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Summary

Meeting the ever-growing energy demands of the world while not sacrificing energy
security/environmental sustainability by relying on a single fuel source means that
combustion systems must demonstrate fuel flexibility. Currently, the gas turbine
burns a wide range of fuels and fuel combinations. However, there seems to be a limit
to an exploration of its fuel flexibility. Whereas there are numerous investigations
into multiphase fuel combustion in other internal combustion engines like the diesel
engine, there is a dearth of such studies for the gas turbine. Consequently, this thesis
investigates the simultaneous combustion of practical liquid and gaseous fuels in a 20

kW swirl-stabilised gas turbine relevant combustor.

The investigation involved developing a dual-phase fuel injection system capable of
handling diesel/methane, diesel/syngas, biodiesel/methane, biodiesel/syngas and
blends of methanol/glycerol co-combusted with methane. The effect of partly
replacing the liquid fuel with a gaseous type fuel on combustion characteristics like
flammability limits, flame stability, flame structure and exhaust emissions were
studied for the diesel and biodiesel blends. The gas substitution ratio was based on
heat energy contribution in such a manner that a certain percentage of a desired heat
output is contributed by the gaseous fuel and the balance by the liquid fuel. The nature
of non-reacting flows in the system, including air flow and liquid fuel spray was also
investigated using CFD while experimental measurements were supported using

numerical chemical kinetics modelling.

Flame extinction tests proved that as gas substitution ratio increases, flammability
limits decrease owing to changing non-reacting and reacting flow dynamics.
Intermediate combustion species chemiluminescence imaging was key to the
investigations and was used in evaluating reaction zone characteristics and flame
stability. These parameters as well as exhaust emissions were assessed as test
conditions were varied. It was important, for the methanol/glycerol blends, to
establish the feasibility of its combustion without retrofitting the burner used for the
other blends in order to prove its practicality. Thereafter, the influence of methane

addition on flame structure and stability was investigated.
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INTRODUCTION

This chapter provides an introduction to the work carried for this thesis. It gives a
background to the study as well as the motivation for it. Further, it brings out the
aim and objectives of the study and describes how the thesis is organised.

1.1 The global energy scenario

The total primary energy consumption, shown in Fig. 1.1 and that refers to the direct
use of naturally occurring energy that has not undergone any conversion of
transformation process, grew by 2.9% in 2018 across the globe - the fastest expansion
since 2010 [1]. In the past such growth has been attributed to world economic
expansion. For instance, over a consecutive ten-year period ending in 2017, primary
energy consumption growth averaged 1.7% per year. In 2017, the fastest growth since
2013 - an average growth of 2.2% in primary energy consumption - was recorded,
the developing world accounting for 80% of the expansion [2]. In the same ten-year
period just mentioned, global GDP grew by an average of 2.3%; the biggest growth in
six years of 3.1% being recorded in 2017 [3]. However, the climb in energy demand in
2018 was not reflective of the modest growth in the global economy. Weather effects
- long periods of hot and cold days requiring heating/cooling - in the top energy
demand areas of the world are said to have contributed to the spike in energy demand
[1]. Apart from industrial activity and weather-related effects, population growth,
rising standards of living and urbanisation of society would encourage increased
energy demand in the residential and commercial sector [4]. Also, wider use of air
conditioners, heaters, clean cooking facilities, computers, smart devices and other
electrical appliances as a result of an increase in the number of people with access to
electricity impacts on energy consumption [5, 6]. The International Energy Agency [7]
estimates that the number of people without access to electricity fell to 1.1 billion for

the first time in 2016, with about 1.2 billion gaining access since 2000.
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This increased electricity access occurred mostly in the so-called non-OECD countries,
a group mainly made up of less-developed nations as per The Organisation for
Economic Co-operation and Development (OECD) classification, and projections into
the future is that these countries will account for almost all of the nearly 50% increase
in energy consumption between 2018 and 2050 (Fig. 1.2). It is speculated that in
addition to improved access to energy, rapid population growth and an unprecedented
increase in economic activity will be the key drivers of rising energy consumption in
the non-OECD region [8]. The highlighted factors that drive energy demand -
economic expansion, weather effects, population growth, urbanisation and better
standard of living occasioned by access to electricity - are natural consequences of
evolving societies that can hardly be halted therefore energy must be sourced

somehow to assuage this need.

Going by the experience of China and India (incidentally non-OECD countries) both of
which has undergone tremendous economic and social development in the recent past,
meeting the huge energy demands of the future in developing nations will invariably
involve heavy utilisation of non-renewable primary energy sources at least in the

preliminary stages.
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Fig. 1.1.. World primary energy consumption from 1993 - 2018 [1].
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This experiential assertion has historical backing as Fig. 1.1 shows that despite the
increased relevance of renewables in the last ten years, conventional energy sources

still dominate the global energy consumption scene.

As a consequence of continued reliance on fossil fuels, greenhouse gas emissions
remain an unfading brushstroke in the global energy utilisation portrait. Take for
instance carbon emissions from energy use, which notwithstanding the raised societal
awareness and calls for urgent action, rose by 2% in 2018, the fastest expansion in
seven years [1]. It would seem then that even a well-publicised threat of severe health
and environmental consequences from climate change did not serve to discourage
fossil fuel utilisation especially where such fuel use is economically expedient at least
in the short term. This is hardly surprising as energy development and energy security
are both firmly linked to economic growth hence poverty reduction across the globe
[9]. Whereas the concept of energy security often encompasses policy goals like
sustainability and economic efficiency or competitiveness, the focus is on energy
supply continuity i.e. the uninterrupted physical availability of energy [10, 11].
Clearly, there is a linkage between both agendas of energy security and environmental
sustainability (in the context of climate change mitigation) thus these agendas must
be pursued as integrated themes. Balancing these three challenges - energy
accessibility and affordability, energy security and energy sustainability - is the

energy trilemma of our time.
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Fig. 1.2. World energy consumption forecast [8].
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For secondary energy generating systems like internal combustion engines, the
interplay between security of energy supply and environmental sustainability means
that engine fuel flexibility is important. This has led to investigations not only of
alternative fuel usage in combustion engines but also the utilisation of fuel blends that
potentially impact positively on emissions while promoting energy security. The main
motivation behind this thesis is in exploring the feasibility, technical and otherwise,
of expanding the fuel flexibility of the gas turbine engine to include co-combustion of
liquid and gaseous fuels. Of interest as well is how multiphase fuel combustion (using
practical fuels) in gas turbine engines impacts on its performance. But why the gas or

combustion turbine?

1.2 Power generation: the enduring role of the gas turbine

Taking into account environmental concerns while enhancing supply security,
secondary energy generation in the power sector is increasingly obtained from
sustainable primary sources. However, in certain cases such as in the rapidly growing
aviation sector, jet engines powered by gas turbines still burn traditional fuels. In the
non-aviation sector that includes marine and mechanical drive applications, electric
power gas turbines dominate. This continues to be the case because the gas turbine
plant typically powered by fossil fuels has: (1) remarkably high efficiencies
particularly in the combined-cycle units (2) cheaper averaged °‘levelised’ and
‘overnight’ costs compared to nuclear and renewable plants and (3) considerable

advantage of dispatch-able power generation over the other technologies [12].
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GLOBAL VALUE OF PRODUCTION FOR GAS TURBINES,
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Fig. 1.3. Global value of gas turbine manufacturing

Noble though it is, renewable energy power plants based on wind or solar energy can
only be trusted to deliver satisfactorily when fast-reacting technologies like the gas
turbine are employed to cushion against variability of electrical supply from the
renewable plants. And in the developing world where the need to access electric
power far outweighs environmental concerns, the gas turbine with its simple yet
robust design rules supreme [13]. These and other factors such as gas turbine
technology advancement and rising engine efficiencies - as highlighted in Section 1.2.1
- contribute to healthy predictions for future market trends of the gas turbine. For
instance, Forecast International (FI), a market research firm in Newtown, Connecticut
utilised computer models and an extensive database to provide the value of gas
turbine manufacturing from 1990 and projected through to 2032. The historical
production values as well as the projections for the future is shown in Fig. 1.3 as
reproduced from [14]. Focusing on the non-aviation type gas turbines which consists
of electrical power, mechanical and marine engines, a more or less steady increase in
production is expected over the coming 12 years. It is noted by [14] that in the data
for 2017, over 80% of the non-aviation gas turbine market belonged to electric power

gas turbines. Given such historical dominance one would expect that this sub-division
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contributes greatly to the future projections as the gas turbine continues to be a

workhorse in the power generation industry.

1.3 Brief overview of the gas turbine

The gas turbine is a rotary engine that extracts energy from the flow of hot
pressurised gas generated from the combustor, which has an upstream compressor
and a downstream turbine. As a power generating unit, it has exceptional reliability,
is relatively easy to maintain and is one of the most cost effective dispatch-able power
sources for the grid. Over and above that, because it is almost instantly available,
reaching full load within a few minutes, the gas turbine often provides a necessary
backup to the variability of renewable power plants [12]. The attractiveness of the gas
turbine further lies in its versatility. It enjoys wide application including as standby
generators, in flexible distributed power grid systems and in industrial mechanical
drive applications [15]. This is partly down to its variability of power output which
ranges from the multi-MW range down to micro gas turbine (<200 kW) mobile

systems (see Fig. 1.3).
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Fig. 1.4. Gas turbine application vs power output [16].
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Ambient 1 2 3 4
I
\ combustor /
/ \ load
compressor turbine

Fig. 1.5. Schematic of simple cycle gas turbine machine

A simple cycle gas turbine unit is sketched in Fig. 1.4, with the three main parts (the
gas generator) indicated by station numbers 1-2, 2-3 and 3-4. The compressor and
turbine of this simplest version of a gas turbine engine are linked by a common shaft
making it a single spool engine. Of course, there are variants of this configuration

leading to two and three spool machines.

Also, modifications of the simple cycle to include components like a heat exchanger to
channel exhaust gases to preheat air entering the combustor (regenerative cycle) or
into a heat recovery steam generator to raise process steam (cogeneration) results in

improved efficiency.

The most efficient electric power gas turbines are those working on the combined
cycle whereby the Brayton-cycle gas turbine delivers its hot exhaust to a boiler to
make steam to drive a Rankine-cycle electric power steam turbine. This further heat
extraction from the otherwise wasted gas generator exhaust essentially means
wringing two units of work from one unit of fuel and results in combined cycle
thermal efficiencies in excess of 60%. In 2016, GE reported that its most advanced
combined cycle plant, the 9gHA.01 engine, is the world’s most efficient power plant
with an efficiency of 62.22% while producing over 605 MW of electricity [17]. To put
that in context, a standard steam turbine plant has an efficiency of about 30% and the
largest single cycle gas turbine units are efficient to the tune of 30 - 45%. Gas turbine
combined cycle power plants are therefore the most efficient heat engines ever made.
Obtaining higher efficiencies from the gas turbine and hence the combined cycle plant

primarily involves increasing turbine inlet temperatures.
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The highest turbine inlet temperature attainable is limited by material integrity.
Consequently, turbine blades and vanes immediately downstream of the combustor
are made of special high melting point nickel-base alloys (superalloys) because they
maintain good strength and resist hot corrosion at extreme temperatures [18]. Even
so, these superalloys require effective cooling since their melting points are often
exceeded in practice. Turbine entry temperatures of modern high-performance
commercial jet engines reach 1649°C; electric power gas turbines typically operate at
1482°C or lower; and military jet engines experience temperatures in the 1982°C
range so that the melting point of the superalloy is exceeded by anywhere between
278 and 778°C [19]. To endure these temperature excesses and still maintain good
integrity, turbine blades and vanes are cooled often by any or a combination of
internal passage heat transfer (convective cooling), protective effect of cooling air
over external airfoil surfaces (film/effusion cooling) and thermal barrier coatings [ 20,
21]. Also, progress in manufacturing technology has resulted in directionally solidified
and single crystal blades that possess superior qualities adding to overall performance

improvement of the gas turbine [18].

Performance enhancement by utilising the combined cycle approach and by
advancement in material science and turbine blade cooling technology makes an
already popular electric generator, the gas turbine, even more appealing. However,
the need to match growing global energy demands with reduced pressure on the
environment (green growth) means that the appeal of the gas turbine can only be
sustained if its combustion process is fuel-flexible. This thesis explores an area of gas
turbine fuel flexibility that is relatively uncharted — multiphase fuel burn. The goal is
to investigate the technical feasibility and performance (on different combustion
indices) of, say, biodiesel/methane or diesel/syngas co-combustion. And for micro-
turbines, utilisation of low heating value fuels like glycerol, a by-product of biodiesel
production, in the combustion process is examined. In all cases, the aim is to use
standard parts of conventional combustion systems in order to ensure the
practicability of using such fuel blends in existing systems without major
modification/retrofitting. Such fuel combinations would relieve the pressure/reliance
on each fuel while shining some light on a potential value-added use for glycerol in

the power generation process.
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1.4 Thesis aim and objectives

Currently, gas turbines have demonstrated the capability of burning a wide range of
fuels in different phases and from various feedstock [22]. Also, the gas turbine, being
a continuous flow device with a universal combustion system, accepts fuels over a
wide range of specific energies. For instance, a particular OEM [23] states that its
machines operate on “most” of the fuels shown in Fig. 1.5. Moreover, as shown in
greater detail in Chapter 2, there is no shortage of literature on utilisation of single-

phase blends of these fuels in gas turbine combustion research.

However, there is a noticeable limitation regarding gas turbine fuel combustion.
Whereas there are scores of studies on multiphase fuel combustion in other internal
combustion systems like the diesel engine, research into multiphase fuel burn in the
versatile gas (combustion) turbine engine is severely limited. It is the aim of this
thesis to fill that gap by attempting multiphase fuel combustion in a 20 kW swirl-
stabilised gas turbine relevant combustor rig. This is achieved by a systematic
parametric investigation of liquid fuel spray flames burning in a swirling premixed
gas fuel-air flow. Selected liquid fuels were introduced into the burner using a
standard injection nozzle for practicability and reproducibility. To draw a relatively
like-for-like optical and post combustion emissions comparison, the fuels were split

so that total power output and equivalence ratio is maintained for different test cases.
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To realise the aim of the thesis, the following specific objectives were set out:

1. Design and construct a 20 kW  swirl-stabilised gas turbine relevant
combustion rig capable of reliable operation using a dual phase (liquid/gas)
fuel combination.

2. Perform a CFD analysis utilising the experimental burner set-up to
understand, from a numerical stand-point, the reacting and non-reacting flow
characteristics obtainable from the system.

3. Test the dual fuel burner with several blends of

a. Diesel/methane

b. Diesel/syngas

c. Biodiesel/methane
d. Biodiesel/syngas

4. Investigate the effect of multiphase fuel combustion of the blends in (3) on
operable (flammability) range of a swirl-stabilised gas turbine with respect to
both neat liquid fuel combustion and the extent of liquid fuel substitution.

5. Investigate the effect of multiphase fuel combustion of the blends in (3) on
flame stability in a swirl-stabilised gas turbine burner with respect to both
neat liquid fuel burn and liquid fuel substitution ratio.

6. Characterise, by means of intermediate combustion  species
chemiluminescence and luminosity flame images, the flame properties
(appearance and structure) of the range of fuel combinations listed in (3).

7. Determine and compare the profile of regulated post combustion emissions,
namely NOx, CO and UHC, from multiphase fuel combustion using the neat
liquid fuel burn as control.

8. Utilise equilibrium chemical calculations from CHEMKIN to understand the
variation in adiabatic flame temperature and volumetric heat release rate as
operating conditions change in harmony with the experiments above.

9. Explore the possibility of improving the fuel flexibility of the burner to include
a more oxygenated fuel, namely, glycerol by trialling glycerol/methanol blend
combustion without modifying the set-up. Also, in line with the main theme of
this work, investigate, by means of CH* chemiluminescence, the effect of

introducing methane into the glycerol/methanol flames.
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By realising these goals, the work showed not only the potential but also the
limitations of multiphase fuel burn in a swirl-stabilised atmospheric burner. This
included defining operability limits for the tested fuel blends as well as post-

combustion emissions performance analysis.

1.5 Thesis organisation

The thesis is composed of nine chapters. Chapter 1 is the introductory chapter,
providing a background and motivation for the work as well as detailing the aims and
objectives of the study. Chapter 2 reviews published literature relevant to the study.
This includes an overview of the state-of-the-art in gas turbine combustion; the
formation as well as control of dangerous pollutants; fuels employed in gas turbine
studies and; making a case for multiphase fuel combustion study in gas turbines.
Chapter 3 details the experimental materials and methods employed for the study
including a description of the: design and accessories of the dual fuel burner, data
acquisition equipment, tested fuels and operating conditions. Also, utilised numerical
tools and methods were explicated in this chapter. Chapter 4 provides the results of
CFD analysis of burner air-flow and diesel/methane combustion using ANSYS Fluent
software. In Chapter 5, results from experimental tests involving diesel/methane
blends and diesel/syngas blends are presented and discussed. The results from
equilibrium chemical kinetics modelling using CHEMKIN are also presented. Chapter
6 similarly presents and discusses the results from biodiesel/methane and
biodiesel/syngas co-combustion studies. CHEMKIN analysis are also presented
alongside the experimental data. Chapter 7 discusses the results obtained from
glycerol combustion starting from glycerol viscosity reduction using methanol. The
effect of the amount of utilised methanol for reducing glycerol viscosity on flame
structure and stability over the flammability range of the blend is discussed. Also, the
effect of methane introduction to the glycerol/methanol flames is highlighted. There
is a general discussions Chapter — Chapter 8. It highlights the main ideas from the
entire work and states areas of practical application of the work reported in this
thesis. Chapter 9 is the concluding chapter. Apart from the providing a summary and
concluding remarks, recommendations and suggestions for future work are stated.

Over and above these, appendices are attached to the work containing additional

11
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information like chemiluminescence image processing procedures, Matlab codes and

formulae for fuel-property determination.
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This chapter discusses relevant concepts and reviews published literature in the
broad area of gas turbine combustion and in the process identifies the gap that the
rest of the work sets out to fill

2.1 Basics of gas turbine combustion

Combustion is an energy generation reaction whereby fuel is oxidised to release not
only thermal energy, which is the main product, but also, in some cases, light and
sound energy. This exothermic reaction, which essentially converts chemical energy
into heat, starts and continues as long as the fuel and oxidiser (in flammable
concentrations) as well as sufficient heat are available. In addition to energy, during
combustion, new products are formed as the fuel and oxidiser react. The major
combustion products are mainly a combination of the fuel and oxygen as in the well-
known complete combustion of hydrocarbons to form water and carbon dioxide.
Minor combustion products (emissions) also result. For instance, in the combustion
of gasoline in air, nitrogen, which makes up a substantial part of air could combine
with oxygen to form oxides of nitrogen (NOx). Also, incomplete combustion leads to
emissions of carbon monoxide and unburnt hydrocarbons. These minor combustion
products - NOx, unburnt hydrocarbons and carbon monoxide are present in parts per
million (ppm) concentrations yet are very dangerous. They will be discussed
subsequently in the context of their production, dangers, and control. For now, the

art and science of combustion in the gas turbine will be considered.

It has been mentioned that heat is one of three requirements if combustion is to occur
and be sustained. Interestingly, heat is also a product of combustion and this explains
why, as long as fuel and air are available, combustion carries on. In fact, continuous

combustion is the basis of energy generation in the gas turbine engine. Unsurprisingly
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then, the gas turbine combustion chamber is designed to ensure sustained and steady
combustion of a mixture of fuel (which may be gaseous or liquid) and compressed

atmospheric air, the oxidant.

For every air-fuel mixture at a given temperature and pressure, there is a
concentration range within which, in the presence of an ignition source, combustion
can take place - this is known as the flammability limits. Below the lower bound of
this range (the lean limit), the air lacks sufficient fuel to burn. Conversely, above the
upper flammability limit or rich limit, the mixture ceases to burn because of

inadequate oxidation.

There exists a fuel-air ratio (FAR), the stoichiometric fuel-air ratio, for which
complete combustion of the fuel occurs and it is associated with the highest flame
temperatures. This stoichiometric value is unique for each fuel and comparison of
systems operating on different fuels are done using normalised ratios like the
equivalence ratio, ¢, defined as the fuel-air ratio normalised with respect to the
stoichiometric fuel-air ratio. Therefore, for all fuels, a value of ¢ < 1, indicates a fuel-

lean mixture whereas ¢ > 1, corresponds to a fuel-rich mixture.

