that is, the sum of the
existing reactants’” pressures and the amount that can be topped up. This ensures that backflow
probabilities are minimised and that the filling procedure is faster and more precise.

Thus, the gases are filled, in order of increasing pressure, from their respective wall outlets
attached to the gas bottles. The filling line is common to all gases, meaning that all outlets
converge into a single line, and the release is controlled by two valves: the outlet valve and a
high-precision needle valve that accurately controls the outlet pressure. This is achieved via the
5 PX409 transducers, each one calibrated for a specific pressure range, going from the lowest
at Obar to 1bar to the highest at Obar to 172bar. Naturally, the ones with a larger calibrated
range do not have the same precision at a specific point as those with a more limited range, as
they need to maintain the same accuracy over a larger range.

Once all the gases are filled and the chamber is at its required initial pressure, the chamber is
closed, and the line is evacuated to prevent any reaction if anything goes wrong. The filling
line is then closed to prevent reaction products from entering it once the chamber is opened
after the reaction, and the purge line is opened to ensure that, if the chamber valve were to fail,
the gases would be purged directly. To ensure that no high-pressure gases are released in the
purge line and that no ambient gases enter in the reverse direction, a downstream pressure
regulator followed by a check valve is placed.

Experiment execution and control

As soon as the chamber is completely filled and closed, the LabVIEW experiment control
environment runs, starting a 3-minute timer before any ignition can occur. This is because
sufficient time must be allowed for complete mixing; otherwise, stratified combustion may
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occur, invalidating the results. Ignition is achieved via the IGN1-A coil, which receives voltage
from a PS-305D power supply, providing up to 32 V. Before ignition, the oscilloscope must be
set to trigger mode with the trigger set to voltage increase, and the Kistler sensor’s measuring
mode must be activated on the charge amplifier. If the environmental chamber is used, the
desired temperature is set in the controller, and the additional time needed to bring the
combustion chamber to temperature must also be allowed. Thus, once mixing and the desired
temperature are achieved, the ignition signal can be sent, which closes the coil circuit and
generates a spark if the provided energy is sufficient.

If combustion occurs, as evinced by the rise in the pressure seen in LabVIEW, then the
experiment can be considered completed, and the results are saved to the output file; otherwise,
the energy is increased by varying the input voltage and coil dwell time until ignition occurs
or until the power supply cannot provide more. If the maximum energy is reached and no
ignition still occurs, the system is evacuated, and the electrode gap is increased to increase the
electric field strength. If this does not work either, it is reduced to decrease heat loss at the
electrodes, which is then the cause of the faulty ignition. Once ignition has occurred, the power
supply is turned off to avoid accidental sparks, especially when operating on the chamber
structure.

Exhaust release and evacuation

Once the mixture needs to be released from the chamber, it first passes through the purge
line, which is directly connected to the building roof. An industrial filtering system then
cleans the gases to prevent excessive emissions of soot, NOx, and other pollutants. Once
the pressure in the purge line reaches atmospheric pressure, the gases can no longer flow
through it, as the pressure differential is 0. Once this occurs, the exhaust three-way valve is
turned from the purge direction to the vacuum direction, where the gases are pulled by the
vacuum pump and pushed into the purge line. It is imperative that the gases pass through the
pump only when at atmospheric pressure, as the pump is not rated for any pressure above
this. Any accidental error may cause the pump to rupture, releasing gases into the room. The
evacuation can be considered complete at a pressure of 200 mTorr, which is normally achieved
after approximately 20-30 minutes. This is a trade-off between accuracy and experimental
time. Naturally, if the evacuation is left on indefinitely, the pressure would drop until the
micro-leaks in the system become dominant, but this would considerably reduce the number
of experiments that can be performed.

5.1.2. Safety control

As mentioned, specific safety procedures must be in place to ensure that any system failure
or human error has minimal impact and that operator safety is maintained throughout
the testing process. The overall safety philosophy adopted here is based on isolation and
redundancy to prevent unintended flow paths, controlled venting and evacuation to avoid
the accumulation of hazardous mixtures, and rapid and unambiguous abort capability to
prevent ignition when abnormal behaviour is detected. Accordingly, the facility incorporates
multiple physical barriers, together with procedural steps, to reduce the likelihood that an
incorrect valve configuration or an unexpected component failure can escalate into a hazardous
event. Given that the system handles gases that pose both flammability and inhalation hazards,
these measures are considered part of the normal operating workflow rather than exceptional
provisions. The key safeguards implemented are detailed below in the same sequence as they
become relevant during operation.

A first layer of protection is provided by system segmentation with ball valves, which are
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kept closed when the corresponding subsystem is not in use. This ensures that any leak or
malfunction remains localised and that an incorrect valve actuation does not immediately
propagate to other parts of the facility. A representative example is the secondary safety valve
on the vacuum line, which prevents an erroneous configuration from directing a higher-than-
atmospheric-pressure discharge into the vacuum pump when the exhaust valve is inadvertently
set to vacuum, thereby preventing pump damage. In addition, keeping the purge line open
during the experiment provides a deliberate low-resistance relief path, so that a failure in the
chamber-closing system cannot result in pressure accumulation in the line. Together, these
measures mitigate the consequences of incorrect valve states and provide passive protection,
eliminating the need for active control logic.

A second layer is the ability to abort the test rapidly and prevent ignition if a fault is detected
or suspected. The experiment can be interrupted via an Emergency Stop button integrated in
the LabVIEW interface, which prevents the spark command from being issued and therefore
stops ignition at the source. For additional physical redundancy, ignition can be inhibited by
turning off the power supply, rendering the ignition coil inert and eliminating the possibility of
unintended sparking caused by software or signal errors. An ignition delay is also implemented
to ensure that operators are at a safe distance during the ignition attempt. This approach
ensures that abort capability is both immediate (at the software level) and enforceable (at
the hardware level), which is critical for a system where ignition is the primary escalation
mechanism. Operationally, this also provides a clear decision point: any anomaly detected
during filling, stabilisation, or pre-ignition checks can be handled by inhibiting ignition first,
and only then proceeding to venting and evacuation in a controlled manner.

Because ammonia inhalation poses a serious health hazard, detection and containment measures
are implemented specifically to prevent toxic exposure. The ammonia cylinder is stored in
a hermetic container to minimise the risk of a minor leak resulting in immediate operator
exposure, and two ammonia detectors are installed, one near the tank and one closer to the
operator, and both are positioned as high as practicable because ammonia is lighter than air
and therefore tends to accumulate in elevated regions. The detectors are configured to alarm
at concentrations as low as 10 ppm, since even relatively small concentrations can be harmful
over short exposure periods, and early warning is therefore essential. In addition to detection,
the ammonia container is directly connected to the purge line, so any tank leak is automatically
vented from the system. The room itself has roof vents that allow air to circulate and help
quickly disperse leaks.

Finally, electrical and backflow precautions are implemented to reduce ignition sources and
prevent unintended migration of gases or products. Cables and wires are routed away from
potential leak paths to minimise the possibility that a leak produces an ignitable mixture in
proximity to electrical connections, which is particularly important when hydrogen is used. All
valves leading to wall outlets remain closed during experiments to provide redundancy and to
prevent combustion products or reactive mixtures from reaching the gas supply infrastructure.
All these systems together contribute to ensuring the safety of the system under most events,
although for future experiments in high-pressure conditions, some additional safety measures
will need to be implemented, such as relief valves, which were already designed and shown in
Figure 5.1, but not implemented due to the absence of the gas booster.

5.2. Experimental matrix

Now that the experimental procedure has been explained, the actual experimental matrix,
which provides a comprehensive overview of all the experiments to be run, is presented in
Table D.1. This is divided into four main parts, depending on the objective that the specific
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experiment aims to achieve. Since the work is based on a new design, the first step is naturally
verification and validation (V&V) of the setup, as without it there can be no confidence in the
research data. Since the setup is quite complex, especially when considering the use of the
environmental chamber, the validation is separated into two parts: one at standard pressure
and conditions, intended to validate the chamber and lines, and one at subzero temperatures,
intended to validate the subzero behaviour and setup. It is worth noting that validation is
performed at two equivalence ratios: stoichiometric and lean, as these are the most common
conditions encountered in operation and the literature. This is for time’s sake, but validating
these two data points can corroborate a complete validation, as they are the most critical and
useful.

The verification process consists of checking that the setup functions as intended, ensuring there
are no leaks, that all sensors are reading correctly, that the chamber withstands the pressure,
and that ignition is achievable. For this step, as for the initial validation, methane is used
because it is well-established and has many literature values to compare against. Moreover,
since the other fuel of interest, apart from ammonia, that is, hydrogen, has some unique
combustion characteristics, such as preferential diffusion, where its molecules diffuse much
faster than those of other gases, methane exhibits a more neutral and predictable nature. This
enables a more robust combustion behaviour, simplifying the validation process. Once the
validation at STP is achieved, methane is no longer used, as it is not of interest in this work,
which aims to investigate novel green alternatives.

Then, validation is also performed with Hj, as these are the fuels of interest and will be used
for the remaining experiments. Once the one at STP is confirmed, the pressure is increased to
the possible limits of the setup without the gas booster to investigate whether this behaviour
persists at higher pressures. Afterwards, the aim is to move to low temperatures. For this,
steps of about 15-20° C are taken until reaching the point of minimum temperature of interest,
that is, -50° C, which allows for the creation of curves in the plots. Once this is confirmed,
sufficient confidence is present to ensure the accuracy of the research data.

For the research dataset, an additional equivalence ratio was introduced for each combustion
condition so that each condition is represented by three ¢ points rather than two. This provides
one additional anchor point per condition, enabling interpolation of the laminar burning
velocity trend with greater confidence and reduced sensitivity to single-point variability. The
same experimental matrix logic was applied to the low-temperature validation campaign for
both neat ammonia and ammonia blends, ensuring that differences observed between fuels are
not driven by inconsistent coverage in ¢. For the blended-fuel cases, two hydrogen enrichment
levels were selected: 20% and 30% H, in the fuel mixture. These additions were chosen
specifically to probe the regime of relatively low hydrogen enrichment, where even modest
Hy, fractions are expected to modify reactivity while still remaining representative of practical
“ammonia-rich” blends. The selection of the 20% and 30% points was further motivated by the
availability of literature data at comparable compositions, enabling direct benchmarking, and
by the fact that the two levels are sufficiently close to allow the incremental impact of a ~10%
change in H; addition to be assessed in a controlled manner.

Itis to be noted that each experimental condition is run three times to guarantee that repeatability
errors are considered and evidence the presence of outliers. In fact, it is possible that, with a
single measurement, this might be an outlier, and therefore, it would be difficult to understand
why it is not yielding the expected result. By having three measurements per condition, this
probability is lowered, and the validity of the method and setup is increased by providing
the repeatability errors. For an accurate comparison, the three experiments should be run
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consecutively to avoid differences in conditions. The full experimental matrix is presented in
Appendix D for reference, while a summary of the considered experimental parameters is
given in Table 5.1.

Table 5.1: Range of experimental parameters

Parameter Range

Fuels CH4, Hz, NH3, NH3-H2
H, blend fraction 20%, 30%

¢ 0.8,1,1.2

Po 1,2,5

To [° C] 21,0, -15, -30, -50

5.3. Data acquisition

The data produced by the sensors in the chamber must be read by specific components that
can digitise the signal and translate it into usable data. The acquisition chain is implemented
in a LabVIEW environment that records sensor outputs and ignition signals, and the resulting
time series are exported for post-processing. Post-processing is performed in MATLAB to
apply calibration curves, filter noise where required, and align signals in time relative to the
ignition trigger. For the given sensors, four modules are required, each with a specific purpose
and handling different types of inputs and outputs. They are connected to a common CDAQ
module, which is the interface between the software and the physical signals. The modules are
explained here:

e NI-9215: Kistler 603CAA

The Kistler 603CAA is a piezoelectric (charge-output) pressure sensor used together
with a charge amplifier, the Type 5018A, that provides an analogue V-level signal
proportional to dynamic pressure. The NI-9215 is required to acquire this high-
bandwidth analogue voltage signal with sufficient sampling capability to resolve
the fast in-chamber pressure transient during ignition and flame propagation. In
practice, it provides the analogue input interface between the charge amplifier
output and the DAQ system. To make sure that the combustion event is read
with enough accuracy, a sampling rate of 10000 Hz is chosen, as this would mean
that a sample is taken every 0.1 ms, which is considered enough for a combustion
event running for a few milliseconds. A higher sampling rate would considerably
increase computation and the output file size while, at the same time, picking up
more noise as more high-frequency content is captured, thereby increasing the
visibility of electrical and EMI pickup noise, among others.

e NI-9217: OMEGA PR-12-E-3-100-1/4-2

The PR-12-E probe is a Pt100 RTD, which must be excited and measured through a
dedicated RTD measurement circuit to accurately infer resistance (and therefore
temperature). The NI-9217 is required because it provides built-in RTD excitation
and signal conditioning, with appropriate wiring support, and direct conversion to
temperature, enabling stable, accurate temperature acquisition. Due to the sensor’s
very slow response time, a sampling rate of 10 Hz is used.

¢ NI-9401: ignition coil and oscilloscope
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The ignition system requires a deterministic digital command to enable/disable the
spark and to implement timing delays and interlocks within LabVIEW. The NI-9401
is required because it provides high-speed digital I/O for generating the ignition
trigger (or gate) signal and for handling related TTL-level timing/trigger signals. It
is also used to exchange synchronisation signals with the oscilloscope (e.g., trigger
out/in) so that ignition events and high-speed measurements can be time-aligned.

e NI-9209: OMEGA PX419-1.5KAV

This pressure transducer also needs an external excitation to provide a conditioned
analogue voltage output in the range 0V to 10V, proportional to absolute pressure.
The NI-9209 is required to excite the sensor and acquire the quasi-static analogue
voltage signal with adequate resolution and low noise, enabling the accurate
determination of the initial pressure and slowly varying pressure levels within the
chamber.

The user interface of the LabVIEW structure built to control and run the experiment is shown in
Figure 5.2. This displays the traces of all quantities visually, providing an immediate indication
of whether ignition occurs. The output consists of two files: one containing the dynamic
pressure, absolute pressure, and temperature traces, and another containing the voltage and
current data. Due to differences in sampling rates, the dynamic trace is used as the constraint,
as it has the harshest sampling requirement, to ensure that all curves are matched to the same
time. The temperature and absolute pressure values are interpolated for the missing time steps.
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Figure 5.2: LabVIEW user interface

5.4. Data processing

Once the sensor data has been extracted and translated to the physical measurements, the LBV
and MIE can be extracted from the saved traces. The methods used to calculate them will be
described here.
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5.4.1. LBV method

A propagating spherical flame experiment involves centrally igniting a quiescent, premixed,
homogeneous mixture inside a vessel, resulting in an approximately spherical flame front that
expands outward. In its most general form, the spherically expanding method relies on tracking
either the flame radius history, R ¢(t) (optical route), or the pressure history, p(t) (non-optical
route) during the event, from which the velocity can be extrapolated. This is defined as the
propagation speed of an adiabatic, unstretched, planar premixed flame relative to the unburned
mixture, and therefore, it is not measured directly in a closed vessel configuration.

CVM propagating spherical flame method

In the constant-volume variation of this method (CVM), the analysis is intentionally performed
at large flame radii, where the pressure rise becomes significant, and the pressure trace
p(t) becomes the primary measured quantity used for data reduction. A central practical
implication is that CVM does not intrinsically require optical access, making it compatible with
thick-walled high-pressure vessels and reducing geometric constraints on chamber design.
However, the main issue with the lack of optical access is the modelling assumptions used
to convert p(f) into the burnt mass fraction and the flame-front history, which directly affect
the inferred burning velocity. For this reason, Faghih and Chen[24] emphasises that careful
selection of the usable pressure interval is essential, because the earliest part of the trace is
more sensitive to ignition disturbances and flame stretch, whereas later stages can be corrupted
by confinement and instability effects as the flame approaches the wall.

