ABSTRACT

NONAVINAKERE VINOD, KAUSHIK. Flash Boiling Behavior and Spray Dynamics of Liquid
Ammonia as a Future Fuel: An Experimental Investigation. (Under the direction of Dr. Tiegang
Fang).

This thesis presents a comprehensive experimental investigation into the characterization
of liquid ammonia spray and combustion for dual fuel applications, addressing a critical gap
in ammonia combustion research. The study focuses on medium to high-pressure liquid am-
monia sprays, exploring their behavior under various conditions relevant to engine operation,
with the ultimate goal of enhancing our understanding of ammonia as a fuel and its potential
in transportation and energy production sectors.

The research is motivated by the growing interest in ammonia as a future fuel, particu-
larly due to its potential for decarbonizing various sectors. Ammonia’s composition, devoid
of carbon, makes it a clean-burning fuel and a promising alternative to fossil fuels in the con-
text of climate change mitigation. As a carbon-free molecule containing 17.8% hydrogen by
weight, ammonia offers significant advantages in terms of safety, transportability, and existing
infrastructure for production, transportation, and storage.

The study begins by addressing the challenges associated with premixed ammonia combus-
tion and the need for combustion modifiers. Oxy-combustion of premixed ammonia is studied
in detail with learnings being applied to develop a practical engine based system to study the
energy extraction and emission systems. The engine based system is also used to study the
effectiveness of several combustion modifier systems. This study then transitions into liquid
ammonia spray and combustion. Despite its potential, ammonia presents unique properties
such as a high ignition temperature and a narrow flammable range, which necessitate careful
investigation, particularly in the realm of dual fuel combustion. Previous research has high-
lighted the significant impact of interactions between diesel and ammonia jets on ignition delay
and heat release rates in ammonia combustion. However, the fuel/air mixing characteristics of
ammonia spray under conditions directly relevant to engine operation remain insufficiently
explored.

To fill this research gap, the thesis employs a systematic approach, utilizing a constant
volume combustion chamber (CVCC) equipped with various injector types, including a hollow
cone piezoelectric GDI injector, a multi-hole GDI injector, and a coaxial dual fuel injector.
The CVCC is fully instrumented to perform spray combustion with and without preburn
combustion, allowing for comprehensive analysis of spray and flame characteristics.

The research methodology incorporates advanced imaging techniques such as Schlieren,



shadowgraph, and chemiluminescence to capture high-speed images of the spray and flame
behavior. These images are processed using in-house Matlab codes to identify and measure
spray geometry and other characteristics like flash boiling intensity and jet interaction. Ad-
ditionally, pressure data from the CVCC is used to calculate the apparent heat release from
combustion, providing insights into the combustion process of the mixture.

A key component of the study is the development of a reliable system for pressurizing liquid
ammonia to high pressures for direct injection. This system addresses the unique challenges
posed by ammonia’s thermophysical properties and corrosivity, ensuring safe and reliable
pressurization up to 280 bar.

The research explores several critical aspects of ammonia spray. Firstly, it investigates the
flash-boiling behavior of liquid ammonia spray under varying ambient conditions, identifying
supercritical transition regimes. This analysis provides valuable insights into the phase change
behavior of liquid ammonia and its impact on spray characteristics.

Secondly, the study examines liquid ammonia direct injection with preburn ignition, sim-
ulating compression ignition conditions. This aspect of the research aims to understand the
atomization behavior of ammonia and its ignition characteristics under high ambient densities
emulating diesel compression ignition systems with fuel pressures up to 280 bar. A significant
portion of the research focuses on liquid ammonia injection strategies. This investigation aims
to understand the complex interactions between different types of injection systems and thier
subsequent atomization and mixing characteristics.

Throughout the study, the research draws comparisons with conventional fuels and explores
the unique challenges and opportunities presented by ammonia’s properties. The findings from
this experimental investigation are expected to contribute significantly to the development of
more efficient and cleaner combustion systems utilizing ammonia as a fuel.