The conventional gas turbine combustion chamber design is shown in Fig. 2.1. Three
zones are evident: the primary zone that anchors the generated flame and by means
of the swirler creates a toroidal flow reversal zone that aids in heat recirculation to
facilitate continuous combustion; the intermediate zone that serves to ensure
complete oxidation of any products of incomplete combustion emanating from the
primary zone; the dilution zone which ensures attainment of the desired pattern
factor (temperature distribution profile) acceptable to the downstream component,

the turbine nozzle [24].
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Fig. 2.1. Schematic of a gas turbine combustion chamber, reproduced from [24].

The type of combustion attained in a gas turbine depends on whether or not the fuel
and air mix prior to being introduced into the combustion chamber. Consequently,
“non-premixed” combustion occurs if the fuel and oxidiser enter the combustion
chamber separately. The rate with which the fuel and oxidiser mix controls the
reaction rate so that the flame created is called a diffusion flame. Diffusion-flame
combustors, because of their reliable performance and reasonable stability, are widely
employed in gas turbine engines. A key disadvantage of this method of combustion is
that burning occurs at near stoichiometric conditions so that high temperatures are
encountered and consequently thermal NOx emissions become an issue [25, 26]. The
unacceptably high thermal NOx emissions associated with non-premixed combustion
meant that, with the advent of strict regulations, another approach was necessary.
Several solutions to pollutant-emission reduction in gas turbines has been proffered
and [27] highlights a number of them for aero engines for which legislations are most
stringent. A number of the new concepts involve some level of premixing between fuel
and oxidiser upstream of the combustion chamber. In the extreme case, complete
mixing of the fuel and oxidiser is done before burning takes place - “premixed”
combustion. Perhaps the most common of the pre-mixed combustion strategies is the
so-called lean-premixed (LPM) combustion otherwise called lean-premixed pre-
vaporized (LPP) combustion when liquid fuels are used. This method has been
demonstrated to all but eliminate the formation of thermal NOx since combustion

occurs with excess air hence keeping temperatures relatively low [28]. Nevertheless,
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the apparent gain in terms of NOx mitigation is curtailed by accompanying
thermoacoustic combustion instabilities which may cause pronounced pressure
oscillations capable of damaging the combustor [29]. The features unique to LPM
combustors that make them especially susceptible to combustion instabilities have
been elaborated by [30]; the nature and methods for suppressing instability has

equally been analysed [29, 31, 32].

In the majority of practical applications though, neither pure premixed nor non-
premixed combustion occurs alone. Either by design or by operating circumstances,
“partially premixed” combustion, where a fuel-rich mixture enters the reaction zone
before additional oxidant is provided, occurs in practical gas turbine systems and their

performance has been studied [33, 34].

2.2 Gas Turbine fuels

One of the attractions of the gas turbine for power generation is its ability to
efficiently burn a wide range of fuels owing to its combustion system design. With
increasing global environmental concerns, fuel flexibility for power generating
systems assumes even greater importance as the quest for higher efficiencies and
lower emissions necessitates switching from traditional fuels to alternatives, some of
which are carbon-neutral fuels. A number of gaseous and liquid fuels have been used
successfully in the gas turbine hence the classification that is adopted in this section
is to divide them between the two phases and the focus of the review is on the more
common fuels in each group. Whereas developments in integrated gasification
combined cycle (IGCC) plants employing coal gasifier and fluidised bed combustion
make the use of pulverised solid fuels possible [35], this section is limited to a review

of only gaseous and liquid fuels for gas turbines combustion.

2.2.1 Gaseous fuels

The two main classes of gaseous fuel comprise those industrially manufactured and
those that are naturally occurring. In the latter group belongs natural gas (which is
predominantly comprised of methane with traces of volatile hydrocarbons and inert

gases) and the high calorific value petroleum gases, propane and butane, made of
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volatile hydrocarbons. The industrially manufactured gaseous gas turbine fuels are
either of medium or low calorific values with a wide range of properties [36]. Gasified
coal falls into this category as are process gases - by-product gases with an extensive
range of composition with methane, carbon monoxide and hydrogen the main
constituents. Also known as syngas, process gases are the end product of the process
of coal gasification in IGCC plants and in the thermal/chemical conversion of biomass

- making it, in a sense, a renewable fuel.

2.2.1.1 Natural gas

Natural gas is a mixture of multiple gases including over 80% methane and minor
amounts of ethane, propane, nitrogen, carbon dioxide and even hydrogen sulphide
[37]. Natural gas and its variant liquefied natural gas (LNG), which has been liquefied
to aid transportation, are the most commonly used stationary gas turbine fuels. This
extensive use has been attributed to its abundance, competitive cost and little or no
content of corrosive elements like sulphur. Also, of all fossil fuels, the combustion of
natural gas generates the least carbon dioxide emissions because the lighter
hydrocarbons in it contain more hydrogen thus producing more water than CO, when
burnt. LNG in particular has low amounts of inert and non-methane gases so that,
compared to natural gas, it has a slightly higher lower heating value (LHV) and Wobbe
number. The non-methane gases like ethane, propane and butane are more valuable
than natural gas and because they liquefy first in the process of converting natural
gas to LNG, they are easily removed and utilised. The Wobbe index (WI) is a measure
of the gas fuel flexibility on a gas turbine. It is calculated as the ratio of the LHV of
the fuel to the square root of its specific gravity and used for comparing energy release
from gaseous fuels with different compositions. Liu et al. [38] demonstrated that the
Siemens dry low emissions SGT-300-1S machine is fuel flexible to the tune of a WI
range from 15 to 49 MJ/Sm3 (units: megajoules per standard metre cubed) without
major combustor modifications making possible fuel diluent injection and/or fuel
swap. It is the goal of the present work to exploit this extensive fuel flexibility of the

gas turbine to include multiphase fuel burn.
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2.2.1.2Syngas

Syngas is sourced from material which could either be of recent biological origin such
as wood or organic waste (biomass) or of fossil origin like coal [39]. Syngas obtained
from biomass is considered a renewable fuel and the gasification process could be
achieved by either of two thermo-chemical ways: subjecting the feedstock to high
temperatures or by employing a catalyst at much lower temperatures. The latest
gasification technologies for biomass-to-energy conversion can be found in Pereira et
al. [40]. The extensive gas fuel burn capability of gas turbines makes possible the
utilisation of lower calorific value fuels like syngas. Syngas is an alternative fuel that
has been satisfactorily employed in gas turbine combustion studies such as [41, 42].
It is generally composed of H,, CO, CO,, CH,, N, and steam; the presence and
concentration of each constituent depending on the feedstock and synthesizing
technique employed. The inert nature of N, and the diluting effects of CO, and steam
diminishes, oftentimes significantly, the calorific (heating) value of syngas compared
to natural gas. The reduction in heating value causes an increase in volume of syngas
combusted if similar power output is to be achieved [43]. Combustor chamber
modification is required in order to accommodate this increased fuel volume resulting
in a perturbing of combustion zone properties and associated operational issues like

blowout and flashback [44].

2.2.2 Liquid fuels

Whereas the majority of land-based gas turbines burn gaseous fuel, aviation gas
turbine engines run exclusively on liquid fuels. There is simply not enough room in
aviation machines for the large volume of fuel required if gaseous fuels are used as
weight is a huge consideration. In this section, liquid fuels for aviation engines will
be considered first and then the traditional and renewable stationary gas turbine fuels
will be reviewed. Generally, light distillate liquids such as kerosene are used for

aerospace applications and heavy distillates are reserved for industrial gas turbines.

2.2.2.1Conventional aviation turbine fuels

Gas turbines for propulsion typically operate with top-quality liquid jet fuels having
a well-defined and narrow range of properties. The fuel specifications are strictly

governed by the American Society for Testing and Materials (ASTM) International and

18



LITERATURE REVIEW

the British Ministry of Defence (MOD) in ASTM Di655 [45] and MOD DS91-91
respectively. Two kerosene-type commercial aviation turbine fuels (jet fuels) are
widely used today: Jet A-1 with a freeze point of -51°C and Jet A which freezes at -
45°C [46]. The evolution of jet fuels over the years in the context of safety, supply
security and refining capability have been extensive [47]. It is impossible to define
the exact composition of Jet A/A-1 because it is a complex mixture of mainly
hydrocarbons with varied constituents depending on the crude source and
manufacturing process [45]. Over 70% of the fuel is made up of paraffins, with
straight chain, branched chain isoparaffins and cycloparaffins or napthalenes present
as well as less than 25% aromatics besides traces of sulphur, nitrogen and oxygen
containing hydrocarbons [48]. However, knowledge of the exact composition of jet
fuel is not really important as jet fuel requirements are ‘operational’ properties
related to the intended application (fit-for-purpose) so that fuels meeting the same

specification even if chemically different will function in a similar way [49].

2.2.2.2 Alternative jet fuels

Jet fuels are obtained from simple distillation of crude oil and treated to remove active
sulphur species [47]. Recently, quite a few alternatives sourced from renewable
sources have become involved with energy supply, energy security and aviation
emissions some of the most important reasons for seeking alternative jet fuels [50].
Efforts to develop such alternatives are coordinated by the Commercial Aviation
Alternative Fuels Initiative (CAAFI) and the agreement is that any developed fuels
should be ‘drop-in’ fuels, requiring no adaptation of the existing turbine fuel system

[51].

Depending on the feedstock, alternative jet fuels fall under two categories: ‘synthetic’
fuels and ‘renewable’ or ‘bio-jet’ fuels [52]. The synthetic type is derived from fossil
sources like coal and natural gas. In one approach, the raw material is first pyrolysed
to syngas then through the Fisher-Tropsch (FT) process, it is converted to liquid
hydrocarbons resulting in CTL (coal-to-liquids) or GTL (gas-to-liquids). FT synthetic
fuels have low aromatic and olefin content but are rich in n-paraffins and iso-paraffins
hence the name ‘synthetic paraffinic kerosene’ (SPK). Renewable carbon-containing
materials like biomass could also undergo the process to yield BTL (biomass-to-liquid)
fuels. Biomass from plant sources like algae, camelina, jatropha and from animal fats

(tallow) are hydroprocessed (a combination of hydrotreating and hydroisomerising)
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to yield renewable or bio-jet fuels - commonly known as ‘Hydroprocessed Renewable

Jet’ (HRJ) or ‘Hydroprocessed Esters and Fatty Acids’ (HEFA) or Bio-SPK [52-54].

The first alternative aviation fuel approved for blending with conventional jet fuel for
commercial transport was coal-derived by SASOL in South Africa and used in
Johannesburg. At the time of approval, the maximum blend limit of the SPK with
conventional refined jet fuel was set at 50% [55]. Since then, HEFA derived from
animal and vegetable oils and SASOL’s fully synthetic fuel, a blend of up to five
synthetic streams, have received approval as alternative aviation fuels. Also, there are
several efforts devoted to the evaluation of alcohol-to-jet (ATJ]) blend components
where alcohol, for instance ethanol, is dehydrated into ethylene then polymerised into

a hydrocarbon in the kerosene fuel boiling range [56].

For all its advantages including good thermal stability, clean burning and reduction
in CO, emissions, synthetic kerosene, because of its low aromatic content, displays
poor lubricity and a tendency to cause leaks by shrinking ageing seals. Consequently,
SPKs for use in service are blended with conventional fuels, with an aromatics content

of 8% being a minimum requirement for the blended fuel [48, 50-52].

2.2.2.3 Conventional fuels for stationary gas turbines

For obvious reasons, stationary gas turbine fuels are not as stringently regulated
emissions-wise as their aerospace counterparts. Weight, space requirement and low
temperature performance characteristics are not top priority instead, cost and
availability are important. Consequently, residual oils, or heavy fuel oils, may be
utilised after treatments like washing, inhibition and filtration. However, light
distillates and diesel fuels are the more commonly used liquid fuels in stationary gas
turbines. The most prevalent is diesel fuel, a petroleum fraction produced in
conventional distillation operations, also used in the transportation sector. Liquid
fuels for stationary gas turbines remain popular as alternative to gaseous fuels
particularly in areas having plenty of crude oil or inadequate natural gas

infrastructure [57].

2.2.2.4 Bio-liquid fuels for stationary gas turbines

Vegetable oils, animal fats or waste cooking oils can be converted to Fatty Acid Methyl
Esters (FAME) by the process of transesterification. This process involves reacting

glyceride and alcohol in the presence of a catalyst to yield a mixture of fatty acid esters
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and an alcohol [58]. Because the process is fairly simple from the technical standpoint,
production of FAME can be carried out at decentralised production units close to raw
material source. Over 350 0il producing crops including rapeseed (canola), sunflower,
peanut, soybean, palm oil are used in FAME production [46]. Others are inedible oils
like jatropha curcas, castor, camelina, micro algae and genetically engineered plants
like poplar and switchgrass as well as waste or recycled oil [59, 60]. ‘Carbon neutral’
FAME has properties similar to those of petrodiesel (fossil diesel) and as such a

mixture of fatty acid methyl esters is often called biodiesel.

It is believed that feedstock alone accounts for 75% of the overall biodiesel production
cost [60] therefore feedstock selection is crucial to the economics of the process.
Variation in chemical and physical properties among biodiesel fuels from different
feedstocks are well highlighted in [61]. The performance and emission characteristics
of biodiesels from several feedstocks have been analysed [62] and there seems to be
an origin-performance correlation. Moreover, attempts have been made to classify
biodiesel into three generations [60]. Those produced with edible oils via
transesterification are classed as ‘first generation’. Crop residues and non-food crops
may also be converted to biofuel through a number of advanced processing
technologies to form ‘second generation’ biofuels. Among the second generation type
are Fischer-Tropsch diesel produced via biomass-to-liquid conversion; green diesel
produced via catalytic hydrotreatment of vegetable oils to form hydrotreated
vegetable oil or HVOs; white diesel formed by hydrotreating 100% waste cooking oil
and hybrid biodiesel where vegetable oil is co-processed with petro-derived raw
materials [63, 64]. A ‘third generation’ feedstock namely microalgae was also
identified and appears to be a dependable source of high oil-yielding biomass [60]. It
has to be noted, though, that the use of first, second or third generation tags does not
connote any sort of superiority or otherwise of the properties of biodiesel obtained
from the feedstock and the meanings of these terms may be imprecise and variable
[61]. Governments like the EU specify use of third generation biodiesel as fuel so as

to avoid the food vs fuel conflict.
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2.3 Fuel introduction into combustor

2.3.1 Atomisation

Fuels burn only in the vaporised state and depending on the volatility of a fuel, the
extent of vaporisation required for burning to commence is different. Gaseous fuels
obviously do not require elaborate injection systems to attain vaporisation. Liquid
fuels, in contrast, need one and achieving vaporisation for gas turbine liquid fuels
often starts with increasing the surface area by shattering the bulk liquid into tiny
droplets (or spray) in a process known as atomisation and commonly attained in a
device designated as an atomiser or nozzle or injector. The extent of atomisation
hence the rate of vaporisation achieved determines the effectiveness of fuel-air mixing
and consequently overall combustion performance including efficiency and emissions.
Understanding and controlling atomisation and spray characteristics is an essential

aspect of gas turbine combustion.

Among the most important measures of the extent of atomisation is the Sauter mean
diameter (SMD), the diameter of a drop whose ratio of volume to surface area is
considered equivalent to that of the spray [65]. An ideal atomiser would not only
achieve good atomisation at a particular condition but provide consistent spray
quality (SMD for example) for the entire operational range of the gas turbine. Several
correlations exist for predicting SMD of liquid fuels. Alsulami et al. [66] cited three of
the best-known correlations for pressure atomisers: Radcliffe, Jasuja and Lefebvre
shown in Eq. (2.1a) to Eq. (2.1c) respectively. In the equations, g; is the liquid surface
tension, y; and v; are the dynamic and kinematic viscosities respectively. m;, AP and
Pair are the liquid mass flow rate, pressure drop across nozzle and air density in that
order. Compared with experimental data using n-heptane, n-dodecane and toluene,
[66] found that the Radcliffe correlation, Eq. (2.1a), had the closest agreement in all
cases. Hence, in this work, the Radcliffe correlation was used to estimate SMD values

where necessary.

SMDRadcliffe = 7.3O'lO'6VlO'2mlo'25AP_O'4 (2.13.)
SMD)gsujq = 440,207,067k, 22 Ap=043 (2.1b)
SMDLefebvre = 2-250-10'25:‘110'25mZO'ZSAP_O'Spair_O'ZS (2-1C)
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Swirl port

Fig. 2.2. Schematics of (a) pressure-swirl atomiser (b) plain-jet air blast nozzle

The fundamental physics behind atomisation is explained [24]: aerodynamic forces
acting on the liquid surface create an external distorting force which, if greater than
the consolidating surface tension force, breaks up the bulk liquid first into shreds and
ligaments and then into finer droplets. Essentially what is required to overcome the
surface tension of the liquid undergoing atomisation is a force such as high pressure
or large shear most probably arising from velocity difference between the liquid and

the surrounding air [25].

The required velocity difference can be created by accelerating either the fuel or air.
Where the fuel is accelerated by forcing it (under pressure) through a tapering orifice,
then it results in a pressure type or single-fluid atomiser. On the other hand, when
the required shear velocity difference is met by accelerating air rather than fuel, twin-

fluid atomisers arise among which are air-assist and air-blast injectors.

The most commonly used type of single-fluid atomisers is the pressure swirl atomiser
(Fig. 2.2a). In this atomiser, the fuel is forced through nozzles known as swirl ports
into a central swirl chamber the outlet of which is the final orifice. The swirling fuel
flows through this orifice under the action of axial and radial forces to emerge as a
hollow conical sheet with much wider cone angles than the plain-orifice nozzle, the
simplest of the pressure atomisers. The main drawback of the pressure swirl atomiser
is fuel flow rate dependence on pressure so that operational issues arise for large
turndown ratios with heavy fuel injection systems for high power requirements and
poor spray quality for low power conditions. Also, the narrow passageways and exit

orifice run the risk of being clogged by fuel impurities.
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Of the twin-fluid atomisers, the air assist and air blast nozzles stand out. Air assist
atomisers are characterised by their use of relatively small amounts of high velocity
air to assist in atomising liquid fuel particularly at low fuel flow rates when fuel
pressure is inadequate for good atomisation. In a modification of this device, the air
blast atomiser (Fig. 2.2 b) uses a larger amount of air at relatively lower velocity to
achieve fuel atomisation with a relatively larger exit orifice [67]. This allows for the
overall fuel pump pressure requirement to be lower than in the pressure swirl
atomiser or even in the air assist nozzle. Ma et al. [68] with the help of laser induced
florescence (LIF) and particle image velocimetry (PIV) concluded that atomising air
pressure and mixing form significantly influence spray angle and spray velocity
whereas these parameters are not sensitive to liquid pressure. The major drawback
of the air blast nozzle is poor lean blowout performance and poor atomisation at start-
up when atomizing air velocities are low. To get the best of both worlds, then, some
researchers have utilised a combination of the nozzles by having a pressure-swirl
nozzle designed to fit in the centreline of an air blast atomiser - a hybrid injector also

known as a piloted air blast nozzle [69-71].

Worthy of mention at this point is the so-called effervescent atomiser. It is a type of
twin-fluid atomiser involving the introduction of a small amount of gas (at low
velocity) into the fuel somewhere upstream of the discharge orifice. The result is a
two-phase bubbly flow upon arrival at the orifice. When the bubbles exit the orifice,
they rapidly expand causing disintegration of the surrounding liquid into small
droplets even at low air and fuel flow rates. A few advantages are apparent: atomising
air can be utilised in a highly efficient manner; larger orifices can be used reducing
plugging problems, and the intimate presence of air alleviates smoke and soot
formation [72]. Two different configurations can facilitate injection of atomising gas
into the liquid: ‘outside-in’ or ‘inside-out’ designs. In the former (Fig. 2.3a), which
better suits high liquid flow rates, the liquid flows inside a perforated tube while the

atomising gas is injected into the tube through holes in its wall.
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Fig. 2.3. Effervescent atomiser designs (a) outside-in configuration (b) inside-out
configuration, adapted from [24, 73].