This method includes some basic assumptions, for which various corrections exist and can be
applied after the value is calculated:

¢ Spherical, smooth flame front
¢ Uniform vessel pressure
¢ Chemically frozen unburned mixture compressed isentropically

¢ Negligible buoyancy and radiation in the baseline formulation

It is essential to consider these assumptions, as their neglect can lead to significant discrepancies
in the velocity calculation, particularly for ammonia, which, due to its weak flame nature, is
highly susceptible to radiation and heat loss. Additionally, at lean equivalence ratios, buoyancy
becomes quite significant and must be accounted for, as it significantly reduces flame speed.

In CVM, the fundamental idea is that the measured pressure rise maps the mixture’s ther-
modynamic evolution and, through conservation laws, the progress of combustion. The
analysis introduces the burnt mass fraction x;, = my/mg, which partitions the total mass m
into burnt and unburnt contributions, enabling the flame radius to be linked to pressure via the
unburnt-gas isentropic compression assumption. Under the standard CVM assumptions, the
flame radius can be expressed in terms of xj, and p/po, and the burning velocity can be written
in a form proportional to dx; /dt multiplied by a pressure- and geometry-dependent factor.
Faghih and Chen[24] present a widely used formulation in which S, is obtained once x;(t) and
xp(p) are known, making the determination of x; the central step in the CVM reduction chain.
Therefore, with a measured pressure trace, a model can reconstruct the combustion progress
and flame kinematics that are not directly observable in a pressure-only configuration. This
modelling step is also where the dominant methodological differences between “two-zone”
and “multi-zone” approaches arise.

The two-zone model idealises the vessel contents as two uniform regions (burnt and unburnt)
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separated by an infinitely thin flame front, yielding a compact set of conservation equations
but neglecting temperature gradients in the burnt gas. In contrast, a multi-zone (shell) model
divides the burnt region into multiple concentric shells, each assumed to be uniform internally
but allowed to differ from the others, thereby capturing the fact that burnt gas formed earlier
can be compressed for a longer period and thus reach different temperatures than burnt gas
formed later. Faghih and Chen[24] highlight that, while temperature gradients in the burnt
region may be modest at very early times, they can become substantial as the flame propagates
outward, and this can introduce non-negligible error in the burnt mass fraction if a two-zone
approximation is used throughout. Because xj, is a key intermediate variable for converting
p(t) into S,, reducing bias in xj, is directly beneficial to the fidelity of the inferred burning
velocity. Multi-zone methods also offer a clearer pathway to incorporate additional physics,
such as wall heat transfer layers or radiation models, when required by slow-burning mixtures
or strongly radiating products.

Constant Volume Data Reduction Tool (CVDART)

Initially, an ad hoc code was developed to simulate a two-zone model, but it yielded inconsistent
results. For this reason, it is decided to switch to the Constant Volume Data Reduction Tool
(CVDART), developed at NIST[93], which is a dedicated post-processing framework for
spherical constant-volume flame experiments, where the primary measured input is the
pressure trace p(t). This is made possible thanks to the kind assistance of the creator, Michael
J. Hegetschweiler. In CVDART, the user supplies the initial mixture state and composition,
imports the pressure trace, selects a smoothing and cropping strategy, and then runs a data-
reduction model (two- or multi-zone) to obtain the time histories needed to compute S,,. The
tool explicitly reports, among other quantities, the burnt mass fraction x;(f), its time derivative
dxp/dt, the unburned temperature T, (t), the unburnt specific-heat ratio y,(t), a reconstructed
flame radius R¢(t), and the resulting laminar burning velocity S,(t), which can subsequently
be represented as S, (p, T,,) over the experimental trajectory.

In the two-zone formulation described by NIST, the model solves coupled mass and energy
conservation equations at discrete pressure levels for the unknown burnt-gas temperature
and burnt mass fraction, using chemical equilibrium calculations to estimate burnt-gas
composition. The laminar burning velocity is then computed from Ry, y,, xp, and the
experimentally measured pressure, via a closed-form expression that uses dx;/dt and the
isentropic compression factor. In the multi-zone MECT model, the vessel is discretised into
radial shells, and three shell types are defined (unburnt shells, the currently burning shell
that contains the flame front, and previously burnt shells), with no mass or energy exchange
between shells; burnt shells can therefore develop distinct thermodynamic states due to their
different compression histories. The algorithm advances through a pressure loop, compresses
the unburned shells isentropically, updates the burned shells (including optional radiation
and dissociation modelling), solves the conservation equations on the burning shell, and
reconstructs the flame radius from the shell-wise burnt mass fraction distribution. The HTDR
model follows the same shell treatment but differs in how the progression is discretised while
maintaining the same overarching objective of reconstructing the flame history and S, (p, T,,)
from pressure-only data. Here, one shell is burnt per loop, conserving mass but not energy, so
it is only accurate at high shell numbers.

Since the multi-zone model can provide a significantly higher degree of accuracy by accounting
for radiation and dissociation, which already addresses some of the model’s criticalities, this
model is chosen. In the CVDART tool, the method does not significantly increase computational
time, so there are no significant drawbacks to its use. Between the MECT and HTDR methods,
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the former is chosen, as it is more grid-insensitive and can converge with fewer shells while
guaranteeing mass and energy conservation. If either is not complied with, then the method
stops with an error. Within this method, the option to select the grid for shell division is
provided, allowing either equal-radius or equal-volume shells. Here, the main difference lies
in the wall resolution and its effects on the flame, which is particularly relevant for ammonia.
The equal-volume method converges more rapidly at larger radii and can therefore model
radiation more accurately.

Determination of bounds

Even with a robust multi-zone reduction model, the inferred burning velocity is only meaningful
over the portion of the trace that satisfies the CVM assumptions. Bariki et al.[94] explicitly
frame the pressure-rise method as being limited at low pressures by stretch/ignition effects
and at high pressures by the onset of combustion instabilities, and they propose a practical,
pressure-trace-based criterion to define the usable upper bound even in spherical chambers
without optical access. Specifically, they recommend defining a lower pressure limit, Py,
to exclude early-time artefacts, and an upper limit, P>, to exclude data beyond the onset of
instabilities from fitting or extrapolation.

In their recommended workflow, the pressure should first be smoothed with a moving window
average, after which, P can be established by checking overlap with an independent reference
(when available), and, if overlap is not available, a conservative criterion of using approximately
twice the initial pressure as the lower bound is suggested in line with prior literature practice.
For the upper bound, propose plotting a relative pressure-change metric, K, = %ili—f, against
p/po and selecting P, at the inflexion point of that curve, which is interpreted as signalling the
onset of instability effects in the pressure-rise-derived flame speed. This K, -inflection approach
is presented as particularly useful when optical flame imaging is not available to directly detect
cellularity or other manifestations of instability.

This method can be implemented in CVDART after some initial pre-conditioning of the pressure
trace in MATLAB, including the proposed smoothing. For both point determinations, the
NIST software provides a help graph that shows the variation in the calculated velocity as a
function of the two bounds. These need to be adjusted, if necessary, to ensure they remain in
the "plateau” zone for the change, meaning that slight variations in these bounds do not cause
a significant change in the velocity calculation,assl "~ ™ 7"

Reduction Model: Two-Zone
Extrapolation: Power-Law f(p,T)

Otherwise, it would mean that they are being
taken in zones where the flame is unstable. Once
the bounds are selected and the velocity is calcu-
lated, the code provides the variation of velocity 304
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approaches zero over the usable interval.

5.4.2. MIE method

MIE is determined by varying the ignition input and identifying the minimum delivered
energy required for successful ignition under fixed initial conditions. The delivered energy is
computed from the measured voltage and current traces during the discharge, using the same
definition consistently across the campaign. However, calculating the minimum ignition energy
is a lengthy, time-consuming process because it requires multiple consecutive experiments to
define it precisely. In fact, the canonical method used in the literature [53] involves defining a
known upper bound at which ignition always occurs and subsequently lowering the energy in
constant steps until a point is reached at which ignition no longer occurs. Once this occurs,
the energy rises again in smaller steps until a new ignition is found. Here, many experiments
are run and, if ignition occurs in at least 50% of the cases, the energy at this point is defined
as the MIE. Due to time constraints, this is not achievable, and the number of repetitions per
condition is set at 3, which is possible within the timeline.

Therefore, an alternative method is defined, which involves the reverse process, starting with a
guessed lower bound that is not believed to cause ignition. This is because, in the case where
ignition is not achieved, the energy level can be increased, allowing for a new attempt to be
made without releasing the mixture and refilling the chamber, a time-consuming process. This
process can continue by continuously updating the lower bound until ignition is found, which
sets the upper limit. Ignition success is defined by the chamber pressure response: when the
pressure trace shows a notable rise exceeding 1.5 times the initial pressure, the mixture is
considered to have achieved combustion. Then, in the following two experiments, ignition is
attempted again from the lower bound in smaller steps, thereby increasing the precision of the
MIE definition.

Naturally, this method is not perfect, as it is possible that ignition is achieved on the first try,
thereby defining an upper bound but missing the known lower bound, and requiring only two
experiments to find it. Moreover, the accuracy depends entirely on the definition of the upper
and lower bounds, which can be significantly wider than those in the literature due to the
limited number of experiments. However, it is a good starting point, and in future iterations, it
could achieve higher accuracy with only a few additional experiments, thereby improving on
canonical methods.

5.5. Numerical methods

To complement comparisons with experimental literature data and to account for their absence
in the research cases, a numerical component was introduced to provide a consistent baseline
against which the experimental results could be interpreted, particularly when comparing
trends across pressure, temperature, and equivalence ratio. All simulations were performed
using Cantera. Since these simulations are based on certain modelling assumptions and
partially validated by experimental results, they will be primarily discussed in terms of relative
trends and closeness to experimental results, rather than as absolute values. The principal
limitations relevant here arise from:

¢ Uncertainties and bias in the chemical kinetic mechanism itself
¢ Uncertainty in transport and thermodynamic data

* Model-form assumptions required to make the problem tractable (planar, laminar,
ideal-gas, and typically adiabatic boundaries for freely propagating flames)
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These assumptions intentionally neglect effects that may be present in the experiments, such
as heat losses to walls, ignition transients, flame stretch and curvature, turbulence, and any
non-uniformity in mixture preparation. As a result, agreement (or disagreement) between
simulation and experiment must be interpreted through the lens of these simplifications,
with particular caution when extrapolating outside the validation envelope of the underlying
mechanism.

5.5.1. LBV simulation

The laminar burning velocity was computed in Cantera using premixed-flame calculations for
each fuel or fuel blend at initial conditions corresponding to the experimental test matrix. For
each operating point, the unburned mixture state was defined by the initial pressure, initial
temperature, and equivalence ratio, after which the solver was used to obtain the steady, freely
propagating flame solution and the associated unstretched LBV. This approach is appropriate
for establishing a consistent baseline because it isolates chemistry-driven sensitivities to the
initial state without introducing facility-specific boundary conditions. However, the resulting
LBV remains a property of an idealised, planar, laminar flame, and therefore it should not be
expected to capture experimental influences such as ignition energy deposition history, flame
kernel development, and wall heat transfer.

Different chemical kinetic mechanisms were used depending on the fuel, reflecting the fact
that no single mechanism provides uniformly optimal accuracy across all fuels under the
full range of conditions explored. For methane, GRI-Mech 3.0 was adopted as the reference
mechanism, given its widespread use for natural-gas combustion applications and its mature
implementation in Cantera. For hydrogen, two mechanisms were employed: the canonical
H202 mechanism and the KAUST mechanism, which was selected because it has been reported
to provide a strong overall balance in predicting key hydrogen combustion targets, such
as the laminar burning velocity and ignition delay [63]. Using both hydrogen mechanisms
also enabled a practical assessment of mechanism-to-mechanism variability, a non-negligible
contributor to uncertainty when simulations serve as a baseline for experimental comparisons.

For ammonia, three mechanisms were selected: Okafor, Otomo, and Zhang, selected based on
comparative accuracy discussions in recent mechanism evaluation literature performed by Xu
et al.[95]. In addition to pure NHj3, blended mixtures were simulated using the Okafor and
Otomo models; this choice was driven by observed numerical robustness at elevated adiabatic
temperatures as hydrogen content increases. In particular, when Hy enrichment is sufficiently
high, the Zhang mechanism fails to compute the adiabatic flame temperature, leading to
a solver breakdown and a mixture reaching very high burnt-gas temperatures, for which
the mechanism/property set becomes numerically problematic. The behaviour motivated
excluding Zhang from blends to maintain the continuity of the parametric sweeps and avoid
conflating numerical non-convergence with physical trends. Importantly, for NH3 (especially
at subzero initial temperatures), mechanism validation is comparatively sparse, so the selection
reflects a best-available approach rather than a definitive claim of universal accuracy.

To map trends more clearly, the Cantera simulations were run not only at the exact experimental
setpoints but also across an expanded parameter envelope surrounding the experimental
range. For temperature, the experimental bounds were approximately 21° C down to -50°
C, whereas the simulation sweep was extended to 30° C down to -70° C to better visualise
trends and identify nonlinearities near the edge of the test domain. Similarly, the experimental
pressure range of 1-2 bar and the equivalence ratio range of 0.8-1.2 were slightly expanded in
the simulations to provide context for the experimental points and to reduce ambiguity when
interpreting local slope changes. This strategy is useful for identifying consistent trends, such
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as a monotonicity with temperature, and for spotting regions where different mechanisms
begin to diverge appreciably.

5.5.2. MIE simulation

Minimum ignition energy was estimated using the semi-empirical methodology proposed by
Nawaz, which combines analytical relations for quenching and heat transport with kinetic
and transport properties obtained from Cantera. The method, based on the approach from
Cirrone et al.[53], relates MIE to a characteristic quenching distance and to the flame’s ability
to sustain itself against conductive losses, with the laminar burning velocity entering directly
as a controlling parameter. In the present work, the LBV values used in the MIE model were
those computed from the Cantera premixed-flame solutions at the relevant initial conditions,
ensuring internal consistency between the chemical mechanism, transport properties, and the
MIE estimate. This coupling is advantageous because it enables a systematic evaluation of how
changes in temperature, pressure, and equivalence ratio affect the predicted ignition-energy
requirement. However, the method also inherits limitations from both components: MIE is
known to be sensitive to ignition-system details (spark gap, duration, electrode geometry),
while LBV is computed for an idealised flame that does not account for ignition transients or
facility heat losses.

Across all fuels, the numerical results should be interpreted as a mechanism-dependent baseline
rather than a definitive prediction, particularly for NHj3 at low temperatures. For CHy and
Hy, the employed mechanisms have extensive historical validation, so the simulations are
expected to reproduce canonical trends with temperature and equivalence ratio reasonably
well, even if absolute values may differ from experiment due to variations in experimental
configuration. For ammonia and ammonia blends, the lack of abundant low-temperature
experimental datasets means that the simulations inevitably rely on extrapolation and on the
fidelity of the mechanisms outside their most-tested regime. ([MDPI][3]) In the MIE workflow,
these uncertainties are significant because LBV directly influences the resulting MIE estimate,
and errors in LBV can lead to systematic shifts in the inferred ignition energy. For this reason,
this work emphasises trend comparisons, mechanism-to-mechanism spread, and consistency
with known qualitative behaviour, while treating low-temperature NHj3 values as provisional
until further experimental validation becomes available.

5.6. Uncertainty and repeatability

Uncertainty is a fundamental parameter in the analysis because both MIE and LBV depend
on measured signals and on reduction procedures that introduce method-dependent variabil-
ity. Three main sources of uncertainty are considered: setup-related, method-related, and
repeatability. Setup-related uncertainty includes sensor calibration limits, acquisition-chain
bandwidth and resolution, and systematic effects such as residual pressure after evacuation
or thermal gradients during conditioning. Method-related uncertainty arises from the as-
sumptions inherent to the selected reduction procedures, including the choice of the usable
pressure bounds and the modelling assumptions used to reconstruct the flame history from
pressure-only data. Repeatability uncertainty captures run-to-run variability, even under
nominally identical conditions, and is quantified through repeated tests.

For quantities derived from measured inputs, such as pressure, uncertainty is propagated
using first-order (linear) uncertainty propagation. If a reported quantity f depends on a
set of independent inputs {x;}, each with standard uncertainty u,,, that is, the uncertainty
of a measurement result expressed as a standard deviation, then the propagated standard
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uncertainty is computed as

(5.3)

then, the total uncertainty ur on a parameter can be found by also accounting for the repeatability
uncertainty u,

ur = uj% +u? (5.4)

This approach is adopted because it is conservative for small perturbations and consistent with
the objective of reporting uncertainty bands that reflect the measurement chain.