In conclusion, this thesis provides a comprehensive experimental characterization of liquid
ammonia spray and ammonia premixed combustion. By addressing key research gaps and
employing advanced experimental techniques, the study offers valuable insights into the
behavior of ammonia as a fuel under various conditions relevant to engine operation. The
findings from this research have the potential to advance the use of ammonia in transportation
and energy production sectors, contributing to the ongoing efforts to develop more sustainable
and environmentally friendly energy solutions.
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CHAPTER

1

INTRODUCTION

1.1 Motivation

Ammonia has emerged as a promising carbon-free fuel alternative, offering signi cant poten-
tial for decarbonizing various sectors, particularly in transportation and energy production. As
a molecule devoid of carbon and containing 17.8% hydrogen by weight, ammonia presents
unigue advantages in terms of safety, transportability, and existing infrastructure for produc-
tion, storage, and distribution. Ammonia is a carbon-free molecule composed of nitrogen and
hydrogen. It can burn without producing carbon dioxide, making it a potential cornerstone
for decarbonizing sectors such as transportation and energy production. Unlike hydrogen,
which requires storage at extremely high pressures or cryogenic temperatures, ammonia can be
ligue ed at moderate pressures or low temperatures, facilitating its handling and distribution
Furthermore, ammonia’s established global production and distribution networks are a sig-
ni cant advantage. Current methods, such as the Haber-Bosch process, are energy-intensive
and rely on fossil fuels, resulting in "gray ammonia." However, innovations in green ammonia
production, utilizing renewable energy sources and water electrolysis, are paving the way for a
sustainable ammonia economy. Despite its advantages, ammonia faces several technical chal-
lenges when used as a fuel. Its slow laminar ame speed, high ignition temperature, and narrow
ammability range limit its direct application in ICEs. Combustion of ammonia also produces



nitrogen oxides, a signi cant pollutant that must be mitigated through advanced emission
control technologies [1-3]. To address these limitations, researchers are exploring innovative
combustion strategies, including dual-fuel systems, where ammonia is blended with more
reactive fuels such as hydrogen, methane, or gasoline. These strategies help accelerate ame
propagation and improve overall engine performance while reducing N O, emissions [4, 5].
The versatility of ammonia as a fuel extends to both spark-ignition and compression-ignition
engines. Studies have shown that ammonia-diesel dual-fuel systems offer a practical pathway
for decarbonizing heavy-duty engines, such as those used in shipping and power generation.
These systems enable signi cant reductionsin  C O, emissions while leveraging existing diesel
engine infrastructure [6-8]. High-pressure direct injection of liquid ammonia has emerged
as a promising technique to overcome ammonia’s combustion limitations. This approach
enhances atomization and vaporization, improving air-fuel mixing and reducing unburned

N H 3 emissions. Optical diagnostics and computational uid dynamics (CFD) simulations are
playing a crucial role in optimizing these injection strategies and understanding ammonia's
combustion behavior [9, 10]. The adoption of ammonia as a fuel aligns with global efforts to
mitigate climate change, including the International Maritime Organization's (IMO) goal to
reduce GHG emissions from shipping by at least 50% by 2050. By transitioning to ammonia
and other carbon-free fuels, industries can achieve signi cant environmental bene ts while
reducing their dependence on fossil fuels Economically, the shift to green ammonia production

is critical for its sustainability. Although current green ammonia production methods are costly,
advancements in renewable energy technologies and electrolysis are expected to drive down
costs, making ammonia a viable alternative in the energy market

Ammonia has emerged as a focal point in the quest for sustainable energy solutions, ad-
dressing the critical need for low-emission alternatives to fossil fuels. Historically known for its
industrial applications in agriculture, refrigeration, and chemical processing, ammonia is now
being considered as a carbon-free energy carrier, offering a promising solution for reducing
greenhouse gas (GHG) emissions. Its intrinsic hydrogen content, high energy density, and
relatively easy storage and transportation provide compelling reasons for its adoption as a fuel
for internal combustion engines and other energy systems  [11-14.

However, ammonia combustion presents several challenges that need to be addressed for
its effective use as a fuel. One of the primary issues is its low ame speed, which is signi cantly
lower than that of conventional hydrocarbon fuels. Recorded laminar burning velocities for
ammonia are around 0.07 m /s, compared to 2.91 m/ s for hydrogen and 0.37 m / s for natural
gas. This low ame speed can lead to combustion instabilities and reduced engine ef ciency.
Additionally, ammonia has a high ignition energy requirement and a narrow ammability range,
which poses challenges for conventional ignition systems, particularly in internal combustion



engines. The spray characteristics of liquid ammonia are crucial for its application in direct
injection systems [1]. Recent studies have shown that liquid ammonia sprays exhibit unique
behavior compared to conventional fuels. For instance, ammonia sprays have been observed
to have longer penetration lengths, wider spray cone angles, and larger cross-sectional areas
compared to fuels like methanol and ethanol. These characteristics are signi cantly in uenced
by injection pressure and ambient conditions. As the injection pressure increases from 40 to 100
bar, longer spray penetration lengths, larger spray areas, and increased turbulence within the
spray have been observed [15-17]. Flash boiling is another important phenomenon in liquid
ammonia injection. It occurs when the subcooled liquid is rapidly depressurized below its
saturation pressure, leading to a more uniform air  /fuel mixture. This process involves bubble
nucleation, growth, and two-phase ow stages. Understanding and controlling this ash boiling
behavior is crucial for optimizing fuel injection strategies in future engine designs  [18-21].

