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Abstract

Ammonia and hydrogen portrays a favourable potential to act as alternative fuels
due to no carbon-related emissions. This thesis aims to investigate the character-
istics of ammonia and hydrogen combustion, providing guidance for the develop-
ment of a disruptive heat engine using ammonia and hydrogen.

Nakamura’s mechanism is found to best predict the fundamentals of ammo-
nia and hydrogen combustion and employed in the numerical study. The premixed
laminar flame speed, ignition delay and flame structure of ammonia and hydrogen
combustion are explored with various parameters. It shows an equivalence ratio of
1.1 is advantageous for both combustion stability and emission control. Hydrogen
enrichment and oxygen enrichment effectively promote the laminar flame speed
and reduce the ignition delay time. However, they comes at the cost of higher
NO emission. Elevated pressure tends to reduce NO emission.

A lab-scaled swirl-enhanced combustor rig is established to analyse the char-
acteristics of non-premixed ammonia and hydrogen flame. The results indicate
increasing hydrogen blending ratios, initial gas temperature and decreasing the
swirl numbers are effective ways to broaden the flame stability range. The optimal
emission control occurs at stoichiometric condition. More hydrogen involvement
leads to the increase of NO and NOy emissions and the decrease in ammonia slip.
However, the effect is weakened under fuel-rich conditions.

The numerical and experimental emission results are compared with those
from various ammonia-based heat engines. Most results exceeds EURO 7 regula-
tion standards. The two-zone rich-lean neat ammonia fuelled micro gas turbine

shows the best control of emission with thermal efficiency of ~ 22%.
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”As I get older, I realise being
wrong isn’t a bad thing like they
teach you in school. It is an
opportunity to learn something.”

Richard Feynman
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Chapter 1. Introduction
1.1 Decarbonisation challenges in transportation

Increasingly prominent environmental issues and energy crisis are topics of great
concern to the transport industry nowadays. As a result of global warming, there
is a growing commitment among countries to achieve Net Zero target, for example,
the UK has pledged to achieve zero emission targets by 2050 according to a recent
law [1]. According to the UK Transport and Environment Statics annual report
published in 2021, transport accounted for nearly 27% of the UK’s total emissions
in 2019, totalling 122 MtCOse [2]. Figure 1.1 shows greenhouse gas (GHG) emis-
sions of different sectors in the UK in 2019 [3]. As coal-fired power generation
has been replaced mainly by natural gas, the emissions from energy sector have
been significantly reduced but the emissions from transport are about the same
as in past years [2]. The transport sector has been the largest emitter since 2016
[2]. International Maritime Organisation (IMO) set goals to minimise the carbon
intensity of international shipping by 70% and the total annual GHG emissions
of international shipping by at least 50% compared to 2008 by 2050 as a response
[4]. The decarbonisation of the transport sector is an indispensable component of
the climate change mitigation. As a result, new stringent regulations will keep on

being imposed on the transport industry.

On the other hand, gasoline-fuelled or diesel-fuelled conventional transport
faces a greater challenge due to the global energy crisis. A growing demand
for energy has been one of the most burdensome issues to be addressed in the

215t century. Despite the development and improvement of the renewable en-
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Figure 1.1: GHG emissions from different sectors in the UK in 2019 [3].

ergy utilisation, fossil fuels continue to be the primary source of energy. How-
ever, the declining global gasoline and diesel reserves in conjunction with the
Russo-Ukrainian War have further exacerbated the global energy crisis. In order
to reduce the transportation’s reliance on fossil fuels, many European countries
planned to cease selling new gasoline and diesel vehicles in the upcoming years.
For example, the UK has promised to ban the sale of such vehicles by 2035 [5].
The shipping and rail freight industries are considering the use of an alternative
fuel, in recognition of this being one of the viable ways to combat against the
energy crisis while maintaining a competitive status.

Decarbonising the transport industry cannot rely on a single approach. A
rough roadmap of decarbonising transport is illustrated in Figure 1.2. Battery
electric vehicles are a new trend in the market to ease the stress of decarbonizing

short-distance travel vehicles with a light-duty. A battery can be fast charged or
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Figure 1.2: Transport decarbonisation roadmap.

replaced at a charging station and a more efficient electric motor and powertrain
can offset part of the weight penalty to vehicles [6]. However, it is difficult to elec-
trify large-scale transport, i.e. HGV, rail freight and maritime shipping, which
is used to transport goods and products due to heavy loads and long distances.
Given the best battery technology, the energy stored in one pound of gasoline
is equivalent to the energy stored in 40 pounds of battery [6]. Although battery
trucks are under operation for short-distance travel, heavy-duty trucks using cur-
rent lithium-ion batteries and electric motors carry approximately 40% less goods
than the conventional trucks for the same range [7]. Moreover, it is unlikely that
maritime shipping can refuel frequently during journeys [6]. Hence, electrifying
heavy transports with battery technology does not seem to be a feasible option.
The decarbonisation of heavy transport is imminent.

The key to decarbonising heavy transport is finding a transportable, high-
energy-density energy storage solution. One of the most reliable energy storage

options is chemical energy storage. In recent years, fuel cells have received in-
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creasing attention as they directly convert chemical energy into electricity with
fewer emissions than hydrocarbon-fuelled engines and a much shorter refuelling
time than batteries. There are, however, a number of issues that need to be ad-
dressed before fuel cells become commercially viable. For instance, hydrogen fuel
cells face problems concerning hydrogen storage and the high cost of infrastruc-
ture investment and raw materials (platinum and iridium, which are commonly
used as catalysts) [8, 9]. Solid oxide fuel cells (SOFCs) require a high operating
temperature, resulting in a long start-up and cooling-down time [10]. It is also
important to take into account the fuel properties, for example, ammonia SOFCs

require catalysts in order to increase the rate of ammonia conversion [10].

Another effective method to extract chemical energy is combustion. When
substances react through chemical reactions, they release energy and heat to the
engine, converting chemical energy to mechanical energy. It is a very mature
and robust technology that has been widely used in all means of transportation
over decades. Finding an alternative carbon-neutral fuel, rather than giving up
the engine, would be the most efficient solution to achieving decarbonisation,
as well as reducing reinvestment costs. Some attractive candidates are e-fuels,
biofuels and zero-carbon fuels. E-fuels are synthetic fuels that combine captured
carbon with hydrogen produced by electrolyzing water using sustainable energy.
Well-to-wake emissions from e-fuels, such as e-methanol, can reach 99% reduction
in GHG emissions, provided the production is completely based on renewables
[11]. Biofuels are produced from biomass through pyrolysis process. Bioethanol
made from corn and biodiesel made from soybeans are the most common biofuels.
Biofuels have proven to have considerably fewer GHG emissions than gasoline, but
GHG emissions from the biofuel synthesis method are of great concern [12]. In

addition, zero-carbon fuels, namely hydrogen (H3) and ammonia (N Hs), benefit
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from yielding no carbon emissions, which is the primary reason why they are

receiving worldwide attention as potential future fuels.

1.2 Heat engines

One of the typical heat engines is the internal combustion engine (ICE), which is
frequently used in automobiles, motorbikes, locomotives, and ships. As it has a
long history of development and theoretical basis, ICE is very reliable and always
considered for engine retrofits. In ICE, by burning fuel in the internal combustor,
high-temperature high-pressure combustion gases as working fluid provide a force
on the piston, transforming chemical energy into kinetic energy. Kinetic energy
is then converted into mechanical energy by the cranktrain (reciprocating piston
engines) or rotor (rotary piston engines). Figure 1.3 shows the working principle of
ICEs. The ICE is also flexible for various gaseous fuels (e.g. nature gas, propane,
biogas) and liquid fuels (e.g. gasoline, methanol, ethanol) [13], which inspires the

research topic of hydrogen or ammonia fuelled ICEs [14, 15, 16, 17, 18].

Housing Eccentric shaft

Figure 1.3: The working principles of ICEs, (a) reciprocating piston engines, (b)
and (c) rotary piston engines [13].
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Comparing with the reciprocating engines, the power-to-weight ratio of a
gas turbine (GT) is relatively higher. Namely, in order to produce the same
amount of power, GT is lighter than the reciprocating engines, resulting in GT’s
wider use as marine and aviation propulsion. A classic GT consists of three major
components, a compressor, a combustor and a turbine. Figure 1.4 illustrates the
working principle of a GT. The air pressure is increased by an air compressor
and then enters the combustor where the fuel is injected. The combustion gas
after the combustion chamber is therefore in a state of high temperature and high
pressure, and generates shaft work through the turbine. GTs are usually powered
by kerosene, natural gas, and diesel with recent developments attempting to use

hydrogen blends and biomass as fuel [19].

INTAKE COMPRESSION COMBUSTION EXHAUST

Air Inlet/ Turbine

Cold Section Hot Section

Figure 1.4: The working principle of a GT [20].

There is another promising heat engine to alleviate the stress of decarboniz-
ing heavy transport which is Free Piston Engine (FPE). FPE is crankless and able
to generate electricity directly through a linear engine generator. Compared with
a conventional ICE, FPE has no crankshaft, gudgeon pins, connecting rods and
flywheel [21]. The main components are combustor, load device and a rebound de-

vice [22]. Figure 1.5 presents several types of FPE including single-power piston,

6



CHAPTER 1: INTRODUCTION

dual-power piston, single double-acting power piston, split-cycle double-acting
power piston expander and compressor and opposed dual-power piston [23]. Due
to the compact and mechanically simple structure, FPEs have the benefit of lower
friction and heat transfer losses than traditional ICEs. Since FPEs operate under
different compression ratios, they are also suitable for a variety of fuels, enabling

the use of alternative fuels and combustion technologies.
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Figure 1.5: The configuration of different types of FPEs [23].

1.3 Future fuels — Ammonia and Hydrogen

As hydrogen is a carbon-free and nitrogen-free elementary substance, it has been
considered as a potential future fuel. However, hydrogen cannot be easily stored

due to its normal boiling point and vapour pressure, as shown in Table 1.1. Hy-
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drogen can either be liquified under —253°C, 1 bar or compressed to supercritical
state under 300 or 700 bar at the ambient temperature. The extreme cold temper-
ature leads to a technical problem for storage while high pressure induces safety
concerns. Transport and distribution of hydrogen are also significant costs as-
sociated with hydrogen delivery. These hurdles have made hydrogen difficult to

commercialize widely.

Apart from hydrogen, ammonia is also regarded as a promising carbon-free
future fuel. According to DNV’s report titled Energy Transition Outlook - Mar-
itime Forecast to 2050, the most promising carbon-neutral marine fuels towards
2050 in a decarbonization trajectory will be e-ammonia, blue ammonia, and bio-
methanol based on a 30-scenario model [40]. In Figure 1.6, it is projected in the
model that ammonia will start to be used commercially as a maritime fuel from
2037, become the principal fuel choice for new ships by 2042, and occupy 25% of
maritime fuel mix in shipping by 2050 [41, 42]. It is found in Table 1.1 that the
physical properties of ammonia and propane are similar [43, 44, 45]. Ammonia
can be readily liquified under approximately —34°C at atmospheric pressure or
compress in a ~ 10 bar tank at ambient temperature. Since ammonia has been
extensively applied as fertilizer and cleaning chemicals in agriculture, the produc-
tion, transportation and distribution of ammonia are deep-rooted. Although the
traditional Haber-Bosch ammonia generation approach is still currently employed
around the world, the motivation of using renewable energy to produce hydrogen
for a new type of Haber-Bosch ammonia generation method is driving the produc-
tion of green ammonia [46, 47, 48, 49]. In this way, any carbon footprints in the
lifecycle of utilising ammonia as a fuel can be minimized to a great extent. It was
announced by BP Australia that green ammonia and green hydrogen production

is feasible using solar and wind energy in large scale (9 million tonnes of green
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ammonia every year under full scale renewable power) and can be export globally
to facilitate the decarbonisation [50, 51]. An ammonia cycle map containing am-
monia production, storage, distribution and utilisation is presented in Figure 1.7.
It is also noteworthy that ammonia has the highest volumetric hydrogen density
of 10.7 kg Hy/100 L as well as a high gravimetric hydrogen density of 17.8 wt%H,
compared to all other hydrogen carriers shown in Figure 1.8 [44, 52]. Since ammo-
nia can be decomposed to generate hydrogen by an appropriate catalyst without
producing other emission gases but only nitrogen, ammonia is considered as a

competitive hydrogen carrier considering the convenience of ammonia storage.

Units: EJ/yr

14 LSFO or MGO
LPG

LNG

Liquefied
methane
(bio/electro)

I Hydrogen
B HFO and scrubber

Electricity from
grid

5 : |
_ Il Ammonia
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2020 2025 2030 2035 2040 2045 2050 biodiesel

o

LSFO, low-sulphur fuel oil; MGO, marine gas oil; LPG, liquefied petroleum gas;
LNG, liquefied natural gas; HFO, heavy fuel oil;
Advanced biodiesel, produced by advanced processes from non-food feedstocks

©DNV GL 2019

Figure 1.6: Energy use and projected fuel mix 2018-2050 for the simulated IMO
ambitions pathway with main focus on design requirements [41, 42].

By combining ammonia which is a carbon-free alternative fuel with heat
engines (ICEs, GTs and FPESs) to form ammonia fuelled disruptive heat engines,
substantial carbon emissions in heavy transport can be reduced, further migrating
the decarbonisation challenge of transports. In fact, the concept of ICE powered

by ammonia was proposed and examined in the previous work [53, 54, 55]. Ow-
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Renewable Energy Storage & Distribution

Figure 1.7: Ammonia economic cycle with production, storage, distribution and
utilisation [48].
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Figure 1.8: Hydrogen density in hydrogen carriers [44, 52].

12



CHAPTER 1: INTRODUCTION

ing to the ammonia properties and ammonia combustion characteristics, utilising
ammonia as the sole fuel for combustion engines is faced with many obstacles. As
presented in Table 1.1, ammonia requires a high temperature to ignite and the
flammability range is narrow. At room temperature and atmospheric pressure,
the maximum laminar flame speed of ammonia, i.e., the maximum propagation
speed of a freely burning premixed laminar flat ammonia flame into the unburnt
cold flow, is one-fifth that of a methane flame under the same condition. These
lead to difficulty in ammonia flame stability. It was revealed by Grannell et al.
that reasonable performance of a spark ignition engine is difficult to achieve by
using a single fuel of ammonia and it was suggested to blend ammonia with a
more reactive fuel such as gasoline [15]. Many studies have been conducted to
introduce hydrocarbon fuel (e.g. methane, gasoline, dimethyl ether (DEM) and
Kerosene) [15, 56, 57, 58, 59, 60] or hydrogen [61, 62, 63] as a promoter for ammo-
nia combustion stabilisation. Considering increasingly stringent transportation
regulations, the use of ammonia as a primary fuel with hydrogen serving as a
promoter for heat engines is proposed in this research. It is because hydrogen
does not emit carbon-related exhaust gases and it can be cracked from ammonia
decomposition which avoids an additional on-board tank. To prevent flashback
(the upstream propagation of the flame into combustor tubes) and blowoff (the
extinguishing of the flame from a lifted condition), it is essential to conduct a

flame stability analysis for ammonia blends.

Furthermore, although no carbon-related emissions could be yielded from
ammonia and hydrogen combustion according to the chemical reactions 1.3.1 and

1.3.2, NO, emissions are inevitable.

NH; +0.75 (O + 3.76 Ny) — 1.5 Hy0 + 3.32 Ny (1.3.1)

13
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Hy +0.5 (Og + 3.76 Ny) — Hy0 (1.3.2)

NO, is formed mainly via three methods: thermal NO, prompt NO, and fuel-
bound NO. Thermal NO is also called Zel’dovich mechanism. The elementary

reactions are

O+ Ny — NO+N (1.3.3)
N+0y— NO+0 (1.3.4)
N+OH — NO+H (1.3.5)

As a high activation energy is required to initiate the thermal NO mechanism, it
is considered especially under a high temperature (above 1800 K). Prompt NO is
formed via the reaction between nitrogen and CH or C in the fuel. Since carbon-
free fuel blends are used in this research, NO emssions cannot be generated via
prompt NO method. Fuel-bound NO is the crucial concern in ammonia combus-
tion because of the nitrogen atom in ammonia (NHs). Fuel containing nitrogen
atoms first produces nitrogen intermediates. When ammonia is used as a fuel, the
nitrogen intermediates include NHo, NH,HNO, etc. The nitrogen intermediates
oxidise to form NO. On the other hand, the nitrogen intermediates consume NO
to produce No. Besides, ammonia/hydrogen combustion also leads to ammonia

slip and hydrogen slip, which affects the combustion efficiency.

Therefore, achieving a robust ammonia/hydrogen flame and minimizing
emissions including NO,, unburnt ammonia and unburnt hydrogen are the most
important goals for the development of ammonia/hydrogen fuelled disruptive heat
engine. A number of physical and chemical factors are closely related, such as ini-
tial temperature, compression ratios, fuel-air mixing ratios (equivalence ratios),

chemical kinetic reaction, flow field, etc. A comprehensive knowledge of the fac-
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tor influence helps to develop heat engines powered by ammonia and hydrogen.
For example, autoignition is important for compression ignition (CI) and homoge-
neous charge compression ignition (HCCI) engines and it changes under different
working conditions. A lot of research is still required to analyse and understand
the relationship between the factors involved in ammonia/hydrogen combustion

for the aim of developing reliable, low-emission disruptive heat engines.

1.4 Aims and Objectives

The aim of this research is to investigate the characteristics of ammonia and hy-
drogen combustion, providing guidance for the decarbonisation of heavy transport
with heat engines using carbon-free blends. In this research, ammonia is consid-
ered as a primary fuel and hydrogen is considered as an auxiliary fuel. To achieve
this aim, the entire research consists of 0D and 1D kinetic modelling with An-
sys Chemkin-Pro, experiments in a laboratory-scale combustor and an emission
comparison across different ammonia fuelled heat engines. The study includes
ammonia/hydrogen combustion fundamentals, blowoff limits, emission character-
istics and OH* chemiluminescence. The primary objectives of this research are as

follows:

1. to identify suitable ammonia chemical kinetic reaction mechanisms for nu-
merical simulations, taking into account all aspects of premixed laminar

flame speed, ignition delay time and flame structure,

2. to understand the combustion fundamentals of premixed ammonia flames
and ammonia/hydrogen flames comprehensively over a wide range of hy-
drogen blending ratios, equivalence ratios, oxygen contents in the oxidant,

initial temperature and initial pressure,
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3.

d.

1.5

This

to establish a swirl-enhanced ammonia/hydrogen combustor rig with optical

chemiluminescence system and emission analysers,

. to understand the blowoff limits, emissions, OH* chemiluminescence of non-

premixed ammonia/hydrogen combustion experimentally,

to compare the emissions results obtained with those published from heat
engines using ammonia and identify the type of ammonia-powered heat en-

gines with the best emission control.

Layout of Thesis
Ph.D. thesis is comprised of seven chapters in the following manner:

Chapter 1 Introduction, introduces the background, motivation, aims and

objectives of this thesis.

Chapter 2 Literature Review, reviews ammonia chemical kinetic reaction
mechanisms, ammonia-based combustion fundamentals, ammonia combus-
tion emissions and state-of-the-art heat engines powered by ammonia stud-

ied in the previous studies.

Chapter 3 Methodologies, supplies 0D and 1D chemical kinetics modelling
methodology for the analysis of premixed ammonia/hydrogen combustion,
and experiment test rig setup for the investigation of non-premixed ammo-

nia/hydrogen combustion.

Chapter J Kinetic study of premized ammonia/hydrogen combustion char-
acteristics, presents the laminar flame speed, ignition delay time and flame
structure over various hydrogen blending ratios, equivalence ratios, oxygen

contents in the oxidant, initial temperature and initial pressure. A 1D gas

16
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turbine model is also employed to investigate the peak heat release rate,

outlet temperature and emissions.

Chapter 5 Ezxperimental analysis of non-premized ammonia flame with hy-
drogen in a swirl-enhanced combustor, presents measurement results on
ammonia/hydrogen flame blowoff limits, emission characteristics and OH*

chemiluminescence.

Chapter 6 Comparison of emission characteristics of different ammonia fu-
elled heat engines, presents the current state of key emissions from different
heat engines and identifies the best emission control heat engines using am-

monia based on the comparison of normalised emission results.

Chapter 7 Conclusions and future work, summarises the main findings of

this thesis and recommendations are made for future research directions.

Appendiz, presents the calibration reports for NO, analysers and MATLAB

code for OH* chemiluminescence image processing.
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Chapter 2. Literature Review
2.1 Ammonia chemical kinetic reaction mechanisms

The oxidation chemistry of ammonia is indispensable to understand flame charac-
teristics and the pathways of emissions such as nitrogen oxides. As listed in Table
2.1, several chemical kinetic reaction mechanisms of ammonia oxidation have been
developed since 1983. The first detailed ammonia kinetic mechanism proposed by
Miller et al. was based on the chemical process of thermal de-NOz, where ammo-
nia is one of the main components of selective non-catalyst reduction for tailpipe
aftertreatment [66]. The mechanism contains 22 species and 98 reactions and was
validated against the measured NHs/O92 and N H3/Hy/O2 flame in terms of flame
structure and flame speed. Miller’s mechanism was found to predict ammonia
oxidation well under fuel-lean conditions to moderately fuel-rich conditions and
poorly under very rich flames due to the lack of some necessary pyrolysis steps
[66]. An important pathway was identified in lean flames proposing that nitric

oxide is mainly produced via HNO and consumed via NH and NHs [66].

In 1994, Lindstedt et al. [67] developed a detailed ammonia chemical mech-
anism to predict laminar premixed NHs/Hs/Oo, NH3/NO/H/O9 and NH3/Oq
flames over a variety of temperatures and stoichiometries. The predicted flame
structure was compared with experimental results in literature. It showed a gen-
eral satisfactory agreement between predictions and measurements although there
was some differences found in nitric oxide profile when the equivalence ratio was
equal to and above the unity [67]. Nitric oxide strongly depends on the reaction

between NH and OH in all three types of flames [67]. Additionally, thermal NO
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plays an important role in nitric oxide formation and destruction in ammonia/hy-

drogen flames [67].

An elaborate chemical mechanism developed by Konnov can be used to anal-
yse ammonia blends with hydrogen and small hydrocarbons (methane, ethylene,
ethane and propane) [68]. The detailed mechanism is comprised of more than 120
species and 1200 reactions [68]. There have been modifications made to the low-
temperature methane oxidation pathway, the NN H route for NO formation, and
the hydrogen sub-mechanism with the introduction of two new species HNCN
and NCN [68]. The prediction performance in NO formation and conversion has
been significantly improved and Konnov’s mechanism has been widely used in

predicting ammonia flames [69, 70, 71, 72].

An assessment of prediction accuracy under 0.05-0.12 bar was made by
Duynslaegher et al. [73, 74] using premixed 0.21N H3/0.13H5/0.2109/0.45Ar (con-
centration) flames. They validated mechanisms including GRI [75], San Diego
[76], Lindstedt et al. [67], Bian [77] and Konnov [68, 78] against the measured
flame structure and laminar flame speed. It was found that Konnov’s mechanism
showed the best agreement with the experimental results among the five mecha-
nisms, despite disparities in the mole fracture of NoO and NHy [74]. Therefore,
Duynslaegher et al. updated the Konnov’s mechanism with improvement in ac-
curacy of NoO and NHy and a reduced version with 19 species and 80 reactions

was also presented [73].

Tian et al. analysed eleven premixed NH3/CH,/O5/Ar flame under 0.04 bar
at stoichiometric condition with tunable synchrotron vacuum ultraviolet (VUV)
photoionization and molecular beam mass spectrometry (MBMS) [79]. The mea-
sured species and intermediates were used as reference to validate for the proposed

mechanism. The comparison of flame structure in experimental data and com-
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putational results were in good performance for most species and intermediates
[79]. Furthermore, it was noticed NO and N, conversions substantially rely on
reactions H + 09 - O+ OH,NHy+ O — HNO + H,NHy + NO — Ny + H50 and

NH + NO — NyO + H [79].

Mendiara et al. studied ammonia chemistry in methane oxidation over a
variety of temperature (973 — 1773 K) and equivalence ratios (0.13 — 1.55) in a
lab-scaled flow reactor [80]. The findings extended the Tian’s mechanism by
correcting the interaction of nitrogen containing radicals and COy as well as hy-
drocarbons and amine species [80]. In general, the improved mechanism shows a
similar pattern with all the measured flame structures, especially when the mea-
sured temperature profile is taken into account. The results also identified the

importance of HNO, mainly generated from NHs and O, for NO formation [80].

The ignition delay time of NH3/NO,/Hy flame was measured under high
temperature in a shock tube by Mathieu et al. [81]. The ignition delay measure-
ments were compared with computational results using various mechanisms, indi-
cating the need to improve the ammonia mechanism with the new set of available
ignition delay measurements. The sub-mechanisms of Hy/CO, NHs, HCN, N>O,
NOy, NNH are therefore adopted to the developed mechanism [81]. The calcu-
lated ignition delay time and some species (i.e. NHs, NOg, NoO) generated from

the developed mechanism aligned well with the measurements.

Ammonia oxidation under high pressure (30 and 100 bar) and intermediate
temperature (450 — 925 K) were analysed experimentally by Song et al. [82]. Ny
and NoO were detected in the products. Due to the limited detection range, the
experimental results lacked NO and NOy concentration data [82]. The findings
were interpreted as a detailed chemical kinetic mechanism involving 33 species

and 204 reactions. The computational results showed a satisfactory performance
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. HO9,NO O O
against the measurements. NHy — 2% NH, 70027002 povo T2, gvo T2

NH . . . . .
No 2, Ny was found to be the main pathway of ammonia oxidation at high

pressure [82].

A detailed ammonia chemical kinetic mechanism in a microflow reactor was
developed using Miller’s mechanism [83] by Nakamura et al. [84]. The modifica-
tion consists of the Hyo/NH,/NoO/NNH chemistry, which was derived from the
findings of Mathieu and Petersen [81], the chemistry of NoH,, with the exception
of NNH, which was based on Konnov’s work [68] and the updated thermochem-
ical properties, which were determined by Bugler et al. [85]. Using the presented
mechanism, the calculated flame structure agreed well with the experimental data
while the predictions of the flame speed and ignition delay time were validated

against the literature in reasonable agreement [84].

Otomo et al. [86] modified the elementary reactions containing N Hs, HNO
and NoHs based on Song’s mechanism [82]. The effect of equivalence ratios and
pressure on laminar flame speed, ignition delay time and ammonia slip and NO,
emission was investigated using the improved mechanism. According to Otomo’s
mechanism, hydrogen yielded in the products was partially generated from am-

monia decomposition in rich ammonia/hydrogen flames [86].

Okafor et al. [56] developed a detailed chemical mechanism for ammoni-
a/methane blends based on Tian’s work [79] and GRI Mech 3.0 [75] which is
famous for natural gas chemical mechanism involving NO, conversion and re-
burn reactions. The laminar flame speed of premixed ammonia/methane was
examined under different equivalence ratios and ammonia concentrations experi-
mentally at room temperature and atmospheric pressure. The results were used to
verify the developed mechanism, demonstrating a better predication than Tian’s

mechanism [79], Mendiara’s mechanism [80] and San Diego mechanism [76]. In
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addition, Okafor et al. [87] carried out the experiment on the laminar flame speed
of ammonia/methane under high pressure up to 5 bar. After optimizing their
previous work [56] for high-pressure conditions, their findings were interpreted as
a reduced mechanism. The reduced mechanism has been extensively employed in

Computational Fluid Dynamics (CFD) simulations [88, 89, 90, 91, 92].

Li et al. [93] developed two reduced chemical mechanism for ammonia and
hydrogen for CFD studies. In the first part, a detailed mechanism consisting of 128
species and 957 reactions was obtained for NH3/Hy/CHy. Then it was reduced
by using directed relation graph with error propagation (DRGEP) and DRGEP
with sensitivity analysis method [93]. There were two versions of mechanisms for
ammonia and hydrogen mixtures (34 species and 252 reactions, and 28 species and
213 reactions) when the carbon-related species and reactions were removed from
the detailed and reduced mechanisms presented above [93]. The mechanisms can
be adopted over a wide range of temperature (1000 —2000 K), pressure (1—50 bar)
and equivalence ratio (0.5—2.0) [93]. It must be noted, however, the ignition delay

time was underestimated by both mechanisms under high-pressure conditions.