For the latter (Fig.2.3b), suited for low liquid flow rates, the gas flows inside the
perforated tube and escapes outwards into the surrounding liquid. Other than these
gas injection methods, [74] has highlighted several other factors that shape the flow
regime inside the atomiser and the issuing spray characteristics. Also, operating
parameters like injection pressure drop and atomising gas/liquid ratio have been

shown to affect spray characteristics in profound ways [73, 75-78].

2.3.2 Pre-vaporisation

Another way of getting liquid fuels vaporised and ready for combustion in gas turbines
is by heating it to a temperature above the boiling point of all of its hydrocarbon
constituents. The aim is to completely vaporise the fuel prior to combustion without
deposition of contaminants or its inherent carbon through chemical cracking at the
high temperature. The advantage lies in the fact that, because no atomiser is used,
fuel pressure requirement is minimal and soot formation is low. However, thermal
integrity of the vaporiser tube and poor vaporisation during starting when vaporiser
tube is cold will be of concern. Also, fuel scheduling during rapid acceleration must
be controlled to avoid the increase in fuel flow from overcooling the tubes hence
lowering evaporation rates and by extension, combustion efficiency [24, 71]. A few
works have utilised what amounts to a partial pre-vaporisation approach when testing

highly viscous fuels like glycerol [79] and straight vegetable oils [80].
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2.4 Flame stabilisation

There are several means of stabilising flames within a flow field including sudden
expansion, piloted flame and opposed jets. However, the most common techniques of
flame stabilisation in gas turbine combustors are: swirl stabilisation and bluff-body
stabilisation. Both achieve flame stabilisation by creating a low velocity zone of
toroidal flow that recirculates hot combustion products to the primary combustion
zone [81]. The two techniques can be employed simultaneously in gas turbine flame
stabilisation [82]. When placed in a high-speed flow, a bluff body creates, in its wake,
a recirculating zone that entrains combustion products which provides continuous
ignition for the oncoming flow [83]. By this means, bluff bodies provide a mechanism
for balancing, in practical combustors, the inlet velocity of premixed reactants with

the relatively low adiabatic burning velocity of the mixture [84, 85].

An extensive description and analysis of the flow structures and fluid mechanics
associated with bluff body flow can be found in Shanbhogue et al. [86]. The central
toroidal flow recirculation zone created is associated with high shear stresses and
strong turbulence as a consequence of vortex breakdown [25]. The recirculation
currents not only aids in stabilising the flame but also causes a mixture of the
incoming charge of air and fuel with the hot combustion products with the latter

providing the heat required to sustain the flame.

Swirl Corner Vortex-breakdown-induced
injector recirculation zone center recirculation zone

Shear layers Precessing vortex core

Fig. 2.4. Flow field characteristics of a typical swirl injector, reproduced from [25]
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Swirlers attain this same function by imparting a tangential and radial velocity
components to an otherwise axial flow [87, 88]. Huang and Yang [25] provides the
schematic shown in Fig. 2.4 that characterises the flow field of a typical gas turbine
swirl injector with three main structures: a central recirculation zone with a
processing vortex layer surrounding it and shear layers originating from the outer
edge of the inlet annulus. The incoming mixture from the shear layers bounding the
central recirculation zone (CRZ) gets continuously ignited by the heat from the CRZ
[89]. Reacting flows that are swirl-stabilised have been found to promote combustion
efficiency and control pollutant emissions from the combustion process [90].
However, the more direct means of controlling combustion emissions in gas turbines
is described in the next section after the pathways of formation of these emissions are

reviewed.

2.5 Gas Turbine emissions and control

The result of all combustion processes, including that of the gas turbine burner, is
energy and emissions. In the early days of the gas turbine, the overwhelming interest
was in obtaining as much energy as possible, in the form of shaft power or thrust,
from the gas turbine. However, the early 1970s saw a spark of interest in gas turbine
emissions in the form of regulations primarily as regards oxides of nitrogen or NOx
[91]. Manufacturers quickly realised that controlled injection of water or steam into
the combustion zone would meet the regulations requirement at the time without
significantly perturbing machine performance or escalating the levels of other
pollutants. New regulations in the 1980s pushed the permissible NOx levels lower and
further reduction by water or steam injection was possible but not without substantial
negative (detrimental) impact on other emissions, GT cycle performance and part
lives. Consequently, a number of alternative approaches, reviewed in Section 2.5.2,
were trialled and developed. First, though, the nature and formation of emissions

from conventional gas turbine combustion systems are discussed.
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2.5.1 Emissions characteristics of conventional gas turbines

The major species created in the combustion of gas turbines include CO, and water
and are present in percent concentrations. The far more hazardous species, NOx, CO,
UHC, particulates and smoke, are present only in parts per million (ppm)
concentrations and are consequently designated minor species. The human and
environmental health effect of such pollutants are well documented [92-94]. The so-
called minor species, because of their danger, are the focus of emissions regulations

which since 1980 have become increasingly more stringent.

2.5.1.1 Nitrogen oxides (NOx)

NOx is considered the primary pollutant in the process of combustion in gas turbine
engines. NOx describes two (of several) oxides of nitrogen: nitric oxide, NO and
nitrogen dioxide, NO,. Unlike NOx, combustion of fossil fuels is not a major
anthropogenic source of nitrous oxide (N,O), an equally dangerous nitrogen oxide
[91]. Therefore, as far as gas turbine combustion is concerned, NO and NO, are the
regulated species. Over the past 40 years, NOx emissions from gas turbines have been
regulated, particularly by the more industrialised nations. Legislations have gradually
become more stringent over the years as NOx has been firmly linked to environmental
problems like photochemical smog, acid rain and ozone layer depletion - all dangerous
to human health. For instance, tropospheric ozone, one of the primary components of
photochemical smog (the other being particulate matter) and formed in the lowest
layer of earth’s atmosphere by the combination of NOx and volatile organic
compounds in the presence of sunlight, killed between 50000 - 80000 people in China
in 2015 [95]. The mechanism with which NOx forms acid rain, produces ‘bad’ ozone

in the troposphere and depletes ‘good’ ozone in the stratosphere [96].

The disastrous consequence of NOx in the atmosphere has galvanised and sustained a
wide body of research in its formation and abatement. These researches discuss three

main routes of NOx formation: thermal, prompt and fuel NO.

2.5.1.1.1 Thermal NO

The lure of lean premixed combustion in gas turbines stem from the fact that NOx
levels escalate as combustion zone flame temperatures increase in non-premixed
flames. At temperatures above 1800 K, combustion air undergoes thermal dissociation

which is then followed by a reaction between molecules and atoms of nitrogen and
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oxygen to form the so-called thermal NOx [57]. Via this route, a dissociated nitrogen
molecule reacts with an oxygen atom (Eq. 2.2a) to produce NO at sufficiently high
temperatures; a reaction that kick-starts a couple of other NO producing reactions

(Eq. 2.2b and Eq. 2.2¢).

N,+0 < NO+N (2.2a)
N+0,= NO+0 (2.2b)
N+OH < NO+H (2.2¢0)

Because of the high activation energy of 314 kj/mol [97] required, Eq. 2.2a is the rate-
limiting reaction for the formation of thermal NO. The reaction of Eq. 2.2b, where
nitrogen atoms combine with molecular oxygen, follows the first and together are
known as the Zeldovich mechanism. Further, in what is known as the extended
Zeldovich mechanism, the nitrogen atom generated in equation 1 reacts with an OH

radical to form yet more NO via Eq. 2.2c.

Thermal NO is highly temperature dependent [98] and peaks on the fuel lean side of
stoichiometric even if combustion temperatures are higher on the immediate reverse
side of stoichiometric. This is because in the competition for oxygen consumption
between fuel and nitrogen, the fuel is preferred [24]. The rate of formation of thermal
NO is an exponential function of reaction temperature for both premixed and diffusion

flames and is determined by residence time in high temperature regions [27, 91].

2.5.1.1.2 Prompt NO

Atmospheric nitrogen could also combine with oxygen via a different pathway -
prompt NOx. The reaction occurs at the flame front and is typical of hydrocarbon
flames in which hydrocarbon radicals like CH interact with molecular nitrogen. The
typical hydrocarbon mechanism of NO formation is shown in Eq. 2.3 and has,
according to Toof [99], only ever been observed in hydrocarbon flames (never CO or

hydrogen combustion).

CH+ N, > HCN+N (2.3)
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According to Lefebvre and Ballal [24], under lean-premixed conditions, HCN oxidises
to NO following the sequence HCN — CN - NCO — NO whereas the N atom follows the
second Zeldovich mechanism to arrive at NO. Prompt NO in significant quantity hardly
ever forms in the post-flame zone for reasons of low concentrations of hydrocarbon
radicals away from the flame front. Correspondingly, within the flame zone,
formation of NO increases under rich combustion conditions because the presence of
high concentrations of hydrocarbon radicals supports the mechanism [57].
Consequently, in practical combustion systems which often operate fuel-lean or close
to stoichiometric conditions, the contribution of prompt NO to total NO emissions is

likely small [100].

2.5.1.1.3 Fuel NO

Unlike the thermal and prompt routes of NO formation where atmospheric nitrogen
is involved, the fuel NO route involves oxidation of a fraction of nitrogen contained in
combusted fuel. Fuels with organically bonded nitrogen - also known as fuel-bound
nitrogen, FBN - are especially susceptible to generating fuel NO during combustion.
These fuels typically contain ammonia [57]. Fuels with low FBN content are much
more efficient at producing NO than those with higher proportions of FBN [99] albeit
significant amounts of FBN, like in crude or residual oils, must be present for oxides
of nitrogen to be formed via this route. Depending on the extent of nitrogen
conversion which is sensitive to reactant stoichiometry [101], fuel NO is the
dominating route of NO formation for fuels containing a good proportion of FBN [24].
Naturally, diesel and biodiesel have very low nitrogen levels. As such, the potential of
NO formation via the fuel NO pathway is negligible [102]. In the case of biodiesel, the
average nitrogen concentration is 0.02% and the current main biodiesel source -

vegetable oil - does not contain any nitrogen [103].

2.5.1.2 Carbon monoxide (CO) and unburnt hydrocarbons (UHC)

When complete combustion of carbon-containing fuels occur, one of the end products
is carbon dioxide. In the event of incomplete combustion, CO and UHC are among the
products formed. The significance of incomplete combustion is that UHC and CO,
because they possess unreleased chemical energy, impact negatively on combustion
efficiency and hence on turbine specific fuel consumption, SFC - an important
measure of gas turbine efficiency. CO, a colourless, non-irritating gas impairs oxygen

transport by blood and can result in vital tissue damage (including the central nervous
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system and myocardium) in humans [104]. The highly dangerous CO is associated
with incomplete combustion which may be due to inadequate burning rates in the
primary zone, inadequate mixing, chilling effects of liner coolant, and/or insufficient
residence time [105]. Formation of CO occurs mainly within the flame zone so that a
potent way of tackling it is to allow sufficient residence time for conversion to CO..
Therefore, important gas turbine combustor design considerations for minimizing CO
include combustor length and the provision of dilution air introduction points in the
combustor downstream of the primary zone [57]. With such designs, GE claims that
its conventional gas turbine combustion systems operating in steady state produces

less than 10 ppmv CO at all but very low loads [106].

Similar to CO, emission of UHCs are an indication of incomplete combustion of fuel
occasioned by inadequate burning rates. Any fuel droplets or vapour that are not
consumed within the combustor hot core may not have the chance to burn out owing
to the chilling effects of cooling air downstream of the hot primary zone. UHC
emissions can be eliminated by enhanced atomisation for liquid fuels as well as
improved mixing rates within the primary combustion zone [24, 105]. Again, like in
the case of CO, emissions of UHC, other than at low (part) loads, are minimal for
modern combustors with good wall cooling techniques and combustion efficiencies in

excess of 99% common [24].

2.5.1.3 Smoke and Particulate Matter

Carbonaceous material emitted from the exhaust of gas turbine engines are often
referred to as soot, non-volatile particulates or smoke. Often these terms are used
interchangeably but it is important to note that smoke could be made up of
particulates and other emissions. When particulate matter settles on a surface, it is
called soot. Individual particles making up these emissions are typically 10 - 80 nm
in diameter each [57]. Smoke has been grouped, alongside ash and erosion as well as
corrosion products, as a component of particulates and defined as the visible portion
of filterable particulate matter [106]. The smoke number, an empirical value reported
on a scale of 0 to 100 gives an indication of the level of this emission from gas turbine
combustion systems; plumes are not visible for smoke numbers approaching 100.
[106, 107] suggest that soot morphology is a function of engine power levels and fuel
properties and combustor design. These two factors have been analysed in clearer

detail by [24]: At low pressures, for pressure atomisers, fuel is distributed over the
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entire combustion zone whereas at high pressures, it tends to concentrate within the
soot-forming region next to the fuel nozzle. Also, because polycyclic aromatic
hydrocarbons (PAHs) initiate the growth of soot particles, fuels with no aromatic
compounds produce virtually no soot. Particulate formation, from nucleation to
oxidation, is a complex process the explication of which has been undertaken in [57].
The human health effects of PM include lung cancer, cardiovascular and respiratory

system diseases [108, 109].

2.5.2 Emissions control strategies

A number of factors influence pollutant formation in the gas turbine combustion
process. These include: primary zone temperature and equivalence ratio, extent of
homogeneity in primary zone fuel-air mix, residence time in the primary zone, liner
wall quenching characteristics, and for liquid fuels, degree of atomisation [24].
Probably, the single most important factor influencing pollutant emissions from gas
turbine combustion systems is primary zone flame temperature. Relatively low
temperatures tend to favour formation of CO whereas at high temperatures, NOx
emissions become the dominant concern. This fact is aptly illustrated in Fig. 2.5 where
only within the narrow range of temperatures between 1670 K and 1900 K, are the

levels of CO and NOx below 25 and 15 ppmv respectively.
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Fig. 2.5. NOx and CO emissions as a function of GT primary zone temperature [24]
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However, efforts to improve thermal efficiency and engine specific fuel consumption
has driven turbine entry temperatures (TETs) higher so that the range of
temperatures for low emissions indicated in Fig. 2.5 shrinks to the right making
temperature control within this narrower band over the entire power range of the

engine the main issue, and NOx the principal pollutant of interest.

Again, referring to Fig. 2.5, an effective NOx control means would be flame
temperature reduction. In conventional gas turbine combustors, water/steam
injection achieves substantial NOx reduction by introducing a heat sink into the hot
flame zone. A widely used NOx control strategy, water injection is done through a
number of separate nozzles at the combustor head or via additional passages in the
fuel nozzle. Effective as it is, there are practical limits to this technology including the
overall economics of the process and increase in CO and UHC emissions [24, 106].
Also, it will be impractical for aviation gas turbines as weight and volume are crucial
in such engines. As a result, other ways of reducing primary zone flame temperature
without resorting to potentially corrosive diluent injection - known as dry low- NOx

(DLN) techniques - were pursued.

With the knowledge that highest flame temperatures are associated with burning at
or close to stoichiometric values, the goal became to keep fuel-air ratio away from the
stoichiometric quantities. Practically this may be achieved by initiating combustion
with excessive air (lean burn) or with less than stoichiometric amount of air (rich
burn). For the former, early approaches involving diffusion flames was to employ lean
head end (LHE) combustion liners that divert air towards the flame end thereby
leaning out the flame zone, reducing flame length and residence time - all beneficial
for NOx reduction. LHE liner technology proved to be limited in terms of the extent
of decrement in primary zone equivalence ratio hence attainable NOx reduction and

is further associated with high CO emissions [106].

For more effective control of equivalence ratio, premixed combustion systems were
developed whereby a strongly fuel-lean mixture could be created prior to entering the
combustor. Although problems of flame stability are encountered, this so-called ultra-
lean premixed combustion yields very low NOx emissions, typically less than 15 ppmv

at 15% oxygen with natural gas as fuel [110]. However, with liquid fuels, premature
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autoignition may occur if fuel/air is premixed since such fuels have shorter ignition
delay times than natural gas at typical gas turbine inlet conditions [57]. Consequently,
alternative approaches like lean direct injection (LDI), and lean prevaporized,
premixed (LPP) combustion strategies are being developed for gas turbines operating
on liquid fuels. The operation of these systems and their individual merits and

drawbacks are highlighted in [27].

In a different approach, the so-called rich-burn quick-quench lean-burn (RQL)
technology starts out with burning a fuel-rich mixture (typically with ¢ between 1.2
and 1.8) which ensures combustion stability then keeps flame temperatures relatively
low by employing a quench section downstream of the rich zone which in turn
switches rapidly to lean combustion (typically of ¢ between 0.5 and 0.7) to avoid

thermal NO formation [27].

Combustion stoichiometry and flame temperature may also be controlled by utilising
fuel injection in multiple locations within the combustor in an approach known as fuel
staging [111]. A few ways of realising this have been developed including axially
staged combustors where fuel injection zones are placed in axial directions and the

double annular combustors where radial fuel staging strategy is used.

It is clear that the above NOx abatement strategies are in situ combustion control
approaches. There are a few control modes that are utilised post combustion.
Selective catalytic reduction (SCR) converts NOx in the gas turbine exhaust stream to
molecular nitrogen and water by reacting it with ammonia or urea in the presence of
a catalyst usually vanadium pentoxide [112]. Another post combustion NOx mitigation
strategy is exhaust gas recirculation (EGR). Flame temperature is reduced as cooled
exhaust gases, low in O, but high in H,O and CO, of higher heat capacity, is introduced
into the primary zone. However, because an intercooler between the exhaust and inlet
is required, its application in simple cycle gas turbines appears impossible. EGR has
been associated with the so-called flameless combustion in which not only are

emissions minimised but also combustion stability is improved and noise reduced

[113].

As has been reviewed so far, there is evidently a number of conscious approaches in
existence for NOx abatement in gas turbine combustors. However, there are no such

direct CO and UHC control mechanisms since these pollutants are a consequence of
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incomplete combustion. Modern engines operating at high overall pressure ratio and
TET in order to increase thermal efficiency and decrease engine specific fuel
consumption attain very high combustion efficiencies so that CO and UHC emissions

are indirectly yet effectively handled.

Controlling the amount of particulate matter emissions from turbine exhausts
typically involve control of fuel composition by various treatments including washing,
filtration, centrifuging, electrostatic precipitation or by the use of inhibitors [114].
Smoke and soot reduction often involves not only creating better fuel atomisation to
reduce local residence time but also injecting significant amounts of high velocity air
into the soot-forming, fuel rich zone - achievable by the use of air blast or air assist

fuel nozzles [115].

2.6 Studies on alternative fuel performance in gas turbines

Greening the energy generation process in internal combustion (IC) engines has, in
the recent past, been of interest to numerous researchers. The relatively recent and
deep interest in this area is occasioned by at least three factors: rapid depletion of
fossil (conventional) fuel reserves meaning that the huge energy demands of the
future must be met, at least partly, with alternative sources; environmental
sustainability which necessitates improvement on the levels of dangerous emissions
resulting from the combustion process; and the potential economic (operating cost)
benefits. Consequently, the viability of renewable fuels and blends of renewables and

conventional fuels in IC engines has been evaluated by several studies.