The direct injection of liquid ammonia into the combustion system, either just before or
directly within the chamber, offers a streamlined approach to fuel delivery by eliminating the
need for pre-vaporization equipment. This method can enhance system ef ciency and enable
combustion at higher pressures. However, similar to fossil fuels, this approach faces challenges
in mitigating emissions, particularly nitrogen oxides (N O, ), nitrous oxide N,O, and unburned
ammonia. Advances in automotive technology, including the introduction of sophisticated
engine control units (ECUs) and gasoline direct injection (GDI) systems, provide a foundation
for developing ef cient ammonia injection systems. These innovations support precise fuel
metering and improved combustion dynamics, paving the way for effective ammonia utilization
in modern engines.

In addition to its use in combustion systems, the study of large-scale releases of liquid
ammonia has focused on understanding its atmospheric dispersion and toxicity implications.
The safety protocols for storing and transporting ammonia in bulk are well established; how-
ever, accidental large-scale releases introduce complex challenges in both computational
modeling and experimental validation. These incidents require detailed analysis of dispersion
dynamics and chemical interactions under variable environmental conditions. Interestingly,
the fundamental physical principles governing ammonia behavior remain consistent across
scenarios, whether during controlled fuel injection in propulsion applications or accidental
dispersion events. Under similar initial or boundary conditions, factors such as evaporation
rates, phase transitions, and dispersion patterns are comparable. However, the scale and ob-
jectives differ signi cantly, with fuel injection focused on ef ciency and emissions reduction,
while accidental releases prioritize containment and minimizing public health risks. Advanced
simulation tools and real-world testing are critical to addressing these challenges, bridging
the knowledge gap between controlled fuel use and accidental release scenarios. These efforts



enhance ammonias safe handling and contribute to its broader acceptance as a sustainable
energy carrier.

Ammonia shares several physical properties with propane, making both fuels convenient
for storage and transport in their pressurized liquid forms. These properties contribute to their
practicality as high-energy-density fuels. Both ammonia and propane are commonly employed
in refrigeration cycles, leveraging their relatively high latent heats of vaporization 428 kJ  / kg for
propane and 1369 kJ/ kg for ammonia. This high latent heat allows for ef cient energy transfer
during phase changes, a characteristic crucial for refrigeration and energy storage applications
[22—25.

Ammonia’s boiling point, approximately 239.8 K at atmospheric pressure, and its vapor
pressure of 10 bar at 298.15 K, further underscore its ease of storage and handling under
moderate pressures, similar to propane. These properties simplify its logistical requirements,
making it feasible for use in diverse energy and industrial contexts. This versatility aligns with
ammonias growing role in sustainable energy systems, complementing its established use in
chemical processes and refrigeration.

The vapor pressure characteristics of ammonia introduce unique complexities in its at-
omization process compared to conventional liquid fuels. Unlike traditional fuels, whose
atomization is primarily governed by "mechanical breakup” through the interaction of aero-
dynamic and surface tension forces within the liquid jet, ammonias atomization involves
additional thermodynamic factors. These include its high vapor pressure and the rapid phase
change from liquid to vapor under speci ¢ boundary conditions, such as the temperature and
pressure of both the ammonia and the ambient environment.

This dual-process interaction combining thermodynamic effects and mechanical forces
requires a more nuanced understanding of the atomization process. For ammonia, the liquid
jet often exists in a metastable state, transitioning between pure liquid and gaseous phases as
it undergoes rapid decompression or interacts with the surrounding environment. Different
researchers describe this phenomenon using varied terminology, but the core mechanism
involves the destabilization of the liquid jet due to thermodynamic instabilities, leading to
vapor formation and mechanical fragmentation = [26-29.