For LBV, the dominant setup-related contributions arise from dynamic pressure measurement
(calibration, noise, and timing alignment), the initial-state definition (static pressure and initial
temperature), and mixture preparation (partial-pressure tolerances and the finite evacuation
setpoint). While uncertainties in the pressure measurement affect both the reconstructed
thermodynamic trajectory and the calculated burning velocity, the remaining uncertainties
affect the initial state of the mixture, thereby impacting the equivalence ratio, initial pressure,
or temperature. This means that LBV plots will show both vertical error bars for the velocity
and horizontal error bars for the considered parameter uncertainty. Repeatability is quantified
by repeating each test condition and computing the standard deviation of the resulting
burning-velocity estimates, which captures variability due to filling, thermal conditioning,
and small differences in ignition kernel development. The total LBV uncertainty is then
obtained by combining setup-related and repeatability uncertainties via RSS, so that the
reported uncertainty band reflects both instrumentation limitations and run-to-run scatter.
This treatment also makes it explicit when uncertainty is dominated by instrumentation rather
than by physical variability.

For MIE, uncertainty has two distinct components. The first is the uncertainty in the delivered
ignition energy, which is derived from the voltage and current traces and therefore inherits
uncertainties in probe calibration and acquisition. The second is intrinsic to the threshold
method: since MIE is identified by bracketing the transition between no-ignition and ignition
outcomes, the true threshold lies within the interval defined by the last non-ignition case
and the first ignition case. In this work, this bracketing uncertainty is reported explicitly and
combined with the delivered-energy uncertainty, so that the final MIE value reflects both
measurement limitations and the finite resolution of the threshold search. The bracketing
uncertainty is taken as up; = (Eign — Eno)/2, and it is combined with the delivered-energy
uncertainty using RSS to obtain the reported MIE uncertainty.



Results and analysis

In this chapter, the results obtained with the custom-designed experimental setup are presented
and discussed. Before addressing the main objective of producing ammonia combustion data at
subzero temperatures, the setup must be verified and validated to ensure the measurements are
reliable and physically consistent. The verification step, described in Section 6.1, summarises the
checks performed to confirm that the system behaves as expected and that the acquired signals
are sensible. The validation is then divided into two parts, Section 6.2 and Section 6.3, to assess
the ambient-condition and subzero configurations separately. This separation helps isolate
potential sources of bias introduced by the environmental chamber and cooling approach,
while also ensuring that the resulting datasets are reproducible and comparable with values
reported in the literature. Finally, the novel experimental work on ammonia is presented in
Section 6.4, where the results required to answer the research questions are reported and
interpreted in the context of the experimental constraints and observed trends.

6.1. Verification

Verification is achieved using methane, as it is the most predictable and widely benchmarked
fuel in premixed combustion experiments. This verification phase serves two purposes: it
checks that the instrumentation captures the expected pressure transient shape, and it verifies
that the full reduction pipeline can reproduce literature-consistent trends under controlled
conditions. The process also enables practical debugging of the setup before moving to less
reactive mixtures and colder conditions. In practice, it solved several issues related to signal
conditioning, timing alignment, and repeatability, which are described in more detail in
Appendix E. The end state of this phase is that the new chamber can be considered verified, as
it produces results comparable to those obtained with the optical chamber, which is treated as
the laboratory reference system.

Because the burning-velocity calculation relies primarily on the pressure trace, the behaviour
of the pressure signal is the most critical element for obtaining reliable velocity results. A
representative case at the end of the verification process is shown in Figure 6.1. Here, it
can be seen that the sensor response is slightly erratic, as the trace does not simply rise
and decay monotonically but rather exhibits an oscillatory component superimposed on the
combustion-driven pressure rise. This behaviour is an inherent limitation of the 603CAA sensor
under rapid thermal loading, as it undergoes thermal shock, producing transient artefacts that
cannot be fully removed but are already minimised in this verification process. When the trace
is cropped to the physically meaningful interval and compared against the curve measured
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Figure 6.1: Pressure traces after verification

by the optical chamber sensor for the same nominal conditions, the two traces are extremely
similar in both shape and magnitude, supporting the validity of the measurement approach.
However, to ensure consistency and still account for thermal shock and uncertainty of 10%, as
specified by Lee, Choi, and Bae[96].
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Figure 6.2: Comparison pressure curves between the non-optical (603CAA) and optical
(7061C) chamber

6.2. Validation at ambient temperature

The first validation step is performed at ambient conditions, as this is the most robust
experimental condition and for which a large dataset of literature values is available. This
is intended to demonstrate that the built setup and experimental procedure, from filling to
ignition and data collection, can closely reproduce the LBV behaviour commonly observed in
the literature. Therefore, this process is achieved at Ty = 21° C and pg = 1 bar. This condition is
run for three fuels: the two of interest for this work, ammonia and hydrogen, plus methane,
due to its predictable behaviour and large-scale validation. Therefore, the first experiments for
each of these fuels are run and presented as a function of equivalence ratio in Figure 6.3.

These figures compare the obtained results with both experimental values from the literature
(points) and simulations (continuous lines), showing good agreement with both data types.
The larger error bars for some data points, such as ammonia at ¢ = 1, are due to a larger gap
between values calculated across different tries, which increases the repeatability uncertainty.
For many conditions, outliers are found, such as for stoichiometric methane, for which one of
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the calculated values was 22 cm/s, considerably lower than the validated range of 36 cm/s to
40 cm/s. When such situations occur, the most likely culprit is believed to be the filling and
mixing phase, as a value this low is more characteristic of leaner and richer mixtures. Therefore,
an error in chamber filling may result in this type of outlier.

A further contributor to run-to-run variability is the ignition event itself, since the spark
discharge is not perfectly repeatable from shot to shot. Variations in arc position and local
mixture composition near the electrodes can alter the initial kernel development, introducing
stochasticity that can propagate into the early pressure rise used for the velocity extraction. In
these situations, the outlier is excluded from the analysis because it is clearly isolated, would
disproportionately skew the fitted trend, and is more representative of a run-specific error
than of meaningful physical behaviour. This filtering is applied conservatively, and for each
condition, at least 2 valid repetitions are retained to ensure that repeatability uncertainty is
captured in the reported error bars. Presenting the data with uncertainty bounds, therefore,
supports the stated confidence interval and clarifies when scatter is dominated by experimental
variability rather than a systematic shift in the underlying trend. An important thing to
mention, which can be seen for ¢ = 0.8 in Figure 6.3c, is that repeatability errors are much
more considerable in magnitude with respect to setup and method ones. In fact, when the
repeated measurements are very close together, the error bars are very small.

The agreement across all three fuels is particularly important, as both the pressure trace and
the velocity calculation method remain robust despite very different chemical mechanisms. In
fact, hydrogen is a much faster-reacting fuel, characterised by an incredibly high diffusivity,
which causes the flame to expand considerably faster than with other fuels, resulting in a much
steeper pressure rise. Ammonia, on the other hand, exhibits the opposite behaviour, as its
diffusion is dominated by buoyancy and heat loss, leading to significantly slower expansion.
Demonstrating consistent behaviour for these two extremes, as well as for the intermediate fuel,
provides confidence that the overall methodology is transferable across markedly different
combustion regimes. At the same time, part of the analysis remains fuel-dependent, since the
admissible pressure bounds used for velocity extraction must be tailored to each fuel to remain
within the model’s assumptions and avoid regimes where secondary effects dominate. For
this reason, stretch sensitivity cannot be ignored when comparing fuels or conditions, and
the Markstein number is introduced as a compact way to interpret how flame stretch and
preferential diffusion influence the burning velocity in a closed chamber.

The Markstein number is a dimensionless quantity that measures how sensitive a premixed
flame’s local burning velocity is to flame stretch, i.e., to curvature and flow-induced strain of
the flame front. In other words, this parameter links small-scale flame structure (thickness,
transport, chemistry) to the stability and dynamics of curved or strained laminar flames[97].
For a stretched laminar premixed flame, the local burning velocity S; is often written in a
linearised form as

SL=8)—Ly-x (6.1)

where
52 unstretched laminar burning velocity

x flame stretch rate (from curvature and/or strain)

Ly Markstein length

Then, the Markstein number can be defined as the ratio between the Markstein length and the
characteristic flame thickness, with the latter being the intermediate zone that separates the
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denoted with points, simulations with continuous lines. Present results are described in black
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burnt from the unburnt mixture:

Ma = Lu (6.2)

or

This quantity can describe how the curvature of the flame surface and aerodynamic strain modify
the local burning velocity relative to the planar, unstretched value. The sign and magnitude
of the Markstein number encode the role of diffusional-thermal effects and hydrodynamic
instability. In fact, a positive number indicates that flame speed decreases with positive stretch,
which tends to stabilise the flame against diffusional-thermal instabilities (cellular structures are
suppressed). On the other hand, a negative Markstein indicates that flame speed increases with
positive stretch, promoting cellularity and making the flame more unstable to perturbations
and acceleration. The value of Ma depends on gas expansion, the effective Lewis number, and
activation energy; therefore, changing the equivalence ratio or fuel/oxidiser type can alter both
its magnitude and sign [97].

Methane, like most other existing fuels, has a positive Markstein number, indicating that
its ignition is dominated by stretch and curvature; however, this tendency decreases as the
flame expands until heat loss becomes dominant. On the other hand, hydrogen, in the
lean-to-slightly-rich range, has a negative number, indicating that the stretch becomes more
dominant as the flame radius increases. In fact, by the time p/py >2.5, the spherical kernel is
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often well into the cellular/unstable regime. Reyes et al. mention that in a constant-volume
bomb used for CHy/air and Hj/air combustion, for the latter at stoichiometry and raised
pressures, it is almost impossible to maintain a purely laminar flame as pressure grows, and
that the measured burning velocities are essentially in the cellular regime [98].

In a similar manner, the review from Faghih and Chen, and the many H; spherical-flame studies
they cite, stresses that hydrogen flames go cellular at surprisingly small radii and modest
pressures and that laminar S; must be extracted by either using optically measured radii,
applying stretch corrections using Markstein length, or discarding data beyond a critical radius
for cellular onset. In this work, the latter option is chosen, as it can be directly implemented
in CVDART using conservative values at the determined inflexion point. This means that
the upper bound is not set directly at this point, but rather at 70-80% of it, depending on the
condition.

Conversely, for ammonia, the created flames are very slow and thick, strongly affected by
buoyancy, meaning that the flame rises in the combustion chamber due to the lower density,
radiative losses, and again thermo-diffusive instabilities [8]. For this reason, it is particularly
important to use a multi-zone method that includes radiation, as it significantly impacts its
behaviour. Moreover, only mid-range pressure values should be used when the flame is
quasi-spherical, and convection is not dominant. This ensures sufficient rise to escape ignition
noise but is still far from the strong buoyancy distortion observed at larger radii.
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Figure 6.4: LBV of CH; and NHj for ¢ =1 at varying pressure

The pressure-dependence validation at ¢ = 1 further checks whether the system reproduces
the canonical reduction in laminar burning velocity with increasing initial pressure. Figure 6.4
shows that both methane and ammonia exhibit decreasing LBV as py rises, which is consistent
with the established expectation that higher density and enhanced third-body effects tend to
suppress laminar propagation, even though chemical collision rates also increase. Methane
provides a particularly clean reference in this context because its burning velocity is sufficiently
high to generate a clear pressure signal while remaining relatively insensitive to secondary
effects over the analysed window. Ammonia follows the same overall trend as the compared
literature, but its much lower burning velocity makes it more sensitive to factors such as
wall heat loss and buoyancy effects as the flame grows and the effective radius increases.
This explains why, at higher pressure, the trend diverges more from the one shown in the
simulations, which do not represent these factors as well, but remains quite close to the
experimental results from Langella et al. [30]. Once the expected behaviour of methane is
confirmed, the pressure-sweep effort is therefore focused on ammonia rather than extended
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to hydrogen, to prioritise the fuel that is both the most challenging for the facility and most
relevant to the scope of this work.

Another notable observation during validation is that ammonia, particularly at lean equivalence
ratios, produces a noticeably noisier pressure trace than methane or hydrogen. This behaviour
is primarily linked to the much lower burning velocity, which increases the flame’s residence
time in the chamber and makes the pressure more susceptible to disturbances. Over this longer
timescale, wall heat loss and buoyancy have more opportunity to influence the signal, and
their impact becomes visible because the underlying pressure rise is comparatively weak. This
is consistent with the work of other laboratories, which also demonstrate the occurrence of
such perturbations visually [99]. As a consequence, extracting a stable burning-velocity curve
for ammonia generally requires stronger filtering or smoothing of the pressure data, and this
unavoidably increases the uncertainty associated with the processed result.

6.3. Validation at subzero temperatures

With the previous discussion, the design and setup can be considered validated for ambient
conditions. However, before any discussion of the accuracy of ammonia results at subzero
temperatures can proceed, the setup’s ability to produce correct results in this range must
be confirmed. The expected behaviour is that of a decrease in burning velocity, since lower
temperatures have many detrimental effects on flame expansion, as explained in Chapter 2.
In fact, they reduce reaction rates while increasing gas density, both of which lead to lower
flame speed. Moreover, another important factor to consider is that cold walls induce even
greater thermal losses relative to ambient conditions, further reducing the part of the pressure
curve representing the laminar flame expansion. For this validation, hydrogen is chosen for
two main reasons: first, its chemical oxidation processes, which more closely resemble those
of ammonia due to the absence of carbon structures, and second, its very high flammability,
which ensures robust ignition even at very low temperatures.

Both in Figure 6.5 and in Figure 6.6, the experimental results are compared to simulation
data and to the dedicated low-temperature experiments reported by, most notably, Michaux
et al.[69], which were performed in a facility cooled using liquid nitrogen. The expected
decrease in laminar burning velocity with decreasing temperature is clearly reproduced, and
the overall agreement across equivalence ratios is consistent with the literature trends. A small
deviation from strict monotonicity is observed, most noticeably for ¢» = 1 between 0° C and
-15° C, where two neighbouring points do not follow the ideal decreasing sequence. Given the
measurement scatter and the relatively small temperature spacing between these conditions,
this local inversion is treated as within the experimental variability of the present campaign
rather than as evidence of a distinct physical trend. On that basis, the dataset is considered
adequate for validation, since the dominant behaviour is captured and the results fall within
the same range as the reference experiments and simulations.

In general, the measured values tend to lie slightly below the simulated values, with this
offset consistent with the analysis choices and the non-adiabatic nature of the experiment.
First, the pressure bounds used for hydrogen are selected conservatively to avoid entering a
highly stretched regime, which biases the extracted burning velocity downward relative to
an extrapolated zero-stretch value. Second, numerical mechanisms typically model adiabatic
flame propagation, whereas the present facility necessarily experiences heat losses that become
more significant as temperature decreases and the flame speed slows. These losses reduce the
effective energy available for flame growth and can therefore depress the inferred burning
velocity compared with idealised predictions.
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Another aspect worth noting is that, at these temperatures, the vacuum level could no longer
be reduced to the target 200 mTorr and instead stabilised at a minimum of about 1000 mTorr.
This behaviour is attributed to differential thermal contraction between the main chamber
body and its inserts, which alters the sealing conditions as the assembly cools. As a result,
micro-leaks occur at chamber-insert interfaces during subzero operation. Even so, the initial
vacuum level remains low enough that this effect can be considered negligible for the present
validation work, and no clear impact on the measured trends was observed within the
campaign’s uncertainty. The observation is nonetheless useful because it highlights that sealing
performance is temperature-dependent and is a partial limitation of the designed chamber,
especially when extending the temperature range to conditions closer to cryogenic.