In brief, available mechanisms are capable of accurately predicting the com-
bustion fundamentals of ammonia and ammonia blends over some certain range.
There is no ammonia chemical mechanism that covers all operating conditions so
far. In recent years, increasing studies have been devoted to optimizing ammonia
mechanisms and ammonia blends mechanisms in order to understand the path-
way of ammonia oxidation and NO, formation pathway (in particular, fuel-bound
NO, pathway). More experimental data are crucial and beneficial for mechanism
validation and improvement. For kinetic modelling simulations, an appropriate
ammonia chemical mechanism needs to be selected based on similar operating

conditions.
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2.2 Fundamentals of ammonia combustion

In general, flames are categorised into three types: premixed flame, non-premixed
flame (also called as diffusion flame) and partially premixed flame. In premixed
combustion, mixing process of fuel and oxidizer and burning process are separated.
Namely, fuel and oxidizer are mixed before entering the combustor. The premixed
flame propagates from the flame front to the unburnt cold stream, which is char-
acterized as flame speed. Some examples of premixed laminar flame are Bunsen
flame and flat flame while premixed turbulent flame occurs in Spark Ignition (SI)
gasoline engine and stationary gas turbine [64]. In non-premixed combustion, fuel
and oxidizer start to mix and burn simultaneously in the combustor and actually
mixing often takes longer than reaction times. Candle and woodfire are typical
non-premixed laminar flame, while non-premixed turbulent flame can be found in
diesel engines and pulverized coal combustion [64]. It is worth noting that non-
premixed combustion exhibits higher operational stability than premixed combus-
tion, but potentially lead to a higher NO, emission [95]. Another type, partially
premixed combustion, stands between premixed and non-premixed combustion.
Fuel and oxidizer are premixed un-uniformly before they react. For instance,
an additional oxidizer or fuel stream is introduced into a premixed combustion
system, gas-fired domestic burners, industrial furnaces [96]. Partially premixed
combustion has advantages over both premixed type and non-premixed combus-
tion, i.e. less pollution and the combustion zone is easy to control. Studying
the fundamentals of premixed ammonia combustion and non-premixed ammonia
combustion is a great way to understand partially premixed ammonia combustion
because direct combustion using ammonia as fuel is a relatively new research topic.
Thus, this work mainly discusses fully premixed ammonia and non-premixed am-

monia combustion.
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One of the well-known impediments for ammonia combustion is to obtain a
stable ammonia flame, which is normally characterised as blowoff limit and lam-
inar flame speed. Hayakawa et al. carried out an experiment on the effect of
combustor geometry and swirl number on the stabilization of premixed ammoni-
a/air flame [97]. Despite its slow laminar flame speed, an ammonia/air flame was
obtained as shown in Figure 2.1 [97]. The results illustrate ammonia/air flames
were stabilized in a narrower range when employing a larger swirl number and
the combustor length has minor effect on the flame stability [97]. The laminar
flame speed of premixed ammonia/air was examined up to 5 bar by the same
research group. Pressure has a negative effect on ammonia/air unstretched flame
speed, which is the same trend as hydrocarbon flames [69]. The unstretched lam-
inar flame speed was at about 7 cm/s which is much lower than the hydrocarbon

flames, as shown in Table 1.1 [69].

Because of the low flame speed of neat ammonia, numerous researchers
have also proposed the introduction of a high reactivity substance as a pro-
moter into the fuel to achieve a steady ammonia flame, for example methane
[56, 58, 87, 98, 99, 100, 101] and hydrogen [63, 72, 102, 103, 104, 105]. Premixed
ammonia/methane flames were tested with the swirl number of 1.05 in Gas Tur-
bine Research Centre (GTRC) in Cardiff University [100, 101]. It demonstrated
61%N H3/39%CH, (molar fraction) was the only tested successful blends. Neat
ammonia and ammonia flames with methane blending ratio below 30% were ei-
ther not able to be ignited or the flame was unstable. Zhang et al. [98] studied
the blowoff behaviour of premixed ammonia/methane flames in a swirl combustor
experimentally and computationally. The introduction of 50% (molar fraction)
methane significantly widened the ammonia flame blowoff limits and it can be

extended further with a higher swirl number [98]. Khateeb et al. [104] discovered
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4 .
b 4
100 mm I u

Figure 2.1: Stable premixed ammonia/air flame at (a) ¢ = 1.0 with combustor
height at 100 mm, mixture inlet velocity at 3.14 m/s; (b) ¢ = 1.2 with combustor
height at 100 mm, mixture inlet velocity at 3.14 m/s; (c¢) ¢ = 1.2 with combustor
height at 100 mm, mixture inlet velocity at 3.35 m/s; (e) ¢ = 0.8 with combustor
height at 200 mm, mixture inlet velocity at 3.14 m/s; (f) ¢ = 1.0 with combustor
height at 200 mm, mixture inlet velocity at 3.14 m/s; (g) ¢ = 1.2 with combustor
height at 200 mm, mixture inlet velocity at 3.14 m/s; and (d) stable premixed
methane/air flame at ¢ = 1.0 with combustor height at 100 mm, mixture inlet
velocity at 3.14 m/s [97].

Q

100 mm

a

the equivalence ratios at lean blowoff limit and flashback of premixed ammo-
nia/methane flame were increased when more ammonia was added in the fuel.
Premixed ammonia/methane flames were examined in a constant volume cham-
ber under high pressures (1,3,5 bar) and room temperature for the first time
by Okafor et al. [87]. Adding methane into the fuel contributes to the ammo-
nia flame stability under all pressure conditions. The unstretched laminar flame
speed decreased with increasing pressure. Ichikawa et al. [58] also explored pre-
mixed ammonia/methane flames under a high pressure (5 bar) with OH planar
laser-induced fluorescence (OH-PLIF). Under the constant ratio of the turbulence
intensity and unstretched laminar flame speed, the ratios of the turbulent burn-
ing velocity and the unstretched laminar flame speed increased when ammonia

concentration increased from 0.0 to 0.2 [58]. Flame stretch was investigated using

27



CHAPTER 2: LITERATURE REVIEW

Markstein length and Lewis number, but neither parameter was found to corre-
late with the phenomena. The authors recommended considering the influence of
the change in the flame surface density. The effects of equivalence ratios and am-
monia concentrations on the laminar flame speed of premixed ammonia/methane
flames were studied employing Schlieren technology at the ambient temperature
and pressure [56]. The unstretched laminar flame speed rose non-linearly when
ammonia concentration in the fuel was increased from 0% to 30% (on the basis
of LHV values). There was an increasing trend in the laminar flame speed first,

then a decreasing trend with the equivalence ratio increasing from 0.8 to 1.3.

Ammonia/hydrogen flames have been studied in attempts to use hydrogen
as a fuel for heat engines. Utilising hydrogen as a fuel brings the safety concerns
(potential explosion hazards) and knock-limited operation in ICEs. Therefore, it
was proposed by Lee et al. [102] that hydrogen can be either blend with am-
monia or hydrocarbon for a fuel mixture. When ammonia was added to the
fuel, a significant decrease in laminar flame speed was observed in experiments,
which is the same behaviour as blending methane and hydrogen. The results also
showed, at fuel-rich condition, NO, emission was increased when ammonia was
involved but decreased when ammonia concentration further increased. When
small amount of ammonia was introduced in the fuel blends, fuel-bound NO,
facilitated the NO, formation and thermal NO, method still dominated in the
NO, formation. This explains the increase in NO, with a small amount of am-
monia in the fuel blends. As more ammonia was involved in the fuel blends, the
flame temperature decreased which inhibited thermal NO, formation and con-
sumption. At fuel-rich conditions, fuel-bound NO, formation was also inhibited.
Therefore, NO, decreased with a further increase in ammonia concentration in

the fuel blends. It was concluded that adopting ammonia/hydrogen as fuel could

28



CHAPTER 2: LITERATURE REVIEW

be a safe means of utilizing hydrogen [102]. The effects of pressure (up to 5 bar)
and hydrogen blending ratios (0 — 1) on the laminar flame speed of ammonia/hy-
drogen were investigated through a constant volume vessel [72]. The schlieren
images indicated the unstretched laminar flame speed increased non-linearly with
more hydrogen addition while it decreased under a higher pressure [72]. Lhuillier
et al. [103] analysed premixed ammonia/hydrogen flame in a 0.042 m? spherical
vessel under atmospheric pressure. By increasing the initial temperature from
room temperature to 473 K, the laminar flame speed increased and flame propa-
gation became steadier in most cases [103]. The laminar flame speed of premixed
NHs,NHs/Ho, NH3/CO, NHs/CH, flames were experimentally investigated with
the heat flux method [105]. The results showed hydrogen addition has the great-
est effect on enhancing ammonia flames. A generic swirl burner was used to test
the stability limits of premixed ammonia/hydrogen flames up to 5 bar in KAUST
(King Abdullah University of Science and Technology) [104]. It indicated that
the stability range was widened by increasing the pressure, however, the influence
is inapparent. Additionally, the finding illustrated 40%N H3/60%H> flame was

surprisingly stabilized even at very lean conditions (¢ ~ 0.3).

From the oxidizer point of view, oxygen-enriched ammonia combustion [106,
107, 108, 109] or the use of stronger oxidants [110] instead of air have been pro-
posed to enhance the flame stability of ammonia. Oxygen occupies ~ 21% in the
air. If the oxygen concentration in the oxidants changes above 21% or even pure
oxygen, it is called oxygen-enriched combustion or oxy-fuel combustion. The oxy-
fuel technology has been commonly utilised in industrial furnaces, i.e. aluminium-
remelting furnace, glass-melting furnaces and ladle furnaces, for the purpose of
productivity improvement, energy consumption reduction and NO, emission mini-

mization [111, 112]. Theoretically NO, emission yielded from oxy-fuel combustion
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is much less than the combustion using air for the oxidant because there is less
nitrogen in the oxidant. Oxygen-enriched conditions were considered in hydro-
carbon combustion in previous studies [80, 111, 113, 114, 115]. There have been
a handful of studies on oxygen-enriched ammonia combustion, but few studies on
ammonia/hydrogen combustion under oxygen-enriched conditions so far. Liu et
al. [109] studied the propagation process of premixed ammonia/oxygen flame by
observing Schlieren images. The ammonia/oxygen flame reached a maximum of
109 cm/s at 0.5 bar [109]. The effect of oxygen content in the oxidant varying
from 21% to 30% on ammonia combustion was studied numerically in Chemkin
software with a freely propagating adiabatic, premixed, laminar flame speed calcu-
lation model [106]. The oxygen-enriched conditions significantly improved ammo-
nia laminar flame speed and increased the adiabatic flame temperature. Laminar
flame speed of ammonia is approximately 2.6 times greater with 30% oxygen in
the oxidant than 21% oxygen in the oxidant. An experimental and numerical in-
vestigation of premixed laminar flame speeds of ammonia was conducted by Mei
et al. with 25% — 45% oxygen in the oxidant [108]. The experimental findings
align with the numerical results published in Li’s work [106]. Moreover, the buoy-
ancy effect was reduced under oxygen-enriched ammonia combustion. Xiao et al.
[116] examined the effect of oxygen enrichment on premixed 61%N Hs/39%CH,
flames numerically. When the oxygen contents in the oxidant changed from 21%
to 40%, there was a linear relationship between laminar flame speed and oxygen
concentrations at the equivalence ratio of unity. Furthermore, when the oxygen
content in the oxidant is 40%, the laminar flame speed is more than three times
that of ammonia/methane/air combustion. In addition to oxygen enrichment ap-
proach, Wu et al. [110] attempted to employ hydrogen peroxide (H205) instead of

pure air as the oxidant for extending ammonia flammability. Hydrogen peroxide
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is a strong oxidizing agent which decomposes to only water and oxygen. The
researchers found the ammonia flame propagation was boosted and the adiabatic
temperature rose considerably as the hydrogen peroxide gradually replaced the

air to 100% hydrogen peroxide.

Ignition is a time-varying process. During ignition, the reaction between rad-
icals starts slowly and grows exponentially, but the temperature remains nearly
the same until there are enough radicals to consume the fuel [64]. Knowing when
the flame mixture ignites under specific operating conditions, i.e. the ignition de-
lay time, is critical for engine design. A few studies on ignition delay in ammonia
flames have been conducted. Mathieu et al. [81] carried out the measurement of
the ignition delay times of NH3/O9/Ar flames in a shock tube over an extensive
range of temperature (1560 — 2455 K), pressure (1.4,11,30 atm) and equivalence
ratio (0.5,1.0,2.0). Nine different ammonia chemical mechanisms were selected to
compare the numerical results with the measured ignition delay times, but most
of these provided an underestimated prediction of ignition delay times. The ef-
fects of temperature and pressure were extended to 1100 — 1600 K and 20 and
40 bar in Shu’s work [117]. The autoignition behaviour of ammonia was anal-
ysed experimentally at the equivalence ratio of 0.5,1.0,2.0. Only pressure had the
same impact as Mathieu’s work [81]. It was implied that the difference is because
the presented work was undiluted, whereas Mathieu’s work was in highly diluted
argon (98—99%). As beforementioned ammonia is usually blended with hydrocar-
bon fuel, the ignition delay time of ammonia/dimethyl ether (DME) was studied
under high pressure (10— 70 bar) with a rapid compression machine (RCM) [118].
The experimental outcomes illustrate the concentration of DME had a great effect
on enhancing the ignition under all three pressure conditions, but the relationship

was not linear. The autoignition behaviour of ammonia/methane was calculated
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in a closed homogeneous reactor model in Cantera software [57]. The ignition
delay time was determined to be the time associated with the steepest rate of OH
generation in their simulation [57]. It was reported that the ignition delay time
prolonged monotonically when the ammonia concentration (0% — 100%) or when
the equivalence ratio (0.6,1.0,1.4) rose. Shock-tube measurements were conducted
for 60%N Hs/40%C H4 flames under various equivalence ratios (0.5,1.0,2.0), pres-
sure (2,5 bar) within 1369 — 1804 K [119]. It was noted that the ignition delay
time was shortened with the increase in inlet temperature and pressure. Regard-
ing to ammonia/hydrogen blends, Li et al. [120] analysed the ignition delay time
in a homogeneous charge compression-ignition model using Chemkin software. In
their work, the time from null to maximum concentration of NHy and OH radi-
cals was considered as the ignition delay time [120]. Simulation results show that
the ignition of ammonia was significantly enhanced with the addition of hydro-
gen and increased pressure. The ignition process of ammonia/hydrogen blends at
high pressure (20 — 75 bar) was reported based on experiments using RCM [121].
The hydrogen blending ratio varied from 0% to 10%, finding a significant effect on

shortening ignition delay time.

Reducing NO, emissions has always been one of the main goals of heat en-
gines development, especially when using ammonia mixtures as fuel. Investigation
on flame structure facilitates understanding of NO, formation and consumption
pathways. Otomo et al. [86] examined the species profiles of NHs, NHo, NO, N2O,
OH and Hsy under the equivalence ratios of 0.7,1.1,1.3,1.5. When the equiv-
alence ratio was greater than 1.3, the concentration of NHs was high at the
post flame zone. It was later concluded by the researchers that NHy radical
is an important role in NO reduction. At the National Synchrotron Radiation

Laboratory (NSRL) in China, the combustion intermediates and products of
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premixed NHs/CH4/Oo/Ar flames were identified by VUV photoionization and
MBMS [79]. It revealed the species profiles of reactants (N Hs, CHy,Oo, Ar) in-
termediates (HCN) and products (Ho, CO, HoO,CO5, NO, No, NO3). At the con-
stant flow rate velocity (41 cm/s), the effect of the mole ratio of ammonia and
methane (R) on mole fraction profiles was studied. When the mole ratio of am-
monia and methane rose, the concentration of NO and Ny increased but NOo
reduced because the C Hj3 radical is known as an effective intermediate to convert
NOs to NO [79, 122]. Flame structure of premixed ammonia/methane combus-
tion was analysed using Tian’s mechanism [79] over various ammonia concentra-
tion in the fuel (0.2,0.4,0.6,0.8) at stoichiometric conditions [57]. The profiles of
OH,H,0,NHy,CO,NO,HCO, HNO were reported. Notably, the distance of CO
and NO peaks and OH, H,O radical peaks were the same, indicating that the
formation of CO, NO emissions primarily occur at the flame front [57]. HNO and
HCO were also suggested as the primary intermediates in NO and CO generation.
Duynslaegher et al. [74] experimentally explored the flame structure of premixed
NHs/Hy/Oo/Ar flames using MBMS equipment. By adding 5 — 15% hydrogen to
the fuel, the flame front moved forward to the burner by 2.5 mm at the same inlet
flow velocity and equivalence ratio (1.02) [74]. Equivalence ratio had a significant
impact on NO production, particularly sensitive between 0.9 and 1.0. The mole
fraction profile of N Hy and Ny remained constant when the equivalence ratio var-
ied. The maximum concentration of NoO under fuel-lean conditions was higher
but similar when the equivalence ratio was greater and equal to unit. Premixed
70%N H3/30%Hs flame structure at the equivalence ratio of 1.3 was numerically
investigated using Otomo’s mechanism [86]. It denoted ammonia decomposition
was induced in the reaction zone because hydrogen concentration was decreased

first then increased within 1 cm distance [86]. An analysis of a two-zone combus-
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tor consisting of a rich-burn zone and a lean-burn zone fuelled by ammonia and
hydrogen was carried out by Li et al. based on Tian’s mechanism [123]. The ma-
jor NO, generation and consumption reactions were analysed deeply with ROP
(rate of production) analysis. The flame zone and post flame zone were studied
separately. It concluded that in order to control NO, emission, the equivalence
ratio of the rich-burn zone is more important and sensitive than the global equiv-
alence ratio of the whole system. By doing so, the amount of secondary air may

be expanded without causing penalties on NO, emission.

Ammonia has only recently been reconsidered as a potential fuel. Neat
ammonia or ammonia/hydrocarbon (especially methane) combustion fundamen-
tal has been explored under different operating conditions in some studies, but
there is still a need to gain a deep insight into combustion fundamentals of am-
monia/hydrogen blends comprehensively, particularly under conditions associated
with disruptive heat engines. In this thesis, disruptive heat engine is considered
as a heat engine (ICEs, GTs and FPEs) fuelled by ammonia/hydrogen blends.
Few studies have been conducted on laminar flame speed of premixed ammoni-
a/hydrogen under practical operating conditions of heat engines. The ignition
delay time and flame structure of ammonia/hydrogen blends, in particular under

oxygen-enriched conditions, have been seldom discussed.

The heat value of ammonia is lower than that of hydrogen. As hydrogen
is substituted by ammonia in fuel blends, ammonia and hydrogen combustion
produces less thermal NO, than that from pure hydrogen combustion. Meanwhile,
attention should be paid to fuel-bound NO, in ammonia/hydrogen combustion.
It is critical to understand how species and radicals interact and flame structure
under various conditions and ammonia/hydrogen blends in order to minimize

emissions.
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2.3 Ammonia-based combustion emissions

Emissions are a common concern with ammonia direct combustion, namely, NO,
emission. If the combustion is incomplete, unburnt ammonia known as ammo-
nia slip also remains in the exhaust and become part of the emissions. NO, is
an abbreviation for nitric oxide (NO), nitrogen dioxide (NO2) and nitrous oxide
(N20). Nitric oxide and nitrogen dioxide are major components of NO;, and both
are responsible for smog and acid rain formation and affect tropospheric ozone,
which leads to changes in soil chemistry and biodiversity in certain habitats [124].
Despite being a minor part of NO,, nitrous oxide is the one of most important
long-lived greenhouse gases, which can contribute significantly to climate change
[125]. Ammonia is a toxic chemical with a short lifespan at the atmosphere, but if
it reacts with nitrogen oxide or sulphur dioxide, it is likely to generate particulate
matter (PM) that contribute to air pollution [126, 127]. Since hydrogen residues
are produced when ammonia/hydrogen is incompletely combusted, unburnt hy-
drogen is also emphasized in some studies to analyse the combustion efficiency.
Hayakawa et al. [128] explored NO, emission characteristics of premixed
ammonia/air flame in a nozzle-type burner under different equivalence ratios
(0.7 — 1.1) and pressures (up to 3 bar). As a water bubbling equipment was
employed for the sampling gas, ammonia and water were removed prior to the
emission measurements. A NO emission trend was observed when the amount of
ammonia and water were excluded in the emission results. NO emission peaked at
the equivalence ratio of 0.8 at the atmospheric pressure and decreased as the pres-
sure increased. Later, a two-zone ammonia fuelled micro gas turbine was designed
by experimentally studying the impacts of fuel injection angles, inlet temperature,
equivalence ratios and ambient pressures on flame stability and emissions in To-

hoku University [129]. The experiment test rig is depicted in Figure 2.2. Both
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Figure 2.2: Ammonia fuelled micro gas turbine combustor in Tohoku University
[129].

non-premixed and premixed ammonia/air combustion were analysed at the two-
zone combustor, finding that the premixed combustion emitted less NO, than the
non-premixed combustion. With the primary equivalence ratio (for the first zone)
at 1.1 and overall equivalence ratio at around 0.4, the NO, emission in premixed
type was minimized to 42 ppmv and the combustion efficiency was 99.5% at 3 bar

[129]. Meanwhile, ammonia slip was found very low (close to zero).

Okafor et al. [89] examined ammonia/methane flames with the same com-
bustor. The emissions, flow field and flame structure were analysed by employ-
ing Fourier Transform Infrared (FTIR) gas analyser, Particle Image Velocimetry
(PIV) and Planar Laser Induced Fluorescence (PLIF) imaging [89]. For the single-
zone combustor, NO,; emission was found to be twice than that of premixed
ammonia/air combustion reported in the work [129] under the similar working
conditions [89]. Comparing with premixed combustion, for single-zone combus-

tor, NO at the exhaust of non-premixed ammonia/methane flame was less. Since
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the unburnt fuel was found to be substantially higher in non-premixed combus-
tion, it was concluded the reason for lower NO in non-premixed combustion was
insufficient mixing. Furthermore, it was noted that when the equivalence ratio
was greater than 1.2, NO emission is lower in single-zone combustor than that
in two-zone rich-lean combustor. At the identical equivalence ratio, unburnt hy-
drogen showed similar emission level under various methane blending ratios. In
two-zone rich-lean combustor, NO emission measured from ammonia/methane
flame is lower than that from ammonia/air flame at the same primary equiva-
lence ratio [89, 129]. The high pressure optical chamber setup with a generic
premixed swirl burner was used to study premixed ammonia/methane combus-
tion at GTRC in Cardiff University [101]. Figure 2.3 illustrates the premixed swirl
burner. To measure the emissions under 2 bar, bypass air was introduced to a sep-
arate chamber to provide sufficient flow. The flame was ignited with pure methane
first then ammonia flow rate was increased to the specific value for investigation.
Emissions of NO, NOy,CO,CO, N H3,09 and THCs (Total Hydrocarbons) were
measured, and a large amount of unburnt fuel was found at the exhaust. It was
concluded that a fully premixed injection strategy is not the optimal injection
strategy for ammonia/methane blends due to the low combustion efficiency [101].
Woo et al. [130] examined NO, emission characteristics of non-premixed am-
monia/methane flame under oxygen-enriched environment. The experiment was
carried out in a coflow jet burner. The results of 10%N H3/90%C H,4 blends were
compared with that of pure methane flame. It revealed that NO, emission yielded
from 10%N H3/90%C Hy4 blends was higher than that produced from pure methane
flames when the oxygen concentration in the oxidant was less than 0.4. NO,
emission rose when the oxygen content in the oxidant was increased to approx-

imately 0.7. Then, as the oxygen content in the oxidant continued to increase,
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NO; emission began to decrease. NO, emission was less in 10%N H3/90%C H,
blends than that in pure methane flames when the oxygen concentration in the
oxidant was between 0.4 and 0.9. In general, ammonia is stored in liquid state.
If liquid ammonia can be directly used for fuel without converting gaseous state,
energy and costs for vaporizers and accumulators could be saved. The emissions
(NO, NOs, N2O, NH3, CO, HCN, H») of liquid ammonia co-firing with methane
was explored in a non-premixed swirl combustor at the inlet temperature of 500
K [99]. When liquid ammonia was injected to the chamber, flash boiling oc-
curred. However, according to the observation at the bottom of the flame, there
were still some liquid ammonia droplets, indicating ammonia vaporization was
incomplete. The phenomenon resulted in the temperature drop of the flame and
affected further the flame stability and emissions. The results showed emission
behaviour of liquid ammonia and methane flames is similar to that of gaseous am-
monia/methane flames. The heat loss due to the vaporization was increased with
an increasing equivalence ratio. Consequently, the peak flame temperature was
shifted to fuel-lean conditions. Hence, NO emission was high and unburnt ammo-
nia and methane were low at fuel-lean conditions while high CO, Hy, HCN, N Hs
were observed under fuel-rich conditions. Considering both ammonia slip and
NO emission, the optimal equivalence ratio was found to be 1.06 [99]. KAUST
carried out an experiment in a premixed swirl combustor to analyse the effect of
pressure (up to 5 bar) on NO emission when ammonia was blended with either
methane or hydrogen [104]. As shown in Figure 2.4, the combustor was fitted
in a high-pressure combustion duct supporting a maximum of 40 bar at 250°C
[104]. Premixed ammonia/methane flames were attempted to measure under a
very lean conditions (¢ < 0.6), but it was difficult to stabilize and obtain the emis-

sion results. At the equivalence ratio of 0.6, NO emission was still high. When
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ammonia was blended with hydrogen, the robust flame was observed even at the
equivalence ratio of 0.50 and 0.55. NO emission at all measurement under 2—4 bar
appeared less than 200 ppmv@6%0Os [104]. Nevertheless, NoO emission was found
to be extremely high (1000 — 1800 ppmv@6%0-) under the very lean conditions in
the numerical results. Zhu et al. [131] analysed the premixed ammonia/methane
flames using chemiluminescence imaging technology. Chemiluminescence inten-
sities of OH*/CH*,CN*/OH* ,CN*/NO*, NH*/CH* NH*/OH* and CN*/NH*
were calculated to see if there was a relationship between any intensity ratios with
the equivalence ratios. In hydrocarbon flames, OH*/CH* is usually regarded as
a representative of equivalence ratio, but the measurement revealed that it is not
true in ammonia/methane flames. As CN*/OH*,CN*/NO*, NH* /CH* increases
monotonically with the increase in the equivalence ratio and insensitive to ammo-
nia concentration in the fuel blends, they are recognised as potential substitutes
for equivalence ratios in certain range. It was also concluded that NH*/OH*
and CN*/NH* may provide both information of equivalence ratio and ammonia
concentration in the fuel blends simultaneously as they are both monotonically

related to the equivalence ratio and ammonia concentration in the fuel blends.

NO, emission of premixed ammonia/hydrogen flames was measured in a
tube-type combustor under normal temperature and pressure (NTP) by Joo et al.
[63]. When ammonia concentration in the fuel increased from 0.1 to 0.3, more NO,,
emission were measured, but the ratio of the yielded NO, mass to the supplied
mass of ammonia and hydrogen remained almost identical. A 50%N Hs/50% H>
premixed flame was conducted under fuel-lean conditions (¢ : 0.41—0.56) in GTRC
under room temperature and pressure [62]. NO, emission was high in fuel-lean
conditions and reached over 1000 ppmv when the equivalence ratio was 0.52 and

0.56. The test rig shown in Figure 2.3 was also employed to study premixed
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70%N Hs3/30%Ho combustion under fuel-rich conditions, as 60% N H3/40% Hy flame
tended to flashback [132]. It was observed that NO, emission decreased when
the equivalence ratio increased from 1.0 to 1.4. Experimental results of ammonia

slip were not published in the work. A porous medium is often used in premixed
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hydrocarbon flames to help improve the stability. Nozari et al. [133] carried out
ammonia/hydrogen combustion test with an inert silicon-carbide porous block
under standard temperature and pressure. NO, concentrations were examined
at the exhaust, illustrating a very low pollution (~ 35 ppmv) generated from
80%N H3/20%Hy when the equivalence ratio was at 1.5. The injection strategy
was discussed by introducing some amount of ammonia/hydrogen to the down-
stream to control NO, emissions in Hussein’s work [134]. The effects of various
ammonia/hydrogen ratios (0 — 4%vol) in the second injection and residence time
on NO emission were studied with Chemical Reactor Network (CRN) model in
Chemkin software [134]. The modelling results illustrated that a larger ammo-
nia/hydrogen ratio in the second injection reduced NO emission and the longer
residence time facilitated the NO reduction further. According to the simulation
results on NO emission, the proposed injection strategy seems to be promising for
a premixed ammonia/hydrogen combustion. The relationship between NO con-
centration and OH* in premixed ammonia/hydrogen flames was explored under
fuel-lean conditions by Zhu et al. [135]. Asshown in Figure 2.5, Py, P», P3 are three
probe locations for measuring local NO concentration while Py is located at the
exhaust for NO emission measurement [135]. The local NO concentration and NO
emission were found to align well with the local OH* chemiluminescence intensity
in the combustor when the equivalence ratio was at 0.40 — 0.85 and ammonia con-
centration in the fuel was greater than 0.25. It indicates OH* chemiluminescence
imaging technology can be employed to qualitatively visualise local NO concen-
tration trends or NO emission trend in premixed ammonia/hydrogen flames which
is a very cost-effective approach compared to local NO detection using O H-PLIF
technology. Pugh et al. [136] investigated OH*, NH;, NH* chemiluminescence in

premixed ammonia flame, non-premixed ammonia flame and partially premixed
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70%N H3/30%H, flame with the same net thermal power at 25 kW. There were
two types of configurations of partially premixed ammonia/hydrogen flame. One
is premixed ammonia and air entering from outer swirling flow and hydrogen en-
tering from the central flow, which was called Hyp;rr. The other is premixed
hydrogen and air entering from outer swirling flow and ammonia entering from
the central flow, which is called NH3p,¢;. By comparing the premixed ammonia
flame, Hop;ry and NHsp;rr, it was noted that for the case of NHzp;rr, NHj
chemiluminescence intensity was the greatest and OH* and NH* chemilumines-
cence intensities were the lowest among three. Meanwhile, NO emission produced
in NH3zp,sy showed the lowest value. When both the temperature and pressure
were lifted, a similar relational phenomenon was observed, i.e., NHJ intensity

increased, OH* intensity and NO emission decreased.
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Studies on ammonia-based combustion emissions have been carried out ei-
ther experimentally or computationally in terms of single-zone combustion, two-
zone rich-lean combustion, premixed combustion of liquid ammonia and methane,
combustion with porous medium etc. In addition to gas analyser for pollution de-
tection at the exhaust, chemiluminescence imaging technology has also been ap-
plied to explore local radicals and emission formation pathway. Nonetheless, it is
still unclear about the emission characteristics of non-premixed ammonia/hydro-
gen, especially with different hydrogen blending ratios and swirlers. Experimental
data on NO, emission has been reported in many ammonia combustion studies
but it is equally important to have unburnt ammonia and hydrogen to provide
solid evidence for chemical mechanism development and model validation. In
recent years, chemiluminescence imaging technology has been used to analyse
ammonia-based combustion, and more information about ammonia flames can be

obtained through this technique.