The necessity to account for these thermodynamic effects contrasts sharply with the more
predictable behavior of traditional fuels, where atomization is well-characterized and primarily
reliant on mechanical breakup models. For ammonia, designing ef cient atomization systems
requires precise control of boundary conditions and a deep understanding of its boiling prop-
erties, as these directly in uence the spray dynamics and subsequent combustion ef ciency.
This complexity underscores the need for advanced experimental and modeling approaches
to optimize ammonia atomization in energy applications.



Under speci c ambient conditions, the introduction of a liquid phase can trigger phenom-
enasuchas" ash boiling" or " ashing jets," where the injected liquid rapidly transitions toward
thermodynamic equilibrium. This process is well-documented across various liquid fuels and
injection technologies, including gasoline in direct-injection spark-ignition engines, where
ashing occurs under speci ¢ load and thermal conditions. The phenomenon is particularly
prominent in uids with low boiling points, such as ammonia, which are highly sensitive to
changes in pressure and temperature [9, 10].

Ammoniareleases can be categorized into three primary types based on the thermodynamic
state and environmental interaction:

1. Vapor Release: Where ammonia is introduced directly in gaseous form.

2. Non-Flashing Liquid Release: Where liquid ammonia maintains its state during release,
typically under conditions that suppress rapid phase change.

3. Flashing Liquid Release: Where ammonia undergoes a rapid phase change to vapor,
forming a ashing jet.

Flashing jets are especially signi cant for ammonia due to its low boiling point and high
vapor pressure, characteristics that make it susceptible to phase transitions under injection
conditions. This phenomenon has been extensively characterized since the foundational
studies, which provided a detailed understanding of ashing jet behavior.

The process of ash boiling enhances atomization by creating ne droplets through the
violent disruption of the liquid jet as vapor bubbles form and expand within the liquid. This dy-
namic behavior signi cantly in uences spray distribution, vaporization rates, and subsequent
combustion performance, making it a critical factor in the design of ammonia injection systems
for propulsion and other energy applications. To fully exploit this phenomenon, researchers
are focusing on advanced modeling and diagnostic techniques to capture the interplay of
thermodynamic and mechanical forces in ashing jets.

Recent studies, such as those by Li et al. [30], have re-evaluated the behavior of ashing
ammonia jets in the context of reciprocating engines, providing deeper insights into their
dynamics. The researchers established a connection between near- eld bubble explosion char-
acteristics and far- eld spray tip penetration, offering a re ned framework for understanding
ammonia jet behavior. Similar to ndings from atmospheric dispersion studies, ammonia
sprays were categorized into three regimes based on the dimensionless superheat parameter

Rp:

1. Initial Flashing Region ( 1.0< R, < 2.0): Characterized by moderate bubble activity and
initial vaporization.



2. Transitional Flashing Region ( 2.0< R, < 5.0): Marked by increased intensity of bubble
explosions and greater spray instability.

3. Flare Flashing Region (R, > 5.0): Dominated by intense bubble activity and rapid spray
breakup.

The study conducted a non-dimensional analysis correlating key features of the ashing
phenomena. It revealed that near- eld bubble explosion intensity was primarily in uenced by
the degree of superheat and ammonias viscosity across all ashing regimes. Meanwhile, the
Ohnesorge number played a more signi cant role in transitional and are ashing regions,
indicating a complex interplay of uid dynamics and thermal properties in these phases.

Spray tip penetration, a critical parameter for engine performance, exhibited behavior
analogous to conventional liquid fuels under initial ashing and critical conditions. However,
in the transitional and are ashing regions, penetration was governed more by jet bubble
dynamics than by conventional mechanical forces. These ndings emphasize the importance
of understanding the thermal and uid properties of ammonia when designing injection
systems for high-ef ciency combustion applications.

The work by Li etal [31]. underscores the need for continued investigation into the unique
behaviors of superheated ammonia sprays, both experimentally and through advanced com-
putational modeling, to optimize their use in propulsion and energy systems.

The results con rmed that superheat is a critical factor in the transition to ashing, as
previously indicated by earlier studies. However, Jiang et al. [32] highlighted that the transition
to ashing is also strongly in uenced by the injector's aspect ratio. Their ndings suggested
that previous criteria for predicting transition points were insuf cient for ammonia sprays
with the speci c injector diameters and aspect ratios examined. This observation underscores
the importance of tailoring models to account for the unique physical properties of ammonia
and its interaction with injector design.

These ndings add to the growing body of research emphasizing the complexity of ammonia
atomization and the importance of precise injector design. Advanced understanding of such
interactions is essential for optimizing ammonia injection in combustion systems, ensuring
ef cient atomization while managing emissions and spray characteristics.