This outcome also supports the decision not to begin the experimental campaign directly in
the optical chamber to reduce delays while the setup was still being finalised and component
availability was limited. In fact, because metals and quartz have very different thermal
expansion coefficients, the risk of stress concentration and sealing loss during thermal cycling is
higher than in the metal-only configuration used for validation. Observing temperature-driven
leakage behaviour even in the current assembly indicates that starting with the optical chamber
would have increased the likelihood of damage or permanent seal degradation. Moreover, any
damage to the quart may have led to a catastrophic failure due to its inherent brittleness.
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Figure 6.5: LBV of H; at pg = 1bar with decreasing temperature

6.4. Novel experimental results

Once the setup is validated, the primary experiments can be carried out: combustion of
ammonia and ammonia blends at subzero temperatures. Moving into this regime required
operating at the practical limits of the ignition system, most notably the maximum spark energy
the power supply could deliver, which was up to 33 V. To maintain reliable ignition under
these colder conditions, the electrode gap was adjusted so that breakdown could occur at
the available voltage, and the deposited energy was sufficient to initiate a flame kernel. This
adjustment was required at 0° C and at -50° C, where stable ignition could only be achieved with
a reduced spark gap of approximately 0.5 mm. At the intermediate temperatures investigated,
the initial gap of 2 mm remained adequate to guarantee ignition without further changes to
the ignition settings.

The need for a smaller gap at the coldest conditions is consistent with the reduced chemical
reactivity and slower kernel development expected for ammonia-based mixtures as temperature
decreases. Under these conditions, a weaker or more spatially dispersed discharge is more likely
to quench before a self-sustaining flame is established, especially in the presence of higher heat
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Figure 6.6: LBV of H; as a function of ¢ at pg = 1bar at subzero temperatures

losses and reduced flame speeds. On the other hand, the need for a reduced gap at 0° C, despite
successful ignition at-15° C and -30° C with 2 mm, is attributed to less favourable near-electrode
boundary conditions around the freezing point, where condensables and thermal-control
cycling can increase local quenching and variability, while colder setpoints provide a more
stable and cleaner environment for kernel growth. Reducing the gap concentrates the discharge
and improves repeatability by lowering the breakdown threshold and promoting a more
consistent energy deposition in the near-electrode region. This modification is treated as
a controlled change to the setup rather than a change in the physics being studied, and it
is explicitly reported to allow comparisons across temperatures to be interpreted with the
ignition configuration in mind. The remaining experimental procedures are kept identical to
the validated approach to ensure that observed differences are attributable to temperature and
mixture effects rather than to changes in the measurement methodology.

At these temperatures, exhaust water also began to accumulate in the pipeline leading into and
out of the chamber, forcing the line to be opened several times because the vacuum pump could
not clear the condensate on its own. This behaviour is attributed to condensation and freezing
in the cold sections of the exhaust path, where water vapour from combustion products can
condense, gradually reducing the line’s conductance. While this required periodic intervention,
it did not indicate ammonia condensation within the chamber under the tested conditions. In
fact, the ammonia partial pressure during combustion remained sufficiently low that saturation
was not reached at the wall temperature, so liquid ammonia formation was not expected. This
distinction is important because it separates an operational limitation of the exhaust system
from a change in the in-chamber thermodynamic state of the reactants or products.
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Figure 6.7: LBV of NH3 at pg = 1 bar with decreasing temperature

As for hydrogen, ammonia also shows the expected decrease in burning velocity with decreasing
initial temperature, and the experimental points follow the same overall behaviour as the
simulated curves in Figure 6.7 and Figure 6.8. However, it must be noted that, for ammonia,
the numerical values are not formally validated over the full temperature range because
no experimental data are available in the literature. For this reason, the trends are more
informative than the exact offsets, although measurements that remain close to the predicted
values suggest that the simulations capture the dominant temperature dependence reasonably
well. One thing to note is that the experimental slope with temperature appears steeper than
in the simulations, indicating that, as temperature decreases, the velocity decreases more than
expected numerically. A plausible physical explanation is that non-adiabatic effects become
increasingly important as temperature decreases and the flame slows down, so heat losses,
stretch sensitivity, and buoyancy-related distortions suppress propagation more strongly than
an adiabatic, idealised calculation would. This interpretation is also consistent with the visibly
larger scatter and uncertainty at the coldest and leanest points, where the pressure rise is
weakest, and the extraction becomes more sensitive to filtering and window selection.

The two most evident deviations from monotonicity occur at Tp = 0° C and T = —50° C. This
corresponds to the two conditions under which the electrode gap was changed, so part of
the difference is attributable to this. In general, it is expected that some results do not match
the prediction exactly due to experimental uncertainties, but their occurrence under these
conditions is a hint that the electrode gap may affect the results. In fact, a smaller gap can bias
the inferred velocity towards a lower value for two coupled reasons that do not necessarily
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Figure 6.8: LBV of NH3 as a function of ¢ at pg = 1bar at subzero temperatures

reflect a true change in laminar flame behaviour. First, a tighter gap concentrates the discharge
closer to the electrodes and nearby metal, increasing conductive heat losses from the nascent
kernel and making the early flame more prone to partial quenching or delayed growth, even
if ignition is ultimately successful. Second, the ignition kernel created by a short, intense
discharge can be smaller and more highly curved in the first instants, thereby increasing
flame stretch and reducing the apparent burning velocity for mixtures with positive Markstein
numbers, such as ammonia.

Considering ¢ = 1, the difference between the burning velocity at 21° C and at -50° C is
approximately 3cm/s, which is a substantial reduction given the already low values for
ammonia. At the leanest conditions, the measured velocities approach values below 3 cm/s,
where early quenching becomes increasingly likely and small perturbations have a larger
relative impact on the extracted result. In this regime, the combination of reduced chemical
reactivity, stronger heat losses, and longer residence time in the chamber can readily lead
to weaker pressure rises and increased scatter. The trends in Figure 6.8 remain physically
consistent, with a peak close to slightly rich mixtures and a progressive reduction of the
curve as temperature decreases. The spread between kinetic mechanisms also becomes more
consequential at low temperature because a similar absolute discrepancy corresponds to a
larger fraction of the measured burning velocity. Overall, the dataset supports the expected
temperature dependence while highlighting that ammonia at subzero conditions is close to the
operational limits of ignition robustness and signal quality.

A summary of this behaviour is shown in Figure 6.9, where the horizontal error bars are
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Figure 6.9: Variation of LBV with temperature as a function of ¢

removed for clarity. Here, a compact view of the temperature sensitivity across equivalence
ratios at po = 1 bar is provided, highlighting that the reduction in burning velocity with
decreasing Tj is systematic across the three investigated ratios. The highest velocities are
consistently observed near ¢ = 1.2, indicating that the maximum location does not shift
markedly over the explored temperature range within the resolution of the present dataset. The
separation between the temperature levels is largest around stoichiometric conditions, where
the absolute burning velocities are highest and the drop from 21° C to -50° C becomes most
evident. On the lean and rich sides, the absolute values are smaller and the differences between
neighbouring temperature points become comparable to the experimental uncertainty, which
explains why the points can appear more clustered even though the trend remains decreasing.

Moreover, the largest decrease in velocity is achieved in the jump from 21 to 0° C, with the
other changes in temperature causing a much lower difference in velocity. This suggests that
the dominant controlling processes may change around the freezing point, so that below 0°
C the burning velocity becomes less sensitive to temperature than expected from a simple
extrapolation of the trend at higher temperatures. A possible explanation is that, once the
flame becomes sufficiently slow, non-adiabatic and transport-related effects begin to dominate
the apparent temperature dependence, effectively masking part of the kinetic acceleration that
would otherwise be predicted for an adiabatic flame. In this regime, increased wall heat loss,
longer residence times, and greater sensitivity to stretch can reduce the measured burning
velocity in a manner that does not scale linearly with Ty, leading the curve to appear to “flatten”
with further cooling.

In that sense, the observed behaviour does not necessarily imply a change in chemical
mechanism, but rather a shift in the balance between kinetics and loss mechanisms in the closed
vessel at low temperature. A similar behaviour is also visible for hydrogen in Figure 6.5, which
also shows a more prominent jump between 21° C and 0° C. This supports the interpretation
that the effect is linked to the low-temperature regime rather than being unique to ammonia
chemistry. Overall, the figure supports the conclusion that lowering Ty reduces ammonia
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burning velocity across the full range of ¢ considered, with a more marked difference at the
beginning of the subzero domain.

This significant reduction in burning velocity at subzero temperatures motivates an investigation
of hydrogen blending under the same conditions. The overall effect of hydrogen addition is
shown in Figure 6.10 for the three equivalence ratios considered at Ty = —50° C and pp = 1
bar. As expected, blending ammonia with hydrogen increases the burning velocity, and even
the change from 20% to 30% H; produces a clearly measurable rise for all three equivalence
ratios. This rapid increase is consistent with hydrogen’s role in increasing the radical pool and
improving transport in the preheat zone, thereby promoting faster flame development and
reducing the likelihood of early quenching in such cold conditions. Atlow hydrogen fractions,
the measured points remain close to the ammonia baseline, but the upward curvature of the
simulated trends indicates that larger additions should yield increasingly strong gains, rather
than a linear improvement. The close match between the measurements and both mechanisms
at 20% and 30% also suggests that, at least for modest blending, the dominant enhancement
mechanism is captured reliably by the kinetics and transport models.
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Figure 6.10: LBV of ammonia blends as a function of hydrogen addition at pg = 1bar and Tg =
-50° C

The same behaviour is visible when the blends are viewed as a function of equivalence ratio
in Figure 6.11. For both 80% NHj3 - 20% H; and 70% NH3 - 30% Ho, the curve shifts upward
compared with neat ammonia at the same temperature, and the peak remains close to slightly
rich conditions. The 30% H; blend exhibits a substantially higher maximum and a clearer
separation from the 20% blend, which indicates that hydrogen content becomes a primary
control parameter at Tp = —50° C. The increased velocities also improve signal strength and



6.4. Novel experimental results 109

repeatability, which is reflected in the smaller relative scatter compared with the neat-ammonia
results at the same temperature. Overall, these results confirm that hydrogen blending is
an effective lever for recovering flame propagation rates under subzero conditions, and they
provide a quantitative baseline for assessing the amount of hydrogen required to achieve a
desired level of ignition robustness and burning velocity in the present facility.
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Figure 6.11: LBV of ammonia blends as a function of ¢ at Tp = -50° C

A useful point of comparison is the hydrogen-blending effect at room temperature, where
the same qualitative behaviour is expected even though no ambient-temperature blend
measurements were performed in this campaign. Literature data, shown in Figure 2.14b at
approximately 1bar show a strongly non-linear increase in laminar burning velocity with
hydrogen mole fraction, with relatively modest gains at low xy, and a much sharper rise
once hydrogen becomes a dominant fraction of the fuel blend. This curvature is consistent
across multiple datasets and indicates that hydrogen acts as more than a simple additive,
reshaping the radical pool and the transport properties that control flame propagation. At
room temperature, the baseline burning velocity of neat ammonia is already higher than at
subzero conditions, so the absolute velocities reported for blends are also substantially larger.
However, the main takeaway is that the sensitivity to hydrogen fraction remains strong, and the
literature trend indicates that even moderate additions can move the mixture into a distinctly
different propagation regime. In that sense, the absence of room-temperature blend points in
this work does not prevent a meaningful comparison because the reference datasets already
establish the typical scaling of S, with xp, under ambient conditions.

When these room-temperature trends are compared with the present subzero results at
To = =50° C, two differences become apparent that are consistent with the physics of slow
flames in a closed vessel. First, the relative impact of modest hydrogen additions is amplified
at low temperature because the ammonia baseline is very low, so the same absolute increase
corresponds to a much larger fractional change and produces a clearer improvement in ignition
robustness and signal strength. This is visible in Figure 6.10, where the increase from 20%
to 30% H> yields a noticeable rise in burning velocity for all three equivalence ratios, even
though the blend remains ammonia-rich. Second, subzero operation is more susceptible to
non-adiabatic losses and early kernel quenching, so hydrogen helps not only by accelerating
chemistry but also by making the early flame less marginal against heat loss and stretch
effects. As a result, blending at -50° C acts as a practical stabilisation lever, whereas at room
temperature it primarily acts as a performance lever, raising an already viable burning velocity.
Taken together, the literature and the present measurements indicate that hydrogen blending
increases burning velocity at both temperatures, but the operational value of modest additions
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becomes particularly pronounced as temperature decreases and the flame approaches the
facility’s stability limits.

An important summary of the magnitude of the improvement relative to neat NHj3 is shown in
Figure 6.12. The figure highlights that even a modest hydrogen addition produces a substantial
increase in burning velocity across the investigated equivalence ratios. At ¢ = 1, adding 20% H»
increases the burning velocity by roughly 4 cm/s, which is significant given that neat ammonia
at Ty = —50° C is only around 4 cm/s. This brings the blend close to the room-temperature
value of neat ammonia, which in this work was approximately 7 cm/s, while the corresponding
20% blend reaches about 7.5 cm/s. Increasing the hydrogen fraction to 30% yields an additional
step change, raising the stoichiometric burning velocity to roughly 11.5cm/s. The same
ordering is observed at ¢ = 0.8 and ¢ = 1.2, albeit with a smaller magnitude increase, showing
that hydrogen content acts as a strong control parameter even when the mixture remains
ammonia-rich.

Overall, the comparison makes clear that relatively small hydrogen additions can compensate
for a large fraction of the low-temperature penalty in burning velocity. In particular, the
20% Hp cases already recover burning velocities comparable to the neat-ammonia values
measured at 21° C, at least around stoichiometric conditions, thereby directly improving
ignition robustness and reducing the likelihood of early quenching in the chamber. The 30%
H, cases go further, moving the mixture into a distinctly faster-propagating regime, where the
pressure rise is stronger, and the extracted values become less sensitive to filtering choices and
small perturbations. At the same time, the larger uncertainty bars for some rich-blend points
indicate that repeatability can still be limited by shot-to-shot variability at low temperature,
particularly when ignition settings differ, or the kernel growth remains sensitive to local
conditions. These results therefore show that hydrogen blending is an effective mitigation
strategy for subzero ammonia combustion and provide a quantitative basis for selecting blend
fractions, as they can not only recover room-temperature performance levels but also exceed
them. Something important to mention is that, ideally, a larger number of experiments would
be preferred to increase the measurement accuracy and reduce the result uncertainty, which is
left for future work due to time constraints.
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Figure 6.12: Comparison of LBV between NH3 and NHj3 blends

6.5. MIE calculation

The calculation of the minimum ignition energy was based on the voltage and current signals
acquired with the probes described in Subsection 4.2.2. Unlike the pressure measurement,
this diagnostic proved highly sensitive to electrical noise and to run-to-run variability in the
recorded waveforms, leading to inconsistent voltage and current traces. This behaviour is
illustrated in Figure 6.13, where two consecutive runs for ammonia produce signals with
markedly different shapes despite nominally identical conditions. In the first case, the trace
captures a rapid voltage collapse across the gap accompanied by a current spike, followed by a
return to a quasi-steady level, which is broadly consistent with the expected discharge sequence.
In the second case, the signal shape is not physically consistent with a clean breakdown and
appears dominated by measurement artefacts, indicating that the acquired waveform cannot
be interpreted reliably as deposited spark energy. Similar inconsistencies occurred frequently
and without a clear operational trigger, suggesting that the limitation lies primarily in the
measurement chain rather than in the combustion conditions themselves.

As a consequence, the derived MIE values are not sufficiently robust for quantitative interpreta-
tion, and the results in Figure 6.14 should be treated as indicative rather than definitive. Under
some conditions, the measured values fall within the range suggested by simulations and
literature data, whereas at others they deviate strongly and reach unrealistic levels, consistent
with sporadic corruption of the underlying voltage or current signals. Given this variability, a
high-accuracy determination of MIE was not feasible within the present campaign, and the
current methodology does not provide enough confidence to claim that the reported values
represent the true minimum ignition energy. Future work should therefore prioritise improv-
ing the electrical measurement chain, for example by adopting a dedicated high-bandwidth
differential probe arrangement, improving grounding and shielding, and ensuring that the
acquisition bandwidth and triggering are appropriate for the discharge timescale. In addition,
repeating each condition more thoroughly would improve statistical confidence by reducing
sensitivity to isolated corrupted shots and enabling a more reliable identification of representa-
tive waveforms. With these changes, the MIE analysis could be revisited in a manner consistent
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Figure 6.13: Voltage and current curves for NH3 at Tp =21° C and pg = 1 bar

with the level of confidence achieved for the pressure-based burning-velocity measurements.