2.4 Heat engines powered by ammonia

It is imperative that combustion engines are adapted to the availability of ammo-
nia as a fuel in order for widespread application to be possible. When considering
ammonia-powered heat engines, retrofitting of the ammonia fuel container, fuel
supply system, compression ratio, spark ignition system, and engine materials are
required [14]. The fuel container and fuel supply system are usually heavier and
take up more space than current heat engines powered by conventional fossil fuel.
Ammonia requires a high ignition temperature compared to hydrocarbon fuels,
so the ignition system in the heat engine needs modification. Reiter et al. [137]
reported that operating the Compression-Ignition (CI) engine by neat ammonia

is not feasible as it requires a very high compression ratio (35 : 1). Under high
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temperature, hydrogen is generated from ammonia decomposition. Therefore, in
order to prevent flashback, it is necessary to modify the spark plug material and
spark plug system. In addition, due to the corrosiveness of ammonia, the selection

of engine materials should exclude copper, nickel, plastics, etc.

An early record of studies on an ammonia fuelled combustion engine in a
limited scale backdates to 1905 and a patent was issued to Ammonia Casale, Ltd
in Italy in 1935-1936 [138, 139]. During the World War II, ammonia/coal fuelled
internal combustion engines were a temporary solution in Belgium in 1942 to
overcome the difficulty of diesel shortage [138, 139]. It was in a sizable scale using
system named as Gazamo process with around 100 buses involving ammonia in
the fuel mixture [138]. A Gazamo system is shown in Figure 2.6 with ammonia in
the front cylinder and compressed coal gas in the back cylinder, and an ammonia-
fuelled motor bus with gas cylinders at the top is illustrated on the right [138].
However, the project was halted once the diesel shortage eased [139]. In 1964,
NASA tested a modified aircraft X-15A-2 with rocket engine fuelled by liquid
ammonia and liquid oxygen [140]. The aircraft added external tanks for the fuel
and oxidizer which helped to extend engine burning time by approximately 60
seconds and reached the normal speed of aircraft X-15 but the aircraft drag was
considerably increased [140]. Meanwhile, U.S Army conducted a research on the
performance of ammonia-powered gas turbine, and the results showed that the
slow ammonia-air reaction leads to the low combustion efficiency [141, 142]. It
was not until the 1990s, when the motivation to find alternative fuels emerged
in response to global warming, that a small amount of additional research was

conducted on ammonia combustion engines.

In 2010s, interest in making use of ammonia in heat engines such as in-

ternal combustion engines (ICE) for transportation and gas turbines (GT) for
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Figure 2.6: Gazamo system and ammonia fuelled motor bus [44, 138].

power generation has been revived. As it was difficult to reach a desirable and
reasonable performance with neat ammonia fuelled Spark Ignition (SI) engines,
Grannell et al. [15] studied the engine efficiency and power output of ammoni-
a/gasoline dual fuelled SI engines with a cooperative fuel research (CFR) engine
in 2008. The results suggested the compression ratio at 10 : 1 was beneficial for
ammonia/gasoline ST engines, because the returns on thermal efficiency and min-
imizing gasoline use at rough limits were reduced when the compression ratio was
above 10 : 1. In Gross’s work, direct injection of liquid ammonia with DME was
explored for the first time in a CI engine [55]. An altered injection system was
employed to avoid fuel blends from vaporising. The outcome illustrated the engine
load conditions were narrowed as ammonia was introduced to the fuel. CO and
HC pollutions were high, because ammonia combustion pressure and temperature
were relatively low. As ammonia introduces fuel-NO formation pathway to the
chemical reaction, NO, concentration at the exhaust was high. Ammonia slip was
detected in the hundreds of ppm range under majority cases tested. Meanwhile,
soot emissions was reported to be very low in all the cases explored. The effect of

ammonia concentration in ammonia/DME blends on the performance of CI engine
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was discussed with a Yanmar L70V single-cylinder, direct-injection diesel engine
[143]. Three blends, 100%DME, 60%DME/40%N H3 and 40%DME/60%N Hs (by
weight), were assessed in the experiment. It was discovered that comparing with
100%DME case, increased ammonia concentration in the fuel decreased the en-
gine speed and engine power [143]. Regarding to the emissions, the trends of
CO,HC,NO, and soot matched with Gross’s work [55]. Unburnt ammonia in-
creased with more ammonia addition in the fuel blends from 40% to 60%. The
configuration of ammonia/hydrogen fuelled range extender for electric vehicles
with on-board catalytic ammonia cracking system was proposed by Frigo et al.
[144]. The range extender used in the experiment was a 505 cm?® Lombardini two-
cylinder SI engine [144]. Because it was originally powered by gasoline, the intake
manifold was added with six electro-injectors to inject gaseous fuel blends, when
gasoline was replaced by ammonia and hydrogen (shown in Figure 2.7). The ma-
terial of ammonia tank and piping was stainless steel. NO, emission reached 1700
ppm at full load and a rotational speed at 3000 rpm [144]. A 100 ppm threshold
sensor was used to track ammonia leaks, and no alarms went out throughout the
experiment. It was clarified that the modified injection system demonstrated good

mechanical performance but requires long-term validation to ensure its reliability.

The National Institute of Advanced Industrial Science and Technology (AIST)
in Japan has succeeded in implementing the micro gas turbine power generation
system for the first time powered by ammonia and kerosene [60], ammonia and
air [145, 146, 147], as well as ammonia and methane [145] with selective catalytic
reduction system (SCR) for NO, aftertreatment [145]. Figure 2.8 and Figure 2.9
present the photo and schematic diagram of ammonia-based micro gas turbine
power plant. The system was a 50 kW class micro gas turbine manufactured by

Toyota Turbine and System Inc. [147]. Non-premixed combustion was applied
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Figure 2.8: Photo of ammonia powered micro gas turbine power plant [145].

with a recuperator to improve the inlet temperature and optimize the combus-
tion efficiency. Since neat ammonia failed to be ignited at atmospheric pressure,
kerosene was first ignited as a combustion aid, and then ammonia concentra-
tion ratio was slowly enhanced with kerosene flow rate decreasing to zero [145].
30%Ammonia/70%kerosene managed to generate 21 kW power in the demonstra-
tion test, but the substantial amount of NO, emission was a great concern [60].
Neat ammonia fuelled power plant produced 18.4—44.4 kW at 70, 000—80, 000 rpm,

and at the condition of 80,000 rpm, the combustion efficiency changed between
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89% and 96% [145]. The range was wider in ammonia/methane case, which was
able to produce the power in the range of 15.8 — 41.8 kW at 70,000 — 80,000 rpm
[145]. Later, a two-zone combustor for gas turbine was analysed with neat am-
monia by the same research group, which achieved an even wider range of power
(10 — 40 kW) at 75,000 — 80,000 rpm [148]. These researches were in line with
Japan’s electricity industry plan, which is to import ammonia and directly burn

ammonia to support at least 1% of power supply by 2030 [149].
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Figure 2.9: Schematic diagram of ammonia powered micro gas turbine [145].

Lately, several big manufacturers are developing ammonia-powered engines
for maritime shipping, such as MAN Diesel and Turbo (High Pressure Low Speed
Dual Fuel Engine) and Wiértsila (Low Pressure Dual Fuel Engine) with various
fuel injection strategies, i.e., high-pressure in-cylinder direct injection, and low-
pressure intake manifold injection respectively, similar to commercial dual fuel
engines powered by liquefied natural gas [150]. Deutsche Bahn (German railway
company) is attempting to modify existing diesel engines for locomotive and other

traction vehicle applications to be able to accommodate a fuel mixture of ammonia
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and hydrogen [151]. The decarbonizing locomotive project has been taken a step
further by partnering with Fortescue Future Industries, a green energy provider

[151].

2.5 Summary

Many researchers have devoted themselves to understanding the ammonia oxi-
dation chemistry and developed more and more accurate chemical kinetic reac-
tion mechanisms for ammonia and ammonia blends. Nevertheless, not any single
ammonia (or ammonia blends) mechanism could express ammonia (or ammonia
blends) combustion over all range of operational conditions with high fidelity so
far. A mechanism screen is necessary to find an appropriate ammonia mechanism
under the desired conditions and employ it to examine the ammonia combustion
fundamentals. In this thesis, ammonia chemical kinetic reaction mechanism can-
didates will be firstly selected from the comprehensive literature review. Then,
they will be compared against the same sets of published experimental results.
The most satisfactory mechanism will be identified for the further parametric
study on ammonia/hydrogen combustion fundamentals.

The laminar flame speed of premixed ammonia/hydrogen under practical
operation conditions of heat engines has not been extensively discussed. There
has been scarce research regarding the ignition delay time and flame structure of
ammonia/hydrogen blends, particularly under oxygen-enriched environment.To
address another critical problem of ammonia combustion, NO, emission, the
knowledge of NO, formation pathway (especially NO formation) in ammonia
and ammonia blends should be established under various conditions. In this the-
sis, combustion fundamentals of premixed ammonia/hydrogen combustion will be

studied in terms of laminar flame speed, ignition delay and flame structure. The
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findings will be discussed under typical operational conditions of a free piston en-
gine with external combustor (T = 600K,P = 15 bar). The emission performance,
exhaust gas temperature and the peak heat production rate of ammonia/hydrogen

fuelled gas turbine will be analysed by building a continuous combustion model.

Emissions characteristics in practical combustors are of the deep concern.
Premixed and non-premixed type of combustors have been applied for ammoni-
a/air, ammonia/methane/air flames. Modern gas turbine combustors, for exam-
ple, two-zone rich-lean combustors, combustors with porous medium have also
been studied using ammonia/air, ammonia/kerosene/air and ammonia/methane/
air. Attempts to inject liquid ammonia into the premixed and two-zone rich-lean
types of combustors have also been discussed. Although the addition of hydro-
gen in ammonia combustion has been analysed in premixed flame type, emission
performance of the non-premixed ammonia/hydrogen combustion has not been
carried out. Rare experimental data on ammonia slip and unburnt hydrogen has
been reported and it is significant for determining a more reasonable fuel blend
ratios and equivalence ratios in the development of heat engines. In this PhD
work, a swirl-enhanced ammonia and hydrogen combustion test rig will be estab-
lished. Blowoff limits, emission concentrations including NO,, unburnt ammonia
and unburnt hydrogen at the exhaust will be measured in this combustor test rig.
OH* chemiluminescence imaging will be carried out to explore its relationship

with NO emission.

When implementing ammonia and hydrogen as fuel blends to heat engines,
it is inevitable that modifications are required in the conventional engines based
on ammonia combustion characteristics and emission characteristics. The above-
mentioned research area of ammonia/hydrogen combustion needs further study to

provide guidance for the development of disruptive heat engines and ultimately the
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goal of decarbonization for heavy transport. In this thesis, a comparison analysis
will be carried out between the emission results in this PhD project and those
published from heat engines (spark-ignition engines, compression-ignition engines,
gas turbines and free piston engines) using ammonia. The type of ammonia-

powered heat engine with the best emission control will be identified.

o1



Chapter 3. Methodologies

3.1 Introduction

As discussed in Chapter 2, Literature Review, ammonia chemical kinetic reaction
mechanisms have been optimised over many decades to understand the ammonia
combustion fundamentals. A large number of studies have focused on the funda-
mental of pure ammonia combustion as well as ammonia/hydrocarbon combus-
tion. Limited work, however, has focused on the fundamental of ammonia/hydro-
gen combustion, especially under oxygen-enriched environment and operational
conditions similar to those of a heat engine. Although in practical terms, the
characteristics of premixed ammonia/hydrogen combustion have been efficiently
explored, experimental work on non-premixed ammonia/hydrogen combustion has

yet to be conducted.

This chapter firstly describes the numerical methodology used for mod-
elling the ammonia and hydrogen combustion fundamentals. It contains zero-
dimensional (0D) modelling for premixed laminar flame speed, ignition delay time
and flame structure, and one-dimensional (1D) modelling of a continuous com-
bustion model for gas turbine. Secondly, this chapter describes the experimental
setup for the combustor test rig establishment, including design, building, com-
missioning and data collection. The measurements are used to study the blowoff
limits, emissions and OH* chemiluminescence of ammonia/hydrogen combustion

in a non-premixed swirl-enhanced combustor.
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3.2 Numerical methodology

3.2.1 Premixed Laminar Flame Speed Modelling

One of the most important parameters in the fundamentals of combustion is pre-
mixed laminar flame speed. It is defined as the propagation speed of a freely
burning premixed laminar flat flame into the unburnt cold flow [64]. In chemical
kinetic reaction modelling, laminar flame speed is commonly utilised to validate
the chemical kinetic reaction mechanisms, and it plays a decisive role on the tur-
bulent flame speed, which is important when developing practical combustion
systems. Since the neat ammonia flame speed was found to be much lower than
that of conventional fossil fuels in the previous studies, it is necessary to promote
the ammonia combustion by introducing an enhancer, such as hydrogen. There-
fore, it is important to understand the effect of various factors on the premixed

laminar flame speed of ammonia/hydrogen.

Ansys Chemkin-Pro is a chemistry simulation software for modelling com-
plex chemical reactors, and it has been widely used in automobile, energy and
aviation industries , to name just a few [152, 153]. Therefore, in this study, the
sub-model of Flame Simulators in Ansys Chemkin-Pro [152], Premixed Laminar
Flame-Speed Calculator, has been employed in conjunction with the model of
External Source of Inlet Gas and Outlet Flow (Product) of Reactor to calculate
the premixed ammonia and ammonia/hydrogen laminar flame speed. The simu-
lation diagram of a 1D premixed free-propagating flame is shown in Figure 3.1.
Figure 3.2 shows the simulation process in Ansys Chemkin-Pro, which contains
model diagram creation, pre-processing for inputting the chemical kinetic reaction
mechanism, the reactor model setup for adjusting various parameters, simulation

runs and post-processing of the data. The chemical kinetic reaction mechanism is
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comprised of the gas-phase kinetics file, thermodynamics data file and gas trans-
port data file. The gas-phase kinetics file is a set of data containing gas phase
compositions (elements and species), gas phase chemical reactions (i.e. elemen-
tary reaction), their Arrhenius coefficients and other important information. The
chemical name, elemental composition, electronic charge, phase and polynomial
fitting coefficients for thermodynamics properties (i.e. Cp(T),SY(T), H*(T)) un-
der a specific temperature range are reported in the thermodynamics data file.
The gas transport data file provides data on the geometrical configuration of the
molecule (i.e. single, linear, or non-linear), gas phase multi-component viscosity,
thermal conductivity, molecular diffusion coefficient, thermal diffusion coefficient,
etc. In this thesis, Nakamura’s chemical kinetic reaction mechanism [84] was used
for all of the numerical study. The mechanism was first chosen as one of three
mechanism candidates and then compared against the same sets of experimental
results, which can be found in Section 4.2, Chapter 4. In the premixed lami-
nar flame speed simulation, the inlet velocity, equivalence ratio, fuel mixture and
oxidant mixture are set in the model of External Source of Inlet Gas. The am-
bient temperature, pressure, unburnt gas temperature and ending axial position
are adjusted in the model of Premixed Laminar Flame-Speed Calculator. The
premixed ammonia and ammonia/hydrogen laminar flame speeds were calculated
under the estimated temperature profile, which is the default option for simulating

cases where the experimental temperature is unknown.

Z1_Flame Speed
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Figure 3.1: Simulation diagram of premixed laminar flame speed.
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Figure 3.2: Ansys Chemkin-Pro simulation process.

The investigated factors include equivalence ratios (0.8 — 1.6), hydrogen
blending ratios (0.0 — 0.6), oxygen contents in the oxidant (0.21 — 1.00), initial gas
temperature (300 — 700 K) and initial gas pressure (1 — 20 bar). The equivalence
ratio, ¢, also known as fuel-air equivalence ratio, is the ratio of the fuel-to-oxidant
in the reactor to the fuel-to-oxidant at the stoichiometric condition. The definition

is shown in Equation 3.2.1.

B x[fuel]/x[oxidant]
0= x[fuel, stoich]/x[oxidant, stoich)

(3.2.1)

where z[fuel] and x[ozxidant] denote the mole fraction of fuel and oxidant in the
mixture, and z[fuel, stoich] and x[oxidant, stoich| refer to the mole fraction of the

fuel and oxidant at the stoichiometric condition, respectively. The mixture is
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stoichiometric when the equivalence ratio is exactly equal to one. The mixture
is in a fuel-lean condition when the equivalence ratio is less than one. When the
equivalence ratio exceeds one, the mixture is in a fuel-rich condition. Hydrogen
blending ratio, 2% H>, denotes the mole fraction of hydrogen in the fuel blend. It
is determined by Equation 3.2.2.

z[Hy]
x[Ho| + [N Hs]

2% Hy = (3.2.2)

As exhibited in Equation 3.2.3, the oxygen contents in the oxidant, Q, is described
as the mole fraction of oxygen in the overall oxidant.

q_ 0]

 z[Og] + z[No)] (323)

In the above mentioned equations, z[Hs|, x[NHs], x[O2], and x[N3] denote the
concentration of hydrogen, ammonia, oxygen and nitrogen, respectively.

The detailed simulation worksheet is provided in Table 3.1. As shown in
Case 1-6, the effect of equivalence ratios on the laminar flame speed of ammonia
and hydrogen was explored when the hydrogen blending ratio was 0% — 60%.
Based on the results shown in Chapter 4, Section 4.3.1, 70%N H3/30%H> blends
and the equivalence ratio at 1.1 were chosen for the following studies. Then, the
effect of initial temperature on the laminar flame speed of neat ammonia and
70%N Hs/30%Ho blends was studied when the pressure was at 1 — 20 bar (Case
7-16). In Case 17-18, the effect of oxygen contents in the oxidant on the laminar
flame speed of neat ammonia and 70%N H3/30%H, blends was explored at room

temperature and atmospheric pressure.
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Table 3.1: Worksheet for premixed laminar flame speed modelling.

Case T (K) P (bar) ¢ x%H> Q
1 0%
2 20%
0.80,0.90, 0.95,
1.00,1.05,1.10,
3 300 1 1.15,1.20,1.25, 30% 0.21
1.30,1.40, 1.50,
1.60
4 40%
5 50%
6 60%
- 300, 400, )
500, 600, 1.1 0% 0.21
700
8 )

(continued at the next page)
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Table 3.1 Worksheet for premixed laminar flame speed modelling (continued)

Case T (K) P (bar) ¢ x%H> Q

9 10

300, 400,

500, 600, 1.1 0% 0.21
10 15

700

11 20
12 1
13 5

300, 400,

500, 600, 1.1 30% 0.21
14 700 10
15 15
16 20

(continued at the next page)
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Table 3.1 Worksheet for premixed laminar flame speed modelling (continued)

Case T (K) P (bar) ¢ x%H> Q
17 0% 0.21,0.30, 0.40,
300 1 1.1 0.50,0.60, 0.70,
0.80,0.90,1.00
18 30%

(End of Table)

3.2.2 Ignition Delay Time Modelling

Another important parameter in the combustion fundamentals is the ignition
delay time. It is defined as the time interval between ignition onset and rapid
fuel consumption due to the exponential radical reaction. As the autoignition
temperature of ammonia is higher than that of normal fossil fuels, it is beneficial
to understand the behaviour of autoignition of ammonia and ammonia/hydrogen
blends under different fuel compositions and operating conditions so as to advise
the design and development of the next generation heat engines.

In the present study, the ignition delay time of premixed ammonia and am-
monia/hydrogen blends is conducted using the sub-model of Closed 0D Reactors
in Ansys Chemkin-Pro, Closed-Homogeneous Batch Reactor [152], depicted in
Figure 3.3. Since the reactor is a closed environment, no inlet or outlet mod-

els are required. The simulation process is the same as shown in Figure 3.2,
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with inputting chemistry sets for pre-processing. The calculations were based on
constrain pressure and the energy equation was solved. The initial gas temper-
ature and pressure, end time and reactant species were adjusted in the Closed-
Homogeneous Batch Reactor. In the experimental tests, the ignition delay time
is often obtained in a shock tube that allows the ignition under high-temperature
high-pressure conditions. Figure 3.4 illustrates the typical ignition delay time def-
inition to be the time elapsed until the radical of OH* peaks in the experiment
with a shock tube. In the Closed-Homogeneous Batch Reactor, there are two
kinds of definition for the computed ignition delay time. One is the time during
which the concentration of a certain species achieves its maximum, and the other
is defined as the time elapsed when the temperature inflection point occurs [152].
Thus, in this numerical study, the ignition delay time is determined by the time
it takes for OH to reach its maximum mole fraction. A wide range of equivalence
ratios (0.5,1.0,1.5), hydrogen blending ratios (0.0 — 1.0), oxygen contents in the
oxidant (0.21 —1.00), initial temperature (1400 — 2200 K) and pressure (1 —20 bar)
were discussed in the parametric study. An comprehensive simulation worksheet
for ignition delay time modelling is described in Table 3.2. As shown in Case
1-3, the effect of hydrogen blending ratios on the ignition delay time of ammo-
nia and hydrogen was explored when the equivalence ratio was 0.5, 1.0 and 1.5.

These three equivalence ratio represents the fuel-lean, stoichiometric and fuel-rich

1 Closed Homogeneous

Figure 3.3: Diagram of Closed-Homogeneous Batch Reactor.
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conditions, respectively. Based on the results shown in Chapter 4, Section 4.3.1,
70%N H3/30%Hs blends and the equivalence ratio at 1.1 were chosen for this study.
The effect of initial temperature on the ignition delay time of neat ammonia and
70%N Hs3/30% Ho blends was studied when the pressure is at 1—20 bar (Case 4-13).
In Case 14-17, the effect of oxygen contents in the oxidant on the ignition delay
time of neat ammonia and 70%N H3/30%H> blends was explored at the pressure

of 1 and 20 bar, respectively.

Pressure
OH* signal(*10)

404 T, = 1433 K

50 1

=
3
~ ps = 19.8 bar
O 304, _
= $=2.0
?
o 201 fsem~————T o
o
101 |
0 oot :
|
0 250 500 750
Time (us)

Figure 3.4: Typical definition of ignition delay time in a shock tube [117].
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Table 3.2: Simulation worksheet for ignition delay time modelling.

Case T (K) P (bar) ¢ x%H2 Q
1 0.5
0%, 5%, 10%,
15%, 20%, 30%,
1400 1 0.21
40%, 50%, 60%,
3 1.0
80%, 100%
3 1.5
4 1
1400, 1500,
5 1600, 1700, 5
1800, 1900, 1.1 0% 0.21
2000, 2100,
6 10
2200
7 15

(continued at the next page)
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Table 3.2 Simulation worksheet for ignition delay time modelling (continued)

Case T (K) P (bar) ¢ x%Ho Q
1400, 1500,
1600, 1
8 600, 1700, 20 1.1 0% 0.21
1800, 1900,
2000, 2100,
2200
9 1
1400, 1500,
101 1600, 1700, 5
1800, 1900, 1.1 30% 0.21
2000, 2100,
11 10
92200
12 15
13 20

(continued at the next page)
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Table 3.2 Simulation worksheet for ignition delay time modelling (continued)

Case T (K) P (bar) ¢ x%H2 Q

14 0% 0.21,0.30, 0.40,
1400 1 1.1 0.50, 0.60, 0.70,
0.80,0.90,1.00

15 30%
16 0% 0.21,0.30,0.40,
1400 20 1.1 0.50,0.60, 0.70,
0.80,0.90,1.00

17 30%

(End of Table)

3.2.3 Burner-Stabilised Flame Structure Modelling

NO, emission control is one of the primary obstacles for developing optimal ammo-
nia powered heat engines, because ammonia working as fuel brings the fuel-bound
NO generation method as well as thermal NO method which is a usual concern
in combustion. In order to minimize NO, emission from premixed ammonia
or ammonia/hydrogen flames, the NO, generation pathways under different fuel

compositions and working environment should be explored. The flame structure
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and rate of production and consumption of nitric oxide has been examined with
the sub-model of Flame Simulators in Ansys Chemkin-Pro, Premixed Laminar
Burner-Stabilised Flame [152]. Figure 3.5 presents the diagram of flame structure
simulation, including an external inlet model and products of outlet model. The
simulation process is the same as illustrated in Figure 3.2. The chemistry set
was first pre-processed, then the parameters such as inlet velocity, species-specific
properties, unburnt temperature, initial gas pressure, ambient temperature, end-
ing axial position were set in the external inlet model and reactor model. The
simulation was conducted on the basis of gas energy equation under the estimated
temperature profile. The effect of a variety of equivalence ratios (0.9 — 1.2), hy-
drogen blending ratios (0.0 — 0.8), oxygen contents in the oxidant (0.21 —1.00) and
pressure (1 — 20 bar) on the main species profiles of NHg, Hy, NO, NOs, NoO were
derived and investigated. Table 3.3 presents the detailed inlet fuel blends and
working environment for each case in burner-stabilised flame structure modelling.
As shown in Case 1-2, the effect of equivalence ratios on the flame structure of
ammonia and hydrogen was explored when the hydrogen blending ratio was 10%
and 30%. The value of hydrogen blending ratio at 30% was selected based on
the results shown in Chapter 4, Section 4.3.1. The value of hydrogen blending
ratio at 10% was also employed to investigate the flame structure at low hydrogen
content in the fuel. The initial temperature at 500 K was selected to study the
flame structure under a high-temperature environment, which is closer to a prac-
tical operational condition in a heat engine. According to the findings shown in
Chapter 4, Section 4.3.3, the equivalence ratio at 1.1 were chosen for the following
cases. In Case 3, the effect of hydrogen blending ratios on the flame structure was
explored. The effect of pressure on the flame structure of 70%N H3/30%Hs blends

was studied when the initial temperature was 600 K (Case 4). It is because the
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simulation was difficult to converge under various pressures when the initial tem-
perature was 500 K. In Case 5, the effect of oxygen contents in the oxidant on the
flame structure of 70%N H3/30% Hs blends was explored at the initial temperature
of 500 K and pressure of 1 bar.

Additionally, the ammonia mole fraction at inlet changes in different cases
resulting from different inlet conditions, hence, NO, concentrations at the post-
flame zone were normalised against the imported ammonia mole fraction to pre-
vent any impact on the results interpretation. The normalisation equation is
shown in Equation 3.2.4, in which x[NOI];nd, Z[NOg|eng and [N H3]stqrt indicate
the concentrations of normalised NO, emission, NO, emission and imported N Hs,
respectively. NO, is an abbreviation for NO, NOy, NoO. The normalized emis-
sion results show the behaviour of NO, emissions that generated from burning the
same amount of nitrogen atoms in the ammonia fuel during ammonia/hydrogen

combustion.

Source of Inlet Z1_ Pre-Mixed Burner C1_Product

‘&. c1_|n|et1*- % m_ReacmrPruuum*-i

Figure 3.5: Diagram of flame structure simulation.

! x[NOﬂU]end

z|NO =
[ iﬁ]end CU[NH?)]start

(3.2.4)

3.2.4 Continuous combustion model

Ammonia powered gas turbine has attracted a lot of attention recently, especially

in power generation field. Although gas turbine powered by neat ammonia has
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Table 3.3: worksheet for burner-stabilised flame structure modelling,.

Case T (K) P (bar) 1) % Ho Q
1 0.90, 1.00, 10%
500 1 1.05, 1.10, 0.21
1.15,1.20
2 30%
0%, 10%
3 500 1 1.1 20%, 50%, 0.21
80%
4 600 1,5,10, 15, 20 1.1 30% 0.21
0.21,0.40,
5 500 1 1.1 30% 0.60, 0.80,
1.00

been succeeded in Japan, NO, emission is still very high and require to apply SCR
technology for aftertreatment [146]. Hence, attempts have been made to analyse
the emission performance of gas turbines powered by dual fuels of ammonia and
hydrogen. The simulation was conducted with the 1D gas turbine network in An-
sys Chemkin-Pro, which is widely utilised to predict premixed flow characteristics
in a continuous combustion model similar to gas turbine combustor [152, 154, 155].
The diagram of the continuous combustion model is presented in Figure 3.6. The
top diagram is the continuous combustion model without secondary air injection

while the bottom one is the system with the secondary air injection. Three Per-

67



CHAPTER 3: METHODOLOGIES

fectly Stirred Reactors (PSRs) and a Plug Flow Reactor (PFR) are the main
components in the continuous combustion model. It is illustrated in Figure 3.7
that the PSRs denote the mixing zone at the inlet for fuel and air, recirculation
zone and flame zone, respectively. The PFR connected after the flame zone indi-
cates the post-flame zone. In the present study, ammonia/hydrogen blends and
oxidant are injected into the first PSR for mixing, passed through the recircula-
tion zone, reacted in the flame zone and the products are eventually delivered to
the post-flame zone. The simulation process of the continuous combustion model
is shown in Figure 3.2, where the chemistry set was performed before the model
setup. In the model setup, the mass flow rate of inlet ammonia stayed identical for
all cases at 0.851 g/s, where 20% of the product gas was designated as recirculated,

according to previous investigation with the similar combustor configuration [62].

i Mixing_Fone (C1_RN Flame_fane (C1_R3 Fost Flame_faone (C2)

— !

(a)

Flame_Zone {(Z1_R3) Post Flame_Zone (T2

@ D~

i Wixing_Zone (C1_R13 i

Figure 3.6: Diagram of the continuous combustion model (a) without and (b)
with the secondary air injection.
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Figure 3.7: Schematic of the continuous combustion model [152].