The review in this section covers published work whose broad aim consists in the
evaluation of the performance of unblended biofuels used as complete replacement to
traditional fuels on gas turbines. In most cases, results of such performance analysis
are compared with those of a standard fuel tested under the same or similar
conditions. The performance parameters of top concern to the researchers are spray
characteristics of liquid alternative fuels as well as NOx and CO emissions. Further,
for the liquid alternatives, different operating conditions, injection modes and burner
geometries are reported as is the effect of physical properties of fuels on performance

parameters.
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2.6.1 Bio-liquids
2.6.1.1 FAME

A number of studies have investigated the potential use of biodiesel as complete
replacement for diesel in gas turbine engines. For instance, [116] using a pressure
type atomiser, investigated the combustion properties of palm methyl ester (PME)
and concluded that it behaves largely like diesel in terms of NOx level dependence on
excess air ratio or atomised particle size as well as adiabatic flame temperature.
Atomised to similar SMD values as diesel, PME was reported to improve soot and NOx
emissions (compared with diesel flame emissions) highlighting its potential as an
alternative fuel for gas turbines. Also, [117] investigated the combustion
characteristics and emissions performance of palm biodiesel (PME) in a swirl gas
turbine burner with an air blast atomiser. The results of the study obtained via PDA,
flame imaging and a Tocsin 320 gas analyser suggests that, compared to diesel and
Jet A-1fuel, lean combustion of PME is associated with higher values of SMD but lower
NOx emissions per unit mass of fuel consumed. Further, Chong and Hochgreb [118]
sought to know how rapeseed methyl ester (RME) performs in gas turbine combustion
compared to Jet A-1 fuel. They employed a 6 kW swirl burner and utilised PDA, PIV
and flame imaging techniques to compare the spray characteristics of both fuels
injected using a twin-fluid atomiser of the air blast type. The results indicate that RME
sprays have droplet concentration and volume fluxes four times that of Jet A-1
implying that vaporisation of Jet A-1 is far more rapid than RME so that the resulting
flame reaction zones are markedly different. Further, [119] evaluated the atomisation
characteristics of rapeseed methyl ester (RME). Under lean conditions, they found
RME to exhibit larger droplet sizes and concentrations yet no visible soot radiation
compared to diesel. Also, NOx emissions were reportedly lower in RME combustion
compared to diesel flames. The effect of operational condition, namely, air-to-liquid
ratio in twin fluid atomisers on the performance of alternative fuels was shown to be
important. Sequera et al. [120] focused on understanding the effect of atomising air
flow rate in air blast injectors on NOx and CO emissions when biodiesel and diesel-
biodiesel blends undergo combustion under gas turbine conditions. The results
indicate a direct relationship between atomising air flow rate and NOx/CO formation,

a consequence of better atomisation at higher air-to-liquid mass ratios (ALR). SMD
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reduction with increase in ALR has also been reported as a result of increased shear

[121]. Such effects became increasingly negligible as ALR increased above 4.

There is, therefore, a huge body of evidence supporting the efficacy of FAME as an
alternative gas turbine fuel based on exploration of its spray and combustion

properties in relation to diesel.

2.6.1.2 Glycerol

In the course of the common biodiesel production process, transesterification,
glycerol is generated as a by-product. In fact, it has been found that glycerol (IUPAC
name: propane-1,2,3-triol) makes up between 10 and 20% of the total volume of
biodiesel produced at any one time [122]. Value-added uses are currently being sought
for glycerol as it is largely considered a waste product. Its poor combustion properties
and relatively low heating value renders glycerol unappealing as fuel in combustion
systems. Even so, there have been a few combustion experiments utilising crude and
pure glycerol. U. S. Pharmacopeia (USP) grade glycerol combustion was tested [79] in
a 7 kW prototype high-swirl burner and crude glycerol in an 82 kW refractory lined
furnace with NOx emissions being 20 times higher in the latter compared to the
former. Better performance was noted with glycerol flames - stable at higher excess
air ratios compared to propane and No. 2 fuel oil. Whereas the traditional fuels
showed unstable combustion at equivalence ratios (ER) < 0.45, the USP grade
glycerol, preheated to 93°C, showed optimal combustion stability between ER of 0.37
and 0.44. Jiang and Agrawal [123] tested the combustion of USP grade (with 99+%
purity) glycerol combustion with and without methane using a so-called flow-blurring
nozzle which is essentially an air-blast injector that allows a portion of the atomising
air into the fuel tube creating a turbulent two phase flow inside the tube and the
orifice. The efficacy of this nozzle in permitting unheated straight glycerol combustion
was noted as was the flame structure variation with changes in fuel combinations.
Also, [124] studied both the atomisation characteristics of glycerol using two different
air-assist atomisers and the emissions from co-combustion of glycerol with natural
gas and hydrogen in a laboratory furnace fired by a swirl burner. With the glycerol
preheated to 80°C, optimal atomiser operating conditions and the influence of these
conditions on post combustion emissions were noted. Muelas et al. [125] using an air-
assist atomiser installed in a semi-industrial furnace simulating real boiler conditions,

trialled crude glycerol (preheated to 80°C) combustion as well as its blends with
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acetals. The blending improved the combustion behaviour of crude glycerol in terms
of stability range, flame stability and CO emissions. Steinmetz et al. [126] investigated
the particulate matter, acrolein and other volatile organic compound emissions that
arising from methylated, demethylated and technical glycerol combustion; the fuels
being preheated to 45°C, 120°C and 120°C respectively to reduce viscosity and
facilitate pumping. Methylated glycerol referring to one with 10 - 20% methanol (b.p
65°C hence the lower preheating value) among other impurities. They used a pressure
atomiser for the methylated glycerol, noting it is more commonly used in package
boilers for which they envisage crude glycerol usage as fuel. The 82 kW refractory
lined furnace of [79] was used for the experiments and the main conclusions were
that, whereas acrolein and VOC emissions are not important, potentially corrosive
particulate matter are a problem if crude glycerol with soluble catalyst is deployed in

boiler applications.

Based on the foregoing, there has been an interest in utilising, as fuel in combustion
systems, the vast amounts of glycerol generated as a result of biodiesel production.
However, the majority of the studies employed fuel pre-heating and in the single case
without pre-heating, a non-standard atomiser was utilised - calling for additional
operational costs and substantial retrofitting of the engine. A gap exists, then, in
investigating glycerol usage in gas turbine combustion without significant

modification of the engine.

2.6.1.3 Straight vegetable oils

Moreover, there has been interest in utilisation of straight vegetable oils (SVO) in gas
turbine engines largely in a bid to expand the fuel flexibility of the gas turbine and
potentially save the cost of processing SVO to biodiesel. Prussi et al. [127] tested
straight sunflower oil heated to 130°C in a Capstone C30 micro gas turbine delivering
29 kW of electrical power and compared the emissions therefrom with diesel burn.
The turbine utilises three air-assisted injectors at different air-to-liquid ratios. The
results showed that while comparable CO emissions were recorded, NOx emissions
increased two-fold in the case of the unrefined bio-oil compared to diesel. In addition,
5% more volume of fuel is consumed and 30% extra pump power is required in the
case of the sunflower oil compared to diesel. Kun-Balog and Sztanké [128] used crude
rapeseed oil heated to 80°C, for viscosity and surface tension reduction, as fuel in a

Capstone C30 micro-gas turbine injecting it with a plain jet air blast atomiser
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generating 15 kW thermal power. Using similar experimental base equipment, it
would seem that the idea was to improve on the work of [127] by striving to achieve
better NOx emissions results. Kun-Balog and Sztanké [128] found that, with oil
preheating and atomisation with superheated steam instead of air, equivalent
emissions of CO and UHC and 60% less NOx was possible in comparison with diesel.
Chiaramonti et al. [129] trialled straight rapeseed oil preheated to 120°C for viscosity
reduction in a model Garett GTP 30-67 gas turbine engine delivering 25 kW at full
load. Flame out was reported at temperatures below 120°C but at that temperature,
CO emissions were similar to diesel combustion at 20°C. However, under the same
conditions, CO emissions rose by 118% compared to diesel. It was also noted that very
low NOx emissions, which did not differ significantly across tested fuels, occurred.
The feasibility of using both pure jatropha oil and jatropha biodiesel as gas turbine
fuels was investigated by [130] in an atmospheric swirl burner with diesel as the
reference. The combustion air temperature was set at 400°C and the fuel line was
maintained at 30°C, 60°C and 120°C for diesel, jatropha oil and jatropha biodiesel
respectively while an air-assist pressure swirl atomiser was employed. Comparable
NOx emissions but higher CO emissions were reported with the straight oil and
biodiesel compared with the reference fuel. J6zsa and Kun-Balog [131] combusted
crude rapeseed oil in an atmospheric LPP burner with an air blast nozzle to the tune
of 15 kW thermal power output and compared the resulting stability emissions data
with diesel at the same power output. Combustion air into the burner was maintained
at 400°C and oil temperature was 150°C. Despite preheating, it was noted that crude
rapeseed oil failed to ignite at start-up and after being aided by diesel, rapeseed oil
flames showed relatively narrow stability limits. Greater CO but lesser NOx emissions
were attained comparing rapeseed oil with diesel combustion. Whereas the main goal
in utilising SVOs in gas turbines was to explore its feasibility as fuel, it cannot be
ignored that the requirements for attaining comparable emission performance with
conventional fuels are not attractive. The attendant energy and equipment costs of a
feedwater pump, steam generator and desalinated water required for possible steam
blast atomisation as well as the fuel preheating system probably makes less economic

sense than prior refining of the oil.

It would appear that the key physical property of liquid fuel alternatives is viscosity.

Consequently, a number of researches have sought to correlate it with atomiser and
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ultimately combustion performance. It was demonstrated by [80] that reducing fuel
viscosity improves spray atomisation quality leading to faster evaporation and more
complete combustion. A DG4M-1 micro gas turbine equipped with a pressure-swirl
atomiser was utilised. Vegetable oil (commercially available as liquid frying fat)
within 20 - 120°C temperature range was the fuel tested with diesel as the benchmark.
CO emissions, it was found, demonstrates a linear relationship with oil viscosity
which in turn is directly proportional to temperature. This is in line with other data
[132] which highlighted experimentally that in the case of biodiesel from vegetable
oil (VO) and animal feedstock using an air-blast atomiser, CO and NOx emissions are
mainly a function of the extent of fuel atomisation and the effectiveness of the fuel/air
mixing process. Crucially, it was noted that a 70-30 diesel-VO blend performed as well
as biodiesel from the two feedstocks in terms of SMD and emissions suggesting that
the cost of VO processing to biodiesel can be potentially saved. In addition, Panchasara
and Agrawal [133] demonstrated that enclosed flame vegetable oil spray droplet
diameters mean and RMS axial velocity have a direct relationship with fuel inlet
temperature. Smaller droplet size distribution, was claimed, leads to lower emissions
of CO and NOx since it results in premixed combustion as larger droplets tend to burn
in diffusion flame mode. The dynamic viscosity of crude Jatropha oil at 40°C is over
seven times that of diesel and Deshmukh et al. [134] claims this is why higher injection
delays and shorter penetration lengths are experienced with Jatropha compared to
diesel. The higher viscosity of the biofuel was also blamed for its poor atomisation
and the intact liquid core observed even at an injection pressure of 160 MPa using a
diesel injection system. The air core size of hollow liquid cone sheet formed by
pressure swirl atomisers have been found to decrease with an increase in liquid
viscosity [135]. This was corroborated by Wimmer and Brenn [136] who further
hypothesised that the decreasing air core radius increases the film thickness hence
causing a higher throughput of liquids as viscosity increase albeit within a range of
moderate liquid viscosities. However, high liquid viscosity prevents the fluid from
forming large spray cone angles which in turn impacts negatively on the efficiency of
the liquid breakup process [137]. The deterioration in spray quality with increase in
fluid viscosity was also noted by Li et al. [138] for the air-assist type injector based
on experiments with heavy fuel oil. Nevertheless, it is observed that with the air-
assist type injector, beyond certain critical values (GLR of 0.05 and momentum flux

ratio of 4), liquid properties including viscosity do not significantly affect atomisation
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[139, 140]. Not just in pressure and twin-fluid atomisers, fluid viscosity plays an
important part in fuel atomisation even in hybrid atomisers. Fan et al. [141] utilised
the air-assist pressure swirl atomiser to inject jatropha oils. The trend of atomisation
dependence on fluid viscosity continued but for a couple of anomalies at points of
transition from laminar to turbulent flow. However, flame radiation intensity strongly

correlated with liquid viscosity.

2.6.2 Syngas

In order to validate syngas as a potential gas turbine fuel, the combustion-related
characteristics of syngas in terms of blowout, flashback, autoignition and emissions
characteristics have been assessed by several researchers. Blowout occurs when the
flame detaches from its anchor location and is physically moved (blown out) of the
combustor; flashback occurs when the flame physically propagates upstream of where
it is supposed to be anchored into premixing passages that may not be designed for
high temperatures; autoignition is similar to flashback but it is not caused by flame
propagating upstream of its anchor point. Instead it is the result of spontaneous
ignition of the mixture. The operability issues as it pertains to syngas and the effect
of fuel composition has been evaluated in detail by [142]. The main conclusion was
that the behaviour of gaseous fuel mixtures, as in syngas, can be very different from
the individual components such that parameters like flame speed and ignition delay
times are impacted, with hydrogen content a major factor. Laminar flame speed, a
determinant of the propensity for flame flashback or blowout, has been studied for
syngas. Dong et al. [143] and Fu et al. [144] using Bunsen burners reported that in
H./CO syngas, over a broad range of equivalence ratios, the laminar flame speed of
the mixture with air increases with the H., fraction thereby extending the blow-off
limit significantly. Similar effect has been reported using gas turbine type burner
[145]. In like manner, [146] noted that syngas with high hydrogen concentration has
lower lean blowout limits demonstrating the effectiveness of hydrogen addition to
enhance flammability. However, the higher flame speeds associated with syngas
suggests the increased possibility of flashback if DLN technique is introduced to a

syngas powered turbine [147].
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It has been found that a key feature of syngas combustion is that unlike methane,
combustion pulsation seems to be virtually non-existent regardless of the ratio of H,
and CO in the syngas [40, 43]. However, as the concentration of H, increases, NOx
emissions correspondingly increase while recording overall low CO emissions [44].
Any of CO,, N, or steam could be utilised as diluents to effectively tackle emissions
from syngas flames with the level of NOx reduction being a function of the diluent’s

heat capacity [148].

As noted elsewhere, using syngas as fuel in a combustion system designed for gas
turbines will necessitate modifications in the combustion system. This is due to the
lower calorific value of the fuel compared with natural gas and modifications to
accommodate changes in mass flow rate, fuel delivery system, fuel nozzles and the

combustion chamber are important if comparable efficiencies are to be attained [149].

2.6.3 The growing case for ammonia

The road toward green energy technology has led down many pathways. One of the
more recent routes involves renewable hydrogen production and utilisation - the so-
called “hydrogen economy”. A widely researched means of renewable hydrogen
production is through water electrolysis with solar power [150]. The potential for
renewable hydrogen production from wind-generated electricity has also been studied
as in [151]. Similarly, Rahmouni et al. [152] and Schoenung and Keller [153]
researched the feasibility of a combination of both sources of renewable electricity
(wind and solar) for hydrogen production in Algeria and California respectively. A
concise review of the processes of renewable hydrogen generation can be found in

[154, 155] and a comparison of available options is presented in [156].

Once generated, renewable hydrogen has to be chemically stored due to the extremely
low volumetric energy density of pure hydrogen and the potential safety and
infrastructure cost issues associated with its distribution on a global scale [157].
Chemical storage of hydrogen on a large scale will necessitate employing carbon or
nitrogen as the main hydrogen carriers using CO, [158] or N, [159] to arrive at carbon
or nitrogen-based fuels. Interestingly, it would seem that in the overall energy balance

analysis - a function of the energy cost of synthesising a fuel and the energy content
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of the fuel - nitrogen-based renewably derived fuels (ammonia in particular) compare

favourably with their carbon-based counterparts [160].

Of the nitrogen-based fuels derived from renewable hydrogen, the so-called “green
ammonia” is the most important. It is so-called because the traditional, energy-
intensive method of combining nitrogen with hydrogen to form ammonia - the Haber-
Bosch process - rife with CO, production, is bypassed rendering the entire process
carbon free. Basically, the process involves the electrochemical synthesis of ammonia
starting with water electrolysis and considerable progress has been achieved in this

field [161, 162].

As to the utilisation and performance of ammonia in gas turbine combustion, a few
studies have been conducted. Hayakawa et al. [163] investigated ammonia/air
premixed flame stability at different equivalence ratios as well as emissions
performance in a swirl burner. With increasing equivalence ratio, NO concentration
reportedly decreased but NH; emissions increased; adoption of swirling flow
improved flame stability without recourse to any additives. Similar experiments were
reported for ammonia blended with methane [164] and with hydrogen [165]. A few
numerical investigations on the subject could be found in [166-169]. In the
experimental cases, ammonia-hydrogen blend is associated with high NOx emissions
and a narrow operational range whereas the blend with methane suffers from flame
instabilities at medium swirl numbers suggesting that further investigations
particularly in the area of injection strategies are necessary if ammonia or blends of
it with other fuels is to be employed for gas turbine combustion. The feasibility of this
can be seen in [170] where with an optimised injection strategy, direct injection of

urea is effective in reducing NOx emissions in a biodiesel-fuelled diesel engine.

Apart from converting it to green ammonia that can be used in modified gas turbines
[171], hydrogen, can be stored and used in a number of other forms that are yet
nitrogen-based. The feasibility of three of such forms, namely, aqueous ammonium
hydroxide and urea (AHU), aqueous ammonia and ammonium nitrate (AAN) and
aqueous urea and ammonium nitrate (UAN) as gas turbine fuels have been discussed
in [172]. In their aqueous forms, these are known as monofuels, capable of being
ignited without any additives as they inherently contain both an oxidiser and a

reducer (fuel) part. The nature of UAN has been investigated [173] and the mechanism
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of its combustion discussed [174] and so has the thermal decomposition of AAN [175]

and the sort of fuel ignition process required for these fuels [176].

Potentially then, in the near future, as the hydrogen economy gathers momentum,
nitrogen-based hydrogen carriers may play an important role in the energy generation
process as the goal remains to cut down on global CO, production while ensuring

energy security.

2.7 Simultaneous combustion of multiple fuels in IC engines

It has been established that the ever-growing energy demand across the world cannot
be met by conventional sources which, themselves, are rapidly depleting. Alternative
energy sources have been widely explored and in certain cases, mature technologies
now exist for exploiting these options. For example, ethanol and biodiesel now enjoy
combustion applications in practical internal combustion engines albeit as blend
components [177]. This section details the wide variety of research into utilisation of
fuel blends in compression ignition engines (Table 2.1) and in the gas turbine engine
(Table 2.2). The list in both tables have been sampled from published research in the
last ten years and is by no means exhaustive particularly in the diesel engine case.
Liquid/liquid blends in CI engines commonly substitute biodiesel for diesel wholly or
partially. Results show that, compared to standard diesel, biodiesels as a result of
their inherent oxygen content, burn with lesser amounts of HC, soot and CO emissions
[178]. As to the impact biodiesel combustion has on NOx emissions, opinion is
polarised. Thangaraja et al. [179] summarises that 85% of published researches in
this area report an increase in NOx when biodiesels instead of standard diesels are
burned; 5% are of the opposite view whereas 10% of the investigations suggest that
NOx levels remain same. For the liquid/gas fuel blends utilised in the CI engines cited,
a popular injection strategy is to “fumigate” the combustion air stream with the
gaseous fuel in the intake manifold and then supply the liquid fuel (which often serves
as pilot flame) by direct injection. Regardless of the injection strategy, all published
work on the subject agree that multiphase fuel combustion is feasible in CI engines.
However, the effect on engine performance parameters and emissions is not

unanimous. This is not surprising given, as shown in Table 2.1, the variety of engine
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types and operating conditions utilised by different studies even as is the case in single

phase burn.

As for the gas turbine engine, the majority of studies in simultaneous fuel combustion
involves blends of fuels in the same phase (liquid/liquid and gas/gas). These single-
phase dual fuel combustion cases abound ranging from diesel and glycerol blends to
wood liquefied in alcohols. The appeal/attraction of multiphase combustion in diesel
engines but not in gas turbines is because, oftentimes, the replacement fuel in diesel
engines is one, like natural gas, which burns cleaner than the traditional fuel.
However, the inherent assumption that gas turbines run on natural gas is a
generalisation. OEMs often equip gas turbines with liquid fuel atomisation systems to
permit utilisation of diesel in areas without gas supply infrastructure or with
inconsistent gas supply [57]. Besides, micro gas turbines widely used for distributed

electricity generation or stand-by applications mostly run on liquid fuels [127, 128].