While a quantitative determination of MIE is therefore not feasible with the present voltage
and current diagnostics, a qualitative assessment can still be drawn from the commanded
primary-coil settings, namely the supply voltage and the dwell time. These inputs do not map
linearly to the energy actually deposited at the spark gap, because the coil dynamics, saturation
behaviour, and discharge efficiency depend on the circuit configuration and the breakdown
process. Nevertheless, the minimum primary settings required to achieve ignition provide a
consistent and practical indicator of how ignition difficulty varies across operating conditions.
Establishing a direct correlation with secondary-gap energy remains challenging, as the energy
delivered into the gap is influenced by additional factors, such as breakdown voltage, discharge
duration, arc attachment, and losses in the wiring and coil, which are not reliably captured
by the present probes. For this reason, the following values are interpreted as comparative
thresholds rather than as absolute energies.

For stoichiometric ammonia at ambient conditions, ignition was achieved at minimum primary
settings of 14V and 1 ms. When lowering the temperature to -30° C, the minimum required
settings increased to 33 V and 8 ms, corresponding to the operational limits of the power supply
voltage and the ignition-coil dwell time. This increase is consistent with reduced reactivity
and slower kernel development at low temperatures, which require higher ignition intensity
to prevent early quenching. At 0° C and -50° C, ignition at the original electrode spacing
could not be achieved within the available supply limits, and the electrode gap was therefore
reduced as described previously. With the reduced spacing, ignition at -50° C was achieved at
minimum settings of 22 V and 5ms, indicating that the geometric change effectively reduced
the breakdown threshold and improved the coupling of the discharge to the near-electrode



6.5. MIE calculation 113

v Lesmana (2023) 50 -
1401 :85:;%:“3:: B ——Okafor-Mech
P, =1bar + Sadaghiani (2021) 45 Po=2bar 72:‘;:90’\";:5:
120 - T, =21°C 73\7:?2282(:?)023) w0l T,=21°C % £ This Work
Zh?ng-Mech
100 4 This Work 350
g 80 . 4 £30F
ww Woel
S 60 i . S25
20+
40 -
15+
20+ é
10+
0 . . | | . \ \ \ ) 5 . , i . \ \ \ \ )
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 15 0.6 0.7 0.8 0.9 1 11 1.2 1.3 1.4 1.5
o[ o[-
(a) MIE vs ¢ at Tp =21° C and pgp = 1 bar (b) MIE vs ¢ at Tg = 21° C and po = 1 bar
701 —— Okafor-Mech 150
b ——Otomo-Mech ) —— Okafor-Mech
L ——Tarrazo (2023) o=1 ——Otomo-Mech
60 Zhang-Mech Po =1 bar Zhang-Mech
4 This Work 4 This Work
50 -
540 r
w
S30r
20
10
0 \ . ) 0 \ \ \ \ \ \ \ . )
0 8 10 12 -60 -50 -40 -30 -20 -10 0 10 20 30
Po [bar] Ty [C]
(@MIEvspatTo=21°Cand ¢ =1 (dMIEvsTatpg=1barand ¢ =1

Figure 6.14: MIE of NH3 at various conditions

gas. Overall, these thresholds provide a coherent qualitative picture of ignition sensitivity
with temperature, even though the present instrumentation does not support a defensible
quantitative MIE calculation.



Conclusions

The objective of this work was the characterisation of ignition behaviour and early flame
propagation for ammonia and ammonia blends under subzero temperature and elevated-
pressure conditions. This focus addresses a clear gap in the available experimental literature,
with conditions more representative of practical combustion devices. The motivation lies in
the increasing need to evaluate low-carbon fuels that could replace conventional hydrocarbons
in sectors such as transportation and power generation, where the operating envelope can
include both high pressures and potentially cold-start or cold-ambient conditions. In these
applications, fuel suitability is not determined only by steady-state performance but also by
whether reliable ignition and stable early propagation can be achieved across the full range of
expected conditions. Understanding these limiting phases is especially important for ammonia,
whose low reactivity and slow flame speeds can create considerable operational constraints.

For this reason, the work targeted the initial stage of combustion, which is well captured by
two key parameters: the laminar burning velocity, a measure of intrinsic flame propagation,
and the minimum ignition energy, which captures ignition difficulty and robustness. Due
to their near independence from geometrical parameters, these quantities, together, provide
a practical basis for comparing fuel performance. To perform these experiments, a custom
constant-volume combustion chamber capable of subzero and high-pressure operation was
designed and manufactured, and its performance and methodology were verified and validated
before application to the conditions of interest. On this basis, three research questions were
formulated to structure the investigation and are answered here.

7.1. Research questions

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

Only a limited number of literature setups meet the thermodynamic conditions of interest in
this work, as it requires both a pressure boundary that remains mechanically reliable and a
configuration that maintains diagnostic quality during rapid transients. For this reason, the
first part of this work addressed the design research question directly, focusing on how to
realise a chamber that can be operated at high initial pressures and subzero initial temperatures
while still enabling repeatable ignition measurements. The main requirement was to withstand
the worst-case operating envelope, defined by pg = 50 bar and Ty = -50° C, while integrating
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sensors in a way that minimises intrusion and does not compromise the flow and flame
development during the early phase. Because the pressure requirement is the dominant
constraint and optical access introduces additional sealing and stress-management issues under
thermal cycling, the design was intentionally developed around a non-optical chamber. This
allowed the mechanical and measurement requirements to be met with fewer penetrations and
more robust interfaces, while maintaining chamber volume and geometry compatible with
pressure-trace-based analysis.

Starting with material selection, Duplex SS 2205 was chosen for its strong balance of high
yield strength, good low-temperature performance, and chemical compatibility with ammonia-
containing environments. This selection ensured that the pressure boundary could be sized
conservatively while limiting unnecessary mass and maintaining a practical external envelope
for integration in the cooling system. The chamber was then designed as a thick-walled
constant-volume vessel with a geometry that supports the assumption of near-spherical early
flame expansion. Port placement and internal features were kept as simple as possible to avoid
creating preferential flow paths or strong asymmetries that would bias the first milliseconds of
propagation.

Measurement fidelity was ensured by treating instrumentation as part of the chamber design.
This includes a high-speed dynamic pressure sensor, which is of great importance for calculating
the LBV, as this is fully dependent on the combustion pressure rise. Moreover, static temperature
and pressure sensors are considered to accurately measure the initial conditions. The ignition
system was implemented with an electrode geometry and mounting that prioritise a central
kernel and repeatable breakdown, and it was designed to allow adjustment of the electrode gap
when ignition becomes marginal at low temperatures. Together, these choices ensured that the
chamber could be operated in a way that produces pressure traces dominated by combustion
physics and reduced the probability of integration-induced asymmetries or measuring artefacts.

Thermal control was implemented as a system-level requirement because subzero testing is
only meaningful if the initial condition is both stable and repeatable. The chamber design,
therefore, favoured an external cooling approach capable of providing long soak times and
maintaining uniform wall temperature so that the ignition event does not occur in a transient
thermal field. This was particularly important near the electrodes, where local heat losses can
determine whether a kernel survives and where small temperature gradients can increase
shot-to-shot variability. Finally, safe integration was ensured by designing every penetration,
seal, and connector as part of the pressure envelope and by minimising the number of interfaces
exposed to both ammonia and thermal cycling. This resulted in a chamber that can achieve
the required po and Ty envelope, supports repeatable ignition and early-flame measurements
through high-quality pressure diagnostics, and remains robust to the operational realities of
subzero, high-pressure testing with multiple sensors and high-voltage hardware. Due to the
final absence of the pressurising component, the analysis is limited only to the subzero range.

How do subzero temperatures affect the minimum ignition energy and laminar burning velocity of
ammonia?

This thesis experimentally demonstrated, for the first time, a decrease in the burning velocity
with decreasing temperature for ammonia. In fact, similar to the trends shown for other fuels,
including hydrogen, subzero temperatures led to clear degradation of ammonia combustibility
in this work, as evidenced by a strong reduction in the laminar burning velocity and a marked
increase in ignition difficulty. For pure NH3 at pp = 1 bar, the laminar burning velocity
decreased as Ty was reduced from 21° C down to -50° C across the explored equivalence
ratios, with the largest effect shown for stoichiometric mixtures. For this equivalence ratio, the
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measured values at -50° C fell to about 4 cm/s, with the flame becoming slow enough that heat
losses, buoyancy, and stretch sensitivity had a much larger influence on the pressure trace
and on the extracted velocity. The largest step decrease in velocity is found to occur between
ambient temperature and 0° C, indicating that the two-phase behaviour of some radicals and
products causes a large impact on the magnitude of the flame propagation, with the effect of
temperature becoming less impactful below this value.

With regard to the kinetic models used for comparison with the experimental results, the
temperature dependence was also steeper in the experiments than in the adiabatic simulations,
consistent with non-adiabatic suppression becoming more dominant as the flame slows at
low temperatures. However, the general trends of these models do predict the behaviour of
the experimental data quite well, which, given the lack of validation data, puts them in a
good position for use in the prediction of velocity in subzero conditions. However, the three
models used tend to diverge as the mixture becomes richer, and the experimental results
consistently yield values on the lower end of these predictions, with a more pronounced
difference compared to leaner conditions. Overall, the most important result is that the actual
velocity decrease is steeper than that predicted by these models, most likely due to higher heat
losses in real systems at these temperatures. Due to limited time, the number of considered
conditions per case ranges from 2 to 4, resulting in a degree of uncertainty that should be
reduced in future work.

For minimum ignition energy, subzero operation increased the required ignition intensity;,
but a quantitative MIE trend could not be established with confidence because the voltage
and current measurements were frequently corrupted and inconsistent between nominally
identical runs. Despite this limitation, the primary-coil ignition thresholds (voltage and dwell
time) provided a robust qualitative indicator of the temperature effect. At stoichiometric NH3
and ambient conditions, ignition was achieved with minimum settings of about 14V and
1ms, whereas at -30° C the minimum required settings rose to about 33V and 8 ms, which
corresponded to the hardware limits of the power supply and dwell time. At 0° C and -50°
C, reliable ignition at the original 2mm gap could not be achieved within those limits and
required a reduced electrode spacing of roughly 0.5mm, after which ignition occurred at
much lower energy, as per the case of -50° C, where ignition was obtained at about 22V and
5ms. These observations show that subzero temperatures substantially increase the ignition
requirement for ammonia, to the point that geometry changes were needed to maintain ignition
at the coldest condition, even though the exact MIE in m]J could not be reported with high
accuracy.

How much does blending ammonia with hydrogen at subzero temperatures and high pressures affect
combustion performance?

Based on these novel results, blending ammonia with hydrogen at subzero temperatures
produced a large and immediate improvement in combustion performance, primarily by
increasing laminar burning velocity and making ignition more robust. In particular, at To = -50°
C and po = 1bar, adding 20% H, shifted the burning velocity upward by several cm/s across
the tested equivalence ratios, and at ¢» = 1 it increased LBV by about 4 cm/s, bringing the value
close to the room-temperature LBV of neat ammonia. Increasing the blend to 30% H» produced
a second-step change, with the stoichiometric LBV rising to roughly 11.5cm/s, a distinct
propagation regime compared with neat NH3 at the same temperature. This improvement
is not just a small correction, because at subzero conditions the neat-ammonia flame is slow
enough that heat losses, stretch, and buoyancy strongly penalise early propagation, whereas
hydrogen addition moves the system away from that quenching-prone regime and yields
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stronger, cleaner pressure rises. In practical terms, the blends reduce the “cold penalty
substantially and can recover, or even exceed, room-temperature-like burning velocities at the
coldest condition tested.

The behaviour of blended fuels at subzero temperatures is consistent with the established
room-temperature literature trends. Room-temperature data show a strongly non-linear
increase in laminar burning velocity with hydrogen mole fraction, with modest increases at
low xp, and a sharper acceleration as hydrogen becomes more prominent. The present subzero
results follow the same qualitative pattern and align with the simulated curvature, but the
operational impact is amplified at low temperature because the neat-ammonia baseline is very
low. As a result, at -50° C, a given absolute increase in LBV corresponds to a much larger
fractional improvement, and it directly translates into better ignition success and reduced
sensitivity to losses during kernel growth. In that sense, the subzero blending behaviour relates
directly to the higher-temperature behaviour in its underlying mechanism, but it becomes
more valuable as a mitigation strategy because it moves the system away from a regime where
non-ideal effects dominate, and ignition becomes unreliable.

7.2. General outlook and implications

From the results, it is clear that subzero temperatures impose a substantial penalty on the early
combustion performance of ammonia, in both flame propagation and ignition robustness. The
measured laminar burning velocities decrease significantly, making the flame more vulnerable
to stretch and losses. In parallel, ignition becomes markedly more demanding, to the point
that, in some cases, maintaining reliable ignition requires modifying the ignition configuration.
Taken together, these outcomes imply that, under subzero initial conditions, neat ammonia is
close to the practical boundary where ignition becomes intermittent and early propagation
becomes highly sensitive to disturbances. In an engine context, this translates into increased
misfire risk, greater cycle-to-cycle variability, and a narrower operability window, particularly
during cold starts and at lean conditions, where ammonia is already inherently slow.

For this reason, the results support the conclusion that blending is a practical mitigation
strategy when ammonia is used in cold environments, at least during the ignition and early
propagation phases. Hydrogen blending, in particular, showed a strong benefit at subzero
temperatures, with modest additions producing a large recovery in burning velocity and
noticeably improving the margin against quenching. This suggests a realistic operational
concept in which a small fraction of a more reactive fuel, like hydrogen, is used to ensure a
robust kernel and to carry the initial flame development through the most loss-sensitive period,
after which the energy release can transition toward ammonia-dominant combustion. Such a
staged strategy is consistent with how ignition assist is implemented in other difficult-to-ignite
systems, and it is especially relevant here because the early phase is where ammonia is most
penalised by low temperature.

Hydrogen is an attractive blending partner not only because it can be produced sustainably,
but also because its combustion characteristics complement ammonia, addressing the observed
limitations directly. Hydrogen'’s high reactivity and favourable transport properties accelerate
radical production and heat release during kernel growth, helping overcome the non-adiabatic
losses that dominate at low temperatures and low burning velocity. At the same time, the
experiments indicate that even modest hydrogen fractions can cancel a large part of the
low-temperature penalty, recovering burning velocities comparable to those of neat ammonia
at room temperature under the tested conditions. This is a key practical finding, because it
indicates that subzero operability does not necessarily require hydrogen-dominant mixtures,
but can be achieved while keeping the blend ammonia-rich. In addition, faster early propagation
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improves signal quality and repeatability in the constant-volume context, which implies that
blending may also simplify control and diagnostics in practical devices by making ignition
events less marginal. These results therefore justify further exploration of blends as a means to
widen the ignition and stability envelope of ammonia at low temperature and high pressure.



Recommendations

Based on the conclusions presented, this chapter outlines the main recommendations and
directions for future work, taking into account the limitations encountered and the opportunities
identified during the campaign. The overarching goal is to increase measurement robustness
so that additional parameters can be quantified with even higher confidence and to extend the
operating envelope toward higher, more engine-relevant pressures and more representative
combustion regimes. The highest-priority improvement is the minimum ignition energy
methodology, since the current and voltage measurements were not sufficiently repeatable to
support a reliable quantitative analysis. The main limitation is that the inferred energy depends
strongly on the integration window and on waveforms that were often corrupted by electrical
noise and non-physical artefacts. Future work should therefore treat MIE as a dedicated
measurement system, improve shielding and grounding, ensure stable probe mounting, and
enforce a consistent, physically motivated discharge-window definition for integration. With
these changes, ignition trends could be quantified credibly across temperature, pressure,
and mixture composition and compared directly with the burning-velocity results. At the
same time, the accuracy of these latter results should be improved by running a larger set of
experiments to reduce the error bars accompanying the measurements.