In summary, to utilize ammonia as potential fuel in a high power engine system itis nec-
essary to understand its spray performance and injection dynamics, particularly under high
injection pressure. Studies focusing on the ash-boiling phenomenon of liquid ammonia are
important in developing systems that can utilize the fuel's thermo-physical properties to our
advantage. However, there is a lack of general studies that characterize the performance of the
fuel under various ash-boiling conditions and different injector designs. This study aims to



study the ash-boiling of liquid ammonia using an ammonia pressurization system to under-

stand the interaction between the ambient conditions and the fuel injection properties in a

constant volume combustion chamber (CVCC). This study lays the ground work for creating

systems that can use ash-boiling liquid ammonia to improve the performance of the fuel-air

mixing in engines.

1.2

Objective of This Work

The main objective of this work is to develop an understanding on ammonia as a fuel for use

in energy production and engines. The questions that this study seeks to answer include:

1.

2.

1.3

Explore premixed ammonia ignition, ame propagation, and heat release characteristics.

Characterize the ash-boiling behavior of liquid ammonia sprays under varying ambient
conditions.

Investigate liquid ammonia direct injection with preburn ignition, simulating compres-
sion ignition conditions, to understand atomization behavior and ignition characteristics
under high ambient densities up to 25 kg /m3 and fuel pressures up to 280 bar.

. Develop and optimize a reliable system for pressurizing liquid ammonia to high pressures

(up to 280 bar) for direct injection, addressing the unique challenges posed by ammonias
thermophysical properties and corrosivity.

Overview of Dissertation

Chapter 2 Ammonia Premixed Combustion in CVCC: This chapter delves into the fun-
damental combustion characteristics of ammonia in a constant volume combustion
chamber (CVCC). It describes in detail the experimental setup, including the CVCC de-
sign, diagnostics, and imaging techniques used. The results section presents a thorough
analysis of ame development, heat release rate, and the effects of oxygen concentration
and equivalence ratio on combustion characteristics. This chapter provides crucial in-
sights into the basic combustion behavior of ammonia, setting the foundation for more
complex studies in later chapters.

Chapter 3 Ammonia-Gasoline Blends in Spark Ignition Engine: Building on the funda-
mental studies, this chapter explores the practical application of ammonia in a spark
ignition engine. It details the experimental methods used to test ammonia-gasoline
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blends, including engine speci cations and fuel mixture properties. The results section
provides a comprehensive analysis of in-cylinder pressure, heat release rate, cumulative
heat release, engine performance metrics, and emissions. This chapter offers valuable
insights into the potential of ammonia as a fuel supplement in conventional engines.

Chapter 4 Flash Boiling Behavior and Spray Dynamics of Liquid Ammonia: This chap-
ter focuses on the unique spray characteristics of liquid ammonia using a hollow cone
piezoelectric GDI injector. It describes the experimental setup for high-pressure ammao-
nia injection and the advanced imaging techniques used. The results section presents
a detailed analysis of spray characterization under varying conditions, including the
identi cation of ash boiling regimes, spray penetration and cone angle analysis, and
plume ratio measurements. This chapter provides critical information on the behavior
of liquid ammonia sprays, which is essential for developing ef cient injection strategies.

Chapter 5 Liquid Ammonia Direct Injection Under Diesel-Like Conditions: This chapter
examines the behavior of liquid ammonia under conditions similar to those in diesel
engines. It details the development of a high-pressure injection system capable of pres-
surizing ammonia up to 280 bar. The results section analyzes spray behavior under high
ambient densities, investigating the effects of injection pressure and ambient conditions
on spray characteristics. This chapter offers insights into the potential use of ammonia
in compression ignition engines.

Chapter 6 Dual-Fuel Spray Interactions: Ammonia with Conventional and Alternative
Fuels): This chapter explores the complex interactions between ammonia and other fuels
in dual-fuel injection strategies. It describes the experimental setup for dual-fuel injection
and the various fuel combinations tested. The results section analyzes spray interaction,
ignition and combustion characteristics, and heat release in dual-fuel mode. This chapter
provides valuable information on how ammonia can be effectively combined with other
fuels to overcome some of its combustion challenges.

Chapter 7 Conclusions and Future Work: This nal chapter synthesizes the key ndings
from all previous chapters, discussing their implications for ammonia as a future fuel.
It highlights the most signi cant contributions of the research to the eld of ammonia
combustion. The chapter then provides detailed recommendations for future research
directions, identifying areas that require further investigation to advance the use of
ammonia in transportation and energy production sectors.