Consequently, there has been a few researches into the simultaneous combustion of
liquid and gas fuels under gas turbine conditions. Perhaps the earliest multiphase fuel
combustion attempts were published in 2017 [180, 181]. Kurji et al. [180] carried out
an experimental study on the combustion of CO,/CH,/Diesel and CO./CH,/ biodiesel
mixtures. The goal of CO, addition to the fuel mixes, the study said, was to improve
emissions performance by acting as a diluent. Low CO and NOx emissions were
reported with the biodiesel blend performing better emissions wise. However, in the
work, a constant liquid fuel flow rate was reported and it was unclear which of the
liquid fuels that applied to. If it applies to both, then given the different heating values
of the liquids, power output is not maintained and the emissions comparison is hardly
justifiable. Also, any beneficial effect of CO, dilution may have been attained by
sacrificing ignition and stability efficiency as mooted in the paper. Sidey and
Mastorakos [181] on their part, investigated the dual-fuel flame structure and stability
of ethanol-methane flames in air using OH* chemiluminescence, OH-PLIF and Mie
scattering. A widening of the reaction zone and changes in the stabilisation behaviour
were reported when the dual-fuel flames were compared to either methane only or

neat ethanol burn.
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Table 2.1. Sample of multi fuel combustion in IC engines in the last decade

Power
Fuels tested Engine type Injection strategy output Research interest Researcher(s) Date
Biogas-diesel and Model four-cylinder engine Biogas premixed Wlth. 1r.1tal.<e ;ur, 46 kW at Influence of dual fuel burn on Yoon and Lee
biogas-biodiesel with displacement of 2476 cm3 gas pressure 0.4 KSR B b 4000 rpm  emissions and engine performance [182] 2011
was pilot fuel at 12 MPa
) ) ) o ) ) Combustion and emissions )
Ammonia and diesel Ff)ur-cyhnder engine w1t}31 A.m‘moma 1pJected into the intake 66 kW at performance compared to Reiter and 2011
displacement of 4500 cm air; DI of diesel 1000 rpm conventional operation Kong [183]
) ) ) . . Engine and emissions performance
. S%ngle-cyhnder engine with Primary fueli, syngas, fed by a gas 5.2 kW at at different syngas (H/CO) Sahoo et al.
Syngas and diesel displacement volume of 661 carbprettor.mto the 1ntake. oo compositions compared with [184] 2012
cm3 manifold; diesel used as pilot conventional operation
ha biodiesel One cylinder with K Combustion and emissions hauh
Jatrop a 110 lese displacement volume of 780 DI of fuel blends at 20 - 20.5 MPa 7-4 kW at characteristics as well as c ?u an et 2012
and diese cm3 1500 rpm  performance evaluation al. [185]
Ethanol and diesel Six-cylinder with displacement Ethanol injected into intake 206 kw at  Engine performance under dual-fuel  garjovaara et 201
volume of 8400 cm3 manifold; DI of diesel as pilot 2200 rpm  Mmode al. [186] s
H ingle-cvli ith o . . ) Effect of hydrogen addition on post B
ydrogen.an.d S%ng e-cylinder wit Hydrogen injected into intake air; 836 kW at  .ombustion emissions Sukjit et al.
butanol-biodiesel displacement volume of 773 > usti 1581 2013
DI of liquid fuel blend at 18 MPa 2500 rpm [187]
blends cms3
CNG, diesel and ; i
waste cooking oil Six-cylinder with displacement Z};IGGOJ\}ZSVZIC;EZ;};Z Iijlllltoot ‘;f}llleelii?:l?e 132.7 kW at Combus:tion and exhaust emissions Mohsin et al. 2014
derived biodiesel volume of 6728 cm manifold 2100 rpm evaluation [188]
. Six-cylinder with displacement LPG fumigated into the intake air 162 kW at  Combustion and exhaust emissions Surawski et
LPG and diesel tream with diesel ilot . 2014
volume of 5900 cm3 stream w. esel as p1ilo 2500 rpm  evaluation al. [189]
Rapeseed methyl Three-cylinder with Liquid direct injection at 15 kW at  Combustion and emissions Magno etal.
ester and diesel displacement of 1028 cm3 maximum pressure of 150 MPa 3600 rpm  performance [190] 5
. . . . Direct injection (DI) of up to 220 o . .
E 1 M 1 1 1 h . E fuel M .
N5590 diese odel single cylinder wit MPa for diesel and port fuel 80 kw/1 missions and fuels consumption artin et al 2016

EN228 gasoline

displacement of 390 cm3

injection (PFI) for gasoline

reduction

[191]
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Table 2.1. Sample of multi fuel combustion in IC engines in the last decade, continued.

. L p .
Fuels tested Engine type Injection strategy 03:;(;’; Research interest Researcher(s) Date
. ) Single-cylinder with Biogas inducted into intake air; the . o .

Diethyl ether, kara.nja ) T T e other two injected into cylinder with 4.4 kW at Combustion and em1§51ons Barik and 2016

methyl ester and biogas of 662 cm3 biodiesel as the pilot at 20 MPa 1500 rpm  performance evaluation Murugan [192]

Ethanol and rubber seed Single cylinder with . . . Combustion and emissions

. . DI of th 1 fuel 1 4k ot

oil methyl ester/rubber displacement volume fun?i tat(ieocrllli)sfeeﬁlbi:;cl)llea: Z %1 ;)/Itpznd ‘1} io‘iv i: characteristics as well as Geo et al. [193] 2017

seed oil/diesel of 661.5 cm3 & ’ 5 P performance evaluation
Single cylinder with DI of the diesel as pilot at 24 MPa w ot Combustion and emissions e i 2

Diesel and synthetic biogas displacement volume and 1_nta1fe port 1r.1]ect10n ;1‘?)0 rom characteristics as well as fiea] ’ 2017
of 630 cm3 (fumigation) of biogas 500TP performance evaluation s

Blends of oils from peels of  ;_cylinder engine with . o

orange and lemon fruit stroke length of 110 DI of fuel blends at 40 and 60 MPa 3.5kwat  Combustion and emissions as Ashok et al. [195] 2018

with diesel mm 1500 rpm  well as performance evaluation

Jatropha biodiesel and 1-cylinder with stroke 3.7kWat Combustion and emissions Dubey and Gupta

turpentine oil length of 110 mm DI of fuel blend at 21 - 23 MPa 1800 rpm  performance [196] 2018
Four-cylinder engine Hydrogen premixed with intake air ) o o

Hydrogen and diesel of displacement at 0.4 MPa; DI injection of diesel as 20 kW at  Combustion and emissions Dimitriou et al. 2019
volume of 5200 cm3 well as diesel pilot at 70 - 110 MPa 1500 rpm  performance [197]
Single-cylinder with a . ) Combustion stability and

St aml dfess st e e gf)rt 11nJect10n of hydrogen; DI of 5.2 kW at unregulated emissions Sharma agd Dhar 2019
of 40.1 cm3 1ese 1500 TPM  jpyestigation [198]

Eyg:sxgnggs d(r:;x Oefn) and s:iriilil-izyllgncc:;i:;tgme Gas supplied into the air intake 3.5kwat Engine p.erformlan.ce and post _ Sharma et al. 2050

diyeselg e volume gf 661 cm® manifold; DI of diesel at 21 MPa 1500 rpm  combustion emissions evaluation [199]

Stz ug with displacement . (ethanal to miake air and pLof pilor 33 KW at  Engine performance and post - Gawale and Naga

ethanol/biodiesel (neem) S diesel/biodiesel at 21 MPa 1500 rpm combustion emissions evaluation  gripjvasulu [200]

n-butanol/coal to liquid Slng%e.-cyhnder n-butanol premixed W.lth.n.ltake arr 144 kW Combustion and emissions

(CTL) modified from a four- at 3 MPa; DI of CTL s ignition source at 1400 characteristics evaluation Zhang et al. [201] 2020
cylinder engine at 100 MPa rpm
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Table 2.2. Sample of multi fuel combustion tests in gas turbine type combustors in the last decade.

Power

. Injecti Equival .
Fuels tested Engine type ST;Jr thel;; output qu;:?isnce Research interest Researcher(s)  Date
Partially  ,5_30 Flame stability and ili
. ¢ _ y and operability Kutne et al.
CHy, CO2z and Oz Model swirl burner premixed KW 0.5-1 I e [202] 2011
Blends of jatropha biodiesel Feasibility of i iodi
: . ) . y of jatropha biodiesel Rehman et al.
and diesel IS/60 rovers gas turbine 44 kW Variable as GT fuel [203] 2011
Wood liquefied in poly Swirl burner Air-blast Variable Feasibility of liquefied wood as Seljak et al. 2012
hydroxyl alcohols atomiser GT fuel [204]
Model GE7EA industrial gas Combustion performance of
i anc syn ; ) ° - 0 ariable syngas and effect of dilution o ee et al. [42] 2012
I(\II_ZIa Cag;: étoe)a and syngas turb1‘n§ 1 atm 500°C inlet 60 kKW Variabl yng d eff f diluti f L L. [42]
2 conditions other gases
Biodiesel and vegetable oil Garett GTP 30-67 micro gas Press'ure 0-25 Variable Exhaust emissions performance Chiaramonti o1
blends turbine atomiser kw in comparison with diesel et al. [129] 3
Rapeseed and sunflower oil ~ Capstone micro gas turbine model Air-b%ast 15, 25 Variable Exhaust emissions investigation Chiariello et
and Jet A1 kerosene blends C30 atomiser kw g al. [205] 4
University of Oklahoma Performance and emission Mendez et al.
B 1 A bl . . = k .18 - o. isati 201
utanol and Jet A blends propulsion Lab gas turbine 30kW  0.18-0.33  characterisation [206] o
Biodiesel and pyrolysis oil Generic swirl burner Pressure 3-60 oc -1 Emissiops performance with Kurji et al. 2016
blends atomiser kw S5- 14 alternative fuels [207]
C02/CH4/biodiesel and . Pressure Multiphase combustion trial in Kurji et al.
. Model 1 ; 20k 1.4 - 2.2 i 201
CO2/CH4/diesel odel swirl burner atomiser o kw £ gas turbines [180] oy
Jet A-1 and hydrotreated Gas turbine swirl burner (Cardiff Pressure 1 KW 0.8 - 1.1 Operability and fuel performance Buffi et al. 201
renewable jet fuel blends GTRC) atomiser 4 ) ’ of gas turbine with the fuel blend [208] 7
Ammonia and methane Gas turbine swirl burner (Cardiff Premixed o kW 0.8 - 1 Flame stability and emissions Valera-Medina _
GTRC) 3 7145 study et al. [164] 7
A ine- T ith

Butyl butyrate and ethanol . ero engine-based GT burner wit . .. Chen et al.

blends intake pressure (0 - 7 MPa) and - - variable Gaseous and PM emissions study [200] 2017

inlet temperature up to 600 K
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Table 2.2. Sample of multi fuel combustion tests in gas turbine type combustors in the last decade, continued.

Power Equivalence

uels teste ngine type njection strate i esearch interest esearcher(s ate
Fuel d Engine typ Injecti gy output ratio R hi R her(s) D
Ethanol and Model atmospheric ~ Pressure atomiser; . . variable Flame.strgcture and stability Sidey and 201
methane bluff-body burner Partially premixed Investigation Mastorakos [181] 7

o Model swirl GT with Operability and emissions
Jatropha biodiesel inlet temperature of 600  Air-blast atomiser 40 kW 0.5 - 2.0 performance of gas turbine with the Bhele et al. [210] 2018
d diesel blend P :
and diesel blends K alternative fuels
S ] ] Investigation of viscous fuel use as

Fast pyrolysis bio-oil Capstone micro gas Pressure swirl 5 - 20 kKW Variable blend component in micro gas Buffi et al, [211] 2018
and ethanol blends turbine model C30 LF atomiser turbine ’
n-heptane and Model atmospheric ~ Pressure atomiser; . . 0.41 - 0.66 Flame structure and stability Sidey and 2018
methane bluff-body burner Partially premixed -3 ) characteristics of dual fuel flames Mastorakos [212]

. . ) Investigating the complexity of )
Hydrogen-ammonia  Gas turbine swirl burner Premixed S 5.6 i burning ammonia in blends with Valera-Medina et e
blends (Cardiff GTRC) hydrogen al. [213]

] ) ) ) ) Combustibility and characteristics of Seljak and
Diesel and glycerol Micro gas turbine Pressure atomiser 3 - 6 KW Variable glycerol combustion emissions Katragnik [214] 2019
Natural gas and n- Model atmospheric Pressure atomiser;  Upto 6 . Temperature distribution and
heptane bluff-body burner Partially premixed kw Variable reaction zone characteristics Evans et al. [215] 2019

. ) . 6 - 20 Multiphase combustion trial in gas Agwu and Valera-
Diesel and syngas Model swirl burner Pressure atomiser KW 0.7 turbines Medina [216] 2020
Methane and 50 kW model swirl Premixed and non- . Emissions production and control in

50 kW Variable methane-ammonia flames Okafor et al. [217] 2020

ammonia blends

burner

premixed
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However, the contribution of the liquid fuel to overall power output in the dual-fuel
cases was at most 4%. With the liquid fuel flow rate maintained throughout the study,
the dual phase flames were obviously delivering a much higher heat output compared
to the neat ethanol flame. On top of that, global equivalence ratios varied widely
throughout the tests. Consequently, comparison of optical emissions, including
luminosity images and chemiluminescence, are not ideal. Nevertheless, these early
studies highlighted, even if tentatively, the feasibility and potential benefits of
multiphase fuel burn under gas turbine conditions. A year later, in 2018, Sidey and
Mastorakos [212] investigated, using the same enclosed bluff-body burner as in [181],
the stabilisation characteristics of n-heptane/methane flames. Using n-heptane in
place of ethanol was not only an expansion of the fuel-flexibility of the multiphase
combustion process but also a shift towards a better representation of practical
systems (that mostly utilise non-oxygenated fuels). They reported improved flame
stability as well as flame structure differences with increasing amounts of gas in the
oxidiser stream. However, as was the case in [181], the overall heat output in the
contrasted tests was not maintained. For instance, the flame stability (interpreted in
terms of blowout velocity at flame extinction) of a given flow rate of n-heptane was
compared with those of the same flow rate of n-heptane burning in a stream of air
premixed with increasing quantities of methane. This is tantamount to observing that
more oxygen is required for combustion as the quantity of fuel increases. The same
criticism can be placed on the work of Evans et al. [215] who basically added hydrogen
to the fuel mix of the work in [212] and imaged the resulting flame using a couple of
flame visualisation techniques. Measurements were taken at varying heat outputs and

gas flow rates which makes comparison of flame optical emissions spurious.

In spite of the drawbacks highlighted, these previous works on multiphase fuel burn
in gas turbine combustor rigs provide data that could be used as validation targets in
turbulent dual-fuel combustion modelling. The present study aims to add to this
limited database by trialling the co-combustion of practical fuels - diesel, biodiesel,
methane and syngas — under gas turbine conditions. Taking into account the identified
shortcomings of previous research, comparisons of the combustion characteristics of
single phase and the multiphase fuel flames of the listed fuels were made at equitable

operating conditions.
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2.8 Chapter summary

The quest for transitioning from traditional fuels to renewable alternatives or
increased utilisation of the latter in the power generation industry is occasioned by at
least three factors: rapid depletion of fossil (conventional) fuel reserves meaning that
the huge energy demands of the future must be met, at least partly, with alternative
sources; environmental sustainability which necessitates improvement on the levels
of dangerous emissions resulting from the combustion process; and the potential
economic (operating cost) benefits. Consequently, the viability of renewable fuels and
blends of renewables and conventional fuels in internal combustion engines has been
evaluated by several studies as highlighted in this Chapter. Over the years, a wide
variety of fuels have been tested. Even if some tests appear to be only academic, the
point made is that the fuel flexibility of combustion systems is constantly being

expanded. This is as true for the diesel engine as it is for the gas turbine.

Unlike in the aviation sector, fuel regulations in the realm of industrial (stationary)
gas turbines are less prescriptive and machine overall weight is not an important
factor so that there is greater room for flexibility in fuel choice and deployment. As a
result, biofuels from different sources and in different physical phases are widely
studied for possible application in stationary gas turbines. There is even a growing
interest in tapping into the so-called “hydrogen economy” such that nitrogen-based
hydrogen carriers like ammonia and derivatives of it have been investigated for

potential future use as gas turbine fuels.

Evidently, considerable research has been undertaken in relation to alternative fuels
and their utilisation in energy generation process in the internal combustion engine.
However, in the gas turbine engine, unlike in the diesel engine, studies investigating
multiphase fuel combustion operation is severely limited. Present study fills that gap
by trialling and characterising the combustion of several multiphase fuel
combinations of diesel, biodiesel, methane and syngas in a swirl stabilised gas turbine
combustor. Over and above that, the feasibility of burning blends of methanol/glycerol
with and without methane using the same set-up as the previous fuels will be

explored.
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This Chapter describes the materials and methods used in achieving the results
reported in the rest of the work. It includes both experimental and numerical
methodology description.

3.1 Experimental materials

Experiments in this thesis were carried out in the spray combustion bay in the
Thermofluids Lab of Cardiff University. The bay houses an optically accessible 20 kW
swirl-stabilised gas turbine relevant burner. Previously, Kurji [218] used the spray
combustion rig for part of his PhD experiments with limited success, reporting
operational difficulties and inefficiencies when burning liquid fuels. Upstream of the
atomiser was a liquid accumulator that utilised compressed nitrogen to pressurise the
fuel. Preliminary tests showed that the components upstream of the nozzle, in the
existing set-up, were unwieldy with liquid spray flames capable of being sustained for
only very short durations (<1 min) at a time. To overcome these issues, a simpler and
more efficient set-up was designed capable of sustaining spray flames for upwards of
forty-five minutes at a time. In Section 3.1.1 and 3.1.2, the burner together with its
upstream components are described. In later sections, the data acquisition equipment

and the fuels used in the experiments are detailed.

3.1.1 Burner

The burner set-up is made up of combustion air inlets and plenum; a liquid fuel line;
an axial swirler; a pressure atomiser and the combustion chamber. The atomiser and
swirler is presented in photographical form in Fig. 3.1 while an engineering drawing

of entire set-up is in Fig. 3.2 and Fig. 3.3.
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(a)

Fig. 3.1. Pictures of (a) pressure atomiser and (b) axial swirler.

A 2-D section with detailed dimensions and annotations is provided in Fig. 3.3. Where
utilised, gaseous fuel is supplied to one of the air inlets via a hose installed
perpendicular to that air inlet conduit. Each of the three 19 mm (outer diameter) gas
fuel and air inlets passes the air or air/gas mixture into the burner plenum which has

the axial swirler fitted to its end.

The axial swirler, Fig. 3.1(b), has a tip diameter, D, of 50 mm and a hub diameter, Dy,
of 16 mm. It has five swirl vanes each about 2 mm thick. The angle of swirl, 8, is 60°

so that from Eq. (3.1), the approximate geometric swirl number (Sy) is 1.24.

_2[L=n/D) (3.1
N7 3|1 = (Dp/Dy)?
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Fig. 3.2. 3D CAD of burner set-up.

| 130

450

AN TS

145

Fig. 3.3. Burner 2D section view showing (a) axial swirler (b) liquid fuel line (c) inlet plenum
(d) combustion air/methane inlet (e) pressure atomiser (f) emissions probe slot (g) quartz
window. All dimensions in millimetres.
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The liquid fuel atomiser utilised throughout the experiment is a Delavan 0.4 GPH
60°W pressure-swirl nozzle. It has the smallest orifice (~0.23 mm) of all Delavan
nozzles and was selected because of the relatively low liquid flow rates encountered
in the study. Pressure-type nozzles are designed to deliver optimum atomisation
(spray quality) over a narrow range of the stipulated flow capacity - in this case 0.4
GPH. The nozzle was earlier shown in Fig. 3.1(a). The chamber where combustion
takes place has a square cross-section of sides 180 x 180 mm and height of 450 mm
with a 100 x 145 mm transparent quartz window on each of its four sides. The base of
each quartz window is 23 mm from the dump plane of the combustor, thus no optical

access is possible below that point.

3.1.2 Burner upstream components

Upstream of the burner are fuel storage and delivery systems as well as flow
measurement and control devices. The liquid fuel storage and delivery system is
shown in Fig. 3.4. It consists of a fuel tank and a pipe system along the lines of which
are fluid flow devices: a filter just downstream of the tank followed by a pump then a
non-return valve. The liquid fuel pump is a Walbro GSL392 inline fuel pump and by
using a Fuelab 52501 fuel pressure regulator, the mass flow controller (MFC) receives
the liquid at 0.85 MPa. Only the set fuel flow rate gets across the MFC to the nozzle;
the rest bypasses the regulator and flows back to the tank. The MFC is a Bronkhorst
mini CORI-FLOW M14 type with a rated accuracy of +0.2% of indicated reading.