A second key recommendation is to treat the spark gap as a controlled experimental parameter,
rather than an adjustment to apply only when ignition becomes problematic. In the present
work, the electrode gap had to be reduced to achieve ignition for NH3 at 0° C and at -50°
C, and this change is likely to have influenced early kernel development and, in turn, the
pressure-based velocity extraction. If this parameter is not controlled explicitly, it becomes
difficult to separate the true temperature effect on combustion from an ignition-system effect
that varies only at specific setpoints. Future campaigns should therefore fix the electrode gap
across the entire NHj3 subzero campaign and accept that some conditions may not ignite within
the available energy limits, yielding a clean interpretation of temperature trends and ignition
limits.

Once ignition diagnostics and configuration control are improved, the next step is to expand
the hydrogen blending campaign beyond the two blend fractions investigated at the cold-
est condition. The present results already show that hydrogen blending provides a large
performance gain at -50° C, with a strong increase in burning velocity between 20% and
30% Hp, but two points cannot define the shape of the response curve. Extending the blend
sweep to intermediate and higher hydrogen fractions would allow the improvement to be
described in terms of curvature and sensitivity, enabling determination of whether the benefit
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is approximately linear, saturating, or strongly non-linear in the subzero regime. A denser
sweep would also improve model comparison, since kinetic mechanisms can appear equally
plausible when only two blend ratios are available but diverge significantly when curvature
and threshold behaviour are resolved.

A parallel priority is to confirm design consistency and safe handling as the operating envelope
is extended toward higher pressures. Although the chamber and supporting hardware were
designed to withstand severe conditions, the main validation and novel datasets were acquired
at lower pressures, and a dedicated high-pressure campaign is required to ensure that the
filling procedure, sealing behaviour, and instrumentation remain reliable as pg increases. High-
pressure operation should also be used to reassess the diagnostics, because faster pressure rises
and higher absolute pressures can change the effective signal bandwidth requirements and can
expose resonance or mounting sensitivity that is not visible at 1 bar. In addition, the practical
handling of ammonia at high pressure requires specific attention to purging effectiveness,
exhaust-line condensation, and operational contingencies, particularly during long subzero
holds where water and other condensables can accumulate in the system. Establishing these
aspects would allow the current subzero conclusions to be confidently extended to a broader
range of conditions.

Finally, while this thesis appropriately focuses on ignition and early laminar propagation, fully
assessing the feasibility of ammonia in real systems requires additional parameters beyond
these initial metrics. Practical combustors operate with turbulence, longer burn durations, and
strong interactions with confinement and heat transfer, all of which can shift the performance
relative to early laminar behaviour and can determine stability and operability in practice. This
extension is particularly relevant for blends, since hydrogen may affect not only laminar burning
velocity but also quenching propensity, flame stability, and sensitivity to stretch and instabilities
as the flame grows. In addition, emissions were not addressed in this work, but they are
indispensable for any realistic assessment of ammonia as a sustainable fuel. In particular, NO,
production, especially the fuel-based portion, must be quantified and compared against the
carbon-emission benefit to determine whether improved sustainability is achieved in practice,
rather than only in fuel chemistry. For these reasons, to fully define ammonia’s operation and
understand its actual feasibility as a fuel alternative, future studies should combine early-phase
metrics with later-phase combustion behaviour and emissions characterisation to provide a
complete, application-oriented picture of ammonia and ammonia-hydrogen operation.
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Additional background information

A.l. Constant-volume combustion chambers (CVCC)

A constant-volume combustion chamber is a device in which fuel and oxidiser are injected and
then sealed, allowing combustion to occur at nearly constant volume and greatly increasing
pressure and temperature. Only after combustion is complete is the chamber opened, releasing
the high-pressure products, which, through expansion, produce work, usable either as direct
thrust or as drive for a piston. It approximates the idealised thermodynamic Otto cycle for
constant-volume combustion. This is different from constant-pressure combustion, found in
gas turbines and some rockets, where heat is produced as gases continually enter and exit the
chamber, keeping the pressure almost constant, with some losses. CVCCs are used in:

¢ Internal combustion engines (ICEs), where it is the zone between the piston and
the end of the piston chamber.

¢ Laboratory devices to study ignition, used to study the combustion and emission
characteristics of fuels, as in the case of this research as well.

¢ Pulse detonation engines, which mimic constant volume combustion by rapidly
burning the fuel-air mixture before exhaust. However, true CVCCs use mechanical
valves or pintles to seal the chamber during combustion.

* Rocket propulsion, where some advanced rockets use CVCC to improve the I, at
given supply pressures [100].

¢ Aircraft engines, as there is active research and some patented designs for imple-
menting CVCCs in aircraft engines to replace traditional Brayton cycle combustors
with Humphrey cycle (constant volume with expansion to atmospheric pressure)
combustors for improved efficiency [101].

This type of system has several benefits and drawbacks over its constant-pressure counterpart,
which are described here:

¢ Advantages

- High thermal efficiency: Otto cycle is more efficient than the Diesel and
Brayton cycle, because the combustion process transforms internal energy
into pure heat, while in the other cycles some goes into work and some
into heat

X111
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- Good for combustion process analysis: it allows for precise control of
combustion parameters like the equivalence ratio, initial pressure, and
temperature, which allows for flexibility and easier combustion analysis
of the flame propagation

— Simplicity of design and operation: they have no moving parts and they
do not require any flow control or continuous operation since they consist
of an enclosed environment [102]

¢ Disadvantages

— Potential for detonation and combustion instabilities: the pressure inside
the chamber rises steeply, which may lead to detonation or pressure
oscillations.

- High heat rejection to the chamber walls: since it is a fully closed chamber,
more heat is dissipated to the surrounding walls.

— Complex ignition systems: the combustion is not continuous, so it needs
rapid and repeated ignition.

For these reasons, constant-volume combustion chambers (CVCC) are frequently used in funda-
mental combustion research because they enable well-controlled initial pressure, temperature,
and mixture composition, while providing a closed environment where the global pressure
response can be measured with high repeatability. Under quiescent, premixed conditions, the
chamber approximates a constant-volume system during the early and intermediate phases
of the event, and the pressure evolution can be related to the integrated heat release of the
flame. This makes CVCC experiments particularly suitable for comparing fuels and operating
conditions, since the initial state can be precisely set and the same ignition hardware can be
used across cases. For the objectives of this thesis, the CVCC also provides a practical way to
explore conditions rarely covered in the existing literature, such as elevated initial pressure
combined with subzero initial temperature, while maintaining a consistent measurement
approach. The next subsection, therefore, focuses on the instrumentation that enables these
chamber conditions and responses to be measured reliably.

A.2. Ignition modes

When a premixed mixture is introduced into the combustion chamber, some conditions must
be met for it to actually combust. In fact, as explained in Section 2.1, three conditions are
necessary for this process to start. Namely, these are an oxidiser, a fuel, and an ignition source
that provides the initial heat required to break the bonds and initiate the chain reaction. Many
different possibilities exist and are found in the literature, among which the most common are

described here. z R

G u(t)
A.2.1. Spark ignition e E g L, Sparcoltage
Spark ignition is the most widely used system for t ° i %
igniting a mixture. It consists of an electrical spark  u. IGc ICL CpI F Spark Gurent
to release the necessary energy. However, this spark o

. ! . . ] Ignition Device ~ High Voltage ~ Spark
can also occur unintentionally due to lightning strikes (TC1, i) Cable Plug
and electrostatic discharge [104]. Thus, it is important
to study this system and the mixture’s MIE to avoid
accidental ignition. Many different systems exist to
give this electric spark, which will be discussed here,
but they all work with the general circuit shown in Figure A.1. This shows the basic principle

Z,

Figure A.1: Electrical circuit for spark
ignition [103]
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of this ignition mode: creating a high voltage between two electrodes and, therefore, an electric
tield. The circuit is connected to a power supply, which can be a battery for transportation
systems or a land supply for static systems, providing the voltage. This voltage passes through
the circuit and is delivered to the mixture via a spark plug, a device that protrudes into the
combustion chamber and ends in two electrodes, between which the voltage energises the
mixture. Once this is high enough, normally between 12000 and 45000V, it is able to break the
dielectric barrier separating them and allowing for the ionisation of the mixture. In fact, air
acts as an insulator, and without a force strong enough to break its barrier, electrons are not
allowed to pass through. When this is broken, a plasma flow is created, with highly energetic
electrons that break molecular bonds, ionise the mixture, and initiate reactions [105]. This type
of ignition can be divided into five main phases:

1. Pre-breakdown phase: energy, and thus voltage, is accumulated at the electrodes; this is,
however, still not enough to break the dielectric barrier.

2. Breakdown phase: a very short phase, in the order of nanoseconds,
in which the resistance of air is broken and the current rises quickly,
as the flow of electrons is now allowed to move between electrodes.
It generates a sudden burst of energy, cre-

ating a plasma stream of electrons [103]. primary electron avalanche

Thelv.oltage at which the electric field is [\ E?Zﬁii;ffii}‘i"\ o ‘%@% e
sufficient to allow flow is called the break- redaton o008
down voltage. It is not a constant for every - emited 0V radiation

electron emission e /

mixture but varies with operational condi- by fon impact

e
tions. This voltage is related to the mean Eelf sustained avalanche <—©0—>

free path of the mixture molecules, that e

Anode

Cathode

is, the average distance between collisions
with other molecules. This quantity is
inversely proportional to the pressure at

2 r
/ ~" photo emission

{ /<) secondary electron avalanches

<

NS

<

E, electrical field

constant temperature; when the pressure
is higher, the molecules are closer together,
allowing more collisions. For electrons,
the mean free path is larger than the molecular mean free path due to their smaller size.

Figure A.2: Electron cascade effect [103]
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When a voltage is applied between the two electrodes, some electrons en-
ter the electric field, where they will be accelerated and energised. If
this energy is high enough, then they can ionise the present mixture
molecules, releasing more electrons in a cascade effect, as seen in Figure A.2.

As mentioned, if the pressure rises, more 50,000

collisions will occur due to the lower mean _, 30.000+—+- L -1 E A
£ 20,000} {1 {4+t 1— '

free path. However, when such an event £10.000 }—- b 1] !

occurs, the electrons can be scattered in .8 s5ppp Ll !

any direction, which may be different from -E %Hgg — T 1}"‘ T ?/ !

the one of the electric field. This means & 1000 \ L IR gl

that these electrons are not energised by .g 500 b -3 :__,,-*-/T/ 1L

it. Moreover, they tend to lose energy V':;L %83 T ! "*L}..___ 1]

with every collision, as kinetic energy is 100 L F[_ Nlm et

used to break the molecular bonds. Thus, © Soo R A 1=

i i ' d , mmxcm.
pressure is an important factor relating p&,mmucm

the cascade effect to the required external Figure A.3: Paschen curve [106]
voltage. However, another parameter also

needs to be considered: the gap distance.
This affects both the length of the path of the electrons and the strength of the electric

field, which is related to the voltage according to

E = 7 (A1)
Therefore, the breakdown voltage can be related to the product of the pressure and the
gap distance. This relation is shown in the so-called Paschen curve, shown in Figure A.3.
This indicates that an optimal value for this product exists that minimises the breakdown
voltage. Indeed, if p - d is too high, the electrons can collide with more particles due to
the higher concentration and higher length of the path, losing their energy and changing
their direction. On the other hand, if this is too small, the mean free path is longer than
the gap, requiring higher energy to sustain the cascade. However, this also means that, if
the electrodes are not designed correctly with respect to the initial design pressure in the
chamber, the breakdown voltage may occur at a position not coincident with the smallest
distance between electrodes [106].

3. Arc phase: once the breakdown voltage is achieved and electrons are allowed to flow
freely between the two electrodes, the area in between becomes conductive plasma. This
is highly conductive, so the voltage drops; there is no need for a large voltage, and the
current can flow easily. This phase runs for about 1 pis, during which the current stabilises
around a constant value. In this phase, a few millijoules of energy are transferred to the
surrounding gas, thereby increasing its temperature. This release of energy is visible
with the arc created between the electrodes.

4. Glow phase: This phase lasts several milliseconds, during which most energy is released.
As this is released, the current decreases, and the voltage increases again to maintain
a constant flow of energy against dissipation to the environment. The spark raises the
mixture temperature to 6000 K, above the auto-ignition temperature, initiating combustion
via thermal dissociation.

5. Flame kernel formation: If the energy the spark delivers is sufficient, then a flame kernel is
created, in which the energy produced within its reactions contributes to its propagation.
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Within the category of spark ignition, many subcategories can be identified depending on how
energy is delivered to the electrodes. The main ones will be briefly discussed here.

¢ Transistor Coil Ignition (TCI): This is the most common type of spark-ignition system,
operating on the principle of magnetic induction. Spark ignition requires a high voltage to
break the dielectric barrier of the mixture. In this system, however, the voltage is stepped
up rather than delivered directly from a battery or magneto, which would require a large
power supply. The coil acts as a transformer, with two separate coil windings: one with
many turns and the other with fewer. The latter is connected to the power supply, thus
creating a low-voltage circuit. Once this reaches its maximum allowed energy, the circuit
opens, allowing energy to transfer to the secondary coil. Since this has more turns, the
voltage increases while the total energy remains constant, thereby reducing the current.
Using a transistor, an electronic switch, allows for better control and timing of when
circuits need to be opened and closed, reducing energy losses. Since it has no moving
parts, it can switch much faster. This also ensures that the magnetic field collapses much
more quickly, increasing the current and, hence, the voltage. This ignition system is very
efficient, as the coils release energy slowly over about 2 ms, ensuring a strong, consistent
spark. This can help guarantee a more reliable ignition, but may be slower under cold
conditions, where the system is also more sensitive to coil saturation [105].

¢ Capacitive Discharge Ignition (CDI): This type of ignition is very similar to the one
explained above, with the difference that, in this case, the energy is stored in a capacitor
that, when the circuit to the spark plug closes, releases it quickly, generating a strong,
short spark. This could be useful in cold conditions, especially for the case of ammonia,
as a fast and strong discharge is better for igniting cold mixtures, as the kernel can be
quenched easily, and a fast discharge reduces losses [107].

* Magneto Ignition: This system also features a coil, but the difference from the above is
how the voltage is supplied to it. Indeed, in this case, a battery is not necessary, as the
voltage is provided by a magnet. This spins around the primary coil, generating a strong
magnetic force. Faraday’s Law states that a changing magnetic field induces a current
in a wire, generating a voltage difference. When the contact breakers are opened, the
secondary coil steps up this voltage. This ignition mode depends on the magnet’s rotation
rate; at low speeds, the magnetic force is weaker, and consequently, the spark is weaker.
It generally produces a lower spark energy than CDI, and the cold cranking, that is, the
ability to deliver sufficient current in cold conditions, is very weak, as it takes more energy
to rotate the magnet [108].

¢ Battery Ignition: This system is very similar to the TCI, with the only difference that,
instead of a transistor, mechanical breakers physically open and close the connection. This
is much slower, resulting in a lower-intensity spark. Moreover, breakers are subject to
much higher wear due to the continuous movement. The low spark energy provided, along
with the voltage drop and the slow current rise in cold conditions, makes it unsuitable for
ignition in these cases [105].

A.2.2. Plasma ignition

Although plasma streams are already produced in spark ignition, once the breakdown voltage
is reached and electrons are allowed to move freely between electrodes, they can also be
used directly to ignite a mixture. A distinction has to be made between equilibrium and non-
equilibrium plasma. The streams occurring in spark plugs are made of so-called equilibrium
plasma, that is, where the temperature of the introduced electrons and that of the mixture is
the same. In fact, in this case, the thermal energy is shared among all particles, and therefore,
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the electrical energy input between the two electrodes heats the mixture. On the other hand,
in a non-equilibrium plasma, the electrons have a considerably higher temperature than the
surrounding mixture. This is because the electrical energy input into the stream increases its
kinetic energy, and thus its thermal energy. However, due to their reduced size, they cannot
dissipate energy by conduction. Instead, they excite the surrounding molecules by impact,
hence breaking the bonds and creating highly reactive radicals, such as O and OH. In fact,
combustion can be initiated by thermal heating as well as by chemically active pathways. Thus,
these metastable species can activate additional species and initiate chain reactions, even at
temperatures below the auto-ignition temperature. The most relevant parameter defining
which reactions are dominant in the mixture is the reduced electric field E/n, which indicates
the ratio of the electric field strength to the number density of the mixture gas molecules.
This latter parameter indicates the number of particles per cubic metre. E/n expresses the
average energy gain of electrons per collision. In fact, electrons lose energy after every collision,
which is used to break molecular bonds. However, the electric field energises them; thus, the
parameter indicates their ability to remain energetic depending on the number of collisions.
When this number is high, electrons can dissociate many molecules, even after collisions, as
they still have energy to collide with additional particles and break their bonds. Conversely,
when this is low, the cross section, that is, the probability of a process during collisions, for
vibrational excitation, is much higher. This means that electrons will increase the vibrational
energy of the surrounding molecules, especially N>, which can store this energy and help
provoke the dissociation of other molecules, as the potential energy is much higher. This
ignition mode has a much shorter ignition delay and works well with cold combustion and
lean mixtures, as the mixture does not need to reach the auto-ignition temperature.