CHAPTER

2

EXPERIMENTAL CHARACTERIZATION OF
AMMONIA PREMIXED COMBUSTION IN A
CONSTANT VOLUME CHAMBER

2.1 Introdction

Ammonia is one of the most abundant industrial chemicals widely used today with roots in
industries like agriculture, energy storage, refrigeration, and chemical processing. It is usually
available in different forms based on the requirement but as a gas, ammonia has been a fuel
of interest for a long time. Thanks to its wide availability, relatively low production energy
costs, good vaporization properties, and ease of use ammonia has positioned itself as a great
alternative for fossil fuels. As a hydrogen energy carrier, ammonia has also been identi ed as
one of the fuels of the future [1, 2]

For some time, people have been trying to use ammonia in an internal combustion engine
as a an alternative fuel. Thanks to absence of any carbon, ammonia can be used as a fuel with
zero carbon emission when burnt. In order to realize the use of ammonia as a carbon free
fuel of the future, studying its combustion in internal combustion engines will prove to be an
invaluable step in implementing it as a fuel in hard to electrify modes of transport as suggested



by studies [3]. Understanding the combustion properties remains as one of the best steps to
understand the fuel and how the existing systems can be modi ed to support the introduction
and ease the transition if the fuel can be effectively used in systems [33].

Several detailed studies have been performed by different research groups with the same
goal. Studying the fuel with a wide range of air fuel mixtures has also been of great importance
as it gives information on the initial ame kernel that de nes how the fuel will perform in the
combustion environment [34]. Researchers have recorded the laminar ame velocity of NH3
and mixtures of NH3 and hydrogen with air  [35, 36]. Similar studies have also been performed
to look at the ame velocity and turbulent ame velocities of ammonia at elevated pressures
and temperatures [37, 38]. Recently, several studies have been performed to study the effect
of air fuel ratios on pure and blended ammonia fuels  [39, 40]. Other studies have also been
performed to study the laminar burning velocity of ammonia using numerical models and
experimental approaches [41]. Studies involving the use of ammonia in spark ignition (SI)
systems have also been performed to understand the effects of air fuel mixtures and ame
velocities using numerical models and simulations. Multiple studies have been performed on
the operating limits of ammonia in a spark ignited engine  [41-43]. Several kinetic models have
also been developed to understand the performance of ammonia in an Sl engine system at
stoichiometric conditions to study the fuel performance  [44, 45].

The objective of this study is to partially experimentally understand the combustion of
ammonia in a constant volume combustion chamber (CVCC) under a spark ignited operating
condition. Pure ammonia has been tested without any combustion promoters to study its
laminar ame velocity and heat release with a wide range of air fuel ratios with changes in
the ambient oxygen concentration including some oxygen rich conditions with up to 40%
oxygen in the ambient gas. Understanding the changes in the heat release of pure ammonia
with changing air fuel ratios in an SI mode of operation will prove invaluable in choosing a
proper additive / modi er to make the fuel usable in current technologies. The use of oxygen
as combustion modi er in this study also provides insight into using ammonia as a fuel in
future Sl engines with advancements in air separator and EGR technologies helping make
oxy-combustion less cumbersome [46, 47]. This study will serve as a precursor to further studies
involving ammonia with and without combustion promoters in S| engines while establishing
baselines for heat release from the fuel to help understand the effects of additives and modi ers
in the future.
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2.2 Setup and diagnostics

For this study, a constant volume combustion chamber (CVCC) with six ports was used with
different accessory systems (gas inlet, outlet, fuel injector, spark plug, pressure sensor, etc.)
connected to the chamber. Optical access was enabled by two quartz windows mounted on
two opposite ports of the chamber. Other ports were sealed using solid stainless-steel plugs
with additional accessory components installed in them. The inner diameter of the quartz
window is 100 mm, and the inner volume of the chamber is 0.95 L. More details of the chamber
can be found in the previous publications [48-50]. A schematic of the combustion chamber
used to show the various ports and camera positioning is shown in Fig. 2.1.

Figure 2.1: CVCC setup - 1. Chamber body with heaters installed; 2. Combustion chamber; 3.
Fuel injector location; 4. Window / Plug holder; 5. Quartz window; 6. Gas inlet port; 7. Spark
plug port; 8. Exhaust port; 9. Pressure transducer port; 10. Light source; 11. Parabolic mirror;

12. Knife edge.

For the combustion experiments, the environments inside the chamber were controlled
using heaters installed onto the combustion chamber body and controlled by a closed-loop
system. Based on the speci ¢ experimental case being studied the gas composition inside the
chamber was controlled using high pressure cylinders of N2, O2, air, and 50% /50% N2/ O2
gasses. Pressurized anhydrous ammonia gas with a quoted purity of 99.95% was used in the
experiments.