Since the laboratory-scaled combustor described in Section 3.3 is intended for
applications in heat engines, e.g. gas turbines, the parameters of diameter and
length of the duct were set to match with the laboratory-scaled combustor, that
is, 150 mm and 300 mm, respectively. As illustrated in Figure 3.6, a secondary
air injection was introduced in the flame zone which is expected to reduce the
incomplete combustion fuel and optimise the combustion efficiency. The effects
of initial component ratios, i.e. equivalence ratios (0.8 — 1.2), hydrogen blending
ratios (0.0 — 0.4), oxygen contents in the oxidant (0.21 — 1.00) on emission perfor-
mance (N Hs, Hy, NO,), exhaust temperature and the peak heat production rates
were explored in the first part of this investigation. Then, the effects of initial
pressure (1 — 20 bar), initial gas temperature (300 — 500 K) and overall equiva-
lence ratios in the system with secondary air injection (¢yyepqir: 0.337—0.973) were
analysed using the initial component ratios suggested in the first part of study

(Section 4.4, Chapter 4). The examined initial component ratios and range for
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various parameters for each case are presented in Tables 3.4 - 3.8. The design of
the simulation started from analysing the effects of equivalence ratios (Table 3.4),
hydrogen blending ratios (Table 3.5) and oxygen contents in the oxidant (Table
3.6). According to the results presented in Chapter 4, Section 4.4, the equiv-
alence ratio of 1.1, hydrogen blending ratio at 40% and oxygen contents in the
oxidant at 0.4 were selected to study the effects of initial temperature, pressure

and secondary air injection.

Table 3.4: Calculated initial component ratios for studying the impact of equiva-
lence ratios (T =300 K, P =1 bar, m(NHs) = 0.851 g/s).

o 2% Hy Q m(Hy) m(032) m(Na3)
(g/s) (g/s) (g/s)
0.8 1.752 5.767
0.9 1.557 5.126

20% 0.21 0.025

1 1.402 4.614
1.1 1.274 4.194
1.2 1.168 3.845
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Table 3.5: Calculated initial component ratios for studying the impact of hydrogen
blending ratio (7' = 300 K, P =1 bar, (N Hs) = 0.851 g/s).

o 2% Ho Q m(Hy) m(02) m(Na)
(g/s) (g/s) (g/s)
0% 0.000 1.092 3.595
10% 0.011 1.173 3.861
1.1 0.21
20% 0.025 1.274 4.194
30% 0.043 1.404 4.622
40% 0.067 1.578 5.193

Table 3.6: Calculated initial component ratios for studying the impact of oxygen
contents in the oxidant (7'= 300 K, P =1 bar, (N H3) = 0.851 g/s).

m(Hy) m(0z2) m(N2)
10} % Ho Q

(g/s) (g/s) (g/s)
0.21 5.193
0.4 2.071

1.1 40% 0.067 1.578
0.6 0.920
0.8 0.345
1 0.000
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Table 3.7: Operational conditions for the selected initial component ratio (¢ =
1.1, 2%Hs = 40%, Q = 0.4, (N H3) = 0.851 g/s, m(Ha) = 0.067 g/s, 1n(Os) = 1.578
g/s, m(Ny) = 2.071 g/s).

T (K) P (bar)
300 1,5,10,15,20
300, 350, 400, 450, 500 1

Table 3.8: Initial conditions for studying the impact of secondary air injection
under 7' = 300 K, P = 1 bar (Primary injection: ¢ = 1.1, 2%Hy = 40%, Q =
0.4, m(NHs) = 0.851 g/s, mm(Hsy) = 0.067 g/s, m(0s) = 1.578 g/s, m(Ny) = 2.071
g/s.

m(air, sec) (g/s) Poverall
0.100 0.973
0.500 0.877
1.000 0.780
3.000 0.542
7.000 0.337

3.3 Experimental setup

This section introduces all experimental apparatus including the combustor, swirl-

enhanced ammonia combustor rig, ignition system, CMOS camera, exhaust emis-
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sions measurement instruments and O H* chemiluminescence measurement instru-
ments. The specification of each equipment is provided in the following subsec-
tions. The detailed working sheet for the experimental work has been reported in

Chapter 5, Section 5.2.1 and 5.3.1.

3.3.1 Combustor

The combustor is cylindrical with two detachable facing quartz glass windows.
The full and cross-sectional view of combustion geometry are shown in Figure
3.8. The inner chamber is 150 mm in diameter, 310 mm in length with the conical
exhaust 110 mm in length. The exhaust gas is discharged to the exhaust port of
the test building through an exhaust pipe with a diameter of 25 mm for after-
treatment. The two quartz windows are rectangular in shape with a length of 249
mm and a width of 53 mm. Besides this, there are five probe points available on
the top of the chamber which allow the inner wall temperature to be measured

along the combustion length.

Figure 3.9 illustrates the combustor head including an air swirler and a fuel
nozzle. It is designed for testing non-premixed flames. Fuel mixture is directly in-
jected into the combustor through fuel nozzle surrounded by a swirler for oxidant.
Figure 3.10 shows the fuel nozzle with 8 holes of 2 mm in diameter. Since the
fuel injection angle has a significant impact on flame stability [129], 45 degrees are
chosen for each hole in this experiment to improve the mixing of fuel and air and
avoid the flame being too close to the chamber liner. Air is utilised as the oxidant
and injected into the concentric pipe from four directions (top, bottom, right and
left) which then passes through the swirler to the combustor. The purpose of the
swirler is to circulate the hot combustion products from downstream to upstream,

promoting the mixing rate with the incoming fuel and air and preheating the un-
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(b)

Figure 3.8: (a) Combustor geometry and (b) Half section view of the combustor.

Figure 3.9: 3D CAD model of the combustor head.
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Figure 3.10: 3D CAD model of the fuel nozzle.

burned mixture at the upstream [97, 156]. Thus, the swirl-enhanced combustor is
very helpful in improving the stabilisation of the ammonia flame. The indicator
of the strength of swirling flow is swirl number, S, which is defined as the ratio
of the axial flux of angular momentum to the axial flux of the axial momentum

[157]. The swirl number for a radial swirler can be calculated as [158]:

D;\3
2 1- (1)
S= ———"5 tan q, (3.3.1)
N
Do
where D;, D, and « denote the inner diameter, outer diameter of the swirler
and the vane angle, respectively. Three radial swirlers were developed based on
various vane angles. Figure 3.11 depicts the schematic diagram of the swirler.
The specification of the three radial swirlers is shown in Table 3.9. In order to
achieve a strong swirling flow, the value of swirl number is recognised to be higher
than 0.6 [97, 156, 159]. In this study, the swirl number varies from 0.73 to 1.04,

which is capable to obtain strong swirling flow.

3.3.2 Swirl-enhanced ammonia combustor rig

The swirl-enhanced ammonia combustor rig is located in the Future Engines &

Fuels Laboratory. Figure 3.12 depicts the layout of the swirl-enhanced ammo-
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Figure 3.11: 3D CAD model of the swirler.

Table 3.9: Technical data of three radial swirlers.

Number
Swirler a (°) D; (mm) D, (mm) of vanes S (-)
)
(a) 40 32 44 16 0.73
(b) 45 32 44 16 0.87
(c) 50 32 44 16 1.04

nia combustor test rig schematically. The essential components comprise of the
gas cylinders, air compressor, mass flowrate controllers (MFCs), flame arrestors,
fuel mixer, in-line heating pipes with temperature controllers, combustor, ther-
mocouples, purge system, high speed COMS camera, emission gas analysers, data
acquisition device and computer. The experimental equipment spans across the
test room, control room, exhaust gas measurement room and gas cylinder storage
room. Figure 3.13 and Figure 3.14 show the photos of the test room and the
control room. The exhaust gas measurement room is equipped with a Horiba

multi-gas analyser, and details are provided in the subsection 3.3.4. A total of 17
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cylinders were being used in the tests.

Ammonia (99.98% purity), methane (99.98% purity) and hydrogen (99.99%
purity) were supplied in pressurised gas cylinders from BOC Ltd and Air Liquide
UK Ltd. Ammonia and hydrogen were then mixed in the bespoke fuel mixer before
entering the heating pipe. For the comparison purpose, combustion characteristics
of ammonia/methane and pure methane were investigated. The hydrogen blend-
ing ratio (x%Hs>) and methane blending ratio (zx%CH,) in the fuel are determined

by Equation 3.3.2 and 3.3.3, respectively.

_ x(Hy)
WhHy = s I (3.3.2)
2 %CHy = (CHy) (3.3.3)

z(CHy) + x(N H3)
Here, x(H3), x(CHy) and x(N H3) represent the mole fraction of hydrogen, methane
and ammonia, respectively. The hydrogen blending ratio varies from 0 to 0.4
because of safety consideration, while the methane blending ratio varies from 0 to

1.0. Air was supplied from the atmosphere via an air compressor.

The flow rate of hydrogen and methane was adjusted by Aalborg™ mass
flow rate controller model GFC47S-VDN6 and model GFC37S-VDNG6 separately
with an accuracy within 1.0% of set point for full scale flow. The full scale for
hydrogen is 88 sl/min, while the full scale for methane is 29 sl/min. Aalborg™
mass flow rate controller model GFC67S-VEN2 and model GFC57S-BDN2 are
employed to measure the flow rate of air and ammonia, respectively. The accuracy
of these two models is 1.5% of set point for 20 — 100% of full scale flow and 3.0% of
set point for 0—20% of full scale range scale. The full scale for air is 323 sl/min and
that for ammonia is 67 sl/min. To avoid the reverse gas flow and flashback, flame

arrestors were placed after the mass flow meters and before the fuel mixer. WITT
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MFCs —
NH3, H,,CH,

Combustor

Ignition system

Figure 3.13: Photo of the test room.

RF53N-ES was used as an ammonia flame arrestor, and GCE® Safe-Guard-3
flashback arrestors were applied for hydrogen, methane and air.

The pressure was kept at atmospheric for all of the measurements in the
experimental investigation. The initial temperature of air was controlled by an
in-line heating pipe OMEGA™ AHP-7562, which can provide hot air up to 540 °C
at the exit. It is suitable for the maximum flowrate of 20 CEFM (11.564 g/s). A
rope heater was employed to preheat the initial temperature of the fuel mixture.
The heating temperature was limited by the temperature controller that can reach
500 °C. There were two K-type thermocouples with temperature range of 0—800 °C
installed at the inlet of the combustor to measure the initial temperature of air

and fuel mixture independently. To measure the temperature profile of the inner
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Figure 3.14: Photo of the control room.

combustor wall, five R-type thermocouples with temperature range of 0 — 1300 °C
were mounted on the top plate at positions of 4,61,118,175 and 232 mm along the
Z-axis of the combustor. In addition, nitrogen was also utilised as a purge gas
(blue line in Figure 3.12). Purging was performed before and after each test case

to prevent the formation of a combustible environment and cause an explosion.

The ammonia mixture was ignited by spark electrodes. The ignition system
is exhaustively described in the subsection 3.3.3. The flame was captured by a
CMOS-based digital high speed camera Phantom® v710 (Figure 3.15) with UV-
Nikkor 105 mm f/4.5 lens (Figure 3.16). The specification of the CMOS camera
can be found in Table 3.10. To facilitate flame observation in the control room,
Logitech® Webcam C250 with built-in microphone is placed at a distance of 1 m

in the front of the quartz window to monitor the combustor.
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Figure 3.16: Photo of the UV-Nikkor 105mm f/4.5 lens.

The outlet temperature of the exhaust gas was obtained by a K-type ther-
mocouple at approximately 90 mm from the conical exhaust. The exhaust gases
containing NO, NOy, NHs, Hsy,and Oy were analysed by HORIBA MEXA-
7100DEGR multi-gas analyser and Thermo Fisher Trace 1300 gas chromatog-
raphy. The detailed technical data of the exhaust gas analysers are described in
the subsection 3.3.4. All the data were collected and recorded in OMEGA™ QM-

SQ2040 data acquisition instrument and monitored with OMEGALOG software.
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Table 3.10: Specifications of the Phantom® v710 CMOS camera [160].

Description Value
Resolution Up to 1280 x 800
Frames per second (fps) @ full resolution > 7500
Maximum frames per second (fps) 723000
Minimum exposure time 1 ps
Sensor Monochrome CMOS sensor
Pixel bit-depth 8— and 12—bit
Built-in memory size 16 GB

3.3.3 Ignition system

The ignition system, as illustrated in Figure 3.17, is composed of a power sup-
ply, capacitor discharge ignition (CDI), a pulse generator, an ignition coil and
electrodes. The power supply is set as 12 Vdc to activate the CDI. The CDI con-
sists of a main capacitor, a charging circuit, a trigger circuit and a small type of
transformer. Once activated, the current charges the capacitor, storing the power
required for ignition. The rectifier in the charging circuit prevents the capaci-
tor from discharging before the ignition signal is received. The pulse generator
BNC model 565 is used as the trigger signal source. When the trigger circuit is
activated, the capacitor is no longer charged, and the capacitor discharges the pri-

mary winding of the ignition coil. The ignition coil’s transformer action converts
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the ignition coil from the low voltage of the primary winding to the high voltage
of the secondary output of the ignition coil, thereby triggering the sparks of the

electrodes.

CDI

Ignition coil Electrodes

PN
/l/~ \\\

Power supply

Figure 3.17: Schematic diagram of the ignition system.

The two electrodes are made of stainless steel with a sharpened tip at the
front. Figure 3.18 shows a diagram of the location of the electrodes with refer-
ence to the combustor. The negative electrode is mounted on the inlet plate of
the combustor. The positive electrode is inserted from the bottom plate of the
combustor. The distance from the spark to the fuel nozzle (a) is around 5 mm
and the distance to the bottom plate (b) is about 75 mm. The electrodes gap, c,

is approximately 3 mm.

3.3.4 FExhaust emissions measurement instruments

To detect the concentration of NO, NOs, Oy in the exhaust gases, a multi-gas

analyser HORIBA MEXA-7100DEGR was used. Its main control unit (MCU)
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(a) (b)

Figure 3.18: (a) front angle of the ignitor location (b) 45° angle of the ignitor
location.

and oven unit (OVN) are shown in Figure 3.19. The emission gas was sampled
from the centreline of the exhaust duct entering from the second probe point. To
avoid the water condensation and prevent ammonia gas from dissolving in water,
a heating pipe maintaining the temperature at 193 °C was utilised to deliver the
gas samples. The sample gas was pumped to heated pre-filter before entering the
OVN unit. Ammonia slip was scrubbed from the sample gas in OVN unit using
the sample filter and tip filter. The analysers located in OVN unit are heated
analysers, such as the NO, analyser CLA-720MA. The analysers in the analyser
rack unit (ANR) under MCU were used to measure the non-heated sample gas
(at room temperature) such as O9 analyser MPA-720. Before each measurement
was taken, a calibration procedure was performed to ensure that the measurement
is accurate within reasonable limits. A purge procedure was strictly conducted
before and after each measurement ensuring a non-combustible environment.
The technical data of each sensor utilised in HORIBA MEXA-7100DEGR

is illustrated in Table 3.11. The chemiluminescence method is widely used in
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(a) (b)

Figure 3.19: Photo of the HORIBA MEXA-7100DEGR multi-gas analyser (a)
Main Control Unit (MCU) (b) Oven Unit (OVN).

detecting NO levels. The reaction of NO with O3 yields NOs in the excited state
(NO3) (see Equation 3.3.4). The chemiluminescence phenomenon is generated
when NOj returns from the excited state to the ground state (see Equation 3.3.5)
[161, 162]. The level of NO before the reaction can be detected based on the

intensity of the chemiluminescence.

NO + 03 — NO% + O, (3.3.4)

NOj = NOg + hv (3.3.5)
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Another essential NO, emission gas, NOs, can also be detected by converting
back to NO using the NO, converter, as shown in Equations 3.3.6 and 3.3.7.
The primary component in the NO, converter is carbon. The efficiency of NO,
converter was checked on a regular basis to ensure the accuracy of the experimental
data. Both NO and NOy were obtained based on dry measurement [161, 162].
The NO and NO, analysers passed the linearization tests conducted by the Horiba

on-site engineer. Detailed linearization test report are provided in Appendix 7.2.
NOy+C — NO+CO (3.3.6)
2NO9 +C — 2NO + CO9y (3.3.7)

The dry oxygen concentration is measured by the magneto-pneumatic (MPA)
detector. Oxygen has an incredibly strong paramagnetism compared to other
gases. When the sample gas enters the magnetic field, oxygen will be strongly
attached to the magnetic pole, resulting in pressure change around the magnetic
field. As shown in Equation 3.3.8, the pressure varies in proportion to the oxygen
concentration, allowing the oxygen concentration in the sample gas to be calcu-
lated [163]. A condenser microphone is utilised to measure the pressure change

to an alternating signal when the electric capacity is varied.
L 9
p=3 -H* - k- x(09), (3.3.8)
where H, k,z(0s) denote magnetic field strength, magnetic susceptibility of oxy-

gen, and the concentration of oxygen [163].

In Figure 3.20, Thermo Fisher Trace 1300 gas chromatography was employed

to measure the ammonia slip and unburnt hydrogen in the exhaust gas. As a
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precaution, a 140 °C heating pipeline was used to deliver the sample gas from the
centreline of the exhaust duct. This prevented water from condensing and the
ammonia gas from dissolving in water. Ammonia slip was measured using Pulse
Discharge helium ionisation Detector (PDD) and hydrogen was measured using
Thermal Conductivity Detector (TCD). The configuration can be found in Table
3.12. PDD is a prevalent, non-destructive detector with high sensitivity. The
compounds in the sample gas are detected by direct current or glow discharge
and then are ionised by photons from the helium. Electrons produced by ionising
photons cause changes in the output current [164]. The purity of helium is critical
as it considerably affects the performance of detector [165]. The high purity
helium (99.999%) with an additional helium purifier was therefore applied in the
test to achieve extremely pure helium. TCD is a non-destructive detector and
can identify any chemical whose thermal conductivity differs from that of the
carrier gas [165]. Due to the different thermal conductivities, there is a shift in
the current to maintain the filament temperature. The chemical concentrations

are obtained from current changes.

Since the gas chromatography is in the combustion laboratory, the air condi-
tioner in the laboratory was kept at 25 °C in order to prevent from the interference
of the signal by the ambient temperature. Before testing each case, a baseline was
measured with air to check whether there were any considerable interfering signals
which could affect the measurement. The acceptance noise signal of the PDD was
< 100 pV [165]. The acceptance noise signal of the TCD was < 120 pV [165].
The signal-to-noise was then calculated by dividing the peak height of the com-
pound of interest by the noise measured at the baseline to ensure it was within
the acceptable range. A description of the emission measurement procedure can

be found in the section 5.3.1.
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Figure 3.20: Photo of Thermo Fisher Trace 1300 gas chromatography.

All of the data was collected after one hour of measurements and then the
combustor was cooled or preheated to the desired initial temperature before start-
ing the next test. The procedure was repeated five times for each case. The av-
erage value was calculated. When the equivalence ratio is varied in the emissions
test, the level of oxygen concentration at the exhaust also changes. To compare
the emission results at different equivalence ratios fairly and comply with the reg-
ulation [166, 167], oxygen normalisation was conducted to correct the emission

results to a standard oxygen concentration basis (15%). The equation is given by:

PPMporm = PPMmeal(20.95 — 15.00)/(20.95 — O2,,,.,)]; (3.3.9)

where ppmunorm and ppmumeq are the normalised emission concentration and mea-
sured emission concentration, respectively, and Os,, ., denotes the measured oxy-

gen concentration in the exhaust gases [167].
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Table 3.12: Technical data table of Thermo Fisher Trace 1300 gas chromatography

[165).

Emission gas

NHs H,

Detector

Carrier gas

Oven operating
temperature

Detector filament
temperature

Range

Typical retention time
repeatability:

Typical peak area
repeatability:

Pulse Discharge helium
ionisation Detector
(PDD)

Thermal Conductivity
Detector (TCD)

He 99.999% N2 99.999%

Ambient +3 — 450 °C

Ambient +3 — 400 °C

NA 100 °C

100 ppm—4% (with split

method) 50 ppm—100%

< 0.0008 min

< 0.5% RSD (Relative Standard Deviation)

The error bar was calculated using the standard deviation equation (Equa-

tion 3.3.10) based on the five measurements. It indicates the uncertainty of the

emission measurement at each point.

(3.3.10)

1 N
_ . 7)2
o= Nizgl(xl—:n) ,

where N denotes the times of the measurement which is five, x; and z repre-

sent the average value for each measurement and average value of the five times
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measurements, respectively.

3.3.5 Optical setup for OH* chemiluminescence imaging

Relay lens

Narrowband Filter

Intensifier

COMS camera

Figure 3.21: Chemiluminescence visualization setup.

The use of chemiluminescence imaging for investigating radicals of interest
is non-invasive, cost-effective and has been applied to a variety of combustion
applications with small optical access [168, 169, 170, 171]. Figure 3.21 shows
the optical system for capturing OH* chemiluminescence images. A high-speed
Phantom® v710 CMOS camera was utilised with resolution of 1280 x 800, sample
rate of 100 pps and exposure time at 9900 ps. Hamamatsu Photonics C10880
image intensifier was connected with the CMOS camera through the relay lens to
intensify the chemiluminescence at low-light level and facilitate the image visuali-
sation. The image intensifier gain was constant at 999 in all the measurements. As
the OH* chemiluminescence primarily occurs in the wavelength between 280 — 350
nm [172], UV lens (UV-Nikkor 105 mm f/4.5 lens) and narrowband filter (centre:
310 nm) are employed. In the present work, OH* chemiluminescence images have
been measured and post-processed in relation to the global equivalence ratios,
hydrogen blending ratios, initial temperatures and swirl numbers. For each case,

one thousand instantaneous chemiluminescence images and one thousand instan-
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taneous background images were collected and post-processed using the bespoke
MATLAB code developed by the author. Detailed information about the image
processing is provided in the section 5.4.1. The measurements for each case were
repeated five times and the error bar for the OH* intensity were calculated using

Equation 3.3.10.

3.4 Summary

In this chapter, a description of numerical methodology for modelling the funda-
mentals of ammonia and hydrogen combustion and experimental setup for study-
ing non-premixed ammonia and hydrogen flames is provided in detail. In the
modelling work, the premixed laminar flame speed, ignition delay time and flame
structure have been discussed with a selected ammonia kinetic reaction mecha-
nism. The parametric study has been carried out over a wide range of equivalence
ratios, hydrogen blending ratios, oxygen contents in the oxidant, initial temper-
ature and initial pressure. A gas turbine network has been applied to study
the emission performance, exhaust gas temperature and peak heat production
rate of an ammonia/hydrogen fuelled gas turbine in one dimension. From an
experimental point of view, a non-premixed ammonia/hydrogen combustor has
been established with the exhaust gas analysers and the optical system setup.
The blowoff limits, emission performance and OH* chemiluminescence have been
experimentally investigated. The findings are discussed in Chapter 4, Kinetic
study of premixed ammonia/hydrogen combustion characteristics, and Chapter
5, Experimental analysis of non-premixed ammonia flame with hydrogen in a

swirl-enhanced combustor.
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Chapter 4. Kinetic study of premixed

ammonia/hydrogen combustion characteristics

4.1 Introduction

In this chapter, the characteristics of the premixed ammonia/hydrogen laminar
flame are appraised numerically with selected chemical kinetic reaction mecha-
nism. First of all, Mechanisms screen was carried out based on the literature
review explained in Chapter 2, Section 2.1. Several mechanism candidates were
chosen and compared with the same set of combustion fundamentals reported
in the experimental literature. Followed by the mechanism screen, a paramet-
ric study was conducted to explore the laminar flame speed, ignition delay time
and flame structure of premixed ammonia/hydrogen flames by employing the se-
lected ammonia reaction mechanism. The characteristics provides guidance for
the development of free piston engine generators and gas turbine. The combus-
tion fundamental of premixed ammonia/hydrogen was also discussed on the basis
of the typical operational environment of free piston engine generators. A gas
turbine network system was established and applied for examining the emission
performance, exhaust gas temperature and the peak heat production rate of am-
monia/hydrogen fuelled gas turbine.

The results presented in this chapter have been published in the peer-
reviewed journal paper titled Characterising premixed ammonia and hydrogen
combustion for a novel Linear Joule Engine Generator [173], and three conference
papers titled Characteristics of Ammonia/Hydrogen Premixed Combustion in a

Novel Linear Engine Generator [174], Characterising Injection and Combustion of
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Ammonia as a Marine Fuel [175], and Combustion and Emission Characteristics

of Ammonia Hydrogen dual-fuelled Generic Gas Turbine [176].

4.2 Ammonia chemical kinetic reaction mechanism selection

Three candidates of ammonia chemical kinetic reaction mechanisms were chosen.
A cross-comparison with the same sets of measured results from the literature
was implemented so as to identify the most appropriate mechanism for further
parametric study. Aspects such as laminar flame speed, ignition delay time and
flame structure were taken into consideration as important measurements in the
literature for comparison. Duynslaegher’s mechanism [73] Otomo’s mechanism
[86] and Nakamura’s mechanism [84] were chosen as a short list of candidate
ammonia mechanisms considering the convergence performance of the mechanism
calculated in Ansys Chemkin-Pro software, accuracy and relevance to the targeted
applications; free piston engine generators and gas turbines. The summary of
these three ammonia mechanism candidates can be found in Table 2.1 in Chapter
2, Section 2.1.

As depicted in Figure 4.1, the laminar flame speed of premixed ammoni-
a/hydrogen flames was explored with various equivalence ratios and ammonia
fractions by energy (E%NHs = 20%,50%,80%) under standard temperature and
pressure (STP) in the experiments by Kumar et al. [70]. The data are utilised
to compare with the computational results using three candidate ammonia mech-
anisms. It was found that Duynslaegher’s mechanism [73] corresponds better
to the measured data in the case of hydrogen as the primary fuel in the blends
(E%N Hz = 20%). There is more reliability in the predictions of Otomo’s mecha-
nism [86] and Nakamura’s mechanism [84] in the case of ammonia as the primary

fuel in the blends (E%NH3 = 50% and E%NHs = 80%). Due to the fact that
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ammonia is used as the primary fuel in the PhD project, Otomo’s mechanism and
Nakamura’s mechanism are deemed to be more appropriate for predicting laminar

ammonia and ammonia/hydrogen flame speed.
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Figure 4.1: Comparison of experimental (symbols) and computational (lines) pre-
mixed laminar flame speed of ammonia/hydrogen as a function of equivalence
ratios at the ammonia fractions by energy of (a) 20%, (b) 50% and (c) 80%.
Experimental data in Kumar’s work [70] plotted in conjunction with computa-
tional results based on Nakamura’s mechanism [84], Otomo’s mechanism [86] and
Duynslaegher’s mechanism [73].

When validating the ignition delay time of ammonia flames, Mathieu’s mea-
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Figure 4.2: Comparison of experimental (symbols) and computational (lines) ig-
nition delay time of 0.01143N H3/0.0085702/0.98Ar (¢ = 1.0) under the pressure of
(a) 1.4 atm, (b) 11 atm and (c) 30 atm. Experimental data in Mathieu’s work [81]
plotted in conjunction with computational results based on Nakamura’s mecha-
nism, Otomo’s mechanism and Duynslaegher’s mechanism.

surement [81] using shock tube was chosen. In Figure 4.2, the experimental
ignition delay time (1) of NHs/Oy/Ar blends was presented together with the
computational results employing the three candidate mechanisms at 1.4,11 and

30 atm. In the experiment, the time period between the passage of the reflected
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shock wave and the intersection of the slope of the hydroxyl radical (OH*) with
the zero concentration line was determined as the ignition delay time [81]. Figure
4.2 illustrates Nakamura’s mechanism [84] predicts well with the measurements
whereas the model based on Otomo’s mechanism [86] is moderately overestimated.
The computational results employing Duynslaegher’s mechanism [73] exhibits a
noticeable discrepancy between predictions and measurements. It is primarily due
to the fact that the mechanism was initially validated by measurements conducted

at low pressures.

Since flame structure have been seldom reported based on ammonia/hydro-
gen flame experiments, the measurements of premixed 0.21NH3/0.13H5/0.2105/
0.45Ar flames at a low pressure (0.05 bar) using molecular beam mass spectrometry
(MBMS) conducted by Duynslaegher et al. [74] are compared with the calculated
computational results. As presented in Figure 4.3, the comparison illustrates the
prediction of all three candidate mechanisms agrees well with the experimental
data in terms of flame structure of NHs, Ho and N,. By using Duynslaegher’s
mechanism, the most accurate agreement is achieved with the measured profiles
of NO,N>O and NH,, although the peak concentrations of NO and NyO still

remain underestimated in the modeling.

Table 4.1 summarises the overall performance of three candidate ammonia
mechanisms in the three aspects of ammonia oxidation chemistry. The com-
putational results by employing Nakamura’s and Otomo’s mechanisms have a
more satisfactory agreement with the experimental data in terms of laminar flame
speed and ignition delay time in premixed N H3z/Hs blends. Although there is a
large discrepancy between the measured and computational ignition delay times,
Duynslaegher’s mechanism demonstrates better agreement than the other two

candidate mechanisms in respect of flame structure. When compared to Otomo’s
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Figure 4.3:  Comparison of experimental (symbols) and computational
(lines) concentration profiles of (a) NHs, Ho,No and (b) NO,NH, NoO of
0.21NH3/0.13H5/0.2102/0.45Ar at 0.05 bar. Experimental data in Duynslaegher’s
work [74] plotted in conjunction with computational results based on Nakamura’s
mechanism, Otomo’s mechanism and Duynslaegher’s mechanism.

Table 4.1: Summary of candidate ammonia mechanisms validated with experi-
mental data.