Methane and air were supplied to the burner plenum at room temperature and
metered by variable area rotameters in the range 1-12 1/min for methane and 30-150
I/min as well as 40-440 1/min for air with accuracies of +1.25% FSD for the lower
flow range and, £5% FSD for the higher flow range. Air flow was split between the
two meters to avoid operating close to the limits of the device thereby minimising
associated errors. Consequently, the rotameters, were used between 40% and 80%

of their maximum volume.
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Fuel retum line

Fuel Pressure Regulator

Mass flow controller

Fig. 3.4. Layout of burner upstream components

Syngas flow rate was controlled by means of a Bronkhorst El-flow Prestige MFC with
a rated accuracy of +0.5%. As earlier mentioned, the gases - combustion air and
syngas — were premixed prior to combustion by introducing them simultaneously into
the burner inlet air plenum. The charge undergoes further mixing as it passes through

the swirler.

3.1.3 Data acquisition equipment and settings optimisation

3.1.3.1 Optical emissions

For flame chemiluminescence measurements, a LaVision Imager Intense CCD camera
- model IRO25 (HB0769) - coupled with a LaVision IRO Intensifier (25mm V7670U-
70-P43) was used with a 60 mm focal length AF Micro-Nikkor (f/2.8) lens. The camera
was focused at the centreline of the burner capturing a plane that is £+50 mm in the
radial direction and 140 mm in the axial direction from the base of burner optical
window; the setup resulted in a resolution of 0.124 mm/pixel. C,* and CH*

chemiluminescence emissions were acquired by separately fitting bandpass filters of
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515 nm (FWHM = 10 nm) and 430 nm (FWHM = 10 nm), respectively, on the lens. The

rationale behind targeting these species is explained in Section 3.2.1.

Parametric studies were carried out to determine how imaging equipment settings,
namely intensifier gain and gate pulse width, affect measured intermediate
combustion species chemiluminescence intensity. CH* and C,* species
chemiluminescence measurements were taken for diesel as well as biodiesel flames
at flow rate in the top range of the test matrix. The emissions intensity signals from
a 13.5 kW diesel flame at an equivalence ratio of 0.8 are shown in Fig. 3.5. 250 images
captured at 10 Hz from the camera were time averaged and the maximum intensity in
the averaged image is plotted against the gain setting in Fig. 3.5 for three different
gate pulse widths. At image intensifier gain values above 50, there is a rapid increase
in the maximum species chemiluminescence intensity signal from the CCD. The
gradient of this intensity signal vs gain curve gets steeper as gate pulse width
increases. The biodiesel flames produced CH* and C,* chemiluminescence intensity
images having an average signal value equal to one-third that of diesel flames of the
same power output. Also, as seen in Fig. 3.5, the C,* species intensities from the diesel
flame is about 1.5 times the CH* species intensity at intensifier gains above 50 at the

same equipment settings.

1000 1000
—M— Gate width = 40 000 ns —l— Gate width = 40 000 ns
—@— Gate width = 60 000 ns | [—@— Gate width = 60 000 ns ®
—A— Gate width = 80 000 ns —A— Gate width = 80 000 ns /

800 800 /

600 /

600

400 / 400
/ /
200 200 ;’

Maximum CH* intensity {(a.u)
Maximum C,* intensity {a.u)

Image intensifier gain (a.u) Image intensifier gain (a.u)

Fig. 3.5. Chemiluminescence image intensity variation with intensifier amplification at
different gate pulse widths.
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To identify the ideal settings for CH* and C,* species chemiluminescence intensity
measurement that is consistent for both liquid fuels, the C,* species emissions from
the diesel flames must be used to set the top limit on equipment parameters. This top
limit must be selected to avoid CCD pixel saturation which would cause some image
information to be lost and potentially damage the CCD sensors. The goal, then, was to
select a gate width and gain value that does not oversaturate the CCD pixels (>4096

counts) from C,* signal for a diesel flame.

In Fig. 3.6, the maximum pixel count in the C.* species chemiluminescence intensity
signal from a set of 250 frames is plotted for six gain settings and three gate pulse
widths. The encircled point in Fig. 3.6 (80 000 ns gate width and gain of 60) was
selected as the maximum intensity of C,* species in any of the 250 captured images
does not saturate the CCD pixel sensor. It represents a point, among the evaluated
cases, where CCD signal is maximised while maintaining relatively low amplification
(gain) thereby avoiding clipping and reducing noise in the resulting image. The
selected imaging equipment setting was tested for biodiesel flames and found to yield

meaningful signals.

For each experimental condition, 250 images were captured at 10 Hz. This number of
images was selected by analysing a set of 600 images. The average integral intensity

of successive images up to a total of 600 were then compared with the global average.

—ll— Gate width = 40 000 ns
4000 |- (—@— Gate width = 60 000 ns i
—A— Gate width = 80 000 ns

3000 |- 5

2000 - i

1000 - 4

Maximum C,* intensity (counts)

40 45 50 55 60 65

Image intensifier gain (a.u)

Fig. 3.6. Optimal equipment settings selection
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Fig. 3.7. Chemiluminescence signal intensity variation based on number of captured images

The trend is shown in Fig. 3.7(a) and the average of the 600 images is represented by
the two blue horizontal lines, one for each of CH* and C,* species. The standard
deviation of each point from the global average is shown in Fig. 3.7(b). From both
figures, at >200 images, there is insignificant deviation from the mean value.
Therefore, each chemiluminescence test taken in the entire experimental campaign

was based on a set of 250 images.

Combustion is generally associated with the emission of light known as flames. Light
radiation, being a primary property of most flames, provide a means of obtaining
qualitative information about the combustion process. In this study, broadband flame
luminosity images from diesel blends and biodiesel blends were captured using an
Olympus OM-D E-M5 Mark II camera with a M.Zuiko Digital 45 mm £/1.8 lens with an
exposure time of 1/8000 s. Flames from the glycerol blends were captured using a

Xiaomi POCOPHONE F1 camera with a focal length of 4.15 mm and f/2.2 lens.
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3.1.3.2 Post combustion emissions

The post combustion emission measurements of NO and NO, (or NOx), CO and UHC
were done using Testo 350 XL emissions analyser with the emissions probe situated
at the centreline of the burner, 300 mm from the nozzle orifice plane. The equipment
draws flue gas through the probe into the gas preparation unit where it is suddenly
cooled to 4 - 8°C precipitating condensation. The dry gas is then filtered and passed
to the gas sensors which then issue a signal. The manufacturers [219] specify that for
NOx and CO measurements, the instrument works on the principle of ion-selective
potentiometry in which gas diffused into an electrochemical sensor reacts with a
selected electrode depending on the target gas. This reaction creates a potential
difference with respect to the counter electrode and, with a resistor connected across
the electrodes, current proportional to the concentration of the gas is generated. The
HC sensor consists of a pair of precision resistive thermal devices (RTDs) covered
with two different coatings. One is covered with a catalyst that causes an exothermic
reaction in the presence of a catalyst; the other is covered with an inert coating and
acts as a reference. Both RTDs are heated to about 510°C to increase catalytic reaction
rate. With hydrocarbons present, the catalytic RTD will have a higher heat value than

the reference thereby providing a means of measuring HC emissions.

The emissions analyser was programmed to sample flue gas for a duration of two
minutes at a measuring rate of three seconds for each test condition resulting in a
total of forty readings per experimental run. It was noted that both emissions readings
stabilised well before the last twenty readings; the average of the last twenty readings
is reported in this work. A rinse time of five minutes followed the completion of each
programmed run of the device prior to commencement of a new run to avoid
“saturating” the sensors hence causing output to drift. For the emissions reported, the
equipment has an overall measurement uncertainty of +6 % of the indicated reading.

The oxygen reference was set at 15% for the tests.

3.1.4 Fuels tested

In Table 3.1 are physical and chemical properties of the fuels tested in this work. The
fossil diesel used in the study is of the BS EN590 standard. The biodiesel was obtained
from Olleco (UK) who state it is methyl esters from lipid sources produced as per EN

14214 standard. The same batch of the liquid fuels were used throughout.
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Table 3.1. Selected properties of utilised fuels

Property Diesel Biodiesel Methanol Glycerol Methane Syngas
Approximate chemical formula CigH34® CioH360,4  CHLO C3HgO4 CH, -
Lower Heating Value, LHV(MJ/kg)  43bc 37¢ 20f 16% 50m 44
Density at 15°C (kg/m?) 850ab 880 795f 1261tk 0.656m  0.671
Kinematic viscosity (mm?/s) at 250C ~ 3.50 6.75 0.59s 965.8!" - -
Flash point (°C) 52b 1604 110 177% -188 -
Stoichiometric fuel-air ratio (w/w) 0.070 0.080 0.155 0.191 0.058 0.068

a-m refer to Refs [62, 79, 119, 122, 220-228] in that order.
*the value is reported at 200C.

Derived from waste cooking oil, the biodiesel can be classified as second-generation
type according to [60]. Methanol was obtained from Source Chemicals and had a
purity of 99.85% and the vegetable glycerine (called “glycerol” in the rest of this
work) was of 99.5% purity. It is important to note that the name “glycerol” applies
only to the pure chemical compound propan-1,2,3-triol but given the stated purity of
the vegetable glycerine utilised, it has been designated as glycerol in this work.
Utilised methane was of CP grade and obtained from BOC Limited. The surrogate
syngas (simply referred to as ‘syngas’ elsewhere) composition was 10% hydrogen,
10% carbon monoxide and 80% methane all by volume. Based on mole fraction
composition, the density, lower heating value and stoichiometric fuel/air ratio for the
syngas shown in Table 3.1 were determined. Relevant theory/formulae regarding the
calculation of properties of syngas as well as power output and equivalence ratio

determination is given in Appendix A.

The choice of diesel, biodiesel, methane and syngas are borne out of the fact that they
are all, as highlighted in Chapter 2, practical gas turbine fuels of both renewable and
non-renewable type. Testing with gas turbine relevant fuels elevates the work from
being just academic to one having practical relevance. Also, experimenting with the
different fuels and combinations under comparable operating conditions allows for
common combustion characteristics and any fuel-specific trends to be identified.
Further, the interest in glycerol stems from the real and present need for finding

value-added uses for glycerol which as discussed in Section 2.6.1.2 is recently being
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produced in surplus owing to the upscaling of biodiesel manufacture. Methanol, a
major contaminant of crude glycerol obtained from biodiesel synthesis, was utilised
primarily for glycerol viscosity reduction to enable pumping and atomisation as the
same experimental rig as with the other fuels was utilised for its combustion. Also, by
blending with methanol - a major contaminant of crude glycerol - the blend is
representative of the crude product. Overall, the intention of the present work, both
in terms of fuel choice and processing as well as injection strategy, is to be as

representative as possible of real systems.

3.1.5 Experimental operating conditions

Except where otherwise noted, the fuel combinations and other operating conditions
are as listed in Table 3.2 and Table 3.3. In all test cases, except where otherwise stated,
the fuels were combined to deliver a total heat output (THO) of 15 kW based on the
lower heating value (LHV) of the fuels as in Table 3.1. The ratio of liquid to gaseous
fuel for the THO delivered was varied from 100/0 to 70/30 in steps of 10%. The fuel
combinations were based on heat output share ratio. For instance, a 90/10
combination means that 90% of the overall heat output is set to be supplied by the
liquid fuel and the balance obtained from the gaseous fuel. This method of splitting
combusted fuels in multiphase burning was used in [229-231] and advantageous for
this study because it means a fairly constant air flow rate for all test conditions (see
Table 3.2 and Table 3.3). Consequently, cold flow characteristics are more or less
maintained across the different test cases. Mathematically, the THO is calculated
according to Eq. (3.2) in which m represents the mass flow rate of fuel and the

subscripts [ and g represent liquid and gas respectively.

Table 3.2. Operating conditions for diesel/gas flames

Diesel-methane/air flow Diesel-syngas/air flow Pressure drop
Liquid/gas fuel
rates (g/s) rates (g/s) across nozzle
proportion
Diesel Methane Air Diesel Syngas Air (MPa)
100/0 0.35 o 7.19 0.35 (o} 7.19 0.85
90/10 0.32 0.03 7.21 0.32 0.03 7.19 0.70
80/20 0.28 0.06 7.23 0.28 0.07 7.19 0.54
70/30 0.25 0.09 7.25 0.25 0.10 7.19 0.35
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Table 3.3. Operating conditions for biodiesel/gas flames

Liquid/gas Biodiesel-methane/air flow Biodiesel-syngas/air flow  Pressure drop
fuel rates (g/s) rates (g/s) across nozzle
proportion Biodiesel = Methane Air Biodiesel = Syngas  Air (MPa)
100/0 0.41 o 7.28 0.41 o 7.28 0.85
90/10 0.37 0.03 7.29 0.37 0.03 7.27 0.75
80/20 0.33 0.06 7.30 0.33 0.07 7.26 0.60
70/30 0.29 0.09 7.31 0.29 0.10 7.25 0.38

The air flow rates listed in Table 3.2 and Table 3.3 represent air flows for combustion
at a global equivalence ratio (ER) of 0.7. The air flow rate is obtained from Eq. (3.3)
in which all symbols and subscripts have their previously defined or usual meanings

and @g;0pq refers to global equivalence ratio.

THO = (LHV; x 1)) + (LHV, X 1) (3.2)
. = mg X AFRStoic,g + 1y X AFRg5ic, (3.3)
“r (pglobal

Given that a pressure atomiser was employed for diesel injection and that the pressure
upstream of the MFC was maintained, reducing flow rates across the MFC resulted in
decreasing pressure drop across the nozzle as shown in Table 3.2 and Table 3.3. As
liquid flow rates reduce, the valve of the MFC progressively closes thereby increasing
the fluid pressure loss. With the loss of pressure in this manner, trials conducted at
flow rates corresponding to liquid/gas ratios below 70/30 were of very poor spray
quality thereby adversely affecting combustion efficiency. Consequently, the
chemiluminescence and emissions tests carried out with the liquid fuels listed in Table

3.2 and Table 3.3 were limited to the range stated therein.
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3.2 Experimental methodology

3.2.1 Chemiluminescence

Because combustion environments are dangerous and restrictive, non-intrusive flame
diagnostics techniques enjoy wide application in flame analysis since they yield fairly
accurate results while providing safe access to the hostile environment.
Chemiluminescent measurement is one of such techniques providing reliable
information about the operating conditions of a combustion process without any
external influence on the flame. Chemiluminescence refers to light emitted by
molecules chemically created in an excited energy state when they undergo radiation
to relax to a lower energy state [232]. Key chemiluminescent species in hydrocarbon-

air flames are CH*, OH¥*, C,* and CO»* [233, 234].

The reactions producing these excited radicals involve intermediate combustion
species. The characteristic wavelengths and the reactions leading to the formation of
these species are shown in Table 3.4 which is reproduced from [235]. OH* species
have been identified as being formed through three reactions listed as R1, R2 and R3
in Table 3.4. CH* species on the other hand are formed via the pathways shown by R4

and R5. The other two species, C,* and CO,* are formed via reactions R6 and Ry

respectively.
Table 3.4. Reactions producing chemiluminescence radicals
Radical Relevant reactions Wavelength (nm)
OH¥* R1: CH+ 0, - CO + OH" 282.9, 308.9
R2: H+0+M-O0H" +M
R3: OH+ OH +H - OH" + H,0
CH* R4: C,H+ 0, - CO,+ CH* 387.1, 431.4
R5: C,H+0 - CO+CH”
Co* R6: CH,+C - C,”+H, 513, 516.5
CO.* R7: CO+0+M-CO,"+M 350 - 600
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Fig. 3.8 reproduced from [236] shows the chemiluminescence spectra for natural gas
combustion in air with the CH* and C,* species clearly prominent. Similar
investigation has been carried out by other such studies [237] as well as industrial
scale experiments using combustors from OEM’s like Alstom (EV-10) [238] and
Siemens (SGT-700/800) [239]. It should be noted, though, that the excess energy
contained in an excited molecule is not wholly removed by chemiluminescence. Inter-
molecular reaction or a non-reactive collision (called quenching collision since it
occurs without emission of light) may lead to energy loss in an excited species.
However, the spontaneous emission of light that is out of proportion to that expected
from thermal emission has been utilised as a ‘signature’ for flames. Commonly, and
as demonstrated in Fig. 3.8, a relationship between equivalence ratio and radiation
intensity associated with one or several of the key radicals is established and used in

combustor flame monitoring [240, 241].
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Fig. 3.8. Typical chemiluminecsence spectra of natural gas-air flame at different equivalence
ratios (¢). Reproduced from [236].
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Fig. 3.9. Emission spectra of oil and gas flames. Reproduced from [235]

The species targeted in this study - C,* and CH* - were selected because not only are
they good indicators of heat release rate in hydrocarbon flames but also their emission
spectra are prominent in gas/oil fuelled combustors with clearly identifiable peaks at
the selected bandwidths [119, 234, 235, 242, 243]. A spectra for gas and oil flames is

pictured in Fig. 3.9.

The intensity of light emitted via chemiluminescence by species like C,* and CH* can
be accurately detected if broadband light emission is filtered out. Accordingly, for CH*
chemiluminescence intensity measurement, a bandpass filter centered at 430 nm was

utilised, and for C.*, a filter centred at 515 nm was used.

3.2.1.1 Chemiluminescence data interpretation and analysis

As mentioned and justified in Section 3.1.3.1, 250 images per set were captured using
the LaVision imaging set-up described in the same section. DaVis 7.0 software
provided not just an interface between the imaging system and a computer but also
provided required image processing capability. Temporal averaging, background
correction and cropping of the raw chemiluminescence images were done using DaVis

7.0. Preliminary processing and presentation of chemiluminescence intensity images
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often involve these methods [244, 245]. Further, chemiluminescence, being a line-of-
sight technique, includes radiation from both in front and behind the focal length of
the camera lens [246]. The line-of-sight images require reconstruction in order to
extract an exact spatial distribution of the radicals. Different tomographic techniques
such as Abel deconvolution, onion peeling and filtered back projection methods have
been developed for this purpose [247]. Among these, the Abel deconvolution
technique using the Abel inversion method provides a concise and exact solution for
two-dimensional rendition of radical distributions in an axisymmetric flame [247].
The Abel inversion of chemiluminescence images in this work was adapted from a
MATLAB code developed by Runyon [82] based on an open source MATLAB algorithm
by Killer [248] which in turn was based on an Abel inversion method described by
Pretzler [249]. Runyon [82] explained that “this Abel inversion is based on a Fourier-
series-like expansion which projects the radial pixel intensity distribution function
onto a theoretical 2-D plane through cosine expansions”. As earlier mentioned, a key
assumption in the Abel inversion method is that the flame is symmetric about a central
axis. The atomiser and swirler used in the experiments imparts a conical shape on the
flame for the most part and only the temporally averaged image is used for Abel
inversion therefore the assumption of an axisymmetric flame is deemed valid in this
work. A sample of the Abel deconvolution code used in this work is shown in Appendix

B.

In order to compare the chemiluminescence intensity levels of single phase and
different multiphase fuel combustion tests, the concept of integral intensity was
utilised. In this work, integral intensity refers to the pixel-wise sum of all
chemiluminescence intensity values across a temporally averaged and background-
corrected image. Related to this and adapted from [237], the magnitude of signal
intensity fluctuation from frame to frame has also been used to compare different

operating points in the context of flame stability.

3.3 Numerical tools and methods

3.3.1 Chemical kinetics modelling
To provide a computational idea of adiabatic flame temperature and volumetric heat

release rate of the different experimental tests, CHEMKIN-PRO software was utilised
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[250]. The equilibrium model was used and solutions were based on an adaptive grid
of 1000 points in all cases. The chemical kinetics mechanism used for diesel fuel
modelling was created by Lawrence Livermore National Laboratory [251]. The
reaction mechanism comprises of 323 chemical species with n-C,H;s selected as diesel
surrogate. The biodiesel mechanism used was developed by the CRECK modelling
group [252] and comprises of 177 species and 2904 reactions. Although biodiesel
combustion kinetics involve several hundred to thousands of species, the reduced
mechanism of Ranzi et al. [252] achieves reasonable simulation accuracy of main

combustion properties [253].