A.2.3. Hot surface ignition
This ignition process works with the same principle as spark ignition, meaning that ignition
occurs when the temperature reaches the self-ignition one. In this case, an external resistive
element, normally made of silicon carbide or nitride, is introduced in the combustion chamber.
This is heated via an electrical current, which increases its temperature via resistive dissipation,
according to

P =1I°R (A.2)

The surface temperature can reach 1500K or higher, thereby increasing the temperature of
the adjacent mixture, primarily through conduction and convection. This means that the
ignition is purely thermal and does not involve the creation of radical species. In this case, the
ignition delay and the energy are related to the surface temperature, as this entirely controls
when combustion will occur [109]. Naturally, in cold conditions, especially for a high-MIE
fuel such as ammonia, more energy must be supplied to the surface to reach the autoignition
temperature, making it less useful in these conditions.

A.2.4. Laser ignition

LASER is a word that stands for Light Amplification by Stimulated Emission of Radiation.
As the name suggests, its function is to force the emission of photons. In fact, in a molecule,
electrons can either be in their ground state, which is stable as it carries the lowest potential
energy, or in an excited state, in which the electrons absorb sufficient external energy to rise to
a higher-energy level. However, in the second configuration, they tend to go back to the lower
state by releasing this energy. This can occur spontaneously or in response to stimulation. In
the former case, the particle simply releases the energy it acquired by emitting a photon in a
random direction. In the latter case, a photon interacts with the excited electron, causing it to
emit a photon with the same frequency, direction, and phase as the incident photon.
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is able to initiate combustion in three main
ways, namely:

¢ Laser-Induced Breakdown (LIB): The laser beam is introduced into the combustion
chamber, where the absorption of photons by the molecules leads to their ionisation. The
electrons that are liberated gain energy through collisions with photons, thus allowing
them to ionise molecules as well. This produces a hot plasma that ignites the mixture,
similarly to spark ignition.

¢ Thermal ignition: The beam directly heats a specific region, with the molecules absorbing
the photon energy and converting it into heat mostly via molecular vibration. In this case,
plasma is not formed, and ignition occurs as soon as the mixture achieves its self-ignition
temperature.

¢ Photochemical ignition: the specific wavelengths of the laser beam break the molecular
bonds, creating highly-reactive radicals, which initiate the chain reactions leading to
ignition. In this case, no plasma forms because the provided wavelength carries insufficient
energy to induce ionisation. Thus, in this case, only dissociation occurs. The difference
between the two processes is that the first entails removing electrons from a molecule,
creating positive ions and electrons, while the latter forms plasma. On the other hand,
dissociation entails breaking bonds, creating smaller neutral radicals that are chemically
active but not charged [111].

The advantage of using a laser is the elimination of electrodes from the combustion chamber,
which reduces heat loss and thus increases the effectiveness of this method at high pressures,
as stronger pressure waves enhance this phenomenon [112]. One of the main problems is the
need for optical components to deliver the laser beam, which would normally require windows
and thus an optical chamber. However, recent advancements have demonstrated the feasibility
of delivering it via fibre optics, which is useful for the scope of this research [113]. The first and
third ignition modes may work for cold ignition, but would require a large amount of laser
energy.

A.2.5. Flame-induced ignition

This mode, as the name suggests, requires ignition to occur as a result of interaction with
another flame. For this to occur, the pre-existing flame needs to be ignited in a separate
channel, often an external pre-chamber, which increases the design complexity, as not only
does this additional chamber need to be created, but two separate mixtures also need to be
created. In this case, ignition can occur mainly through thermal conduction, driven by the
Zeldovich gradient mechanism, which explains how temperature gradients ahead of a flame
can lead to spontaneous ignition. This is because the self-ignition temperature can be achieved,
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igniting the mixture [114]. Further, this temperature can also be achieved through pressure
waves generated by the pre-chamber flame, which compress the flow and raise its temperature.
Finally, ignition can also be caused by radical diffusion from the flame into the unburnt mixture,
lowering its ignition energy and temperature. Normally, ignition occurs as a result of the sum
of the three specified mechanisms [115]. This mechanism can be useful at low temperatures,
especially if the initial flame is doped with a high concentration of hydrogen, which is easier to
ignite. To ignite it, one of the other systems described here must be used, but creating a smaller
flame with a higher hydrogen content is easier.

A.2.6. Microwave ignition

In this mode, microwaves of frequencies normally around 2.45 GHz are introduced into the
combustion chamber by means of antennas or waveguides. These waves are substantial
oscillating electric fields that interact with the electrons of the mixture molecules, imparting
oscillatory motion and transferring kinetic energy, allowing them to collide with other molecules
and creating plasma. However, since the combustion chamber acts as a resonant cavity, waves
can rebound and interact, leading to different intensities at different points in the chamber.
This means that multiple-point ignition can occur with microwave introduction, leading to
higher pressure and temperature peaks and faster combustion, as the flame does not need to
expand as much. Moreover, since it does not rely on thermal ignition mechanisms, it is suited
for cold combustion [116].

A.2.7. Autoignition

This ignition mode is the only one that does not require an external energy source. In fact,
this occurs when the mixture reaches the critical autoignition temperature, at which the rate
of heat generation from exothermic reactions exceeds heat losses, leading to ignition. This
normally occurs when the pressure is high enough to raise the temperature above this limit. To
understand when this occurs, Frank-Kamenetskii developed a criterion to establish whether
a system will undergo thermal self-ignition, based on the balance between heat generation
and heat loss. This introduces a dimensionless parameter, which varies depending on the
combustion chamber shape and is dependent on the Damkohler number, which is the ratio
between the flow and the chemical timescale:

ty

tchem

Da = (A.3)
This means that if this is much greater than 1, the reaction occurs much faster than the flow can
carry it away, so there is not enough time for conduction to remove the heat, and ignition can
occur. On the other hand, if the parameter is low, heat loss dominates, and the system enters
a steady state, requiring an external energy source to ignite. Thus, the Frank-Kamenetskii
number will be the critical Damkoéhler number at which autoignition begins. This needs to
be taken into account in the design of the combustion chamber, as ignition may not occur as
expected and may instead start before the ignition source is applied [117].

A.3. MIE dependency on ignition mode

The MIE is also dependent on the ignition method, as different ignition modes operate through
different physical principles and therefore exhibit different sensitivities to system-specific
variables. In this work, the most relevant ignition approach is spark ignition, as it is widely used
and allows for a relatively direct determination of MIE. However, it is important to note that
other ignition modes exist and may yield different apparent ignition thresholds, either because
they deposit energy in different spatial or temporal patterns or because they promote ignition
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via non-thermal pathways. For completeness, the main ignition modes are briefly summarised
hereafter, with emphasis on the parameters that most strongly influence the ignition threshold.

® Spark ignition:

This is the most common mode, and its MIE depends primarily on the spark-gap size, the
discharge duration, and the electrode configuration. An optimum spark gap generally
exists, as very small gaps produce small kernels that are more susceptible to heat losses
and electrode quenching, while very large gaps distribute the energy over a larger volume
and require more energy to sustain kernel growth [118, 119, 43]. Similarly, an optimum
discharge duration is typically observed, since too short a discharge may not allow
sufficient radical formation, while overly long discharges increase conductive losses and
may induce strong pressure disturbances [43, 120]. Finally, electrode geometry affects heat
losses and field distribution, and smaller electrodes tend to minimise quenching provided
the arc remains stable [118].
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Figure A.5: Relation of the MIE with spark ignition parameters

¢ Plasma and microwave-assisted ignition:

These approaches can lower the effective ignition threshold by enhancing radical pro-
duction and energising the mixture through non-equilibrium effects. Their performance
generally depends on discharge conditions (e.g., temperature and density for plasmas,
or frequency and pulse duration for microwaves), as well as on electrode or cavity
configuration, which controls field intensity and energy coupling. [121, 122]

¢ Hot-surface ignition and autoignition

In these cases, ignition is more naturally characterised by a temperature threshold rather
than a delivered energy, since combustion begins once the local temperature is high enough
for reactions to proceed. For hot-surface ignition, the minimum hot-surface ignition
temperature depends mainly on surface material properties and the effective heat-transfer
area. [123] For autoignition, the outcome is governed by the initial thermodynamic
state and mixture composition, which determine whether the mixture can reach ignition-
relevant temperatures and reaction rates without external excitation.

¢ Laser ignition and flame-induced ignition

Laser ignition deposits energy locally and can be tuned by pulse duration and focusing,
but it often requires higher nominal energy than spark ignition due to optical losses and
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the highly localised nature of the kernel. [124] Flame-induced ignition depends on the
properties of an adjacent flame and the resulting thermal and radical fluxes that can
initiate combustion in the unburnt mixture.

A.4. LBV dependency on adiabatic temperature and Lewis number
The adiabatic flame temperature is directly dependent on the heat released during combustion.
In fact, a reaction liberating more heat will logically result in a higher flame temperature,
meaning that fuels with a larger heat of combustion will propagate faster. The relation between
the speed and the temperature is given by the Arrhenius kinetics mechanism:

Eq

k = Ae™®T (A4)
where

k Reaction rate constant

A Pre-exponential factor representing frequency of useful collisions
E, Activation energy

R Universal gas constant

T Temperature

This equation essentially states that increasing the adiabatic temperature also increases the
reaction rate and, hence, the flame speed. This direct relationship is evident in Figure A.6a,
with both speed and temperature curves peaking between 1.05 and 1.1. However, the one for
hydrogen is quite different, with the flame speed peaking at an equivalence ratio of 1.75 while
the temperature at 1.07. The difference lies in the extremely high diffusivity of hydrogen and
the scaling of velocity with the square of the Lewis number:

SO ~ VLe (A5)
where

SY Unstretched burning velocity

Le Lewis number

The shift towards richer mixtures is due to the fact that, with a very small Lewis number, mass
diffusion is too high for reactions to occur; thus, the burning velocity will be lower. The peak
will be achieved when Le is closer to 1, which occurs in rich hydrogen conditions. On the other
hand, the Le of methane is almost 1 over the equivalence ratios of 1.05-1.1. A similar behaviour
to that of methane is shown by ammonia, since NHz shows a Lewis number varying between
0.94 for lean and 1.09 for rich mixtures, as shown in Figure A.6c, which shows a curve for the
adiabatic flame temperature very similar to the methane one [8].
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Figure A.6: LBV variation with adiabatic flame temperature
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Additional design details

Material choice

Hereafter, a more detailed explanation of the scores given in Table 4.3:

316L SS: Austenitic stainless steel with excellent low-temperature toughness and stable
ductile behaviour, which supports the subzero-capability score. Its main drawback is
the comparatively low yield strength, which drives thicker walls for a given pressure
rating and therefore penalises strength/stiffness. It is widely used for ammonia service
in industrial handling, which supports a good NH3z-compatibility score, and it remains
attractive from a manufacturability and availability standpoint due to standard stock
forms and well-understood machining.

552205 (duplex): The high yield strength motivates a high strength/stiffness score and
typically correlates with good fatigue strength for pressure-cycling applications. The main
limitation is microstructural sensitivity to sustained exposure at elevated-temperature
precipitation ranges, which can degrade toughness and corrosion performance, thereby
lowering the high-temperature-capability score. In addition, welding and heat input
require control to avoid phase imbalance, which increases manufacturing risk and
constrains repair/iteration even if the raw machinability is acceptable.

552507 (super duplex): Similar to 2205 but with higher strength and generally improved
pitting resistance, supporting high scores in strength and NHz-environment resistance.
However, the same precipitation/embrittlement concerns apply, and the processing
window is typically narrower, so the high-temperature score remains limited, and
manufacturability is penalised relative to standard austenitic grades. The tighter welding
control requirement also increases schedule risk in prototyping contexts.

Inconel 625: Nickel-based alloy with broad service capability from cryogenic to high
temperature, supporting high scores in subzero capability and high-temperature capability.
It also provides strong general corrosion resistance in aggressive environments, which
supports the NH3-compatibility score and makes it robust in the presence of condensates.
Its drawbacks are cost and procurement lead time, and it can be more demanding to
machine than stainless steels, which lowers manufacturability despite excellent overall
performance.

Inconel 718: High-strength precipitation-hardened nickel alloy with excellent mechanical
performance, particularly in yield and fatigue, which supports strong scores in strength-
/stiffness and fatigue resistance. Its usable temperature range is narrower than 625 at the

XX1v
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upper end, and its processing route (solution/age heat treatments) is more prescriptive,
increasing manufacturing complexity and schedule sensitivity. Machinability is also more
challenging than that of austenitic stainless steels, so manufacturability is scored lower,
even though the material capability is high.

¢ Hastelloy C-276: Typically selected when corrosion dominates the design driver, which
supports the very high NH3-compatibility score and good long-term chemical robustness.
Mechanical properties are strong but not necessarily superior to the highest-strength
nickel alloys, so strength/stiffness is not maximised. Cost and availability are commonly
limiting factors for small-batch procurement, and manufacturability can be penalised by
machining effort and tool wear.

¢ Monel 400: Nickel-copper alloy with good general corrosion resistance and good low-
temperature toughness, which supports a strong subzero score and reasonable hydrogen
compatibility. However, ammonia compatibility can be condition-dependent and sensitive
to impurities or specific exposure modes, so the NHj3 score is conservatively reduced.
Its strength is moderate compared with duplex steels and precipitation-hardened nickel
alloys, which lowers the strength/stiffness score, while manufacturability and availability
are typically acceptable but not as favourable as common stainless grades.

B.2. Chamber support

Once the chamber’s mass and overall dimensions are fixed, the support legs must be sized to
ensure the chamber stands stably and robustly on any surface during handling and operation.
Therefore, the requirements for this are that it allow easy mounting and dismounting of
the chamber, withstand the full weight of the chamber while resisting accidental pushes or
disturbances, and be clamped to the laboratory optical table or any other supporting surface.
As mentioned, the complete chamber (cylinder, flanges, and bolts) has a mass of approximately
m = 107 kg, giving a weight of W = mg ~ 1.05 kN. Initially, an intuitive approach would be to
size the legs based solely on the vertical load; however, this is rarely the driving factor for short,
metallic supports. The vertical load is distributed between the two legs, so each leg carries
roughly W/2 ~ 0.525 kN in compression, which is small compared with the compressive
capacity and buckling resistance of typical steel plates used in laboratory fixtures. For this
reason, the design is instead governed by lateral effects, because horizontal disturbances
generate bending moments and can lead to tipping, both of which are more constraining than
pure compression.

The key difference is that vertical loads primarily produce axial compression, while horizontal
disturbances produce bending and overturning. In axial compression, the stresses scale with
W /A (where A is the cross-sectional area), so even modest plate widths and thicknesses yield
low stress levels. Conversely, a horizontal load applied at the centre of gravity (CG) produces
a moment that scales with the lever arm, i.e. the CG height above the ground. Even if the
horizontal force is significantly smaller than the weight, the moment M ~ Fhcg can become
the limiting factor, because hcg is typically on the order of a few decimetres. Practically,
horizontal disturbances are also the loads most likely to occur in a laboratory environment, for
instance, due to accidental pushes, contact with tooling, or minor impacts during installation
and maintenance. Therefore, the leg sizing was approached by separating the problem into
two requirements: stability (to avoid tipping) and stiffness/strength (to limit bending and
provide a robust attachment).