. Laminar flame Ignition flame
Mechanisms
speed delay structure
Duynslaegher’s mechanism 11 { ™
Otomo’s mechanism 0 0 i}
Nakamura’s mechanism 0 ™ 0

1 The symbols 11,71,] indicate ‘good agreement’, ‘acceptable discrepancy’, and
‘noticeable discrepancy’, respectively.

mechanism, Nakamura’s mechanism provides much better prediction in NO pro-
file. Hence, Nakamura’s detailed chemical kinetic reaction mechanism is chosen

to further analyse premixed N Hs3/Hy flame under the prevalent operating envi-
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ronment of free piston engines and gas turbines in the Section 4.3.4 and 4.4.

4.3 Parametric study

4.3.1 Laminar flame speed

100 T T T T

80 — 2% H, = 30% — 2% H, = 60% 7

St [em/s]

Figure 4.4: The function of laminar flame speed of premixed ammonia/hydrogen
flame with equivalence ratios at various hydrogen blending ratios (T' = 300 K,
P =1 bar).

The laminar flame speed (Sy) of premixed ammonia and hydrogen flames
are plotted over a wide range of equivalence ratios and hydrogen blending ratios in
Figure 4.4. Hydrogen has a much higher reactivity compared to ammonia. Addi-
tionally, hydrogen laminar flame speed can reach more than 250 cm/s under room
temperature and pressure, while ammonia laminar flame speed was reported to
be only 7 cm/s under the same conditions [72, 102, 177]. For these reasons, it was
noticeable that the laminar flame speed of ammonia was enhanced substantially
by introducing hydrogen into the fuel blends and is nonlinearly enhanced with
the increase in the hydrogen blending ratio. Nevertheless, extreme high hydrogen
blending ratio should be prevented and handled with caution in the practical com-
bustor in the heat engine so that flashback of the boundary layer is avoided, as

the high reactivity of hydrogen may lead to back-burning of the flame [62]. It can
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be seen in Figure 4.4 that the relationship between premixed laminar flame speed
of ammonia and hydrogen and the equivalence ratio is non-monotonic. For all the
cases simulated at various hydrogen blending ratios, the laminar flame speed rises
gradually under fuel-lean conditions, peaks when the equivalence ratio is about
1.1—1.2, and then drops gradually under fuel-rich conditions. When 40% hydrogen
is blended with ammonia fuel, the premixed laminar flame speed achieves about
34 cm/s with the equivalence ratio at 1.10, and this is comparable to the methane
flame (~ 37 cm/s) under the similar condition [56]. It can be concluded that an
equivalence ratio in the range of 1.1 — 1.2 is preferable to the improvement of the
robustness of premixed combustion of ammonia with hydrogen in the presence of

a combustion promoter.

A sensitivity analysis was conducted at the location of the peak heat re-
lease rate and three elementary reactions, NHs + H — NHo + Hy, NH3 + OH —
NHy+ HyO,NH3+0O — NHy+OH, were found to take the lead in the early stage
of ammonia decomposition. The finding aligns with Kumar’s work [70] based
on Konnov’s mechanism [68] and Tian’s mechanism [79]. Thus, the radical pro-
files of O, H,OH for different hydrogen blending ratios are investigated when the
equivalence ratio is 1.1, as shown in Figure 4.5. The OH radical dominates in all
four cases, indicating the important role of OH in the ammonia decomposition
and laminar flame speed. It is also observed that when hydrogen is blended with
ammonia, the peaks of all the radicals appear closer to the burner. The peak in
Figure 4.5(a) is located at more than 1 cm from the nozzle, while the peaks in
Figure 4.5(b)-(d) are located within 1 ¢cm from the nozzle. The radical concen-
tration of H,O and OH all increase with the increase of the hydrogen blending
ratio, especially the H and OH radicals. Similar behaviour has been reported in

the literature for lean flames and stoichiometric flames [70, 178].
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Figure 4.5: Radical profiles of O, H,OH at the equivalence ratio of 1.10 when
x%Ho is (a) 0.0, (b) 0.2, (c) 0.4 and (d) 0.6.

A recent paper [179] demonstrated a clean power generation solution with
water as the only reaction product by discussing the prospect of utilizing hydrogen-
oxygen combustion in a closed-cycle free piston engine generator. In spite of the
fact that ammonia/oxygen combustion cannot eliminate NO, attributed to the
unavoidable formation of fuel-bound NO, the oxygen enrichment imparts a signif-

icant benefit to the propagation speed of the ammonia flame. As shown in Figure
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4.6, as the oxygen contents in the oxidant rises, the premixed laminar flame speed
is increased for both neat ammonia flame and 70%N H3/30%H, flame. Oxygen
enrichment is responsible for improving the adiabatic temperature and thus the
combustion rate. The same tendency was also observed in the combustion of hy-
drocarbons [111, 114]. The intersection points in Figure 4.6 denote the value of
the laminar flame speed of pure methane under the same working environment.
It suggests that the equivalent laminar flame speed can be realised with a pre-
mixed neat ammonia flame at 60% oxygen content in the oxidant as well as with
a premixed 70%N H3/30%Ho flame at 30% oxygen content in the oxidant, indicat-
ing that the oxygen environment enables the ammonia and ammonia/hydrogen

flames to be as stable as methane flames.

150 T T T
—$%H2 = 0%

- —LE%HZ = 30%

1 |
02 04 06 08 1.0
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Figure 4.6: The function of laminar flame speed of premixed ammonia/hydrogen
flame with oxygen contents in the oxidant (7" = 300 K, P = 1 bar, ¢ = 1.10).
Symbols represent the value of methane laminar flame speed.

The premixed laminar flame speed in relation to initial temperature for neat
ammonia flame and 70%N H3/30%H, flame at various pressures is explored at an
equivalence ratio of 1.10 to discover the ideal combustion conditions for the devel-
opment of ammonia or ammonia/hydrogen fuelled free piston engines. Figure 4.7

reveals that both flame speed of premixed neat ammonia and ammonia/hydrogen
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Figure 4.7: The function of laminar flame speed of premixed neat ammonia flame
and ammonia/hydrogen flame with initial temperature at various pressure (¢ =
1.10).

flames were promoted by increasing the initial temperature, which is attributed
to the fact that temperature plays an important role in accelerating the rate of
chemical reactions. For example, at 1 bar, with an increase in the initial tem-
perature from 300 to 700 K, the premixed laminar flame speed of neat ammonia
is improved by approximately 40 cm/s whereas that of 70%N H3/30%Hs flame is
improved by 90 cm/s. It implies an increase in the initial temperature at the
outlet of the compressor in the free piston engines may boost the combustion
rate, in particular when hydrogen is introduced as a promoter. In contrast, it
is observed that pressure has a negative impact on the premixed laminar flame
speed for both neat ammonia and ammonia/hydrogen flames. For instance, at the
initial temperature of 700 K, the laminar flame speed of 7T0%N H3/30%H, flame
drops by about 30 cm/s as the pressure is increased from 1 bar to 5 bar. However,
it is notable that the negative effect of pressure is attenuated by comparing the
reduction in laminar flame speed between 1 — 5 bar and 5 — 10 bar for both types
of lames. The laminar flame speed seems to have less sensitivity to the pressure

under high-pressure conditions. For the case of a free piston engine with external
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combustor, the typical operating condition is at 15 bar and 600 K at the outlet
of the compressor. It is feasible for a premixed 70%N Hs/30% H, flame to burn at
40 cm/s. Although higher pressure contributes to the efficiency of the free piston
engine, there may be a small penalty to the premixed laminar flame speed of

ammonia/hydrogen blends.

4.3.2 Ignition delay time

The effects of hydrogen blending ratios (0%—100%) and equivalence ratios (0.5, 1.0,1.5)
on the ignition delay time (7) of premixed neat ammonia and ammonia/hydrogen
flame are shown in Figure 4.8. For a given equivalence ratio, a small hydrogen
blending ratio in the range of 0% —20% facilitates an effective reduction in ignition
delay time. For example, the ignition delay time decreases from ~ 4 x 1073 s to
~ 0.6 x 1073 s, when the hydrogen blending ratio increases from 0% to 20% under
stoichiometric conditions. Nevertheless, the ignition delay exhibits a relatively
small reduction with further hydrogen addition into the fuel blends. A sensitivity
analysis of the OH radical at the moment of ignition was performed to evaluate
the most relevant reactions to shorten the ignition delay time. Figure 4.9 shows
the top five most relevant elementary reactions for reducing the ignition delay and
top five most relevant elementary reactions for prolonging the ignition delay in the
case of neat ammonia flame and 80%N H3/20%Hy flame. The sensitivity coeffi-
cients of each elementary reactions are normalised to the value of Os+H — O+OH
due to the dominance of this reaction in both neat ammonia and 80%N Hg/20% H>
blends. It can be seen that the second sensitive reaction for promoting the ig-
nition has changed from NHs + NHy — NoHs + Hy to Hy + OH — H + Hy0O as
hydrogen is involved. This indicates that hydrogen is rapidly consumed and H

radical is generated, promoting the ignition of ammonia. On the other hand, the
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elementary reactions of NH3+ H — NHo+ Hy and NHy+ NHy — NoHy+ Hy that

inhibit ignition become less sensitive in 80%N Hs/20% H, blends, leading to the

contribution of hydrogen addition to the ignition behaviour. Involving high reac-

tive fuel compositions with ammonia can significantly reduce the ignition delay

time, demonstrating the benefits of achieving strong ignition in heat engines.
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Figure 4.8: Variation of ignition delay time of premixed ammonia/hydrogen with
hydrogen blending ratios at different equivalence ratios (7' = 1400 K, P =1 bar).
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Figure 4.9: Normalised sensitivity analysis of OH with (a) 2%Hs = 0% and (b)
2% Hs = 20% (2 =0.21,¢ = 1,T = 1400 K, P = 1 bar).
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Figure 4.8 also illustrates that for a given hydrogen blending ratio, the ig-
nition delay time was more affected by the equivalence ratio when the hydrogen
blending ratio is approximately 20%. As hydrogen blending ratio increases fur-
ther, the effect of the equivalence ratio on ignition delay becomes less important.
This result is in agreement with the findings reported by Mathieu et al. [81], who
measured the ignition delay time for ammonia in highly diluted argon gas. A nor-
malised sensitivity analysis is also conducted to explore the important elementary
reactions affected by the equivalence ratios. Figure 4.10 exhibits the normalised
sensitivity coefficients of OH at the equivalence ratio of 0.5 and 1.5 which repre-
sent a fuel-lean condition and a fuel-rich condition with hydrogen blending ratio
at 20%. Under both conditions, the elementary reactions that are sensitive to
the ignition delay are similar. The main elementary reactions that promote the
ignition are Oy + H — O+ OH and Hy + OH — H + H50, while the main elemen-
tary reactions responsible for ignition inhibition are NHy + OH — NHy + Hy0
and NHy + NHy — NoHs + Ho. In lean flames, the chain branching reaction
O+ H — O+ OH is facilitated when more oxygen is engaged, which accounts for

the shortening of the ignition delay time at ¢ = 0.5 as shown in Figure 4.8.

The function of the ignition delay time with oxygen contents in the oxi-
dant is plotted at 1 bar and 20 bar in Figure 4.11. The result shows the ignition
delay time for both neat ammonia flame and 70%N H3/30%H, flame is signifi-
cantly shorter in oxygen-enriched environment and decreased with the increase of
oxygen in the oxidant. As presented in Figure 4.12; the elementary reactions of
Os+ H — O+ OH and NH3 + NHy — NoHs + Hy dominate in promoting the ig-
nition of the flame. Similarly to the previous discussion, the elementary reactions
of NH3+ H — NHy+ Hy and NHy + NHy — NoHy + Hy were found to contribute

considerably to the retardation of the ignition of ammonia flames in the presence
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Figure 4.10: Normalised sensitivity analysis of OH with (a) ¢ = 0.5 and (b) ¢ = 1.5
(z%Hy = 0.2,Q = 0.21,T = 1400 K, P = 1 bar).

of air and pure oxygen as oxidants. As the oxygen contents in the oxidant rises, it
is noteworthy that the normalised sensitivity coefficients are increased for all the
relevant elementary reactions, but the reactions that promote ignition tend to be
more sensitive to the oxygen-enriched environment, for example, the sensitivity
coefficient for the elementary reaction NHsg + NHy — NoHs + Ho increases from
~ 0.5 to ~ 0.8. Consequently, ignition delay time is reduced at oxygen-enriched en-
vironment. However, at atmospheric pressure, the reduction in ignition delay time
is more attributable to the hydrogen blending ratio than to the oxygen enrich-
ment. The ignition delay time of 70%N H3/30%Hs flame at atmospheric pressure
is almost comparable to 20 bar of neat ammonia. In a high-pressure environment,
e.g. 20 bar, more oxygen involvement in the oxidant provides limited benefit for
both neat ammonia flames and ammonia/hydrogen flames. Under standard op-
erating conditions of free piston engines, the external combustor pressure stays
in the range of 10 — 20 bar, indicating that the increase in oxygen content in the

oxidant have a limited beneficial effect on addressing the ignition delay of neat
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ammonia and ammonia/hydrogen flames.
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Figure 4.11: Variation of ignition delay time of premixed ammonia/hydrogen with
oxygen contents in oxidant (¢ = 1.10,7 = 1400 K).
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Figure 4.12: Normalised sensitivity analysis of OH with (a) © = 0.21 and (b)
Q=1.00. (x2%Hy =0.0,¢ = 1.1,7 = 1400 K, P =1 bar).

Figure 4.13 illustrates the variation of ignition delay time with initial tem-
perature in the range of 1040 — 1620 K and pressure in the range of 1 — 20 bar for
neat ammonia flame and 70%N H3/30%Ho flame at an equivalence ratio of 1.10.

Improving the initial temperature and pressure enables the reduction of the igni-
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tion delay time for both types of flame. The impact of pressure on ignition delay,
however, decreases as the pressure increases. Taking the case of 70%N Hs/30% H>
flame as an example, a factor between 1 bar and 5 bar (71p4,/T5per) iS about 4.7
at an inlet temperature of 1800 K (10000/T = 5.56), over twice as much as the
factor between 5 bar and 10 bar (7544, /T10bar ~ 1.9). It reveals that inlet pressure
variations from 1 —5 bar have a significant effect on shortening ignition delay. As

the pressure continues to increase, the ignition delay is only marginally reduced.
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Figure 4.13: Ignition delay time of premixed ammonia/hydrogen with various
initial temperature and pressure at (a) 2%Hs = 0% and (b) 2%Hy = 30%. (Q =
0.21,¢ = 1.1).

4.3.3 Flame structure

NO, emissions are a major concern associated with heat engines powered by
ammonia fuel. It is interesting to gain the knowledge of how the fuel-bound
NO, pathways brought about by ammonia fuel and the thermal-NO, pathways
induced by high temperature due to hydrogen involvement affect NO, formation

and consumption at various component mixing ratios and operating environment.
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This section discusses concentration of key species profiles derived from the model
and the rate of production (ROP) analysis to gain insights into species formation

and consumption.

As shown in Figure 4.14(a), the emission concentrations of key species,
NHs,Hy, NO,NOs9, NoO, are analysed over a wide range of equivalence ratios
(0.9 — 1.2) with 30% hydrogen involvement in the fuel blends. Table 4.2 exhibits
the inlet component concentrations in detail. NOy and NoO concentrations at the
post-flame zone are found to be almost zero, but NO concentration at the post-
flame zone dominates NO, emission in ammonia/hydrogen flames, which shows
the identical tendency as hydrocarbon flames [180]. With an increase in the equiv-
alence ratio from 0.9 to 1.2, NO emission reduces dramatically, especially when
the equivalence ratio is slightly greater than unity. Furthermore, Figure 4.14(a)
illustrates that hydrogen emission rises substantially at fuel-rich conditions and
ammonia slip starts to increase as the equivalence ratio exceeds 1.1, which is
attributed to the incomplete combustion. A trade-off needs to be taken into ac-
count to avoid excessive unburnt hydrogen and ammonia in a rich flame and high
NO, emission in a lean flame. Thus, it is noted that an equivalence ratio in the
range of 1.0 — 1.1 is preferable for emission minimization. The recognized range
of equivalence ratio is also consistent with the aforementioned recommendation
of analysis on combustion robustness (Figure 4.4, section 4.3.1). In addition, it
can be seen from Table 4.2 that the concentration of ammonia at the inlet varies
as hydrogen blending ratio and oxygen content in the oxidant stay unchanged.
Normalised NO, emission is therefore determined by dividing the NO, concen-
tration at exhaust by the inlet amount of ammonia so that the impact of different
inlet ammonia amounts on NO, emission can be prevented in the analysis. The

normalised NO, emission is shown in Figure 4.14(b), finding normalised NO is
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evidently reduced at the rich flames.
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Figure 4.14: (a) NHs, Ho, NO, NOy, NoO emissions and (b) normalised NO, emis-
sion as a function of equivalence ratios for a 70%N H3/30%Ho flame (7' = 500 K,
P =1 bar).

Table 4.2: Inlet components with different equivalence ratios for a
70%N H3/30%Ho flame.

Case (;5 :B%Hz Q :I:[NHg] :B[Hz] :13[02] w[Nz]

1 0.9 0.15 0.07 016  0.62
2 1.0 30% 0.21 0.17 0.07 016  0.60
3 1.1 0.18 0.08 016  0.59
4 1.2 0.19 0.08 015 058

A ROP analysis is carried out for NO at the equivalence ratios of 0.9 and 1.2

that denote the fuel-lean conditions and fuel-rich conditions, respectively. Figure
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4.15(a) shows that, under the fuel-lean conditions, fuel-bound NO (HNO + H —
NO+Hy, HNO+OH — NO+ H50) is the major method compared to thermal-NO
method in NO generation pathways, while the primary NO consumption is via the
reactions with NH; (NH, NHs) and partly via the reverse reaction of Zeldovich
mechanism (Ny + O — NO + N). Under the fuel-rich conditions, the decline of
fuel-bound NO and the increase in thermal-NO in NO generation is shown in
Figure 4.15(b). Meanwhile, NO is primarily consumed by the reverse reaction of
Zeldovich mechanism. This result is in agreement with a recent study showing
that the contribution of N H; oxidation to NO production via HNO is suppressed
due to the decline of O/H/OH radicals in the rich flame [43]. In addition, the
reaction between NH; and H is facilitated with the growth of H concentration
in the rich flame, yielding a large amount of nitrogen atoms (N), which in turn
encourages the NO consumption by the reverse reaction of Zeldovich mechanism.
Consequently, NO emission falls under the fuel-rich conditions, which assists in
explaining the behaviour of NO concentration at the post-flame zone presented

in Figure 4.14(a).
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Figure 4.15: ROP analysis for NO at the equivalence ratio of (a) 0.9 and (b) 1.2.
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Figure 4.16(a) illustrates the key species concentrations at the post-flame
zone of ammonia/hydrogen combustion versus a variety of hydrogen blending
ratios. The inlet component concentrations are exhibited in Table 4.3. When hy-
drogen involvement rises in the fuel blends, NO emission tends to increase moder-
ately, and the amount of hydrogen residuals at the exhaust stays almost identical.
NO, emission is normalised to the same inlet ammonia concentration for further
analysis. As can be seen in Figure 4.16(b), there is a pronounced growth in the
normalised NO emission owing to the decline in the amount of ammonia at the
inlet calculated in Table 4.3. Figure 4.17 and Figure 4.18 illustrate the ROP for
NO and Hy. Figure 4.17 shows that the production rates of both fuel-bound
NO and thermal-NO are promoted with an increase in hydrogen blending ratio,
while NO is strongly consumed by thermal-NO (Ny + O — N + NO). The high
consumption rate of NO via thermal-NO is dynamically balanced with the pro-
duction rate via fuel-bound NO and thermal-NO. As a result, only a moderate
growth in NO emission is observed. Figure 4.18 depicts that the primary hydro-
gen formation is through the reactions of NH;(NHs, NHo, NH,NoHy) + H, NH;
(e.g.NHy + NH3, NHy + NHy) as well as HNO + H while the primary hydrogen
depletion is through the hydrogen oxidation (Hy + O and Ho + OH). The rise
of hydrogen blending ratio promotes the oxidation of hydrogen, in particular the
reaction of Hy + OH — H + H20. As a result, when the hydrogen blending ratio
increases, the unburnt hydrogen at the exhaust remains almost unchanged at the

equivalence ratio of 1.1.

The key species concentrations at the post-flame zone of 70%N Hs/30%Ho
flames with various oxygen contents in the oxidant are presented in Figure 4.19(a).
Table 4.4 lists the detailed inlet components. There is an increasing trend of NO

emission as more nitrogen in the oxidant is substituted by oxygen. According
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Figure 4.16: (a) NHs, Hy, NO, NOg, NoO emissions and (b) normalised NO, emis-
sion as a function of hydrogen blending ratios (¢ = 1.1, T'= 500 K, P =1 bar).

Table 4.3: Inlet components with hydrogen blending ratios when ¢ = 1.1.

Case ¢ ac%H2 Q w[NH3] a:[Hz] :U[Oz] :E[Nz]

1 0% 0.24 0.00 0.16 0.60

2 10% 0.22 0.02 0.16 0.60
1.1 0.21

3 20% 0.20 0.05 0.16 0.59

4 30% 0.18 0.08 0.16 0.59

5 50% 0.13 0.13 0.15 0.58

6 80% 0.06 0.24 0.15 0.56

to the ROP analysis illustrated in Figure 4.20, the major pathways of produc-

tion and depletion of nitric oxide are found to be the same when the oxygen
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Figure 4.17: ROP analysis of NO at the hydrogen blending ratios of (a) 0.0, (b)
0.2 and (c) 0.5

contents in the oxidant is at 0.21 (air) and 1.00 (pure oxygen). Fuel-bound NO
(HNO + H — NO + Hy) plays an important role in generation of nitric oxide,
while thermal-NO (N2 + O — N + NO) dominates in the depletion of nitric oxide.
However, it is worth noting that the rates of both generation and depletion are
nearly doubled when pure oxygen is employed as the oxidizing agent compared

to employing air as the oxidizing agent for the flame. As can be seen from Table
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Figure 4.18: ROP analysis of Hy at the hydrogen blending ratios of (a) 0%, (b)
20% and (c) 50%.

4.4, when keeping the equivalence ratio and hydrogen blending ratio constant,
the ammonia concentration at the inlet varies with the rise of oxygen content
in the oxidant. It explains the decreasing behaviour of normalised NO emission
presented in Figure 4.19(b). It is concluded that the rise in absolute NO emis-
sions is attributed to the offsetting effect of NO formation and depletion, while

the decrease in normalised NO emission is the result of an increase in ammonia
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concentration in the fuel blends as the denominator corresponding to an increase
in oxygen concentration in the oxidant in order to maintain the same equivalence
ratio. Besides, Figure 4.19(a) reveals that absolute NOy and NoO emissions are
also increased by introducing more oxygen contents in the oxidant. However, the
variation of normalised emissions in Figure 4.19(b) indicate the additional oxygen
contents in the oxidant provides limited benefit for the normalised NOy but it

reduces the normalised NoO emission.
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Figure 4.19: (a) NHs, Ho, NO, NOy, NoO emissions and (b) normalised NO, emis-
sion as a function of oxygen contents in the oxidant for a 70%N Hg/30% Ho flame
(¢=1.1,T =500 K, P =1 bar).

The key flame species under various pressures up to 20 bar were compared,
taking into account the high-pressure operating conditions of heat engines. Figure
4.21 shows the change in the concentration of key species at the post-flame zone
with a variety of pressures when the initial temperature is 600 K and the equiva-
lence ratio is 1.1. A pronounced trend is observed that NO emission reduces with
an increase in the pressure. The variation is more evident when the pressure rises

from 1 bar to 10 bar than when it rises from 10 bar to 20 bar. There is a similar
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Table 4.4: Inlet components at different oxygen contents in the oxidant for a
70%NH3/30%H2 flame.

Case ¢ m%H2 Q m[NH3] w[Hz] m[Oz] IB[NQ]

1 0.21 0.18 0.08 0.16 0.59
2 0.4 0.28 0.12 0.24 0.36
1.1 30%

3 0.6 0.35 0.15 0.30 0.20

4 0.8 0.40 0.17 0.35 0.09

5 1 0.43 0.19 0.38 0.00
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Figure 4.20: ROP analysis of NO with oxygen content in the oxidant at (a) 0.21
and (b) 1.00 (T'=500 K, P =1 bar).

behaviour discovered in the study on premixed ammonia/methane combustion
[57]. Kobayashi et al. [43] reported that the reason is that the combination reac-

tion of NH; radical is promoted at high-pressure conditions (or for rich flames),

118



CHAPTER 4: KINETIC STUDY

-2

x 10
4 ' .
il 5
=3 | oo~ & = b
§ -e-H,
S ~NH; x 10°
E2r NO x 10! ]
8 ——NO, x 10*
g n —*N,0 x 10* A
ol—— *
0 5 10 15 20
P [bar]

Figure 4.21: NHg, Hy, NO, NOy, NoO emissions as a function of pressures for a
70%N H3/30%H, flame (¢ = 1.1,Q = 0.21, T = 600 K).

facilitating the yield of nitrogen rather than nitric oxide, which results in the NO
concentration decrease at the exhaust. This finding indicates that co-firing with
ammonia and hydrogen is also favoured in terms of minimizing emissions under

the typical high pressure operating conditions of a heat engine.

4.3.4 Selected parameters for the external combustor of the free pis-

ton engine

A comprehensive analysis on how various compositions and operational condi-
tions affect ammonia and ammonia/hydrogen combustion has been carried out.
A general recommendation for achieving a reliable, efficient and environmentally
friendly operation of ammonia and hydrogen fuelled free-piston engines are pro-
posed with a focus on improving the robustness of ammonia/hydrogen combustion
and minimizing NO, emissions. The laminar flame speed of methane flames (~ 37
cm/s) serve as a benchmark for ammonia flames with the enhancement of pro-
moter and beneficial working conditions. Hydrogen is regarded as an enhancer
for ammonia flames and the laminar flame speed of ammonia/hydrogen flame can

be readily increased to more than 37 cm/s due to the high laminar flame speed of
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hydrogen. Nevertheless, when using high hydrogen blending ratios, it is necessary
to adopt high-performance, high-quality catalysts for in-line cracking of ammo-
nia, or a separate hydrogen fuel supply line. Hydrogen involvement should also
be taken into account with other parameters, for example, equivalence ratios, ini-
tial temperature and pressures in order to facilitate the ammonia/hydrogen flame
stability in a cost-effective way. An equivalence ratio in the range of 1.1 — 1.2 is
discovered to be favourable for improving the laminar flame speed of premixed
ammonia/hydrogen in majority of cases. Regarding the initial temperature and
pressure of ammonia/hydrogen combustor, they are not completely independent
parameters and are mainly associated with thermodynamic parameters at the
compressor outlet in free piston engines. The laminar flame speed of premixed
ammonia and hydrogen is monotonically improved by increasing the initial tem-
perature, but it is suppressed with increasing pressure. It is shown in Figure 4.7
that over 40 cm/s of laminar flame speed can be realized for a 70%N Hs/30%H,
premixed flame with the equivalence ratio at 1.1 under the typical outlet condition
of compressor in the free piston engine (600 K, 15 bar). This meets the require-
ment of ammonia/hydrogen combustor stability in producing a reliable flame. The
oxygen-enriched environment also shows a considerable beneficial impact on the
laminar flame speed, which is likely to require a thorough economic analysis to
provide a more affordable viable solution. Additional attention of ignition delay

and emissions should be given to identify an all-round solution.

With respect to ignition delay, as discussed in Section 4.3.2, hydrogen blend-
ing ratio at 20% already greatly shortens the ignition delay time, let alone further
increase hydrogen blending ratio to 30%. The standard operational environment
of the free piston engine, i.e. 15 bar from the outlet of the compressor (inlet of the

external combustor) significantly promotes the ignition process and reduce the
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ignition delay time of the premixed ammonia and hydrogen combustion. Jointly,
the short ignition delay can also be satisfied under the aforementioned conditions,
namely, hydrogen blending ratio at 30%, equivalence ratio at 1.1 and under 15 bar

pressure.

From the discussion in Section 4.3.3, there are complex synergistic impacts
of various parameters on the flame structure, notably the NO, emissions are of
most concern. In almost all studies on ammonia combustion, equivalence ratios
slightly above 1, such as 1.0 — 1.1, have been broadly recommended. NO, for-
mation is easily inhibited under fuel-rich conditions, but the rapid growth in the
concentration of unburnt hydrogen is undesirable for free piston engines, where
multi-zone combustors may be involved, which potentially result in a high NO,
emission in total. Furthermore, ammonia slip is another problem when burning
flames at a very high equivalence ratio if the external combustor of the free piston
engine is not of optimum design. Accordingly, the moderate equivalence ratio at
1.1, chosen considering the ammonia flame stability, is also preferable in terms
of emissions. When it comes to hydrogen blending ratios, 30% is considered as
a satisfactory value, because further addition would cause an intensification of
thermal-NO formation and ultimately push up NO emission as illustrated in Fig-
ure 4.16(a). In addition to the equivalence ratio and hydrogen blending ratio, the
most critical parameters governing the emissions are the oxygen contents in the
oxidant and the pressure of the combustor. NO, emission is found to be sup-
pressed in a pressure-elevated environment. In spite of the surge in the absolute
NO, emission with a higher oxygen content in the oxidant, the normalised NO
and N2O emissions are reduced in Figure 4.19(b). After undertaking further re-
search into the economic feasibility of free piston engine, an intermediate oxygen

content in the oxidant at 30% is chosen.
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Figure 4.22: Major species concentration under rated operation condition of free
piston engines (30%Hs/70%NHs, Q=0.3, ¢ = 1.1, T =600 K, P = 15 bar).
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Figure 4.23: ROP analysis of NO under rated operation condition of free piston
engines (30%Ho/T0%NHs, Q=0.3, ¢ =1.1, T =600 K, P =15 bar).