3.3.2 Turbulent flow simulation

Modelling swirling or rotating flows is challenging because they are highly turbulent
and associated with unsteady motion in which there is a wide fluctuation in both time
and space of transported quantities like mass and momentum. The range of length
and time scales involved in practical turbulent flows like swirl combustion, especially
given its chaotic and transient nature, makes it impractical to resolve all the relevant

flow scales using direct numerical solutions [254].

As a result, two approaches of modelling the behaviour of turbulent flows are mainly
used in engine studies: (1) Scale resolving simulations like the Large Eddy Simulation
(LES). In LES, the largest flow structures (eddies) are resolved in part of the
computational domain - capturing local unsteadiness in that region of the flow - while
eddies smaller than the mesh are modelled and (2) Reynolds Averaged Navier-Stokes
simulation (RANS) which models all turbulence offering a steady-state simulation of
turbulent flows. Despite the potential of yielding less accurate solutions than LES,
RANS models - because of the smaller computational cost and the fact that most
practical flow applications demand only time-averaged solutions - are favoured [255].
Som et al. [256] showed that the prediction accuracy of global spray characteristics
like liquid and vapour penetration length, mixture fraction and flame lift-off length
by LES is not very dissimilar from RANS models when compared to similar

experimental data from Sandia National Laboratories.

In this work, the finite-volume based commercial CFD package, ANSYS Fluent was

utilised to simulate swirl reacting and non-reacting flows. It incorporates models for
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spray injection, atomisation and break up, turbulence and droplet collision and
coalescence whilst enabling atomiser design in terms of injection-property
specifications like fuel flow rate, orifice diameter, upstream pressure, and spray half
angle. In view of the foregoing paragraph, a RANS model (realizable k — &) was
employed to describe the flow field. The governing equations were solved implicitly
using the finite volume method in which a second order scheme was used for spatial

discretization.

3.3.2.1Governing equations

For all flows, Ansys Fluent solves conservation equations for mass and momentum.
As the current calculation involves species mixing or reaction and heat transfer, the
species conservation equation and conservation equation for energy are also solved.
Further, since the non-premixed combustion model was used, the conservation
equation for mixture fraction and its variance are solved as well and transport

equations are also solved since the flow is turbulent.

The Reynolds Averaged Navier-Stokes equations of motion are written in conservation

form as follows. All equations in this section are from the Ansys Fluent theory guide.

Continuity equation:

ap 0 e (3.4)
ac t o, ) =P

Conservation of momentum equation:
0 0 9] ou;  Ju; op . o, — (3.5)
_ . — ) = — DAL A |} L FS 4 — T 7
5c () + 5 (ouy) =5 [" (axj * Oxi>] o, PIT o (")
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Conservation of energy equation:

.6
—(p Jto (pu ho) (3.6)
0 kpy+ke|0(hg —u?/2 ¢ 0 0
_ t (0 /) z ; __Zhj]ji+_p
axi Cp 6xL 0x; ; Jt
0 .
T %, (Tieur) +Sp + Q
Conservation of species equation

(3.7)

(P W+ (Pu Y) = x.]i +R; +p%6;
l

The net source of chemical species i due to the reaction is computed as the sum of the

Arrhenius reaction sources over the N reactions in which the species participate:

Ng (3.8)
R; = M,,; Z Rir
r=1
For the r-th reaction written generally as:
N , kf,r N (3-9)
ZV ir Mi & ZV"i,r M;
i=1 kpr i=1

For a non-reversible reaction, the molar rate of formation and destruction of species
i in reaction r is calculated by the equation below where I' presents the net effect of

third bodies on the reaction rate.

N A (3.10)
" ! n jr n jr
Ri,r = F(V ir—Vir) kfﬂ” H{Cj,r} g g
j=1
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I" is defined by:

Ny
= z ¥irG
7

(3.11)

For liquid fuel combustion, the Discrete Phase Model (DPM), which calculates the
trajectories of motion for individual particles was utilised. The model predicts the
particle trajectories of the discrete phase by integrating the transport equation
written in Lagrange form (for x-direction):
du, Ry gx(pp p) (3.12)
dt ¥ ) Pp
Where F, represents additional forces like the “virtual mass” force - the force required
to accelerate the fluid surrounding the particle and given by:

1pd

(3.13)
Fy Zp dt(u up)

The term Fj (u - up) on the other hand is the drag force per unit mass of the particle

and is given by:

18u CpRe (3.14)
ppdpz 24

D=

Turbulent dispersion of the DPM is modelled by stochastic tracking (discrete random
walk) in which the interaction of a particle with a succession of discrete fluid phase
turbulent eddies is simulated. It accounts for local variations in flow properties and
recommended over the alternative - cloud tracking model - for use in complex
geometry. Fluent predicts the trajectories of the turbulent flow using the mean fluid
phase velocity, @, in the trajectory equation (Eq. 3.12). Integrating this equation in

time yields the particle velocity at each point along its trajectory, with the trajectory

itself predicted by:
dx (3.15)
dc P
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Equations similar to (Eq. 3.12) and the above are solved in each coordinate direction
to predict the trajectories of the discrete phase. Assuming that the term with the body
force stays constant over each small interval of time, and linearizing any other forces

acting on the particle, the trajectory equation can be simplified as:

du 1 (3.16
aup _ L 3-16)
dt T =up)

Liquid spray droplet size distribution is represented using the Rosin-Rammler
expression with the entire range of sizes divided into an adequate number of discrete
intervals; each represented by a mean diameter for which trajectory calculations are

done. The mass fraction of droplets of diameter greater than d is given by

Y, = e (@/D" (3.17)

3.3.2.2 Model boundary conditions

Calculations were performed for four different compositions of diesel/methane as in
Table 3.2. A finite-volume based commercial CFD code - Ansys Fluent 2019 R1 - was
employed for the study. The combustion simulation was carried out in Ansys Fluent
with the injections settings of the discrete phase model enabling atomiser design in
terms of injection-property specifications like fuel flow rate, orifice diameter,
upstream pressure, and spray half angle; the selected atomiser was pressure-swirl
type and the number of streams tracked was 200. Also, as previously mentioned, the
turbulent dispersion of the droplets is modelled by stochastic tracking using the
discrete random walk model with a random eddy lifetime. The liquid fuel was

designated as the primary fuel stream and methane, the secondary fuel stream.

The boundary conditions: a mass flow inlet and a pressure outlet were appropriately
defined as in Table 3.5. Monitors of mass-weighted averages of the H,O and CO. at the
combustor outlet were set and together with the discrete phase mass in domain and

evaporated mass, good convergence was determined.
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Table 3.5. Boundary conditions

Oxidiser
Type Air
Constituents 21% 0O2; 79% N
Inlet temperature 300K
Inlet pressure 1 atm
Flow rate variable
Liquid Fuel
Type Diesel
Formula CioHz2
Inlet temperature 300K
Upstream pressure variable
Flow rate variable

Gaseous Fuel

Type Methane
Formula CH,
Inlet temperature 300K
Upstream pressure 1 atm
Flow rate variable

Outlet
Type Pressure outlet
Pressure 0 atm

3.4 Chapter summary

The materials used in the experiments reported in this work were highlighted in this
Chapter. This included a description of the burner system; the utilised fuels and their
properties; the fuel injection methods; and the fuel combinations. The measurements
taken and the methods used in optimising, obtaining and processing data from the
experiments were also explicated. In addition to the experimental methodology, the

numerical methods and its underlying principles have been discussed in this Chapter.
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In this Chapter, numerical modelling of the combustion domain including non-
reacting and reacting flow behaviour is investigated using the commercial CFD
software Ansys Fluent.

4.1 Introduction

Preliminary experiments were carried out on the combustor to determine operating
conditions that are practicable. The working operating conditions are detailed in
Chapter 3. In this Chapter, the combustion of one of the fuel combinations -
diesel/methane - has been modelled using Ansys Fluent 2019 R1 with the combustion
domain being a full-size model of the actual burner. The axial swirler which impacts
the air/gas fuel through it is incorporated into the calculation as is the experimental

liquid fuel injection strategy — pressure-swirl atomisation.

The aim is to model the burner operation particularly in terms of non-reacting flow
dynamics - the gas flow pattern and how operating conditions affect it as well as the
diesel spray characteristics as operating conditions change. Over and above these,
reacting flow parameters like temperature distribution and emissions characteristics
were numerically investigated. Together, these offer an insight into expected

conditions that may not be evident in practice.

4.2 Mesh Independence Study

The geometry forming the computation domain, Fig. 4.1 (a), was designed using
Solidworks 2019. The numerical modelling was carried out on a student version of

Ansys Fluent. This version limits the number of cells in a mesh to 512, 000.
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As such, three different meshes were generated with 381 081, 424 719 and 506 856
cells. As shown in Fig. 4.1, care was taken to refine the mesh in the area containing

the swirler in order to better capture flow behaviour in that region.
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Fig. 4.1. (a) Solidworks CAD model of burner showing swirler (b, ¢, d) meshing with Fluent
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Ansys Fluent’s task-based workflow for watertight geometries was utilised for
meshing using the following steps: CAD import, surface mesh, geometry description,
flow-volume extraction and then volume meshing. In each of the three mesh sizes,
grid size was refined in the area containing the swirler (see Fig. 4.1(d)) to better

capture fluid dynamics there and the grid quality was over 0.25 in all cases.

Reacting flow simulation was carried out on the three models to determine the extent
to which the computational solution depends on the number of cells in the mesh. The
total temperature distribution along the axis of the burner from the nozzle orifice
point to the centre of the combustor outlet was used as the indicator. The calculation
result, shown in Fig. 4.2, reveals that there is hardly any difference in burner axial
temperature distribution as the number of cells in the grid varied. The mesh with 506

856 elements was ultimately used for calculations.
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Fig. 4.2. Total temperature distribution along combustor axis
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4.3 Calculation convergence criteria

Residual monitors were not used to monitor convergence. Instead, DPM and surface
report definitions were used as recommended by [257]. DPM report definition was
created to track the total mass present in the domain and the mass of the evaporated
droplets. Also, the mass weighted average of H,O and CO, on the outlet of the
combustor was plotted as a surface report definition. From the plots in Fig. 4.3, which
are the convergence history of the different parameters for the 100/0 case, it can be
concluded that the solution is converged because the spray and flow products tracked

are constant. Similar plots are available in Appendix C for the other test cases.
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4.4 Analysis of gas flow through swirler

A key component of the gas turbine combustor utilised for the experimental studies is
the 5-vane axial swirler that is fitted with its top surface flush with the nozzle exit
plane and dump plane of the burner. The swirler imparts a spiralling pattern to the
air flow as it passes through the swirler as seen in Fig. 4.4 which are the velocity
streamlines as seen from (a) an isometric perspective (b) the burner outlet and (c) a

plane clipped midway through the burner and normal to its longitudinal axis.
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Fig. 4.4. Effect of swirler on air flow through it
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Fig. 4.4 (a) shows that the flow gets twisted as it exits the swirler onto the dump
plane of the combustor. The spiralling of the flow is clearly observable from the top
view (c). In addition, (a) shows that around the bottom edges of the burner, relatively
low-velocity random flow circulation occurs. Also, this is noticeable in and around the
centre of the burner in the clipped plane (c). The creation of flow recirculation zones
in the combustion domain as a result of the swirling flow is the essence of utilising a
swirler in gas turbine combustion. These zones enable a recirculation of the hot
combustion products so that the incoming fuel/air mixture can be ignited, anchored
and sustained. The velocity vector contours shown in Fig. 4.5, for the different LGRs
used in the experiment and on a plane along the longitudinal axis of the burner, reveal
that air flow through the swirler results not only in the creation of a central

recirculation zone but also an outer recirculation zone at the edges of the burner.
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Fig. 4.5. Velocity contours at the flow rates for the different experimental LGRs
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One-equation turbulence models will be inadequate for the non-equilibrium turbulent
flow conditions in these recirculation zones thereby further supporting the use of two-
equation models for this study. It is important that the flow dynamics across the test
cases be approximately maintained if comparisons among the cases are to be deemed
valid. This appears to be the case for all the experimental instances given the not-too-
different fluid flow rates involved. The range of velocities in all of the four instances
stays more or less the same. It is clear from Fig. 4.6 that as the fluid mass flow rate
increases so does the velocities in all its components. Therefore, if as is the case for
the experiments, the goal is to maintain non-reacting flow conditions in order to
ensure that any differences in combustion results are due to LGR variation, the overall

flow rate in through the swirler cannot vary greatly.

The trend in the graph of Fig. 4.6 is reflected in the vector contours of Fig. 4.7 which
depicts the flow circulation at one flow rate and at 1.5 times as well as twice that
flowrate. Also, the size of the recirculation zone changes considerably as air flow rates

alter. This is shown in Fig. 4.7 which is the vector contours at different flow rates.
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Fig. 4.6. Effect of mass follow rate through swirler on different velocity components.
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Fig. 4.7. Velocity contours at different flow rates.

4.5 Liquid fuel spray characteristics

The behaviour of the evaporating diesel spray was modelled taking into account the
changes in flow rate and pressure drop as LGR varies. To predict the behaviour of the
diesel spray as it exits the pressure-swirl nozzle, Ansys Fluent’s discrete phase model
is used including, as highlighted earlier, a secondary model for spray break-up
simulation. The interest here is mainly the trajectory and flow characteristics of the
spray droplets as it exits the atomiser. The discrete phase (diesel spray) was modelled
as being dispersed in the continuous phase and the coupling between the two phases

and its impact on the discrete phase behaviour was included.
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Fig. 4.8. Diesel spray droplet diameter symbolised by balls sized by the droplet diameter.
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Fig. 4.10. Spatial distribution of diesel spray droplets at different test conditions

The diesel spray droplet size and velocity distribution are shown in Fig. 4.8 and Fig.
4.9 respectively. The spray is formed around a 60° cone with the vertex at the tip of
the nozzle. This dimension is selected for the simulation as it is the same as the nozzle
angle used for experimental studies. As expected, the spray droplet velocities are
highest at the nozzle exit plane and are observed to drop considerably further
downstream. The droplet diameters, on the other hand, appear to be more uniformly
distributed in the spray across all test conditions. As shown in Fig. 4.10, at a plane 25
mm from the nozzle exit plane, diesel spray diameter distribution is similar from
100/0 to 70/30 diesel flowrates. The droplets are concentrated around an
approximately 20 mm radius from the nozzle orifice. However, as observed in Fig.
4.10, further downstream of the orifice, at a plane 100 mm from it, the spatial
distribution of the spray becomes different as flowrates alter. While the outer extent
is similar in all cases, the hollow centre without any droplets gets wider as flowrates
increase. Comparing 100/0 with 70/30, it can be seen that droplets in the latter
occupy a wider area than in the former with the difference occurring in the inner

boundary of the spray.

Additional spray characteristics are graphed in Fig. 4.11. These include the spray

droplet evaporation/devolatization rate, D32 - the representative diameter of the
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Fig. 4.11. Spray droplet characteristics (a) evaporation/devolatisation rate (b) D32 (c) DPM
velocity magnitude (d) penetration.

spray, the spray maximum velocity magnitude and the maximum penetration. The
values plotted are the average values for the spray. The trend of spray
evaporation/devolatization rate show that despite the previously noted distribution
over an increasingly larger area as LGR decrease, the droplets have a faster
evaporation rate as LGR increases. This is probably due to a combination of the other
plotted factors. Take the D32, it is observed to steadily increase as conditions change
from 100/0 to 70/30. As the representative diameter of diesel droplets increase so
does the difficulty in evaporation. Also, at higher LGRs, droplets enjoy deeper

penetration possibly driven by the associated higher initial velocities.

4.6 Temperature distribution

One key evidence of combustion reactions is a change in flow temperature. The
temperature contours of combustion of diesel and different compositions of
diesel/methane is shown in Fig. 4.12. The plane on which the contours are shown is
one that is along the centre of the longitudinal axis of the burner. The contours show

that with addition of methane to the reaction, a region of low temperature around the
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nozzle exit plane develops. It would seem that it is in this region that the ultra-lean
methane component of the fuel burns. This combustion regime provides heat in
addition to that from recirculation currents to support the combustion of diesel

further downstream.
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The temperature contours are a picture of the temperature distribution in the tested
cases painted along a single plane across the longitudinal axis of the combustor.
Whereas it offers a good representation of the reaction zone along that plane, it has
to be borne in mind that the combustion of diesel and diesel/methane blends is a
three-dimensional turbulent process hence the non-uniform temperature distribution

particularly at the edges of the plane.
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Fig. 4.13. Mass-weighted average of (a) temperature (b) CO emissions and (c) NOx emissions
at combustor outlet plane.

90



DUAL FUEL COMBUSTION MODELLING

Comparing the temperature, or indeed pollutant emissions, at a single point may thus
be misleading. Consequently, the mass-weighted averages at the combustor outlet of
temperature, NOx and CO emissions has been utilised for the sake of comparison. The

mass weighted averages of these parameters at the combustor outlet is shown in Fig.

4.13.

Fig. 4.13 shows that the temperature and NOx emissions data follow the same trend -
decreasing as LGR decreases. The temperature trend is consistent with the previous
observation regarding evaporation rate, spray penetration and spray SMD values. The
observed trend in these parameters is such that they, individually or when combined,
cause flame temperature trend shown. The flame temperature in turn determines NOx
emissions especially as the thermal NOx model dominates in the simulation. As for CO
emissions: diesel spray droplets increase in size as gas fraction increases leading to a
lower evaporation rate. As evaporation timescales increase, combustion becomes
increasingly inefficient leading to a rising CO emissions trend. If only trends are
considered and not the absolute values of these emissions, there is good agreement of
the computer simulations with experimental studies for diesel/methane combustion

which are discussed further in Chapter 5.

4.7 Chapter summary

This chapter set out to numerically model the combustor utilised in the experiments
and to simulate experimental conditions. The main information derived from the
simulation were: swirler impact on gas flow through it; liquid spray characteristics
and temperature distribution in the burner as well as prediction of regulated

emissions.

Take the effect of the swirler on air flow. It was observed that the swirler imparts a
spiralling pattern to the flow as it passes through it creating not only a central but
also outer recirculation zones. In line with the theory, these zones serve to anchor and
stabilise the flame by causing flow recirculation currents that entrain hot combustion
products. It was also noted that the mass flow rate through the swirler affects the
magnitude of the flow velocity components - increasing mass flowrates causes

increased axial, radial and tangential velocities. It is therefore important, if non-
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reacting flow dynamics is to be maintained, to keep overall flow rates through the
swirler fairly constant. This knowledge informed the operational conditions selected
for the subsequent experiment - keeping air flow rates fairly unaltered whilst

maintaining power and equivalence ratio.

As for the liquid fuel spray, it was observed that as operating conditions change, spray
droplet diameter and the spatial distribution of the droplets are altered. So does other
parameters like spray velocity, evaporation rate and penetration. Of these, spray
droplet size and evaporation are key in combustion. An increase in the representative
diameter of droplets - D32 - was observed with decreasing LGR and, unsurprisingly,

this was accompanied by a steady decrement in spray evaporation rate.

One key feature from the temperature contours plotted along a plane on the
longitudinal axis of the burner is that with the addition of methane to the combusting
diesel spray, a low temperature combustion regime develops just downstream of the
nozzle exit plane likely dominated by ultra-lean methane burn. The mass-weighted
averages at the combustor outlet of reaction temperature reveals that with the
addition of methane, temperatures drop. Also, mass-weighted averages of CO and NOx
emissions show an increase in the former and a decline in the latter as LGR decreases.
The trends of these emissions are consistent with the experimental results as

presented in Chapters 5 - 7.

In conclusion, this Chapter offered insight into the flow dynamics and thermal
distribution aiding with experimental decisions and understanding of outcomes. For
instance, the considerable difference in flow dynamics as flowrate through swirler is
altered informed the experimental decision to keep flow rates approximately

constant.
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This chapter presents and discusses the results obtained from the simultaneous
combustion of blends of diesel/methane as well as diesel/syngas in a swirl-stabilised
gas turbine relevant combustor rig.