For data collection a Kistler 6041B transducer coupled with a Kistler 5004 charge ampli er
was utilized to measure the transient pressure inside the combustion chamber. The pressure
data inside the chamber was recorded at a sampling rate of 50000 samples per second before
and during the combustion process. A Phantom V4.3 high speed camera from Vision research
was also used to capture images of the combustion event. For this study a 'Z'-type Schlieren
imaging system was used with the high speed camera to capture the combustion process
and record the ame, more details of the imaging system used can be found in previous
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publications [50]. There are 3 spark plugs positioned on 3 different metal inserts around the
combustion chamber. Only one was used at any given time. The spark energy for this study
was not measured nor controlled. The spark energy used to ignite the mixture is close to 170
mJ based on the manufacturer data for the ignitor. The results presented in this study show
error bars show the standard deviation based on multiple repetitions of the same case being
studied. Based on the uncertainties and errors from the measurement instrument the average
uncertainty is calculated to be + 1.87 cm/s for ame speed measurements. A con dence level
of 95% can be reported.

For the experiments, the combustion chamber was heated to 100 %o and a vacuum was
pulled inside the combustion chamber. Based on the speci ¢ case tested the different gases
are metered into an accumulator based on partial pressures for mixing and then charged
into the combustion chamber using pressurized nitrogen. Once the gas is induced into the
chamber, a spark is red, and data recording is started. Equivalence ratios for elevated oxygen
concentrations were calculated based on the stoichiometric air fuel ratio for the selected
quantity of oxygen in the experimental case. Table 2.1 shows the conditions tested for this

study.

Table 2.1: Operating conditions and experimental cases.

Description (units) Value
Ambient oxygen levels 15%, 21%. 25%,
(%)
30%, 35%, 40%
Equivalence ratio () 0.9,0.95,1,
1.05,1.1,1.15
Ambient gas
temperature (K) 373
Chamber volume (L) 0.95
Initial pressure (bar) 10

2.3 Results and discussion

Different oxygen concentrations in ambient gas were tested at different equivalence ratios
to study the effects on combustion, ame velocity, and heat release. The following sections

discuss the results in detail.
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2.3.1 Combustion images analysis

For testing ammonia combustion under the various conditions, the combustion chamber was

setup with a “Z'-type Schlieren imaging system with the high speed camera. This was done to
record the ame front, which would otherwise be hard to visualize. Fig. 2.2 shows a sequence of
high speed images for the six different oxygen concentrations tested at different time intervals

after ignition. For illustration an equivalence ratio of 1.1 is chosen.
Figure 2.2: Flame development images for equivalence ratio of = 1.1 at various oxygen
levels.

From all the cases tested, ammonia shows an increase in ame velocity with increasing
oxygen concentration in the ambient air. After ignition from the spark, the mixture forms a
smooth spherical ame as seen from the images. Similar to studies performed show that there
are two stages of the ame development. First there are large cracks that form on the smooth
surface and break up the spherical structure, and then spontaneous cells appear over the entire
ame surface [51-53]. Similar phenomenon is observed with the ame propagation with higher
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Figure 2.3: Flame development images for changing equivalence ratios at 25% oxygen con-
centration.

oxygen concentration cases. Care was taken to address the instability of the ame caused by
the appearance of the cells on the surface while calculating the ame speed  [51]. At lower
oxygen concentrations as seen from the image sequence for 15 and 21% cases, the ame is not
symmetric. This could be due to the strati cation of the different gasses inside the chamber
as the ame front develops at a slow pace leading to buoyancy effects which push the ame
front upward. With increasing oxygen concentration, the buoyancy effects are neutralized as
the ame velocity increases causing the ame to develop more symmetrically. Compared to
conventional fuels used in internal combustion engine, ammonia shows a similar correlation
with an increase in the ambient oxygen concentration. But the ame velocity is much slower
than that of other fuels and would warrant an additive to improve the performance. The same
trend is shown with the change in equivalence ratios.