Figure 4.22 shows the species profiles of NHs, Hy, NO, NOo, NoO based on
the ideal component ratios selected from the above analysis and typical working
conditions of free piston engines (T = 600 K, P = 15 bar). The emissions are
controlled at acceptable levels. The hydrogen concentration at the post-flame
zone and NO emission are about 4.1% and 1700 ppmv, respectively. Meanwhile,
the concentration of NOgy, NoO at the exhaust and ammonia slip are very small

and negligible. Figure 4.23 shows the ROP of nitric oxide, finding that both the
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generation and depletion of NO are driven by fuel-bound NO reactions (reac-
tion with HNO or NH). The component ratios selected are expected to provide
important guidance for the development and optimization of ammonia/hydrogen
combustors at high pressures in free piston engines. The discovery of the effects
of a variety of component ratios and operating conditions on ammonia/hydrogen
flames with respect to the laminar flame speed, ignition delay time and flame
structure demonstrates a valuable reference for the design of other types of com-

bustors.

4.4 Modelling of premixed ammonia and hydrogen combustion in generic

gas turbine

The gas turbine model and detailed case worksheet have been shown in Section
3.2.4, Chapter 3. The model is calculated using the selected ammonia mecha-
nism, Nakamura’s mechanism [84], discussed in Section 4.2, Chapter 4. Figure
4.24 shows the effect of equivalence ratios on peak heat production rate, outlet
temperature and emissions (N Hs, Hy, NO, NOy, NoO). The relationship between
the peak heat production rate of premixed ammonia and hydrogen combustion
in the gas turbine and the equivalence ratios is non-monotonical. The maximum
value of peak heat production rate occurs under the stoichiometric condition. The
same trend is also found in the analysis for the outlet temperature. The main
reason is that the flame speed reached maximum near the stoichiometric condi-
tion and it has a decisive influence on the heat production rate and temperature.
In Figure 4.24(b), as the equivalence ratio increases, NO, emissions are reduced,
while the ammonia slip and hydrogen residual are increased due to the incomplete
combustion in the rich flames. As concluded in Section 4.3.3 that thermal-NO

has significant effect on the formation and consumption of nitric oxide in rich
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flames, comparing to the fuel-bound NO method. The greater rate of consum-
ing nitric oxide via NH; and N lead to the drop in NO emission. However, the
combustion efficiency is compromised by a considerable amount of ammonia slip
and hydrogen residuals at the exhaust, so it is not suggested to apply very high
equivalence ratios. In the range of 0.8 — 1.2, given that NO, emissions in lean
flames are dramatically higher than that in rich flames, an equivalence ratio of 1.1
is considered for further analysis in this section. Jointly, the peak heat production
rate and outlet temperature are also relatively high when the equivalence ratio is

at 1.1, which can improve the efficiency of the gas turbine.
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Figure 4.24: Variations of (a) peak heat production rate and (b) outlet tem-
perature and emissions with different equivalence ratios. (80%N H3/20%Hs, Q) =
0.21, 7y = 300 K, P, =1 bar)

It is known that hydrogen addition and oxygen enrichment are effective ways
to improve the flame speed and adiabatic temperature of ammonia flames, which
contribute to enhance the robustness of ammonia combustion. The effects of hy-
drogen blending ratios in the range of 0 — 0.4 and oxygen contents in the oxidant

in the range of 0.21 — 1.00 on ammonia/hydrogen combustion characteristics in a
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generic gas turbine are shown in Figure 4.25 and Figure 4.26. It is found that
either increasing the hydrogen blending ratio or oxygen content in the oxidant
promotes the chemical reaction speed, leading to the increase in the peak heat
production rate and outlet temperature. Figure 4.25(b) illustrates that there is a
slight increase trend in NO, emission with more hydrogen addition. The temper-
ature is improved significantly owing to the hydrogen involvement. Thermal-NO,
becomes dominant in the production and consumption of NO,;. The increased
NO, emission implies that there is a higher production rate of NO, than con-
sumption rate of NO,. Jointly it is recommended to blend 40% hydrogen into the
fuel, in consideration of the robustness of the flame, even though the addition of
hydrogen will result in more NO, emissions. Figure 4.26(b) depicts the emission
characteristics of a 60%N H3/40%Ho flame in a gas turbine under the enriched oxy-
gen environment. It is shown that the highest ammonia slip is emitted when the
oxidant is air (2 = 0.21). When the oxygen content in the oxidant rises up to 0.4,
the ammonia slip decreases significantly. Further increase in the oxygen content
in the oxidant leads to a slight increase in the ammonia slip. It can be explained
that ammonia/hydrogen combustion is incomplete when air is used as oxidant
at the equivalence of 1.1 and more oxygen contents in the oxidant promote the
ammonia oxidation, resulting in a decrease in the ammonia concentration at the
exhaust. Furthermore, the concentration of unburnt hydrogen and NO, rises at
the exhaust when the oxygen content in the oxidant rises from 0.21 to 1.00. There-
fore, 40% oxygen in the oxidant is found to be reasonable, considering the goal of
minimizing ammonia slip, unburnt hydrogen and NO, emission, and employed in

the subsequent analysis.

The peak heat production rate, outlet temperature and emissions are plotted

in Figure 4.27 and Figure 4.28 with various pressures (1 — 20 bar) and initial
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temperature (300—500 K) at the selected initial component ratios (¢ = 1.1, 2% Ho =

40%,Q = 0.4). Figure 4.27 shows the increase in pressure greatly enhances the

peak hear production rate and the outlet temperature rises slightly from 2624 to
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2780 K. In response to increasing pressure, the oxidation of NH; is substituted
by a binding reaction of NH;, yielding nitrogen rather than nitric oxide [43].
As a result, as shown in Figure 4.27(b), NO, reduction occurs under a higher
pressure. The elevated outlet temperature implies the promoted NO generation by
thermal-NO method, but it is observed that the overall NO emission is dropped,
indicating thermal-NO is more susceptible to pressure than fuel-bound NO. It
also concluded that high-pressure environment is favourable for NO minimization

in the industrial operational conditions.
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Figure 4.27: Variations of (a) peak heat production rate and (b) outlet tempera-
ture and emissions with different pressures. (60%N Hs/40%Ho, ¢ = 1.1,Q = 0.4)

Figure 4.28 shows the changes of the peak heat production rates, outlet tem-
perature and emissions when the initial temperature rises from 300 to 500 K. The
pressure is maintained at the atmospheric condition. It can be seen that the outlet
temperature rises marginally from 2624 K to 2681 K but the peak heat production
rate reduces from 2.25 x 105 to 2.09 x 10> kW/m3 when the initial temperature
is enhanced. The enhancement of the extended Zeldovich mechanism owing to

the high temperature environment allows the rapid generation of O/H radical,
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Figure 4.28: Variations of (a) peak heat production rate and (b) outlet tem-
perature and emissions with different initial temperature (60%N Hs/40%Hs, ¢ =
1.1,Q=0.4)

consequently, increased NO emission at the exhaust. It also illustrates that the
hydrogen residual increases and N Hs, NoO, NOy emissions stay unchanged with

the growth in the initial temperature.

In the modern combustor, secondary air injection is often considered to pro-
mote the combustion efficiency as it helps to consume the unburnt fuel. Figure
4.29 shows the combustion characteristics of 60%N H3/40%Hs flame with the pri-
mary equivalence ratio (¢pim) at 1.1. The secondary air injection is introduced
into the flame zone and the mass flow rate is controlled in the range of 0.100—7.000
g/s. Overall equivalence ratio (¢yperqn) is the equivalence ratio where air includes
primary and secondary air injection in this section. As a result, the overall equiv-
alence ratio decreases from 0.973 to 0.337. The result illustrates the peak heat
production rate and the outlet temperature increase as the overall equivalence ra-
tio increases, indicating the heat production rate and the outlet temperature are

suppressed by the secondary air injection. Regarding the emissions, it is shown
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Figure 4.29: Variations of (a) peak heat production rate and (b) outlet tem-
perature and emissions with secondary air injection. (60%N Hs3/40%Hz2, ¢prim =
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in Figure 4.29(b) that there is a reduction in the unburnt ammonia and hydro-
gen but substantial increases in NO and NO, emissions as more secondary air is
involved. Since the secondary air injection at the flame zone reduces the outlet
temperature and causes the flame to slow down, there is not enough time for the
NO to be consumed. Instead, NO reacts with the oxygen in the secondary air and
yields a large amount of NOs at the exhaust. It can be concluded that in the gas
turbine, a large amount of secondary air contributes to improving the combustion
efficiency, but also cause an increase in NO, emissions. It is necessary to attain

a good balance between high combustion efficiency and low NO, emission.

4.5 Summary

In this chapter, a detailed ammonia chemical kinetic reaction mechanism, Naka-
mura’s mechanism [84], was first chosen from several ammonia mechanism candi-

dates based on the validation against the same set of literature experimental data.
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The parametric study was then conducted to discover the laminar flame speed,
ignition delay time and flame structure of premixed ammonia and hydrogen com-
bustion by employing the identified ammonia mechanism. The rate of production
(ROP) analysis is investigated in order to obtain a better understanding of the
NO, generation and consumption processes. A wide range of equivalence ratios,
hydrogen blending ratios, oxygen contents in the oxidant, initial temperature and
pressure have been discussed to support the combustion system development in
an external combustion type free-piston engine fuelled by ammonia and hydrogen.
A 1D continuous combustion model for gas turbine was then used to reveal the
peak heat production rate, outlet temperature and emission performance of pre-
mixed ammonia/hydrogen dual fuelled gas turbine. The main conclusions have

been summarized as follows.

1) NO emission decreases and ammonia slip and unburnt hydrogen at the ex-
haust rise significantly when increasing the equivalence ratios. Laminar
flame speed peaks at about 1.1 of equivalence ratio. These indicate that an
equivalence ratio at 1.1 is advantageous for both combustion stability and

emission control.

2) Hydrogen enrichment and oxygen enrichment have profound effects on pro-
moting the laminar flame speed and reducing the ignition delay time of
ammonia flames. An ammonia flame with either 40% hydrogen blending
ratio or 60% oxygen content in the oxidant can achieve a comparable lami-
nar flame speed to that of methane flames under the same conditions. The
hydrogen addition causes a penalty of a slight increase in NO emission. Al-
though a noticeable rise in absolute NO is observed with oxygen enrichment,

there are reducing trends of normalised NO and NoO emissions.
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3)

The laminar flame speed tends to be inhibited as the pressure increases;
however, this effect is attenuated when the pressure is further elevated.
Rising pressure contributes to the reduction of ignition delay; however, the
effect is also weakened with a further increase in pressure. NO emission

drops substantially as pressure rises.

In ROP analysis, fuel-bound NO and thermal NO methods both show a
strong impact on NO generation and consumption. Depending on the pa-
rameters explored, the final level of NOx emissions depends on the relative

importance of the two reaction pathways.

Taking into account the influence of various parameters, a beneficial com-
bination, i.e., 30%Hs/7T0%NHs, Q2 =0.3, ¢ = 1.1, T =600 K, P = 15 bar is
chosen for a free piston engine with external combustor to achieve the goal
of robust and low NO, emission combustion. It is found that NO concentra-
tion at the exhaust is approximately 1700 ppmv while those of NOy and NoO
are negligible, which offers an important guide for designing a low-emission

ammonia combustion system in a free piston engine.

Based on the 1D simulation results of the gas turbine network, a premixed
ammonia flame with a hydrogen blending ratio at 40%, an oxygen content
in the oxidant at 40% and an equivalence ratio at 1.1 are primarily chosen
and discussed at various initial temperature and pressure as well as with and
without secondary air injection for the optimization of combustion efficiency

and NO, emission minimization.

As the initial temperature increases, there is a slight increase in the out-
let temperature. Owing to the extended Zel’dovich mechanism, the O/H

radicals increase, responsible for the increase in NO emissions.
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8)

The elevation in pressure increases moderately the outlet temperature but
inhibits the NO, production. Thermal NO formation is accelerated with an
increased outlet temperature, but overall NO emission is decreased, suggest-
ing that pressure has a more significant effect on fuel-bound NO formation
(compared to thermal NO formation) and the high-pressure environment is
conducive to the use of ammonia and hydrogen fuelled gas turbines regard-

ing to the NO, emission control.

The combustion efficiency is improved with secondary air injection to the
combustor because the excess air enables the unburnt fuel to be consumed,
however, it is observed that NO and NOs emissions are greatly increased.
The secondary air flow suppresses the flame speed, resulting in the incom-
plete NO consumption and NO oxidation. This indicates the need to select
the optimum amount of secondary air to trade-off between combustion effi-

ciency and emission control.
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Chapter 5. Experimental analysis of
non-premixed ammonia flame with hydrogen in

a swirl-enhanced combustor
5.1 Introduction

In this chapter, the combustion and emission performance of non-premixed am-
monia/hydrogen flames are investigated experimentally in a swirl-enhanced com-
bustion test rig. Global equivalence ratio is introduced in this chapter, it is the
equivalence ratio calculated based on the injection of fuel and air in the case of
non-premixed combustion. This term is used to distinguish it from the concept of
local equivalence ratio in non-premixed combustion. The blowoff limits were first
examined to ensure that a range of stable flames could be achieved. Pilot testing
of newly established combustor test rig was conducted with ammonia/methane
blends. Some blowoff limit results from the pilot tests for non-premixed am-
monia/methane flames were used to compare with the results for non-premixed
ammonia/hydrogen flames. Emissions containing nitric oxide (NO), nitrous oxide
(NO3), ammonia slip (N H3) and unburnt hydrogen (Hsy) were then measured with
a variety of global equivalence ratios, hydrogen blending ratios, initial gas temper-
ature, swirl numbers and combustion chamber wall conditions. The structure of
non-premixed ammonia/hydrogen flames and the relationship between the excited
hydroxyl radicals (OH*) and the NO emission were revealed using OH* chemi-
luminescence profiles. The experimental results contribute to the validation and

improvement of ammonia combustion mechanism models and provide a guidance
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for the development of ammonia/hydrogen fuelled heat engines for decarbonising
heavy transport.

The results presented in this chapter are under peer review in the Inter-
national Journal of Hydrogen Energy, entitled ”Experimental Investigation on
Combustion and Emission Characteristics of Non-premixed Ammonia/Hydrogen

Flame” (Reference number: HE-D-23-09039R1).

5.2 Blowoff limit
5.2.1 Blowoff limit measurement procedure

The blowoff limit is identified by gradually increasing the air flow rate by ap-
proximately 2% every 20 seconds while keeping the fuel flow rate unchanged until
blowoff occurs [181]. The error therefore is the 2% of the full range of the mass flow
rate of air. The procedure was repeated five times for each case. The blowoff limit
of ammonia and hydrogen was investigated at different hydrogen blending ratios,
initial temperatures and swirl numbers so as to first gain the knowledge of the
conditions of non-premixed ammonia/hydrogen flame stability. This would aid in
the subsequent analysis on emission characteristics and OH* chemiluminescence.
The experimental conditions for examining the blowoff limits is shown in Table
5.1. The effect of hydrogen blending ratios on the blowoff limits have been studied
first. The stable range for 60%N H3/40%H?2 flames is the widest. Therefore, 40%
of hydrogen blending ratio was selected for the following studies on analysing the
effect of initial temperature. However, 30% hydrogen blending ratio was used for
analysing the effect of different swirlers due to the limited experimental time and
funding. The initial temperature of air and fuel were controlled independently.
Due to the efficiencies of different preheaters for air and fuel lines and the labo-

ratory working conditions, initial air temperatures of up to 435 K and initial fuel
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temperature of up to 475 K were reached. Thus, the effect of initial tempera-
ture on blowoff limits were conducted at the following conditions: T,;. = 300 K,
Tuer = 300 K; Tyip = 400 K, Tpyep = 400 K; Ty = 435 K, Ty = 475 K. Moreover,
the findings are compared with the blowoff limit results of ammonia and methane

achieved on the same test rig.

Table 5.1: The experimental conditions for blowoff limit test.

Factor Range
Air flow rate 1.37 — 6.87 g/s
Hydrogen blending ratio 0.2,0.3,0.4
Fuel initial temperature 300,400,475 K
Air initial temperature 300,400,435 K
Swirl number 0.73,0.87,1.04

5.2.2 Results and Discussion

It has been reported that ammonia flames have narrow flammability and low
flame velocity, so it is important to determine the flame stability conditions when
ammonia is used as the primary fuel and blended with a high flame velocity
substance, such as hydrogen. Blowoff limits were examined with various hydrogen
blending ratios and different swirlers at different gas initial temperature to ensure
the flame stability condition and range (from lean blowoff limit to rich blowoff

limit). The rich blowoff limit is defined as the minimum mass flow rate of air that
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can ignite and burn the fuel blends stably while the lean blowoff limit is defined
as the maximum mass flow rate of air that keeps the flame stable before blowing

off at a constant mass flow rate of fuel blends [182].

The effect of hydrogen blending ratios varying from 10% to 40% on the
blowoft limits of non-premixed ammonia flames was conducted with swirler S(b)
(swirl number: 0.87) at the initial gas temperature of 300 K. It was observed
that the flame was not stable when only 10% hydrogen is blended with ammonia.
When the hydrogen blending ratio was above 20%, the flame was stabilised. The
rich and lean blowoff limits of non-premixed ammonia flames with 20%, 30%, 40%
hydrogen addition is plotted in Figure 5.1. It can be seen that the hydrogen
involvement expands the stable range of ammonia flames, and it has a more
pronounced effect on the lean blowoff limits than that on rich blowoff limits.
For example, the stable range (global equivalence ratio) for the 80%N Hs/20%H,
flame is 0.576 — 1.084 while that for the 70%NH3/30%H> is 0.388 — 1.141. Due
to the limitation of the maximum air flow rate, the 60%N H3/40%Ho flame burns
steadily at 6.870 g/s and its lean blowoff limit can be extended further. This
finding is comparable with the conclusions drawn from the lean blowoff limits of
premixed ammonia/hydrogen flames [183]. The trend of lean blowoff limit in the
non-premixed ammonia/hydrogen flames is consistent with that of the premixed
ammonia/hydrogen flames, i.e., the lean blowoff limit is gradually decreased as

hydrogen blending ratio increases.

Methane involvement also contributes to improving the ammonia flame sta-
bilisation. In Figure 5.1, the rich and lean blowoff limits of non-premixed ammo-
nia/methane flame and non-premixed methane flame are presented for compari-
son with that of the non-premixed ammonia/hydrogen flame. The non-premixed

ammonia flames with methane addition at 40% and below were unstable or non-
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Figure 5.1: Blowoff limits of non-premixed ammonia/hydrogen flames (empty
symbols) and ammonia/methane flames (filled symbols).

ignitable. The stable non-premixed ammonia/methane flames were achieved when
the methane blending ratio was at 50%, 60%, 80%. A clear extension on the rich
blowoff limits as the methane addition increased was found. Low-flame-speed am-
monia requires a high-flame speed substance to initialize the flame and raise the
temperature to aid in ignition. As a result, a flame was ignited and reached the
steady state at a lower air flow rate and the rich blowoff limits were extended as
more hydrogen or methane is added into the fuel. Owing to a higher reactivity and
flame speed of hydrogen than that of methane, the rich blowoff limits of ammonia
flames with hydrogen blending ratio at 20% — 40% is lower than that of ammonia
flames with methane blending ratio at 80% — 100%. When the flame is stabilised,
continuing to increase the air mass flow rate leads to the flame being blown away.
However, the primary fuel was methane rather than ammonia in non-premixed
ammonia/methane flames tested in this experiment. The flame was kept at a rel-
atively high speed, consequently, no noticeable effect is found on the lean blowoff

behaviour.

The effect of initial temperature on the blowoff limits of non-premixed
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60%N H3/40% Hs flame is shown in Figure 5.2 with non-premixed 40%N Hg/ 60%C Hy
flame as well as methane flame for comparison. It is noticed that the lean blowoff
limits of non-premixed 60%N Hs/40%H, can be further extended because the
flames under room temperature and elevated temperature are still robust with
the maximum air mass flow rate available in the laboratory. Therefore, only the
effect of initial temperature on the rich blowoff limit can be observed. The ranges
to achieve the stable flames are widened for all three fuel blends when rising the
initial temperature. For instance of non-premixed 60%N H3/40% Ho flames, the
rich blowoff limit is extended from 1.204 to 1.290 when the initial temperature
rises from 300 K to 400 K and it extends further to 1.505 when the initial air tem-
perature rises to 425 K and the initial fuel temperature rises to 475 K. This is due
to the increase in flame speed caused by the increase in initial temperature, which
balances the inlet flow rate and promotes flame stability. It is observed that the
lean blowoff limits of non-premixed 40% N Hs/60%C H4 and methane flames are not
significantly affected by increasing the initial temperature, and the same trend is
found for premixed ammonia/hydrogen flames in the literature [183]. Further-
more, non-premixed 60%N H3/40%Hy flame is shown to have the widest stable
range among the three types of flames, although its lean blowoff limits under all

conditions are still extendable.

The shear layer region is a thin region with intensive vorticity where the
tangential velocity component varies greatly. Swirlers are generally considered as
an effective way to increase the mixing ratio of fuel and oxidant in the shear layer
region, and therefore improve the flame stability. Three swirlers, S(a), S(b), and
S(c), are employed to investigate the effect of swirl numbers on the blowoff lim-
its of non-premixed ammonia/hydrogen flames. Due to the limited experimental

time and funding, 70%N Hs/30%H, flame was selected for analysing the effect of
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Figure 5.2:  Blowoff limits of non-premixed CHy,60%NH3/40%Hy and
40%N H3/60%C Hy flames when (a) Ty = 300 K, Ty = 300 K, (b) T = 400 K,
Thuer = 400 K and (c) Ty = 435 K, Ty = 475 K.

different swirlers (including blowoff limit tests, the emission tests and OH* chemi-
luminescence imaging). Figure 5.3 shows the increase in the swirl number shortens
the flame stability range considerably for non-premixed 70%N Hs/30%Ho flames.
It is noticeable that the effect on the rich blowoff limits is more pronounced than
the effect on the lean blowoff limits. The effect of swirl numbers on the blowoff

limits of premixed ammonia/methane was also reported by Zhang et al. [98], who
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Figure 5.3: Blowoff limits of non-premixed 70%N H3/30%Hs flames with different
swirl numbers.

reported that when the swirl number changes to values equal to 0.42, 0.73, and
1.27, the lean and rich blowoff limits almost stay unchanged in premixed ammonia
flames; however, an apparent extension on the lean blowoff limits was observed in

the premixed 50%N Hs/50%C H,4 flames.

5.3 Exhaust emissions analysis
5.3.1 FExhaust emissions measurement procedure

Emissions are a major concern in ammonia/hydrogen combustion. The Horiba
multi-gas analyser (MEXA-7100DEGR) was employed to measure NO and NOgy
emissions and oxygen levels at the exhaust. The repeatability is within 0.5% of
the full scale for zero point or within 0.5% of the readings for span point. Thermo
Fisher Trace 1300 gas chromatography was installed with Pulse Discharge helium
ionisation Detector (PDD) and Thermal Conductivity Detector (TCD) to measure
unburnt ammonia and hydrogen at the exhaust. For both types of detectors, the
repeatability of typical retention time is less than 4.8 x 1072 s and the repeatability

of the typical peak area is less than 0.5% of the relative standard deviation. Before

140



CHAPTER 5: EXPERIMENTAL ANALYSIS

the tests, the gas analyser, gas chromatography and two heating pipes were pre-
heated to their operational conditions. Span gases for each emission were used to
calibrate the gas analyser and ensure the measurement accuracy. Then, purge gas
was injected to clear the concentration. For gas chromatography, additional injec-
tions were performed after each case to ensure that the previous exhaust gas was
evacuated before the start of the new case. The NO, emissions from non-premixed
ammonia/methane flame using the current test rig were validated with the single-
zone combustion results of premixed ammonia/methane flames available in the
literature [89]. The trends of NO and NOs showed satisfactory agreements with
the literature results. The effects of global equivalence ratios, hydrogen blending

Table 5.2: The experimental conditions for emission measurements and OH*
chemiluminescence imaging.

Factor Range
Global equivalence ratio 0.6—-1.2
Hydrogen blending ratio 20%, 30%, 40%
Fuel initial temperature 300, 325, 350,400 K
Air initial temperature 300, 325,350 K
Swirl number 0.73,0.87,1.04

with and without
combustion chamber wall condition’ silicate ceramic fibre
blanket insulation

T OH* chemiluminescence imaging was performed without silicate ceramic
fibre blanket insulation.
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ratios, initial temperature, swirl numbers and combustion chamber wall conditions
on emissions of non-premixed ammonia/hydrogen combustion were studied using
the swirl-enhanced combustor. The experimental conditions are summarised in
Table 5.2. The effect of global equivalence ratios on emissions has been studied
first at various hydrogen blending ratios. According to the results in Section 5.2.2,
40% of hydrogen blending ratio was selected for the following studies on analysing
the effect of initial temperature. However, 30% hydrogen blending ratio was used
for analysing the effect of different swirlers and combustion chamber wall condi-
tions due to the limited experimental time and funding. The initial temperature
of air and fuel were controlled independently. Due to the efficiencies of different
preheaters for air and fuel lines and the laboratory working conditions, initial air
temperatures of up to 350 K and initial fuel temperature of up to 400 K were
reached. Thus, the effect of initial temperature on blowoff limits were conducted
at the following conditions: T, = 300 K, Ty = 300 KTy = 325 K, Tye = 325
K; Tyir = 350 K, Trye = 350 K; Ty = 350 K, Ty = 400 K. In order to film
OH* chemiluminescence images, combustion chamber insulation material has to
be removed. The working conditions are the same for emission measurement and
OH* chemiluminescence imaging. All data were collected while the emission lev-
els remained stable. As ammonia and hydrogen were burnt under different global
equivalence ratios, oxygen normalisation was applied to compare the emissions.
According to the Equation 3.3.9, all the emission results were normalised to the

standard oxygen concentration basis at 15%.
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5.3.2 Results and Discussion

5.3.2.1 Emission performance of different hydrogen blending ratios at

different equivalence ratios

Although no carbon-related emissions will be emitted from non-premixed ammo-
nia/hydrogen combustion, nitric oxides, ammonia slip and unburnt hydrogen can
be produced, all of which are harmful to the atmosphere. A clear knowledge of
emission characteristics of non-premixed ammonia/hydrogen combustion is bene-
ficial for emission control when designing the industrial applications powered by
ammonia and hydrogen. Therefore, emissions of NO, NOo, NHs, and Hy are em-
phasised in this section and all the results have been normalised to the standard

oxygen level of 15%(vol).

Figure 5.4 depicts the effects of global equivalence ratios and hydrogen blend-
ing ratios on the emissions of non-premixed ammonia/hydrogen flames. When the
hydrogen blending ratio is 20% and 30%, it can be seen that the NO, NOs emis-
sions increase when the global equivalence ratio rises from 0.6 to 0.8, reach the
peak at the global equivalence ratio of 0.8 measuring about 100 ppmvd@15%09 for
NO emission and about 35 ppmvd@15%0, for NOy emission and decrease with
further increase in the global equivalence ratio. A similar trend is also observed
when the hydrogen blending ratio is 40%, but both NO and NOs emissions are
much higher at a low global equivalence ratio compared to the results with hydro-
gen blending ratio at 20% and 30%. The maximum NO and NOs emissions reach
approximately 350 ppmvd@15%02 and 60 ppmvd@15%0,, respectively. There are
dramatic reductions for NO and NOy emission when the global equivalence ra-
tio is close to the unity and becomes almost the same low value under fuel-rich

conditions as the emissions with hydrogen blending ratio at 20% and 30%.
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Figure 5.4: (a) NO, (b) NOg, (¢) Hs and (d) NHs emissions of non-premixed
ammonia/hydrogen flames versus various global equivalence ratios at different
hydrogen blending ratios (S = 0.87).

In ammonia combustion, NO and NOy formations and consumptions are

mainly associated with the flame temperature (thermal NO, route) and concen-

trations of O/H/OH radicals in the flame (fuel-bound NO, route). When the

global equivalence ratio is far-lean, the flame temperature is very low which sup-

pressed NO and NOs production. As the global equivalence ratio increases but

below the unity, fuel-bound NO, (HNO+H — NO+Hs, HNO+OH — NO+H>0)
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is the main pathway for NO, formation. Meanwhile, the flame temperature is rel-
atively higher which induced further NO, emission caused by the thermal NO,
formation. This explains the reason of low emissions of NO, NOs found at a very
low equivalence ratio and the increase of emissions with the global equivalence ra-
tio increasing to one. Conversely, under fuel-rich conditions, the fuel-bound route
for NO, formation is inhibited as the concentrations of O/H/OH radicals are de-
creased. Instead, the thermal NO, route for NO, consumption is promoted and
dominates to consume NO;, resulting in the reduction of NO and NOs emissions

when the global equivalence ratio is greater than one.

Although NO and NOs emissions keep decreasing under fuel-rich condi-
tions, the unburnt fuel concentration, including that of hydrogen and ammonia
rises significantly. At the global equivalence ratio of 1.2, ammonia slip surpassed
the concentration level of 4000 ppmvd@15%0Oy while unburnt hydrogen was over
0.15%vol@15%0, at the exhaust. Taking the combustion efficiency into account,
the optimal emission control occurs at stoichiometric condition. Relatively low
emissions, including NO, and unburnt fuel, were also found at far-lean global
equivalence ratio with hydrogen blending ratio at 20% and 30%, but the flame
robustness of ammonia and hydrogen at far-lean global equivalence ratio should

be considered and investigated further.

Surprisingly, changes in hydrogen blending ratios have no significant impact
on the unburnt hydrogen over the wide range of the global equivalence ratios.
However, due to the flame temperature elevated by more hydrogen involvement,
thermal NO, formation is greatly affected. The elevated flame temperature also
improves the ammonia fuel consumption. Consequently, increased NO and NO»
as well as reduced ammonia slip at the exhaust were observed as more hydrogen

was blended with ammonia. However, the effect is weakened considerably when
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the global equivalence ratio is above the unity. It indicates that more hydrogen

blending ratios provide less penalty on emissions under fuel-rich conditions.