A conservative stability check can be performed using a rigid-body tipping model. A lateral
disturbance is represented through an equivalent horizontal acceleration aj, acting at the CG,
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generating an overturning moment about the outer edge of the footprint. Denoting with hcg
the vertical height of the CG above the ground and with B the total footprint width (distance
between the outermost ground contact edges), the restoring moment is approximately W(B/2).
Imposing a safety factor N against tipping yields

wg > N (mag) hea, =  B>2N (%) hea. (B.1)

For equipment operated around people, a practical design envelope is a1, = 0.1g to 0.3g,
where the upper bound captures handling-related disturbances and accidental pushes. By
taking N = 1.5 and a representative range hcg = 0.25-0.35 m, the resulting requirement is
B > 0.23-0.32 m. This shows that the stand should have a footprint width of 250-320 mm to
provide a clear stability margin.

After achieving stability, the leg cross-section was sized to prevent excessive bending and
ensure adequate stiffness. Under a lateral acceleration, the total horizontal force is F = may,;
and, assuming symmetric load sharing, each leg carries approximately F /2. If the leg behaves
as a cantilever of height H (from the floor to its attachment on the cylindrical part), the bending
moment at the attachment is M ~ (F/2)H. For a representative case a1, = 0.3g and H ~ 0.20 m,
this yields F ~ 338 N and M ~ 34 Nm per leg. This moment is not large in terms of yielding,
which confirms that the design is not primarily strength-limited; nevertheless, it is relevant for
stiffness, as thin plates can deflect noticeably, making the assembly feel unstable. Additionally,
a thicker leg enhances the quality and robustness of the attachment (whether welded or bolted),
increases the available weld length, and reduces sensitivity to local stress concentrations.

Finally, because the legs are placed directly on the cylindrical part, the interface must avoid
local point loading of the pressure boundary. Even if the global loads are modest, a small
contact area can introduce local indentation or high bending stresses in the cylinder wall. For
this reason, the leg design should include either a saddle surface that matches the cylinder’s
outer diameter or a reinforcement pad between the cylinder and the leg, ensuring the load
is distributed over a larger area. This requirement also favours a thicker leg section, as it
provides a stiffer load path and reduces local compliance at the contact point. Based on these
considerations, a leg thickness of t = 16 mm was selected as a conservative solution: it provides
high stiffness under lateral disturbances, offers a robust attachment region, and supports the
use of a saddle or pad without introducing manufacturing complexity. Therefore, the final
choice of 16 mm is justified not because the vertical load demands it, but because it ensures
stable and repeatable support behaviour under the more critical horizontal disturbance and
interface-loading conditions.

Regarding the geometry, inspiration was drawn from the existing supports for the optical
chamber. This design features two small holes at the bottom to facilitate bolting the chamber to
the optical table, ensuring it remains securely in place. The above discussion on the minimum
leg thickness is particularly important when this is not possible, as the chamber might tilt due
to vibrations or accidental pushes. Further changes to the optical supports concerned the hole
position and size, as the bolts need to pass through the supports and be tightened to the nuts
on the backside, and the radius of the curved part supporting the chamber. The final support
design is illustrated in Figure B.1.
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(a) Front view (b) Isometric view

Figure B.1: Chamber support leg

B.3. CDI ignition system

The ignition system shown in Figure 4.5 is explained here. It is important to highlight that
some components are included for the simulation but are not real components that would be
present in a real circuit. Starting from the high-voltage power supply on the left, it charges
the array of capacitors via the high-resistance resistor R,,. This ensures both a slow RC charge,
beneficial for the capacitors, and that this discharge does not cause ignition at the electrodes. In
fact, an ignition caused directly by the high-voltage supply would be quite slow and might not
lead to the development of a self-sustaining kernel, as the energy is not concentrated enough.

The system capacitance is distributed across an array of parallel capacitors, allowing it to be
dynamically changed by simply activating or deactivating some. Once the capacitor reaches its
maximum voltage, the NI9401 module generates an electrical pulse that activates both switches:
the first closes the current path from the supply to the capacitor, and the second opens the one
from the capacitor to the electrodes. Energy is then released from the capacitor through the
small resistor to avoid surges in the coil (and to ensure RC discharge). At the same time, when
this occurs, the other side of the circuit path is opened, which features a DC-AC converter. This
allows the arc to be sustained and the spark duration to be controlled. In fact, the discharge
from the capacitor might be enough to cause dielectric breakdown and initiate the first plasma
stream, but for the actual arc, a longer discharge duration might be needed, which is provided
by the converter.

B.4. Component specifications
In this section, all the important specifications of the sensor and components used in the setup
are provided as a reference.



B.4. Component specifications XXViil

B.4.1. Ignition coil
Table B.1: Main specifications of the IGN-1A smart coil.

Specification Value

Coil type Inductive smart coil with integrated igniter (IGBT)
Output voltage (max.)  Up to 81 kV + 10%

Output energy (max.)  Up to 250 mJ = 7% (8 ms dwell @ 14 V)

Peak secondary current 100 mA + 7%

Arc duration 3.2 ms + 10% (3.0 ms dwell target)

Max continuous dwell 9 ms (not to exceed 40% duty cycle)

Max intermittent dwell  88% duty cycle for 9 s max

B.4.2. Static pressure transducer
Table B.2: Main specifications of the Omega PX419-1.5KAV transducer.

Specification Value

Pressure type / range Absolute, 0-1500 psi

Output signal 10 mV/V (ratiometric), “100 mV @ 10 Vdc¢”
Excitation / supply (mV/V models) 5-10 Vdc ratiometric; 10 Vdc nominal

Accuracy (combined) +0.08% BSL (linearity + hysteresis + repeatability)
Temperature-compensated range —29 to 85°C

Operating temperature range —45to 121°C

Proof pressure 300% minimum

Response time <1lms

Electrical connection / IP rating Mini-DIN 43650 C; IP65

B.4.3. Dynamic pressure transducer

Table B.3: Main specifications of the Kistler piezoelectric pressure sensors used in this work.

Specification Kistler 601CAB Kistler 603CAA
Sensor type / output Piezoelectric (charge) Piezoelectric (charge)
Pressure range 0-250 bar 0-1000 bar
Sensitivity (typ.) =37 pC/bar —10 pC/bar
Linearity (max.) < +0.1% FSO < +0.1% FSO
Operating temperature range —196 to 350°C —-196 to 200°C
Rise time (max.) <14us <09 us
Natural frequency (approx.) 215 kHz 430 kHz

Weight 19¢g 78¢g
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B.4.4. Temperature sensor

Table B.4: Main specifications of the Omega PR-12-E RTD probe (configured as
PR-12-E-3-100-1/4-2)

Specification Value

Sensor type Platinum RTD (Pt100)

Nominal resistance / TCR 100 Q at 0°C; TCR = 0.00385 Q/Q)/°C
Accuracy class Class A (IEC 60751)

Temperature range (E = Extreme) —200 to 600°C

Wiring 3-wire

Probe diameter / length (as configured) 1/4 in diameter; 2 in probe length
Process connection 1/2in NPT

Ingress protection P67

Response time (T90, 1/4 in probe, PR-12E) 10.6s

B.4.5. Oscilloscope
Table B.5: Main specifications of the B&K Precision BK2190E (Model 2190E) digital storage

oscilloscope
Specification Value
Instrument type Digital storage oscilloscope (DSO)
Number of channels 2
Analog bandwidth 100 MHz

Real-time sampling rate 1 GSa/s (single ch.); 500 MSa/s (dual ch., fast timebase)
Record length (memory) Up to 40,000 points (timebase-dependent)

Rise time (typ.) <3.5ns

Vertical resolution 8-bit

Vertical sensitivity 2mV/div to 10 V/div (1-2-5 sequence)
Maximum input voltage 400 V (DC+AC pk-pk, 1 MQ input, X10), CAT I
Timebase range 2.5ns/div to 50 s/div

Input impedance 1 MQ=+2% || 16 pF £3 pF

B.4.6. Voltage probe
Table B.6: Main specifications of the PVM-5 probe

Specification Value

Max DC / pulsed voltage (PVM-5) 60 / 100 kV
Standard divider ratio 1000:1

Rise time (nom., standard ratio) 3.0ns

DC to 2 Hz accuracy 0.15%

Input resistance / capacitance 400 MQ / 12 pF
Cable length 15ft/45m

Probe length 19in / 47 cm




B.4. Component specifications

XXX

B.4.7. Current probe

Table B.7: Main specifications of the CWT Mini50HF Rogowski current probe (model

015/B/1/100/2)
Specification Value
Probe type Shielded Rogowski coil + matched integrator (AC/pulsed current)
Bandwidth (-3 dB) 150 Hz to 50 MHz

Sensitivity / range (this model) 200mV/A, 30 A

Accuracy (calibrated, reading) +0.2% (conductor centred in coil)

Linearity (with current magnitude) 0.05% of reading

Coil geometry (Mini50HF) 100 mm coil circumference; 3.5 mm cross-section
Coil peak voltage isolation 2 kV peak

Temperature limits Coil/cable: —40 to 125°C; electronics: 0 to 40°C
Power 4xAA alkaline batteries (integrator)

B.4.8. Gas booster

Table B.8: Main specifications of the PB30 gas booster

Specification Value
Pump type Air-driven gas booster (single acting)
Nominal pressure ratio 32:1

Displacement per cycle

80.42 cc (4.91 cu in)

Maximum outlet pressure 3843 psi (265 barg)
Inlet / outlet connections 1/4in NPT / 1/4in NPT

B.4.9. Environmental chamber

Table B.9: Main specifications of the TotalTemp Technologies C900 temperature chamber.

Specification

Value

Equipment type

Temperature range

Interior material

Exterior material / finish
Capacity

Interior dimensions (WxHXD)
Exterior dimensions (WxHXD)
Approximate weight

Heating rate (standard motor)
Cooling rate (standard motor)
Controller

Coolant (standard)

Bench-top forced-convection temperature chamber
—100 to +200°C (148 to 392°F)

Stainless steel

Cold rolled steel; grey hard powder coat

9ft3 (255L)

25x25x25in (63.5 x 63.5 X 63.5 cm)

30X 38x29in (76.2 X 96.5 X 73.6 cm)

234 1b (as stated)

8 °C/min (208 VAC, 15 A)

15 °C/min using 75 psi liquid nitrogen

Synergy Nano colour touchscreen

High-pressure LN, (75-125 psi) supplied via dewars




Technical drawings

This appendix contains the technical drawings of the parts designed and used in this work.
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Figure C.1: Combustion chamber body
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Figure C.3: Combustion chamber support



Experimental matrix

This appendix includes the list of all experiments performed in this work, in the form of an
experimental matrix. This includes the initial parameters for each experiment, along with the
run’s objective.

Table D.1: Experimental matrix (A: Verification, B: Validation at STP, C: Validation of low-T setup, D:

Research)
Exp. ID Objective Fuel ER[-] SetT[C] Setp [bar]
VER1 A CH, 1 21 1
VAL1 B CH,y 1 21 1
VAL2 B CHy 0.8 21 1
VAL3 B CHy 1.2 21 1
VAL4 B H, 1 21 1
VAL5 B H; 0.8 21 1
VALG6 B NH; 1 21 1
VAL7 B NH; 0.8 21 1
VAL9 B H, 1 21 2
VAL10 B H, 0.8 21 2
VAL13 B NH; 0.8 21 2
VAL14 B NH3; 1 21 2
VAL17 C H, 0.8 0 1
VAL18 C H; 1 0 1
VAL19 C H; 0.8 -15 1
VAL20 C H; 1 -15 1
VAL21 C H; 0.8 -30 1
VAL22 C H; 1 -30 1
VAL23 C H; 0.8 -50 1
VAL24 C H; 1 -50 1
DIS1 D NHj3 1 0 1
DIS2 D NHj3 0.8 0 1
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Table D.1 continued from previous page

Exp. ID Objective Fuel ER[-] SetT[C] Setp [bar]
DIS3 D NH; 1.2 0 1
DIS4 D NH; 1 -15 1
DIS5 D NH;3; 0.8 -15 1
DIS6 D NH;3; 1.2 -15 1
DIS7 D NH;3 1 -30 1
DIS8 D NHj; 0.8 -30 1
DIS9 D NHj; 1.2 -30 1
DIS1I0 D NH; 1 -50 1
DIS11 D NH; 0.9 -50 1
DIS12 D NH; 0.8 -50 1
DIS13 D NH; 1.1 -50 1
DIS14 D NH; 1.2 -50 1
DIS15 D NH; 1 -50 2
DIS16 D NH; 0.8 -50 2
DIS17 D NH; 1.2 -50 2
DIS20 D NHs/H, (0.2H,) 0.8 -50 1
DIS21 D NHs/H, (0.2H,) 1 -50 1
DIS22 D NHs/H, (0.2H,) 1.2 -50 1
DIS23 D NHs/H, (0.3H,) 0.8 -50 1
DIS24 D NHs/H, (0.3H,) 1 -50 1
DIS25 D NH;3;/H; (0.3H;) 1.2 -50 1
DIS26 D NH;3/H; (0.2H;) 0.8 -50 2
DIS27 D NH;3;/H; (0.2H) 1 -50 2
DIS28 D NH;3/H; (0.2H) 1 -50 2
DIS29 D NH3;/H; (0.3H;) 0.8 -50 2
DIS30 D NHs/H, (0.3Hy) 1 -50 2
DIS31 D NHs/H, (0.3Hy) 1.2 -50 2




Chamber verification

Before arriving at the results shown in Figure 6.1, this process took considerable time at first
because the chamber had numerous leaks, primarily around the igniters. These turned out to
be only insulated electrically via the ceramic protection, with no fluid insulation guaranteed.
For this reason, a layer of TorrSeal had to be applied to guarantee a complete fluid seal. Aside
from this, it was found that the 603CAA initially exhibited very unusual and unexpected
behaviour, as shown in Figure E.1. In fact, the expectation was of a rapid pressure increase,
followed by a slower decay to the initial pressure as the chamber temperature lowered again
once the flame quenched at the wall. However, the curve, after presenting the initial rise,
exhibits erratic behaviour, with a decrease below 0, followed by a new increase and a final
decrease to the initial pressure, almost as if it overshoots after the first rise. This behaviour is
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Figure E.1: Initial pressure measurements for CHy at ¢ =1, Top = 21° C and pg = 1 bar

later explained as due to thermal shock in the sensor. This possibility was mentioned by the
company during the sensor selection process, but was deemed quite remote. Nevertheless,
the sensor was chosen for its extended temperature range and high acquisition speed. It is
also evident that, compared to the curve shown in Figure 6.2b, which is one obtained with
the sensor 7061C in the optical chamber, the maximum pressure achieved is much lower, and
considerably lower than the approximate 8 bar value of the adiabatic pressure for this mixture.

For this reason, the first attempt to solve this problem involved switching the sensor to the
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601CAB, which arrived at the laboratory after a considerable delay and has the same dimensions,
thereby avoiding modification of the hole geometry. On paper, this sensor appears to have
better resistance to thermal shock. The sensor threads, however, broke the moment they
were inserted, necessitating the re-boring of the entire hole to ensure the sensor could be
repositioned. The 601CAB could be repositioned after smoothing the threads, but it could no
longer guarantee the pressure seal. The results obtained under these conditions underline
that this sensor is also susceptible to thermal shock, although its results are much closer to the
optical ones, as shown in Figure E.2, but due to the use of hydrogen and ammonia, it would be
a risk to continue using it if there were a leak.
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(a) Full pressure trace (b) Trace cropped around the combustion event

Figure E.2: 601CAB pressure trace

After re-boring the hole, the 603CAA is placed again with 1.5 mm of RTV material, which, in
principle, is the best fix for thermal shock, as the RTV absorbs the bulk of the temperature rise,
reducing the load on the sensor. However, despite its use, the sensor still undergoes thermal
shock. Still, after the work on the hole, the sensor shows a pressure rise much more consistent
with the one obtained in the optical chamber, It is therefore believed that the combination of
the presence of the RTV and the fact that the hole contained some chips from manufacturing,
probably causing the sensor to sit at an angle as compared to the chamber shoulder, the sensor
can measure the combustion pressure rise quite accurately.
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