Fig. 2.3 shows a sequence of images with changing equivalence ratios for the 25% oxygen
concentration case. We can see that there is a noticeable delay in the spherical ame growth
with changing equivalence ratio. With an equivalence ratio of 1 or lower we see thatthe ame
is not completely symmetric. The buoyancy effect is still present at lower equivalence ratios
and could cause the asymmetric growth of the ame as seenin 2.3 under = 0.9and 0.95. This
could be also caused by a change chemical reactivity of the fuel with changing equivalence
ratios. With increasing equivalence ratios, the ame front becomes more stable and becomes
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more symmetric.

2.3.2 Flame velocity

Using the high speed video recordings, ame speed of each case was calculated, and Fig. 2.4
shows the variation of ame velocity with changing oxygen concentration and equivalence
ratios tested. Fig. 2.5 shows the effect of equivalence ratio on the ame velocity of ammonia in
different mixtures.

Figure 2.4: Flame velocity variation with changing oxygen concentration.

From Fig. 2.4 increasing the oxygen content positively affects the ame velocity. Also, for
each oxygen concentration the highest ame velocity is achieved when under a fuel rich condi-
tionata of 1.10. With an increase in oxygen concentration from 21% to 40%, the maximum
ame velocity increases from 30.04 cm /s to 102.32 cm/ s which is an increase of approximately
3.4 times. This could be due to an increase in the chemical reactivity of the mixture with the in-
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creased oxygen content. The maximum heat release for each oxygen content also occurs at a
of 1.10 as shown in the following sections. This phenomenon is expected and is also observedin
other fuels like ethanol, and iso-octane with increasing oxygen concentration, the combustion
process becomes increasingly sensitive to the equivalence ratio thus increasing the difference
between the different air fuel ratios under the same oxygen content at higher concentrations
[54-57]. The increase in ame velocity also helps in improving the ame symmetricity as seen
from Fig. 2.2 with the lower oxygen concentration cases.

Figure 2.5: Flame velocity variation with changing equivalence ratio.

Fig. 2.5 shows the change of ame velocity as affected by the change in equivalence ratio. It
is noted that at lower oxygen concentrations around 15% and 21% the effect of equivalence
ratio is less pronounced compared to the higher oxygen concentrations cases. This can be
explained by the increase in speed or reaction under oxygen enriched condition, causing the
increase in combustion completeness and fuel burning which in-turn causes the ame velocity
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to increase.

Figure 2.6: Adiabatic ame temperature variation as calculated by CHEMKIN  ®with changing
equivalence ratio and oxygen concentrations.

Fig. 2.6 shows the change of adiabatic ame temperature for all the cases. The ame temper-
atures were not measured but calculated using CHEMKIN  ®. The calculated ame temperatures
show an in ection point around 25% oxygen content as similarly observed in later discussions.
The calculated values of adiabatic ame temperatures for th 21% oxygen cases are comparable
to other publications [37, 58].

2.3.3 Heatrelease analysis

Using the pressure data from the pressure transducer, we can geta P which is change in
pressure. Thenthe P curve canalso be generated. With this data, the heat release rate (HRR) at
different time steps and cumulative heat release (CHR) data can be calculated and plotted. We
can also qualitatively analyze the ignition delays using the data from pressure curves recorded
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by looking at the time take to record a signi cant rise in pressure after spark is red. The
HRR presented in this study is the net heat release rate or the apparent heat release rate of
combustion. The calculated heat release rate re ects the difference between the combustion
heat release and the heat loss to the walls of the constant volume combustion chamber.

2.3.4 Heatrelease rate

Figure 2.7: Heat release rate variation with oxygen levels of A.) 15%, B.) 21%, C.) 25%, D.) 30%,
E.) 35%, and F) 40%.

Fig. 2.7 A through F shows the heat release rate (HRR) comparison for all the cases tested
in the order of lowest oxygen concentration to the highest oxygen concentration respectively.
Each plot shows the effect of changing equivalence ratio for a xed oxygen concentration.
Fig. 2.7 A shows the lowest heat release of all the oxygen concentrations tested. At lower oxygen
concentrations the ame tends to burn slower resulting in a wider heat release rate curve.
With increasing oxygen concentration, we see an increase in the peak heat release rate and a
reduction in the overall duration. This shows that the fuel air mixture is burning more readily.
An increase in fuel chemical reactivity with increasing oxygen concentration can also reduce
the overall heat release duration while increasing the peak heat release. The overall increase
in the heat release rate could also be due to the increase in quantity of fuel burning when
considering the higher oxygen concentration cases. For all the oxygen concentrations tested,
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