5.3.2.2 Emission performance at different initial temperatures
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Figure 5.5: (a) NO, (b) NOs, (¢) Hs and (d) NHs emissions of non-premixed
ammonia/hydrogen flames versus different initial temperature (S = 0.87).

In Figure 5.5, the variations of emissions for non-premixed 60%N Hs/40% Ho

flames are presented with the constant global equivalence ratio at 1.1 at different
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initial temperatures. The measurement was conducted first when the initial tem-
perature of air and fuel were both 300 K. The second measurement was conducted
when initial temperature of air and fuel were both preheated to 325 K. Then, the
initial temperature of air and fuel were both preheated to 350 K for the third mea-
surement. Due to the efficiency of air preheater and test room environment, the
maximum initial temperature for air was 350 K. Thus, in the last case, the initial
air temperature was still 350 K while the initial fuel temperature was preheated
to 400 K. It was well known that increasing the initial temperature improves the
flame temperature and chemical reaction rate. According to the Zel’dovich mech-
anism, when the temperature is above 1800 K, NO, formation through thermal
NO, route is promoted. Valera-Medina et al. [62] investigated premixed ammo-
nia/hydrogen flames using 0D Gaseq analysis, finding NO, concentration of flue
gas was increased as the initial temperature increase from 300 to 900 K at 10 bar.
However, the experimental results in the present work show the lifted initial tem-
perature has no obvious impact on the emission at the global equivalence ratio of
1.1. The measured inner wall temperature was increased by approximately 46 K
for every 25 K increase in the initial temperature. The moderate effect of increas-
ing the initial gas temperature on the inner wall temperature could be owing to
the heat loss from the sizeable optical window and the insufficient increase in the
inlet temperature. This suggests that the increase in the flame temperature not
be significant in showing the profound difference in emissions. As verified in the
OH* chemiluminescence images in Section 5.4.2, the flame temperature was not

affected much with the increase in the initial temperature.
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5.3.2.3 Emission comparison under the wall insulated and non-insulated

conditions

As temperature plays a key role in the flame and affects emissions considerably, the
effect of wall condition on emissions of non-premixed ammonia/hydrogen combus-
tion has been investigated. The combustion chamber was insulated with silicate
ceramic fibre blankets to compare the emission results between insulated wall
conditions and non-insulated wall conditions. Figure 5.6 illustrates the emissions
for non-premixed 70%N H3/30%Hs flames with the initial gas temperature of 300
K under insulated wall condition and non-insulated wall condition. The results
show that a substantial growth in NO and NOs and a significant reduction in
unburnt ammonia slip at the exhaust when the combustion chamber is converted
from non-insulated to insulated. Meanwhile, unburnt hydrogen kept almost the
same. It suggests a great heat loss from the optical window and combustion cham-
ber. The great heat loss, especially in the region close to the wall, considerably
suppresses the generation of O/H radicals which are mainly yielded by the chain
branching reaction, H + Os — OH + O [88]. Thus, thermal NO, generation is
suppressed. The substantial ammonia concentration at the exhaust suggests a
further low NO, generation from ammonia. The emission trends are consistent
with the study on non-premixed ammonia/air flames that have been examined
experimentally with non-insulated quartz glass liner, non-insulated steel liner and

insulated steel liner [184].

5.3.2.4 Emission performance at different swirl numbers

Three swirlers with different vane angles were tested. Figure 5.7 shows the emis-
sions of non-premixed 70%N H3/30%Hy flames with various swirl numbers. Due

to the flame stability difference using different swirl numbers, flames measured
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Figure 5.6: (a) NO, (b) NOs, (¢) Hs and (d) NHs emissions of non-premixed
ammonia/hydrogen flames versus various global equivalence ratios under insulated
and non-insulated wall conditions (S = 0.87).

with small swirl number provide a wider range of emission results. It is found
that the change in the swirl number has a moderate effect on the NO, emission,
although a slight reduction of NO and NOy concentration with swirler number
at 0.87 and 1.04 was observed when the global equivalence ratio was greater than
0.8. Under far-lean conditions, unburnt hydrogen concentration at the exhaust

is almost unaffected by swirl numbers while unburnt ammonia concentration at
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the exhaust is reduced considerably. For instance, at the global equivalence ratio
of 0.6, the unburnt ammonia was 1880 ppmvd@15%0y with swirl number at 0.73,
1580 ppmvd@15%09 with swirl number at 0.87 and 887 ppmvd@15%0y with swirl
number at 1.04. In the premixed 30%N Hs/70%C H, flames, it was reported in the

literature by conducting a large eddy simulation that a decreased NO emission
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Figure 5.7: (a) NO, (b) NOs, (¢) Hs and (d) NHs emissions of non-premixed
ammonia/hydrogen flames versus various global equivalence ratios with different
swirl numbers (non-insulation condition).
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was achieved by increasing the swirl number from 0.58 to 0.99, and when the swirl
number was greater than 0.76, less effect was observed on NO reduction [185].
It suggests there is potentially an optimal swirl number for NO emission control
in non-premixed ammonia/hydrogen flames. Under the fuel-rich conditions, both
the concentrations of unburnt hydrogen and ammonia were increased dramatically
with a higher swirl number. As the angle of fuel nozzle is 45°, the vane angle of
swirler at 40° (S = 0.73) enables the fuel and air to be mixed near the nozzle.
The vane angle of swirler at 50° (S = 1.04) provides a stronger swirling flow but
the mixing flow is being pushed closer to the cold wall. The mixing flow is burnt
near the nozzle but the mixing flow close to the cold wall is likely to be pushed
to the exhaust without reacting. The behaviour became stronger with more fuel
dominate in the chamber, which led to the unburnt fuel (hydrogen and ammonia)
is less with a low swirl number under fuel-rich condition. The effect of swirl num-
bers on unburnt fuel emission became greater when the global equivalence ratio

was further increased.

5.4 OH* chemiluminescence
5.4.1 Image processing technique

Chemiluminescence of a flame is the spontaneous emission of light that occurs
when a chemical species descends from the excited to the ground state. Excited
hydroxyl (OH*) chemiluminescence is recognised as an important parameter to un-
derstand physical properties without interfering with the actual flame, e.g. flame
structure, relationship with NO concentration. OH* chemiluminescence images
were taken under the experimental conditions shown in Table 5.2. Then, they
were processed using a bespoke MATLAB code (provided in Appendix). The

workflow of the image processing technique is shown in Figure 5.8. One thousand
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instantaneous OH* chemiluminescence images and one thousand background im-
ages were collected using Phantom PCC1.2 software and averaged respectively.
After the background correction and minimum value correction, image was fil-
tered with 2D 3 x 3 median filter to remove salt and pepper noise. An example of

image processing is presented in Figure 5.9.

Average
Ir}11sta11.t1anepus [> OH*chemilumi [> b AKerage d [> Background
chemilumine nescence ackgroun correction
scence images images
Abel <:ﬂ __Abel <j Salt & pepper <:ﬂ Minimum
. . inversion . value
inversion . noise removal .
preparation correction
False OH" intensity
colormap

Figure 5.8: The workflow of image processing.

It is generally challenging to measure the spatially resolved distribution of
physical properties f(r) itself, e.g., OH* chemiluminescence. The OH* chemilu-
minescence images collected are line-of-sight images. However, f(r) has a math-
ematical relationship to a function h(y), as shown in Equation 5.4.1. The Abel
inversion formula, illustrated in Equation 5.4.2, can be used to reconstruct a spa-
tially resolved distribution f(r) from h(y) for axisymmetric objects [186]. Hence,
the Abel inversion algorithm [186, 187] was applied to obtain a representative
spatially resolved image of the OH* chemiluminescence distribution. The Abel
inversion algorithm utilised in this project is built on the Fourier-analysis prin-

ciple, in which each row of image is deconvoluted into a set of integrals on the
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Figure 5.9: An example of image processing before using Abel inversion algorithm.

basis of the expansion of cosine functions [186, 187]. The expansion value of co-
sine functions plays an important role as a noise-filter and it was set as 5 in this

project due to the computational time.

R T
h(y) = /y f(”irz,yzdr (5.4.1)
1 [fany) 1
f(’"):_w/r 2 \/mdy (5.4.2)

The bottom half of the image processed in Figure 5.9 is where the ignitor
creates a scratch-like notch in the image. In Figure 5.10, the image without the
false colormap provides clear evidence of this. The boundary of the combustor,
fuel nozzle and swirler are axisymmetric. The OH* chemiluminescence of flame
is assumed as axisymmetric, which is applicable to use Abel inversion algorithm.

Preparations for using the Abel inversion formula involves rotating and cropping
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Figure 5.10: Background-corrected, minimum-value-corrected, noise-removed im-
age without false colormap.
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Figure 5.11: Time-averaged OH* chemiluminescence distributions (a) before and
(b) after Abel inversion algorithm in different regions. [*: near the nozzle (I), the
transition region (II) and downstream of the flame (III)]

the image in half. The observation target is thus moved to monitoring the right
half of the OH* chemiluminescence. Figure 5.11 shows the time-averaged line-
of-sight OH* chemiluminescence image ((a) before Abel inversion algorithm) and

time-averaged spatially resolved OH* chemiluminescence image ((b) after Abel
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inversion algorithm) with false colour mapping. The fuel nozzle and air swirler
are located at the bottom and the ignitor is not shown in this half of the image.
The flame direction is from bottom to top. To gain a quantitatively comparison,
OH* intensity (I Ié) ;+) Was calculated based on the pixels in the image before
applying the Abel inversion algorithm. The formula for calculating the OH*
intensity is [188]:

800 1280

Mo =3 3 Ton, (5.4.3)

i=1 j=1

5.4.2 Results and Discussion

In this section, a thousand of images of OH* chemiluminescence were taken for
each case. For the distribution of OH* chemiluminescence, normalisation was
conducted to the image data by dividing by the maximum intensity of each case
and rescaling to the same range shown in the colour bar. Therefore, it is noted
that the value does not represent the absolute value.

Figure 5.12 (a) shows the OH* chemiluminescence profiles of the non-premixed
60%N Hs/40% Ho flame with various global equivalence ratio in the range of 0.6—1.2
measured at the room temperature with the swirl number of 0.87. Owing to the
axis symmetry of the image, only the top half of each image is rotated for anal-
ysis. From the perspective of topology in each case, it is found that the OH*
concentration was generally located at the upstream close to the nozzle in all
cases and it was moved further away from the nozzle when the global equivalence
ratio rises. Furthermore, OH* chemiluminescence distribution was expanded as
the flame became richer. The phenomenon is consistent with the observation of
flame shape. At the far-lean conditions, the flame height of ammonia/hydrogen
was short and orangish. As less oxidant participated in the reaction, the flame

height became longer and turned to yellow-ish. It shows that the feature of OH*
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chemiluminescence distribution that can be used to identify flame shape can also
be extended to non-premixed ammonia and hydrogen flames. Figure 5.12 (b) re-
veals the OH* intensity results with the respect to the global equivalence ratios.
It can be seen that the overall OH* intensity trend is compatible with the trend
in NO emission in Figure 5.4 (a). Hydroxyl radical plays a critical role in fuel-
bound NO formation (HNO + OH — NO + H50) and fuel-bound NO formation
dominates in the NO emission under fuel-lean conditions. Under fuel-rich condi-
tions, fuel-bound NO formation route is inhibited due to the insufficient O/H/OH
radicals. Therefore, hydroxyl radical and excited hydroxyl radical measurement
reflects nitric oxide concentrations in the post-flame zone. The findings agree with
the results observed with premixed ammonia/air flames and partially premixed
ammonia/hydrogen flames in the literature [136]. OH* intensities in three regions
were illustrated individually in Figure 5.12 (b). Since the transition region is the
largest of the three regions, the OH™ intensity is greatest in region II, followed by

that of region I, with the weakest OH™* intensity downstream.

In Figure 5.13 (a), it is depicted that OH* chemiluminescence images of
the non-premixed ammonia/hydrogen flames with hydrogen blending ratio at
20%, 30% and 40% at stoichiometric condition. It is worth noting that non-
premixed 80%N Hs/20%Hs flame failed to stabilize by itself, thus a high flow rate
of air was injected first to achieve a stable flame, and then decreased to the actual
amount for image measurement. The result shows that OH* chemiluminescence
near the nozzle region was evidently enlarged as more hydrogen was involved in
the fuel blends. For the case of non-premixed 80%N H3/20%Hs flame, OH* is
intense at the region near the nozzle and downstream, showing a weak flame be-
haviour. As illustrated in Figure 5.13 (b), the overall OH* intensity is about 37%

higher at a hydrogen blending ratio of 20% than at a hydrogen blending ratio of
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Figure 5.12: (a) OH* chemiluminescence profiles (normalised colormap applied)
(b) OH* intensity for non-premixed 60%N Hs/40%Hs flames with various global
equivalence ratios (T3, = 300 K, S = 0.87).

30% that is almost the same as at the hydrogen blending ratio of 40%. Hydrogen
involvement lifted the flame temperature, an increase in NO emission via thermal
NO production is expected. However, much higher OH* concentration was found
in 80%N H3/20%H>, indicating that the fuel-bound NO route still substantially

contributes to NO production and is slightly greater than the effect of increasing
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Figure 5.13: (a) OH* chemiluminescence profiles (normalised colormap applied)
(b) OH* intensity for non-premixed ammonia/hydrogen flames with various hy-
drogen blending ratios (dgoper = 1, Tin = 300 K, S = 0.87).

the hydrogen blending ratio up to 40% when the global equivalence ratio was at
1.0. Figure 5.13 (b) depicts the OH* intensities in three regions respectively. The
OH* intensity in region III shows a pronounced reducing trend while the OH* in-

tensity in region I shows an increasing trend. It emphasizes that as the hydrogen
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blending ratio rose, the OH* became more concentrated near the nozzle and the

flame became more robust when the hydrogen blending ratio was 40%.

In Figure 5.14 (a), the distributions of OH* chemiluminescence of non-
premixed 60%N Hs/40%Ho flames are presented with different initial temperature
at the global equivalence ratio of 1.1. The details of initial air and fuel tempera-
ture has been explained in Section 5.3.2.2. The flame shape remained almost un-
changed, but the regions of the peak OH* concentration (deep red) was expanded.
Figure 5.14 (b) also reflects rising the initial temperature has no significant effect
on the overall OH* intensity, with a slight increase observed. It indicates that
there was no considerable change in the flame temperature in the current exper-
iment as the initial air temperature rising from room temperature to 350 K and
initial fuel temperature rising to 400 K. Therefore, it can explain the result of
NO emission in Figure 5.5 which was found almost constant. The OH* intensity
was divided into three regions. Figure 5.14 (b) shows all OH* intensities in three

regions stayed almost unchanged under the different initial temperature.

Three different swirlers were changed to create various flow recirculations in
the combustor. The profiles of OH* chemiluminescence of non-premixed 70%N Hs/
30%Hy flames with different swirlers are presented in Figure 5.15 (a) at the stoi-
chiometric condition under the room temperature. As the vane angle of the swirler
varied from 40° to 50°, it can be seen that the angle of the OH* concentration up-
stream was deflected, which helped the circulation and mixing ratio of the fuel and
air near the nozzle. Additionally, with a higher swirl number, OH* concentration
in the region near the nozzle and transition region expanded, showing a strength-
ened flame. For instance, when the swirl number reached 1.04, the red marked
OH* chemiluminescence was all the way downstream from the nozzle. Figure 5.15

(b) shows the overall OH* intensity and OH* intensities in three regions. It is
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Figure 5.14: (a) OH* chemiluminescence profiles (normalised colormap applied)
(b) OH* intensity for non-premixed 60% N H3/40% Ho flames at various initial tem-
perature (¢gopqr = 1.1,S = 0.87) (*: initial air temperature: 350 K, initial fuel

temperature: 400 K).

notable that the overall OH* intensity decreased and then increased significantly
as the swirl number rose from 0.73 to 1.04, mainly attributed to the OH* intensity
increase in the transition region and downstream. However, the emission results

in Figure 5.7 (a) show a higher NO emission was found at the swirl number of

Tin K]

(b)

160



CHAPTER 5: EXPERIMENTAL ANALYSIS

50 150 250

(a)

3 X 10°
| T T
70%NH3/3O%H2@¢=1.0, T=300 K
2.5 O overall 7]
O Region I
2r Region IT 7]
L5 % Region 111

0.7 0.8 0.9 1 1.1

Figure 5.15: (a) OH* chemiluminescence profiles (normalised colormap applied)
(b) OH* intensity for non-premixed 70%N Hs/30%H, flames with various swirl
numbers (@gjopqr = 1.0, Tjp = 300 K).

0.73, which does not match the results of OH* intensity under the same condi-
tion. It is necessary to investigate the spatial and temporal information of NO
formation pathway (thermal NO and fuel-bound NO) near the nozzle by building

a computational fluid dynamics model to understand the reasons behind it.
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5.5

Summary

In this chapter, combustion and emission characteristics of non-premixed ammoni-

a/hydrogen flames were studied experimentally with a swirl-enhanced combustor

test rig. The blowoff limits were measured firstly to identify the range of stable

non-premixed ammonia/hydrogen flame. The effects of global equivalence ratios

(0.6 — 1.2), hydrogen blending ratios (0.2 — 0.4), initial gas temperature (300 — 400

K), swirl numbers (0.73,0.87,1.04) and combustion chamber wall conditions on

emissions (NO, NOsg, NHs, Hy) were analysed. Excited hydroxyl radical (OH*)

chemiluminescence imaging technology was utilised to unveil the flame structure

of non-premixed ammonia/hydrogen and its association with NO emission. The

main findings are summarized below.

)

Taking the combustion efficiency into account, the optimal emission control
occurs at stoichiometric condition. At far-lean equivalence ratios, NO, and
unburned fuel also showed relatively low emissions with hydrogen blending
ratio at 20% and 30%; however, flame stability of ammonia and hydrogen

should be examined.

Increasing hydrogen blending ratios, initial gas temperature and decreasing
the swirl numbers are effective ways to broaden the flame stability range
of non-premixed ammonia/hydrogen. Robust flames were obtained at hy-
drogen blending ratio over 20%. More hydrogen involvement resulted in
the increase of NO and NOy emissions and the decreased ammonia slip.

However, the effect was weakened under fuel-rich conditions.

With the global equivalence ratio of 1.1, the rising initial temperature has
a marginal effect on emissions due to the heat loss from the combustor wall

and optical windows. After the non-insulation rig was converted to the wall
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insulated condition, NO and NO, emissions increased significantly although

the ammonia slip decreased considerably.

In the current combustor test rig setup, at the global equivalence ratio above
0.8, NO and NOy emissions were lower with the swirl number of 0.87 and
1.04 than that with the swirl number of 0.73. It is suggested there is an
optimal swirl number for NO, control and its value changes depending on

the geometry and size of combustor.

OH* chemiluminescence distribution can effectively identify the shape of
non-premixed ammonia and hydrogen flames. The trend of OH* intensity

was consistent with the results of NO emissions at the same swirl number.
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Chapter 6. Comparison of emission
characteristics of different ammonia fuelled heat

engines

6.1 Introduction

In this chapter, NO, and ammonia emissions from different types of ammonia-
fuelled heat engines in the literature were investigated including Spark-Ignition
(SI) engines, Compression-Ignition (CI) engines, Gas Turbines (GTs) and Free
Piston Engines (FPEs). A comparison was made between the literature emission
data and the modelling results of premixed ammonia/hydrogen combustion in gas
turbines in Chapter 4 as well as experimental results of non-premixed ammoni-
a/hydrogen combustion for external combustion engines in Chapter 5. Due to
the different units used in emission measurement and oxygen standards for each
country, all the emission concentrations in the comparison were converted to dry
emission at 15% oxygen level (ppmvd@15%0s). Indicated specific emissions are in
the unit of g/kWh. The findings reflect the current level of key emission species
from different ammonia fuelled heat engines. In addition, the most appropriate

heat engine using ammonia as fuel in terms of emission control was identified.

6.2 Development of ammonia fuelled heat engines
6.2.1 Spark-ignition engines

Studies on using ammonia for internal combustion engines usually focus on spark-
ignition (SI) engines and compression-ignition (CI) engines. Since ammonia has a

high octane number (~ 130), it is possible to apply high compression ratios on SI
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engines using ammonia without knocking [16]. However, it was found that using
neat ammonia as fuel for SI engines is hard to achieve decent engine efficiency and
performance due to the slow flame speed and high ignition temperature of ammo-
nia [15]. Thus, a fuel promoter is always introduced to the cylinder in SI engines,
such as gasoline [15, 189, 190], hydrogen [16, 191, 192], natural gas [193, 194]. Ryu
et al. [189] carried out tests in a gasoline and ammonia dual fuelled four-stroke
Cooperative Fuel Research (CFR) SI engines with the compression ratio at 10 : 1
and constant speed at 1800 rpm. The engine model is Waukesha CFR-48 with a
bore and stroke at 82.5 and 114.3 mm, respectively [189]. Gaseous ammonia was
the first time to be directly injected into a SI engine with a bespoke injection
system. The injection pressure was carefully designed to be sufficient to deliver
ammonia gas into the cylinder without ammonia liquification. The engine per-
formance proves that the direct injection of ammonia gaseous was viable. With
advanced ammonia injection timing and prolonged injection duration, the power
output was improved [189]. In terms of emissions, the brake specific NO, emis-
sion (normalised by engine power output) from ammonia/gasoline dual fuelled
engines were observed considerably higher than that from neat gasoline fuelled
engines. The increase in ammonia addition resulted in the augment in unburnt
ammonia concentration and NO, emissions. Furthermore, it is also revealed that
increasing the engine loads reduced the brake specific NO, and ammonia emis-
sions. The Korea Institute of Energy Research (KIER) converted a LPG-gasoline
bi-fuel 3-cylinder engine into an ammonia/gasoline dual fuelled SI engine [190].
The cylinder bore and stroke were 71 and 84 mm. The tests were measured under
the compression ratio at 10.5 : 1. Reduction of carbon emissions was expected
with the enhancement in ammonia involvement (energy basis). However, unburnt

ammonia and NO, emissions were high and an improved construction of catalytic
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converter was required [190]. The engine using 70%N Hs/30% gasoline (energy
basis) was later tested with a customised ECU and released in a vehicle prototype
“AmVeh” [190]. The engine performance and emissions of ammonia/hydrogen
fuelled SI engine were analysed by Lhuillier et al. [16] over various hydrogen
blending ratios (0 — 60%) and equivalence ratios (0.6 — 1.2). The four-cylinder SI
engine (model: PSA EP6DT) was employed but only one cylinder was fuelled by
ammonia and hydrogen. The cylinder bore and stroke were 77 and 85.8 mm. The
compression ratio was 10.5 : 1 and the speed was stabilised at 1500 rpm. Fuel
and air were premixed in a mixer and preheated to 323 K before delivering to
the cylinder. Wet emissions (NO, NOy, NoO, N H3) were measured with Gasmet
Fourier-Transform InfraRed (FTIR) gas analyser. It concluded that the utilisation
of ammonia in SI engine is promising and requires zero or little engine retrofits.
Hydrogen addition was helpful in enhancing the engine performance and stability,
particularly at the early stage of combustion. It also shows a higher hydrogen
blending ratio led to the reduction of the unburnt ammonia at the exhaust but
increase in NO, emission. The levels of NO, emission from hydrogen/ammonia
fuelled SI engines are comparable or even less to that from gasoline fuelled SI
engines, even though the formations of NO, in these two mixtures are differ-
ent [191, 192]. Thermal NO, and prompt NO, are the main routes in gasoline
fuelled engines while fuel-bound NO, and thermal NO, are the main routes in
ammonia/hydrogen dual fuelled engines. Additionally, when using high levels of
hydrogen, the wall heat loss problem should be addressed to improve the thermal
efficiency. In order to develop an ammonia-powered marine engine, both Oh et
al. [193] and Wei et al. [194] proposed to premix natural gas (mainly methane)
with ammonia in the intake manifold before the gas mixture entering the engine

cylinder. Oh et al. [193] conducted the experiment in a 6-cylinder turbocharged
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SI engine with compression ratio at 10.5 : 1. The cylinder bore and stroke were
123 and 155 mm. The experiment was performed at the low speed (840 rpm)
and low load which is close to the working condition of practical marine engines
[193]. The air-fuel equivalence ratio of 1.5 was identified as the upper limit for
ammonia/natural gas dual fuelled SI engines. Owing to the slow flame speed of
the mixture, it was observed that at the air-fuel equivalence ratio of 1.5, the com-
bustion efficiency was decreased rapidly (ammonia slip increased dramatically)
when increasing ammonia concentration in the fuel blend [193]. Wei et al. [194]
tested the performance and emissions of an ammonia/natural gas dual fuelled SI
engine in a 6-cylinder turbocharged engine with a compression ratio at 11.5 : 1.
The cylinders of this four-stroke engine have a bore and stroke of 123 and 145
mm respectively. The combustion duration especially the initial combustion du-
ration was increased with the increase in ammonia concentration in the fuel blends
[194]. The best thermal efficiency was 33.6% which was 1% higher than that of
pure natural gas fuelled SI engine. Moreover, it was found in both Oh’s [193]
and Wei’s [194] works that as ammonia substitution was increased to 50%vol (or
60%vol in Wei’s work), carbon dioxide and carbon monoxide emissions decreased
significantly, but NO, emission and ammonia slip increased as shown in Figure
6.1 [193, 194]. Meanwhile, the peak pressure was either reduced or maintained
at the same level with a higher ammonia blending ratio. It implies thermal NO,
formation was supposed to decrease in the total NO, formation, however, the
overall NO, emission deteriorated. Therefore, fuel-bound NO, was concluded to

dominate the overall NO, emission.
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Figure 6.1: (a) CO, (b) COq, (c) NO; and (d) N Hj emission from Ammonia/nat-
ural gas SI engine [194].

6.2.2 Compression-ignition engines

CI engines are capable of maintaining high thermal efficiency and long-term oper-
ability under high loads, therefore they have been widely used in heavy transport,
power plants, and marine applications [195]. The use of ammonia in CI engines
has been discussed in many studies in order to decarbonise heavy transport. Ryu

et al. [143] studied the CI engine performance using ammonia and dimethyl ether
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(DME). DME has a high cetane number and its vapor pressure is similar to that
of ammonia. The test engine was a four-stroke single-cylinder with a bore and
stroke of 78 and 67 mm [143]. The compression ratio was 20 : 1. The injection
system and cylinder head were modified to allow controlled ammonia injection.
Pure DME was first injected to warmup the engine, then ammonia was introduced
and the desired fuel blend ratio was achieved. Due to the high autoignition of
ammonia, advanced injection timing was necessary. The results showed with a
higher ammonia concentration in the fuel blends, the injection timing range had
to be advanced even further. For instance, the optimal injection timing range for
20%N H3/80%DME, 40%N Hs/60%DME and 60%N H3/40%DME was 5—35 BTDC
°CA, 20—50 BTDC °CA and 90 — 340 BTDC °CA, respectively [143]. As a highly
advanced injection timing was applied for 60%N H3/40%DME blend, fuel and air
were completely premixed which causes the homogeneous charge compression igni-
tion (HCCI) combustion [143]. Yousefi et al. [195] analysed the effect of ammonia
energy fraction and start diesel injection timing (SODI) on the emissions of an
ammonia/diesel dual-fuel CI engine. The engine model was Caterpillar 3401 and
the bore and stroke of the single cylinder were 137.2 and 165.1 mm [195]. The pre-
mixed ammonia and air blend was drawn into the engine cylinder and compressed
during the intake and compression strokes. A separate diesel injection to the en-
gine cylinder triggered the ignition process. The compression ratio was 16.25 : 1,
which is much lower than the required compression ratio of neat ammonia fuelled
CI engines (35 : 1) [14]. As ammonia energy fraction rose to 40%, thermal DeNO,
process was promoted, in which NO was consumed by the radical N Hs generated
from the combination of ammonia and hydroxyl and oxygen atoms. It led to a
58.8% reduction of NO, emission. However, with a higher ammonia energy frac-

tion, the increase in NoO was observed which led to a higher GHG (Greenhouse
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gas) emissions. The GHG emissions produced by NoO exceed the GHG emissions
saved by the reduction in carbon emissions. Consequently, as illustrated in Figure
6.2, comparing to sole diesel fuelled CI engines, ammonia/diesel dual-fuelled CI

engines produced a higher GHG emissions overall [195]. In addition, NoO can
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Figure 6.2: (a) Indicated specific COs, (b) indicated specific NoO and (¢) GHG
emissions from ammonia/diesel dual fuelled CI engines [195].
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be reduced with advanced SODI. The minimum NoO emission of 0.6 g/kWh was
achieved when the advance SODI was at —24° ATDC (after top dead centre) [195].
In another work, Yousefi et al. [196] investigated different types of diesel injection
strategies in an ammonia/diesel duel fuelled CI engine by changing to two-pulse
diesel injection, diesel split ratios, start and end of pre and main diesel injection.
The indicated thermal efficiency reached highest at approximately 40% with the
split diesel injection strategy (40% pilot diesel injection and 60% main diesel injec-
tion, start of pre diesel injection at —46° ATDC and start of main diesel injection at
—16° ATDC) [196]. The maximum ammonia energy share (energy fraction) which
can substitute diesel was measured by Nadimi et al. [197] with a single cylinder CI
engine at full load and constant engine speed at 1200 rpm. The compression ratio
was 16.5 : 1. It concluded that the maximum ammonia energy fraction that could
keep the ammonia/diesel dual-fuelled CI engine operating was 84.2%. The NO
emission was reduced with the growth of ammonia energy fraction up to 27.9%,
which is consistent with the finding in Yousefi’s work [195]. It was mainly because
less NO was produced from the thermal NO route as ammonia flame temperature
is much lower than that of diesel. With a further increase of ammonia energy frac-
tion, NO emission substantially increased owing to the fuel-bound NO formation.
Both NOy and NyO emissions were higher when ammonia was added to the fuel
than those of neat diesel fuelled CI engine. A monotonically increasing trend of
ammonia emission was observed with more ammonia injected to the cylinder. In
Sivasubramanian’s work [198], rather than using diesel, biodiesel (mustard methyl
ester) was chosen as a fuel promoter for ammonia fuelled CI engine. NO, emission
was tested in a single-cylinder CI engine at various loads. The compression ratio
was 18 : 1. It was found the increase in load led to an augment of NO, emission.

Diesel fuelled CI engine produced the least NO, emission among the four blends
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(pure biodiesel, pure diesel, 90% biodiesel/10% ammonia and 80% biodiesel /20%
ammonia). Conversely, NO, emission from pure biodiesel fuelled CI engine was
the highest. Ammonia addition to biodiesel helped to reduce the NO, emission,

which was claimed to attribute to the high octane number of ammonia [198].

6.2.3 (Gas turbines

The last decades have seen a growing interest in gas turbines (GT) fuelled by
ammonia and various ammonia blends. Micro GT powered by ammonia/kerosene
[60, 146, 147], ammonia/methane [145, 147] and neat ammonia [145, 146, 147] in
non-premixed mode were successfully implemented by the National Institute of
Advanced Industrial Science and Technology (AIST) in Japan with Tohoku Uni-
versity during 2014-2020. According to the measured results from an output power
of 21 kW micro GT, higher ammonia concentration of the ammonia/kerosene fuel
blends deteriorates NO, emissions [60]. The maximum NO emission in the mea-
surements reached approximately 550 ppmv (~ 1500 ppmv@15%0s). Figure 6.3
presents the emissions performance of ammonia/kerosene fuelled 31.5 kW micro
GT. As ammonia energy fraction rose, NO emission was increased and reached
peak when ammonia energy fraction was around 60%, and then started to de-
crease [147]. For comparison, emission performance of ammonia/methane fuelled
micro GT with output power of 31.4 kW was tested. The emission trends were
similar to that fuelled by ammonia and kerosene, and NO emission was over 600
ppm when ammonia energy fraction was 30% —90%. In the pure ammonia fuelled
micro GT, it was expected that NO emission increased monotonously and rapidly
as the inlet temperature rose because of the promoted thermal NO formation
and ammonia emission was reduced to almost null when the inlet temperature

reached 850 K [145]. Although SCR (Selective catalytic reduction) units assisted
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Figure 6.3: (a) NO, NO conversion ratio and (b) NHs, NoO, NOs, Oy emission
from ammonia/kerosene GT [147].

NO; minimization to an acceptable level in the previous micro gas turbine studies,
the cost of larger scale SCR system, such as building cost and maintenance cost,
remains a challenge for medium and large scale gas turbines [148]. Therefore, a
neat ammonia combustor with two-zone rich-lean burn configuration was devel-
oped to minimize the emissions [148]. It concluded that the increase in fuel nozzle
angle (0°, 30°, 45°) lessened NO emission. The lowest NO emission was found in

two cases where the fuel nozzle angle was 45° [148]. Besides, it was found that
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no additional regenerative heat exchanger was required for ammonia reduction
because ammonia slip was inhibited at the inlet combustion temperature below

800 K [148].

6.2., Free piston engines

Free piston engine (FPE) is a novel engine that can be operated as an internal
or an external combustion engine. Recently, the use of ammonia for FPE has
also attracted the attention of some researchers. A stable operation of ammo-
nia/methane dual-fuelled FPE generator was achieved by Huang et al. [199].
Ammonia, methane and air were premixed before entering the cylinder. The
operation stability and engine performance were experimentally studied, which
found that the growth of the ammonia energy fraction led to a deterioration in
the stability of the operation. Combustion performance was analysed numerically.
More ammonia addition lowers the flame temperature, promotes N Hy generation
and reduces combustion efficiency, which inhibits thermal NO, production and
promotes NO consumption through NHs to generate nitrogen. Consequently,
NO,; emission was lessened as more ammonia was involved as shown in Figure 6.4
(a). Unburnt ammonia at the end of cycle was moderately increased as ammonia
energy fraction rose [199]. Zhang et al. [200] studied numerically the effect of com-
pression ratio and piston trajectory shape (symmetric and asymmetric) of a neat
ammonia fuelled FPE on engine and combustion performance such as thermal
efficiency, peak pressure location, exhaust temperature. The initial temperature
and pressure were set as 473 K and 1 bar [200]. Qcomp and Qegp represent the pis-
ton motion pattern during the compression and expansion process respectively.
Figure 6.5 depicts the examples of various piston motion patterns. The findings

show increasing compression ratio, Qcomp and Qezp generally led to the increase
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in NO,. However, when the compression ratio is too high (27 : 1), increasing
Qcomp resulted in NO, reduction due to heat loss [200]. It was concluded that the
thermal efficiency reached the highest when the compression ratio was 25 : 1 and

the trajectory shape was symmetric with Qcomp and Qezp at 0.5 [200].
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6.3 Calculation methodology for emission comparison

The experimental emissions from SI engines, CI engines, GT's involving ammonia
as fuel are summarized in Table 6.1, 6.3, 6.4. Due to the lack of experimental emis-
sion results for ammonia-fuelled FPEs, the simulated emissions are presented in
Table 6.5. As the utilisation of ammonia reduces the carbon emissions, only NO,,
unburnt ammonia and hydrogen are focused. However, it is rare to find unburnt
hydrogen emissions in the literature. When developing disruptive heat engines,
thermal efficiencies, indicated thermal efficiencies power output and emissions are
the most critical parameters. The emissions were chosen when the engine perfor-
mance achieved their highest thermal efficiency (HTE), highest indicated thermal
efficiency (HITE), highest power output (HP), lowest NO, emissions (LNE), low-
est ammonia emission (LAE) and lowest GHG emissions (LGHG).

The emissions were post-processed for comparison. First of all, all the data
were collected either from literature or estimated using a plot digitizer tool. The
ammonia energy fraction ratio and ammonia mass fraction ratio were converted to
ammonia mole fraction ratio. In the field of heat engines, the air-fuel equivalence
ratio (\) is commonly used, which has been converted to the fuel-air equivalence
ratio using Equation 6.3.1, where z denotes the molar fraction, and stoich denote
value under the stoichiometric condition.

1 1

¢ = 2 - z[oxidant] /x| fuel)
z[oxidant,stoich] /x| fuel,stoich]

(6.3.1)

The emission is usually considered in concentration in the tailpipes, such
as ppm,%. The emissions can be measured on a wet or dry basis depending
on the measurement equipment. A moisture correction factor (F,,) is therefore

required to multiply with the wet concentrations using Equation 6.3.2 and 6.3.3
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[166]. Water represents the water percentage in the tailpipe. It is rare to obtain
measured water value in the literature. Since it was reported that 6 — 8% water
in the coal combustion exhaust, 8% is assumed in the present work for water
content [201]. Furthermore, oxygen normalisation is also applied to the emissions
so as to maintain the oxygen level in the exhaust gas at 15% using Equation
3.3.9 in Chapter 3. Therefore, emissions units were converted to ppmvd@15%0s.
However, when the application has a power output, weight of emissions normalised
by power output is considered as the unit for indicated specific emissions, for

example, g/kWh, 1b/btu.

100

Fph=—-——
m 100 — water

(6.3.2)

PPMry = PPMapet X Fm (6.3.3)

The conversion of emission results from mass basis to concentration basis
requires some important information (e.g. molar mass of the exhaust for individual
cases) which is usually missing in the literature. Therefore, the emissions data
listed in this section is based on either concentration basis (ppmvd@15%0s) or
mass basis (g/kWh). An example is shown below using the NO emission data in

the reference [195]:

ppmu(NO) = (6.3.4)

The conversion formula is shown in Equation 6.3.4, where ppmv(NO) is
emission based on concentration basis; m and M refers to mass and molar mass
of the species; subscript exh denote the exhaust gas. Given the mass flow rates of

ammonia (3.01 kg/h) and diesel (1.96 kg/h) as well as the lower heating values of
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ammonia (18.5 MJ/kg) and diesel (43.45 MJ/kg), one hour of the input thermal
power is calculated as (18.5 x 3.01 + 43.45 x 1.96) x 1 = 140.847 MJ /h= 39.13 kWh.
The thermal efficiency was provided as approximately 37.8%. The output power
is therefore 39.13 x 37.8% = 14.8 kWh. NO emission is known as 9 g/kWh. Hence,
m(NO) =9 x 14.8 = 133.2 g. Based on the principle of conservation of mass, the
mass of exhaust gas is equal to the total mass of inlet ammonia, diesel and air,
which is 82750 g. Since fuel in CI engines is generally burnt at fuel-lean conditions
where air is the main component, the exhaust gas of ammonia blends in CI engines
is assumed to be mainly air. In this case, the molar mass of the exhaust gas is
assumed to be that of air, which is 29 g/mol. Therefore, using Equation 6.3.4, the
concentration of NO emission can be calculated as 1556 ppmv. The discrepancy
with the measurements in the literature [195] (1461 ppmv) is due to the lack of

the exact molar mass of the exhaust gas.

6.4 Comparison results

In Table 6.1, it can be seen that premixed type of ammonia flames with fuel
promoter was widely investigated in SI engines. When the equivalence ratio was
0.8, both 82.7% ammonia/ 17.3% hydrogen and 30% ammonia/ 70% natural gas
fuelled SI engines reached their highest thermal efficiencies at 28.3% and 33.5%,
respectively [191, 194]. Due to the significant fuel-bound NO, and thermal NO,
formation at fuel-lean conditions, NO, emission was observed at around 1900
ppmvd@15%0,. It reveals that the high thermal efficiency in SI engine is accom-
panied by significant NO, emissions. In the case of using 80% N Hs/20% Ho blends,
the highest indicated thermal efficiency (~ 39%) occurred at stoichiometric condi-
tion [16], which is in the range of the ideal equivalence ratio for emission control

as reported in the findings in Section 4.3.3, Chapter 4. NO, emission was rela-
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tively low at 926.1 ppmvd@15%0, [16]. The highest power output was recognised
with 90%N Hs/10%Hs blends, but there was still 568 ppmvd@15%0y NO, at the
exhaust gas [192]. As expected, the cases with lowest NO, emission occurred at
the fuel-rich conditions. It was found in the range of 1 — 1.2, NO, emission can
be less than 100 ppmvd@15%0,. However, ammonia emission is relatively high
due to the incomplete combustion, which was 1489.6 ppmvd@15%0O, in some case
[16]. As aforementioned in Chapter 4, there is a trade-off between NO, emission
and unburnt ammonia emission, NO, emission was very high in the cases with
lowest ammonia emissions. For instance, 40%N H3/60%Ho duel fuelled SI engine
emitted 2745.8 ppmvd@15%09 NO, and 474.3 ppmvd@15%0O- unburnt ammonia
[16]. In the ammonia/natural gas fuelled SI engine, an optimal point was sug-
gested in consideration of turbulent flame propagation and piston movement with
a high NO, emission at 32.4 g/kWh [193]. NO; emission is much more than the

proposed EURO 7 regulation standards shown in Table 6.2.

Fuel is ignited in a diesel engine by the elevated temperature in the cylinder
due to a high geometrical compression ratio. The fuel-air mixing ratio highly
depends on the injection timing and strategy. If the fuel injection time and air
intake time are early enough, the fuel and air are fully premixed. If the fuel
injection time is late and closer to the ignition time, fuel and air are most likely to
be non-premixed. In ammonia/diesel dual fuelled CI engines, the ammonia blends
and the air are delivered to the chamber during the intake stroke, compressed
during the compression stroke, and then ignited with diesel direct injection. It
is considered to be partially premixed combustion. Emissions from CI engines
fuelled by ammonia/diesel blends using single diesel injection mode and diesel
split injection mode, as well as ammonia/biodiesel and ammonia/DME blends

were included in Table 6.3. The fuel-air equivalence ratio (or air-fuel equivalence
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ratio) was not always provided in the literature, an assumption has been made
for the fuel-air equivalence ratio to be 0.6 in that case. It was concluded that
dual fuel diesel split injection mode had the best indicated thermal efficiency
(39.7%) compared to duel fuel single injection mode and diesel only single injection
mode [196]. It produced 8 g/kWh ammonia emissions which is lower than all the
cases conducted with single diesel injection mode. NO, emission was 10 g/kWh
which is more than that from CI engines with the single diesel injection mode.
The diesel split injection mode effectively reduced the unburnt ammonia. Up
to 83.5% of ammonia emission was reduced when switching from dual fuel single
injection mode to dual fuel diesel split injection mode [196]. GHG emissions,
namely, total equivalent COy emissions were obtained by calculating the sum of
the indicated specific COy and three hundred times of indicated specific NoO [195].
The lowest GHG emission was recognised in different diesel injection strategies.
Two sets of lowest GHG emissions (525.51 g/kWh and 478.1 g/kWh) from dual
fuelled diesel split injection mode were achieved with 40% pilot diesel injection
and 60% main diesel injection, start of pre diesel injection at —57° ATDC and
start of main diesel injection at —16° ATDC and —20° ATDC, respectively [196].
Meanwhile, NO, emission was 11.09 and 15.24 g/kWh while ammonia emission
was 3.2 and 2.56 g¢/kWh. In single diesel injection mode, the lowest GHG emission
(606.2 g/kWh) was found when start of main diesel injection at —24° ATDC [195].
At that point, NO, emission was less at 9 g/kWh (528.882 ppmvd@15%05) but
ammonia emission reached 15.53 g/kWh (1609.1 ppmvd@15%0s) [195]. When
diesel, biodiesel and DME were considered as a fuel promoter for CI engines,
the lowest NO, could achieve 208.2 ppmvd@15%0s, 108.6 ppmvd@15%0, and 3.5
g/kWh, respectively. The lowest ammonia slip could achieve 6.3 g/kWh with

DME as the fuel promoter. However, the lowest emissions are still greater than
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the proposed EURO 7 regulation standards where NO, emission is less than 0.35

g/kWh and ammonia emission is less than 0.065 g/kWh in Table 6.2.

Table 6.4 presents emissions produced from ammonia fuelled single-zone
and two-zone rich-lean gas turbines. The ammonia amount was based on energy
fraction in these literature and the detailed flow rates of fuel and air in each
case were not included. Neat ammonia fuelled two-zone micro gas turbine man-
aged to achieve approximately 22% of thermal efficiency with NO emission at
709.7 ppmvd@15%02 and ammonia emission at 0.6 ppmvd@15%0s [148]. Both
emissions were lower than those from ammonia/methane fuelled single-zone gas
turbine at their highest thermal efficiencies. The lowest NO, emission cases were
identified, showing the NO, emission from ammonia fuelled gas turbine can be
minimized to 506.04 ppmvd@15%0O, in single-zone gas turbine [145] and 404.4
ppmvd@15%0; in two-zone gas turbine [148]. Meanwhile, unburnt ammonia was
reduced to 1.2 ppmvd@15%0; in two-zone gas turbine [148], which is even lower
than the lowest ammonia emission (15.8 ppmvd@15%05) achieved in single-zone
gas turbine [145]. The reason is that the secondary air promoted the consumption
of the large amount of unburnt ammonia produced in the first-zone combustion.
Gas Turbine Research Centre (GTRC) in Cardiff University has also conducted
ammonia combustion experiments for gas turbine applications [62, 101, 204]. The
best emissions from their combustor were reduced to 23.4 ppmvd@15%09 NO, and
9.4 ppmvd@15%09 N Hs. More details were discussed in Section 2.3, Chapter 2.
Additionally, simulated results in Section 4.4, Chapter 4, and experimental results
in Section 5.3.2, Chapter 5 were listed together in the Table 6.4 for comparison.
Ammonia emission from gas turbine modelling of premixed ammonia/hydrogen
combustion was only 0.4 ppmvd@15%0Oy. This is much less than other single-zone

gas turbine cases as premixed flame effectively improves the combustion efficiency
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and reduce the unburnt fuel at the exhaust. In the non-premixed ammonia/hy-
drogen combustor, the best emission control was found with NO emission at 14.5
ppmvd@15%09 and ammonia emission at 476.5 ppmvd@15%0s.

Considering that ammonia fuelled FPEs are still a very new concept, very
few investigations have yet been conducted. Only simulated emission results were
found in the literature and listed in Table 6.5. It was found that neat ammonia
fuelled FPE could achieve up to 58.1% of thermal efficiency, but NO, emission
was very high (4769.6 ppmvd@15%02) [200]. Based on the simulation results,
NO, emission from ammonia/methane fuelled FPE could be minimized to 1.5
ppmvd@15%02 but a very high level of unburnt ammonia was noticed. The lowest

ammonia emission was still at 1484.7 ppmvd@15%0s.

6.5 Summary

In this chapter, the state-of-the-art of emissions from ammonia fuelled heat en-
gines were analysed and compared. The emissions were normalised to the same
concentration units (ppmvd@15%0s) or mass-based units (g/kWh). The main

findings are shown below:

1) The use of ammonia as fuel for SI engines were widely investigated with
fuel promoters such as natural gas, hydrogen and gasoline. Fuel and air are
premixed in a mixer before entering the engine cylinder. In CI engines, am-

monia is considered to blend with diesel, biodiesel and DME in the cylinder.

2) Optimizing the thermal efficiency of ST and CI engines using ammonia always
comes with the penalty of high NO, emissions (SI: ~ 1990 ppmvd@15%O4
with thermal efficiency at 33.5%; CI: ~ 900 ppmvd@15%0O, with indicated

thermal efficiency at 37.6%). The relationship between ammonia emission
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and NO, emission is negatively correlated.

In ammonia/diesel dual fuelled CI engines, split diesel injection is an effec-
tive method to control the ammonia emission. The lowest ammonia emission
was 2.56 g/kWh, which was 83.5% lower than that from dual fuel single in-
jection mode. Meanwhile, NO, emission was 15.24 g/kWh and it was also

the lowest GHG emission point.

Based on the simulation results, ammonia fuelled FPEs (internal combustion

type, premixed combustion) could achieve high thermal efficiency (58.1%),

but high NO,, (4769.6 ppmvd@15%0,) and ammonia emissions (1484.7 ppmvd@15%0s)

are of concern.

Most of the emission results from SI engines, CI engines and FPEs us-
ing ammonia were higher than the recently proposed EURO 7 regulation
standard. The two-zone rich-lean neat ammonia fuelled micro gas turbine
shows the best control of emission (NO: 709.7 ppmvd@15%0y, NHs : 0.6
ppmvd@15%09) with thermal efficiency of ~ 22%, although the aftertreat-
ment is still required for NO, emission. It indicates that further research
into emission control strategies is needed so as to develop ammonia-fuelled

heat engines that meet emission standards.
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Chapter 7. Conclusions and future work

The aim of this PhD project is to investigate the ammonia and hydrogen combus-
tion and its utilisation in disruptive heat engines. As discussed in the previous
chapters, it has been studied numerically and experimentally from the perspective
of combustion fundamentals, flame characteristics in a lab-scaled swirl-enhanced
combustor, as well as comparison analysis of emissions from different types of heat
engines. This chapter highlights the main conclusions drawn from the present re-

search and discusses possible future research directions.

7.1 Conclusions

In the present work, Nakamura’s chemical kinetic reaction mechanism [84] has
been identified for numerical simulations based on the comparison between three
candidate mechanisms against the same sets of experimental data in the litera-
ture. Nakamura’s mechanism has the best agreement with the ignition delay and
provides good prediction in laminar flame speed and flame structure. Following
this, the premixed laminar flame speed, ignition delay time and flame structure of
ammonia and hydrogen combustion were analysed exhaustively over a wide range

of parameters in Chapter 4. With its main conclusions summarised as follows:

e An equivalence ratio of 1.1 is advantageous for both combustion stability and
emission control in premixed ammonia and hydrogen combustion. Hydrogen
enrichment and oxygen enrichment effectively promote the laminar flame
speed and reduce the ignition delay time. However, they comes at the cost

of higher NO emission. Elevated pressure tends to inhibit the laminar flame
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speed and shorten the ignition delay time, but the effect is attenuated with
a further increase in pressure. As pressure rises, the NO emission drops

substantially.

e Taking into account the influence of various parameters, a beneficial com-
bination, i.e. 30%Ho/7T0%NHs, Q2 =03, ¢ = 1.1, T} = 600 K, P, = 15 bar
is chosen for a free piston engine (external combustion type) to achieve the

goal of robust and reduced NO, emission combustion.

e Based on the 1D simulation results of the continuous combustion model, a
premixed 60%N H3/40%Hy flame at Q = 0.4, ¢ = 1.1 are primarily chosen
and discussed at various initial temperature, pressure as well as with and
without secondary air injection for optimising the combustion efficiency and
reducing NO, emissions. A rise in the initial temperature results in the
increase of NO emissions due to the extended Zel’dovich mechanism. The
increase in pressure has a more significant effect on the fuel-bound NO,
formation compared to thermal NO, formation. The reduced NO, emission
indicates a high-pressure environment is favourable for the use of ammonia
and hydrogen fuelled gas turbines regarding the NO, emission control. The
secondary air injection enhances the combustion efficiency because the ex-
cess air enables the unburnt fuel to be further consumed. However, NO and

NOy emissions are considerably increased.

Subsequently, a swirl-enhanced ammonia/hydrogen combustor rig has been
established. The non-premixed ammonia and hydrogen flames was investigated
in terms of blowoff limits, emission performance and excited hydroxyl radical in

Chapter 5. The main conclusions drawn from the experiments are:

e Increasing hydrogen blending ratios, initial gas temperature and decreasing
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the swirl numbers are effective ways to broaden the flame stability range of
non-premixed ammonia/hydrogen. The effect of swirl numbers on the rich
blowoff limits is more pronounced than the effect on the lean blowoff limits.
Robust flames were obtained at hydrogen blending ratio over 20%. More
hydrogen involvement resulted in the increase of NO and NOy emissions
and the decrease in ammonia slip. However, the effect was weakened under

fuel-rich conditions.

e The optimal emission control occurs at stoichiometric condition. Although
NO; and unburned fuel also showed relatively low emissions at far-lean
equivalence ratios with x%Hs at 20% and 30%, flame stability should be
further examined. Increasing the initial temperature has a marginal effect
on emissions at ¢gpq = 1.1 due to the heat loss from the combustor wall
and optical windows. After the non-insulation rig was converted to the wall
insulated condition, NO and NOs emissions increased significantly although
the ammonia slip decreased considerably. In the current combustor test rig
setup, NO and NOs emissions were lower with the swirl number of 0.87 and
1.04 than that at swirl numbers of 0.73 when ¢g0p, Was above 0.8. This
suggested there is an optimal swirl number for NO, control and its value

changes depending on the geometry and size of combustor.

e OH* chemiluminescence distribution can effectively identify the shape of
non-premixed ammonia and hydrogen flames. As the flame became richer,
the OH* concentration was moved further away from the nozzle and the
OH* distribution was expanded. With an increase in the hydrogen blending
ratio, the OH* distribution near the nozzle was evidently enlarged. When

the initial temperature increased, the flame shape remained unchanged but
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the region of the peak OH* concentration was expanded. As the vane angle
of the swirler varied from 40° to 50°, the angle of the OH* concentration
upstream was deflected. Furthermore, the trend of OH* intensity was con-

sistent with the results of NO emissions at the same swirl number.

Finally, emissions from Spark-ignition (SI) engines, Compression-ignition
(CI) engines, Gas Turbines (GTs) and Free Piston Engines (FPEs) using ammonia
as fuel were compared on the basis of the same concentration units (ppmvd@15%0s)
or mass-based units (g/kWh) in Chapter 6. The main findings are summarised

as below:

e Optimising the thermal efficiency of SI and CI engines using ammonia always
comes with the penalty of high NO, emissions (SI: ~ 1990 ppmvd@15%0O-
with thermal efficiency at 33.5%; CI: ~ 900 ppmvd@15%0Oy with indicated
thermal efficiency at 37.6%). The relationship between ammonia emission
and NO, emission is negatively correlated. In ammonia/diesel dual fuelled
CI engines, split diesel injection is an effective method to control the am-
monia emission. The lowest ammonia emission was 2.56 g/kWh, which was

83.5% lower than that of the dual fuel single injection mode.

e Based on the simulation results, the ammonia fuelled FPEs (internal com-
bustion type, premixed combustion) could achieve high thermal efficiency
(58.1%), but high NO, (4769.6 ppmvd@15%02) and ammonia emissions

(1484.7 ppmvd@15%0Os3) are of concern.

e Most of the emission results from SI engines, CI engines and FPEs us-
ing ammonia were higher than the recently proposed EURO 7 regulation
standard. The two-zone rich-lean neat ammonia fuelled micro gas turbine

shows the best control of emission (NO : 709.7 ppmvd@15%02, NHs : 0.6
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ppmvd@15%09) with thermal efficiency of ~ 22%, although the aftertreat-
ment is still required for the NO, emission. It indicates that further research
into emission control strategies is needed so as to develop ammonia-fuelled

heat engines that meet stringent emission standards.

7.2 Future work

Based on the present work, some future work recommendations are made as fol-

lows:

e Now that the most appropriate ammonia/hydrogen detailed chemical kinetic
reaction mechanism has been identified, it is worthwhile to develop a reduced
mechanism based on it. The reduced mechanism can be employed in a CFD
(Computational Fluid Dynamics) simulation to understand the spatial and
temporal information on the structure of non-premixed ammonia/hydrogen
flame in the combustor used in Chapter 5 and extend the experimental

findings.

e The NyO emission was calculated and analysed in the numerical work pre-
sented in Section 4.3.3, 4.3.4 and 4.4. In experimental work, NoO emission
was not reported due to the limited budget for NoO measurement purchase.
Although N>O accounts for a small percentage in NO, emission, it cannot
be ignored. It is a long-lived greenhouse gas emission which is about three
hundred times harmful than COs and it accelerates the depletion of the
ozone layer. It is necessary to investigate the climate impact, such as the

COs-equivalent emission, by considering NoO and C'Oy emissions.

e The present experimental work has been conducted under atmospheric pres-

sure so far. To obtain the operational conditions similar to the practical
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heat engines, an elevated pressure environment is needed. According to
the author’s findings, NO, generation decreases as pressure increases, while
NO, generation increases with a higher temperature. The behaviour of
NO, emission under a high-temperature high-pressure environment is still

unknown.

In this work, ammonia is blended with a certain ratio of hydrogen in advance
before entering the combustor in the modelling and experiments. Instead
of an additional fuel cylinder, the coupling of hydrogen production from
ammonia decomposition to a non-premixed ammonia/hydrogen combustor
has not been studied. Coupling parameters analysis, for example size and

system efficiency, can be studied.

Some advanced laser diagnostics technologies such as PIV (Particle Image
Velocimetry) and PLIF (Planar Laser Induced Fluorescence), can be used in
the freshly built combustor to understand the velocity distribution, lame vi-
sualization, instable and stable region of non-premixed ammonia and hydro-
gen flame. For example, understand the relationship between flame velocity

and blowout limit for non-premixed ammonia/hydrogen flames.
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APPENDIX

A. Calibration reports for NO, analysers

The HORIBA MEXA-7100DEGR was calibrated by the Horiba on-site engineers
on August 17-18, 2021. Figure 1 and 2 show the calibration report of NO anal-
yser and NO, analyser. The reports showed both analysers passed all of the

linearization tests.

Service

finalyzer Linearization

Figure 1: NO analyser linearization report.
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Figure 2: NO, analyser linearization report.

B. MATLAB code for OH* chemiluminescence image post-processing

This code was developed by the author to post-process OH* chemiluminescence

images and calculate the OH™ intensity.

%Average the OHx chemiluminescence images
ds=imageDatastore ("H17")
dataFilenames=ds. Files;

nFiles=numel (dataFilenames) ;

Suml=double (readimage (ds,1));
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for j = 2:nFiles

[1=double (readimage (ds,j));
Suml=Suml+I1 ;

end

averagel=Suml/nFiles;

%Average the background images
ds2=imageDatastore (” background”)
dataFilenames2=ds2. Files;
nFiles2=numel (dataFilenames2) ;
Sum2=double (readimage (ds2,1));
for j = 2:nFiles2

[2=double (readimage (ds2,j));
Sum2=Sum2+12 ;

end

average2=Sum2/nFiles2 ;

% Background correction

test_ BGR=averagel —average?2;

% apply 2D median filter to remove salt and pepper
noise

test_ BGR_median = medfilt2 (test_ BGR);

% minimum value correction

test_BGR_min=test_ BGR_median—min (test_.BGR_median
(:));

%rescale the averaged image to [0, 1]
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test_BGR_rescale=rescale (test_ BGR_min) ;

%Calculate the OHx intensity

intensity = sum(test_BGR_rescale, "all’)

%Apply Abel inversion algorithm

test_BGR_rot=imrotate (test_BGR_rescale ,—90);

test _.BGR_right = imcrop(test_.BGR_rot ,[401 0 400
1280]) ;

R=400;

upf=>5;

plot_results=1;

lsq_solve=0;

h=test_BGR_right (1,:) ;

Y

f_rec_right= abel_inversion (h,R,upf, plot_results ,

Isq_solve);

for i = 2:1280

h=test _BGR_right (i,:) ;

f_rec= abel_inversion (h,R,upf, plot_results ,
Isq_solve);

f_ rec_right=[f_rec f_rec_right];

end

f_ rec_right=imrotate(rescale(f_rec_right) ,90);
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