5.1 Introduction

There is no shortage of experimental and numerical studies on combustion of blends
of different fuels in a single phase in gas turbines. The goal of such studies is not only
to determine the impact of multi-fuel combustion on emissions performance but also
to improve the fuel flexibility of the gas turbine which is a workhorse for power
generation across the world. However, studies on multiphase fuel combustion in gas
turbine engines are severely limited whereas there exists a need, in view of energy
security challenges, to investigate the potential expansion of the fuel flexibility of the
gas turbine in this manner. In fact, one of the main gas turbine OEMs claim to, at
present, have engines with dual-phase fuel capability allowing continuous operation
even as fuels are switched with plans for further expansion [222]. In such systems it
is important that the flame dynamics during the changeover period, however brief it
lasts, be understood to avoid stability and extinction issues. Further, such knowledge
will be useful for multiphase fuel combustion in gas turbines where gas/liquid fuels
are continuously combusted or in staged combustion modes involving multiphase
fuels. To that end, Chapters 5 and 6, utilises fundamental flame diagnostics methods
to explore simultaneous combustion of liquid and gaseous fuels in a 20 kW gas turbine

relevant burner.

In this Chapter, optical and flue gas emissions from the co-combustion of three blends

of each of diesel/methane and diesel/syngas are presented alongside that of neat
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diesel combustion. The optical emissions are C,* and CH* species chemiluminescence
from the resultant single and multiphase fuel flames and provide information about
the heat release rate, reacting flow dynamics and flame stability of the reacting flows.
The flue gas emissions presented are those of NOx, CO and unburnt hydrocarbons
(UHCs) and have been discussed in the context of chemical kinetic analysis as well as
diesel spray characteristics. Over and above the foregoing, flame luminosity images
of the tested fuel combinations are presented providing a visual comparison of the

combustion zone as test conditions change.

Combustion tests were carried out at a constant global equivalence ratio of 0.7 and at
a total heat output of 15 kW except for flammability range determination. Initially,
the delineation of the limits of stable flame operation for two dual phase fuel
combustion cases were determined and are presented in comparison to neat diesel

burn.

5.2 Limits of Stable Flame Operation

Prior to taking measurements of optical and post combustion emissions, the ranges of
stable flame operation for single and workable dual phase combustion of
diesel/methane and diesel/syngas were determined. The method used in delineating
the region of stable burning in the combustion experiments was adapted from that
outlined in Lefebvre and Ballal [24] which involves carrying out a series of extinction
tests and noting the lean and rich extinction limits of the combusted fuel.
Consequently, diesel/methane and diesel/syngas flames were established at different
total heat outputs (THO) and for each THO, combustion air flow rate was gradually

increased until flame extinction occurred - the lean limit.

Also, after re-establishing the flame at the same THO, the air flow rate was gradually
reduced up to the rich extinction point so as to determine the corresponding rich limit.
The results for the diesel/methane flame are presented in Fig. 5.1 while that of the

diesel/syngas flame are plotted in Fig. 5.2.
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Each data point on the ‘lean’ section of both plots indicates the air mass flow rate and
overall air-to-fuel ratio (AFR) attainable for a specific power output delivered by the
neat diesel fuel or some combination of diesel and gas fuel. There is also a
corresponding point for rich extinction at the same power output in the ‘rich’ section
of the plots. The plotted power output range for diesel/methane combustion is from
6 - 20 kW in increments of 2 kW. As for diesel/syngas, the considered heat output
range are 6 — 18 kW in steps of 2 kW for the 100/0 case; 8 - 18 kW in steps of 2 kW
for the 90/10 case; and 10 — 18 kW in steps of 2 kW for the 80/20 case. Stable flames
were difficult to establish and impossible to sustain at 6 and 8 kW for the 80/20
diesel/syngas case over a reasonable range of air flow rates hence their exclusion in
the plot. The same was true for a heat output of 6 kW for the 90/10 diesel/syngas
case. These difficulties were absent for diesel/methane combustion signalling a
difference in the reacting flow characteristics of methane and the selected syngas
mixture. However, a 70/30 mix of both fuel combinations suffered from the same

stability issues and therefore stability range data was not acquired from that blend.

In both Fig. 5.1 and Fig. 5.2, the area beneath each curve represents the region of
stable burning for the particular fuel combination represented by the curve. Outside
the region enclosed by the curve, no flame can be sustained at the specified power
output. Also, for both diesel/methane and diesel/syngas combustion, flame stability
limits is observed to decrease as LGR decreases from 100/0 to 80/20. The increasingly
greater momentum of the swirling stream of gas fuel/air as air flow rate is increased
causes the rate of diffusion of diesel spray droplets from the combustion zone to
exceed the rate of recirculation of hot combustion products necessary to sustain the
flame. As LGR decreases, this occurs sooner as the comparatively larger diesel spray
particles require longer evaporation timescales and hence the hot combustion

products are not as rapidly formed as in the finer spray of the 100/0 case.

The claim of declining spray evaporation rate as LGR reduces is supported by Fig.
4.11(a). And apart from Fig. 4.11 (b), Fig. 5.3 shows that diesel spray droplet size gets
increasingly bigger as LGR decreases. Fig. 5.3 graphs the trend of diesel spray quality,
in terms of Sauter mean diameter (SMD) as LGR changes. Decreasing the liquid flow

rate causes a reduction in pressure drop across the nozzle as highlighted in Table 3.2.
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Fig. 5.3. Diesel SMD variation with increase in gas ratio of combusted fuel as predicted using
Radcliffe’s correlation.

This in turn leads to a loss in spray atomisation quality as evinced by the increase in
SMD values (Fig. 5.3). Radcliffe’s SMD correlation equation (Eq. 2.1a), proven in [66]
to best predict Sauter mean diameter (SMD) of spray droplets for the type of nozzle
utilised in the present study, was used to estimate the variation of SMD as liquid flow

rates change based on the fuel combinations tested.

Apart from the foregoing analysis on the influence of atomisation quality variation,
alteration in reacting flow dynamics as the gaseous fuel is introduced into the diesel
spray may also be contributing to the reduction in stability limits shown in Fig. 5.1
and Fig. 5.2. This is because the distribution of the intermediate C,* and CH*, shown
in Fig. 5.4 and Fig. 5.5, suggests that with more than 10% syngas or methane present,
combustion reactions commence and end faster with greater reactivity away from the
burner centreline and more towards the edges of the burner. Although the
chemiluminescence images of Fig. 5.4 and Fig. 5.5 represent a single equivalence
ratio, highlighting the reaction flow dynamics as test conditions change. One of the
impact lessons is that reaction near or around the burner centreline diminishes as
LGR decreases. Hence the diesel spray, initially concentrated within a 60° cone angle
around the burner centreline, has to diffuse to or around the burner edges in order to
participate in the reaction. The finer spray particles in the 100/0 case would be

superior in this regard compared with the 9o/10 and 80/20 cases.
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As a consequence of the above discussed factors namely, inferior atomisation quality
as LGR decreases and reaction flow dynamics that prove increasingly unfavourable
for stable flame operation with reducing liquid fuel spray, the attainable stability
range in dual phase fuel combustion is worse off than neat diesel burn. The noted
contraction in the range of air-fuel ratios over which stable flames exist as fuel LGR
changes must not be misconstrued as being same for flame stability at a particular
operating point. In fact, as shown later, diesel flame stability improves when co-
combusted with 20% or 30% gas. Nevertheless, the reduction in stable flame
operating range is undesirable for gas turbine combustors and, given the explanation
offered, a different injection strategy for the liquid fuel that does not significantly
alter atomisation quality as flow rates change like the air-blast nozzle may yield

improved results.

5.3 Optical Emissions

A false colourmap representation of the distribution of C,* and CH* species in diesel
and diesel/methane flames at 15 kW and equivalence ratio (ER) of 0.7 are shown in
Fig. 5.4. The images are normalised to the highest intensity for each species across
the entire range of fuel blends shown. Likewise, Fig. 5.5 shows the chemiluminescence
emissions of C,* and CH* species in diesel and diesel/syngas flames at 15 kW and ER

of 0.7 normalised to the highest emissions intensity for each species.

In both figures, whereas both species have a U-shaped distribution about the
centreline of the burner for the 100/0 case, in the multiphase cases, the distribution
of C,* and CH* species assume more of a V-shape with the species spreading further
away from the burner centreline towards the edges and all but separating in the
middle for the 80/20 and 70/30 cases. A possible explanation for this, and supported
by [258, 259], is that the central recirculation zone is weakened while the outer
recirculation zone is strengthened as the local equivalence ratio of the of the swirling

flow increases with increase in gas fraction in fuel mix.
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Evans et al. [215] noted similar appearance in swirling n-heptane-NG/H, flames

claiming that fuel was being drawn out from the inner reaction zone to the outer

branch of the flame and the findings here are in agreement.
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diesel/syngas flames normalised to the highest intensity in each category. Flow is from

bottom to top.
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Also, it appears that in the multiphase combustion cases, the reaction zone is closer
to the nozzle orifice plane compared to 100/0 case. Thus it would seem that
introduction of gaseous fuel into the burning diesel spray causes a quicker onset of
C.*/CH*-forming reactions as higher concentrations of these species are evident well
before the 20 mm axial position in the multiphase cases compared to the 100/0 case.
Moreover, the reactions forming the intermediate combustion species, appear not
only to start sooner but also to end quicker in the multiphase cases in relation to the
100/0 case as evident in the axial distribution of the species in both Fig. 5.4 and Fig.
5.5. This is likely due to the fact that the lower liquid flow rates at 70/30, for instance,
has poorer spray quality than the flowrate at 100/0 given the atomiser employed (as
shown in Fig 5.3) thereby requiring a longer evaporation timescale, a fact
corroborated by the predictions from Ansys Fluent shown in Fig. 4.11(a) and Fig

4.11(b).

Increasing the gas content of each fuel blend is also accompanied by a decrease in the
volumetric heat release rate and maximum flame temperature as shown by chemical
kinetics analysis (Fig. 5.6). The trend of flame temperature variation seen in Fig.
5.6(b) agrees with that of Fig. 4.13(a). C,* and CH* species chemiluminescence are
reasonably good indicators of heat release rate and the intensity variation of these
species from Fig. 5.4 and Fig. 5.5 appear to generally support the trend of Fig. 5.6 (a).
Assuming that the heat release rate at a particular instance is a function of the integral
intensity (II) of either the C,* or CH* radicals at that instance, the temporal variation
of the rate of heat release from the flames were determined. This approach is similar
to that in [237] and as samples, the variation of C,* species integral intensity across
the duration of the 250 captured images is shown for the diesel/methane 100/0 case
in Fig. 5.7 (a) and for the 70/30 case in Fig. 5.7 (b). The corresponding CH* species
integral intensity is shown in Fig. 5.7 (¢) and Fig. 5.7 (d). In the same manner, the

temporal variation of the intermediate species integral intensity is shown in Fig. 5.8.
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The solid red horizontal line in each graph represents the average integral intensity
of the particular set of 250 images. As this average value varies across fuel blends, a
simple standard deviation of each data set is inadequate to enable comparison of the
temporal variability of heat release rate across the tested fuel compositions. Instead,
the coefficient of variation, the ratio of the standard deviation of each data set to the
corresponding mean value has been utilised as shown in Fig. 5.9. The multiphase
combustion cases, based on Fig. 5.9, show lesser fluctuation in heat release rate
fluctuation as gas ratio of combusted fuel increases. Lesser fluctuation in heat release
rate promotes a more stable flame. For the diesel/methane blend, the curves of Fig.
5.9 (a) indicate an approximately 4% improvement in flame stability comparing the
90/10 case to the 70/30 from the heat release rate fluctuations of both
chemiluminescence species. For the diesel/syngas blend, the extent of flame stability
improvement is predicted differently by the two species. C,* species indicate a 13%
rise while the CH* species indicate a 9% increase in flame stability comparing the

90/10 dual-phase case with the 70/30 case.
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The improvement in flame stability as gas is introduced to the combustion process, it
would appear, based on the flame luminosity images shown in Fig. 5.11, is a function
of the preferential combustion of methane near the base of the flame. This is
evidenced by the blue flame close to the nozzle orifice that increases in size as gas
content of fuel mix is increased. The earlier reaction, closer to the nozzle orifice plane,
at 20% or more gas ratios compared with the 100/0 case favours the formation and
entrainment of hot combustion products near the root of the flame that recirculate

and thereby enhance stability of the flame.

Unlike the diesel/methane blends, diesel/syngas stability across the four cases is non-
monotonic. Neat diesel combustion delivers a more stable flame than a 90/10
diesel/syngas based on Fig. 5.9 (b). The reason for this may be due to the chemistry
of the syngas used. It would seem that the ultra-lean gas fuel mixture with the intake
air in the 90/10 case is not as capable as the 80/20 or 70/30 cases in forming a distinct

combustion regime next to the nozzle orifice (see Fig. 5.11).
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Fig. 5.9. Comparison of temporal fluctuation of heat release rate for (a) diesel/methane and
(b) diesel/syngas flames at different LGRs.
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Instead, the small amount of gas, due to its nature, diffuses quickly and reacts further
downstream of the combustion zone thereby not contributing to hot gas recirculation
in the same manner as the 80/20 or 70/30 case. At the higher gas fractions of 80/20
and 70/30, there is sufficient gas in the air stream to create a gas combustion regime
early on in the process in the manner of the methane blends. This was also evident in

observation of the flames.

5.4 Post combustion emissions

The flue gas emissions from the co-combustion of diesel/methane (D/M) and
diesel/syngas (D/SG) is shown in Fig. 5.10. The error bars are the 6% uncertainty in
the readings as stated by the calibration document from the manufacturer. The
gradual and then rapid rise in CO emissions as diesel fuel fraction decreases is
attributable to several inter-related factors. First, as mentioned previously, the
reduction in diesel flow rate as LGR is altered causes a variation in pressure drop

across the nozzle which in turn results in poorer liquid fuel atomisation.

Poor liquid fuel atomisation is associated with relatively larger droplets which require
comparatively more time for evaporation and combustion. Additionally, the alteration
in reacting flow dynamics discussed in the previous section, exacerbates the CO

problem as gas fuel partly replaces diesel in the fuel mix.
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Fig. 5.10. Post combustion emissions of (a) NOx (b) CO and (c) Unburnt hydrocarbons (UHC)
for diesel/methane (D/M) and diesel/syngas (D/SG) flames at different liquid-gas ratios.
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Fig. 5.11. Flame luminosity images of diesel/methane and diesel/syngas flames.
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Second, the heat release rate trend of Fig. 5.6 (a), supported by the intermediate
combustion species average intensity variation in Fig. 5.7 and Fig. 5.8, suggests a
reduction in adiabatic flame temperature as diesel/syngas ratio changes from 100/0
to 70/30. The chemical analysis simulation supports this as shown in Fig. 5.6 (b). The
decreasing adiabatic flame temperatures as gas ratio in fuel blend increases

contributes to the graphed variation in CO emissions.

The conditions elaborated in the foregoing that prove unfavourable for CO oxidation,
serve to lower NOx emissions. Lower adiabatic flame temperature arising from
reduction in heat release rate together with shorter residence times indicated by the
shorter reaction zones as gas ratio in fuel blend increases causes a steady reduction

in NOx emissions as shown in Fig. 5.10 (a).

The trend of unburnt hydrocarbons (UHC) shown in Fig. 5.10 (c) is unusual.
Commonly, UHCs follow the same gradient as CO emissions because both are products
of inefficient combustion. However, as pointed out earlier, two combustion regimes
are apparent particularly at 20% and 30% gas ratios (see the luminosity images of
Fig. 5.11). One is the lean gas combustion in the vicinity of nozzle orifice. Musculus et
al. [260] showed that very lean mixtures near the injector can result in high UHCs yet
low CO. The second combustion regime apparent from the luminosity images, is diesel
spray entrained in potentially oxygen-vitiated recirculating air. Combined with
relatively poorer atomisation, attainable flame temperatures lessen as gas ratio
increases. Prior studies have shown that relatively low temperature combustion
regimes in flames can result in opposite gradients for CO and UHC emissions [261]. A
combination of these factors seems to be responsible for the UHC and CO emissions

relationship observed in the present study.

5.5 Chapter summary

Three blends each of diesel/methane and diesel/syngas were separately combusted in
a model swirl-stabilised gas turbine combustor to experimentally study multiphase
fuel burn in combustion turbines. Range of stable flame operation, flame stability and
post combustion emissions comparisons were made between the neat diesel

combustion and the multiphase co-combustion cases. Apart from the instance of

108



DIESEL/METHANE AND DIESEL/SYNGAS COMBUSTION

determining the stable operating range, the multiphase fuel mix and air combination

was selected to deliver a power output of 15 kW at a global equivalence ratio of 0.7.

Also, a numerical study was conducted using CHEMKIN to establish trends in heat

release rate and adiabatic flame temperature. The main findings from the study are:

1.

Both diesel/methane and diesel/syngas co-combustion in a swirl-stabilised gas
turbine burner using the strategy described in this work reduces the achievable
range of stable flame operation compared with neat diesel combustion.

At the chosen operating point - 15 kW overall heat output at a global
equivalence ratio of 0.7 - flame stability, determined by the extent of the
temporal fluctuation of C,* and CH* species chemiluminescence, is improved
when diesel flow rate is reduced to allow 20 - 30% of the overall heat output
to be supplied by the gaseous fuel. However, heat release rate is sacrificed as
suggested by chemical kinetics analysis as well the observed intensity variation
of the aforementioned intermediate combustion species.

NOx emissions are steadily reduced whereas CO emissions are increased as
gaseous fuel partly replaces diesel in the combustion process. Interestingly,
UHC emissions follow an opposite gradient to CO emissions and this has been
attributed to the reacting flow dynamics occasioned by the fuel injection

strategy utilised.
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This chapter presents and discusses the results obtained from co-combustion of
waste cooking oil-derived biodiesel and either methane or syngas in a 20 kW swirl-
stabilised gas turbine relevant combustor.

6.1 Introduction

In addition to that in the preceding Chapter, further experiments in multiphase fuel
combustion was carried out. In this case, biodiesel derived from waste cooking oil was
simultaneously combusted in methane and syngas mixtures using the same

experimental set-up as in Chapter 5.

Capable of being sourced from several different feedstock including edible and non-
edible oils, waste or recycled oil, and animal fat, biodiesel has been widely tested in
combustion engines either wholly or as blend component with the fossil fuel. The
extensive interest in utilising biodiesel as a whole or partial replacement for fossil
diesel stems from its apparent renewability and comparable engine performance with
the conventional fuel. Also, with fossil fuels ever depleting, the need for alternative

energy sources has never been greater.

Despite having an energy density that is 14% less than that of fossil diesel, biodiesel,
with an inherent oxygen content of about 10%, burns cleaner than fossil diesel and
potentially reduces harmful emissions [60, 62]. Expectedly, there is no shortage of
published literature on biodiesel production, its chemical and physical properties, as

well as the emissions from its combustion in power generating systems.
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Further, there are numerous studies on the combustion of blends of biodiesel with
both liquid and gaseous fuels in the compression-ignition engine. However, literature
on the simultaneous combustion of biodiesel and gaseous fuels in continuous flow
devices like the gas turbine is severely limited if available. This work addresses this

lack of data.

The results presented in this Chapter are based on the combustion of neat biodiesel
spray in air and also in air premixed with either methane or syngas. The approach is
the same as in the last chapter, viz. establishing flame stability limits; utilising optical
emissions in the form of C,* and CH* species chemiluminescence as well as flame
luminosity images to explore reacting flow dynamics and flame stability. Also post
combustion emissions of NOx, CO and unburnt hydrocarbons (UHCs) from the flames
are analysed. Consistent with the last Chapter, tests were conducted at an overall heat

output of 15 kW and a fairly lean global equivalence ratio of 0.7.

6.2 Limits of stable operation

The same method used in the previous Chapter is used here to delineate the region of
stable burning in the biodiesel/methane and biodiesel/syngas combustion
experiments. Flames at heat outputs of 6, 8, 10, 12, 14 and 16 kW were established,
and for each heat output, the air flow rate was gradually increased until flame
extinction occurred. Also, after re-establishing the flame at the same heat output, the
air flow rate was gradually reduced up to the rich extinction point which was noted
as well. This process was repeated for the aforementioned levels of power output for
the 100/0 and 90/10 cases. The 6 kW test was omitted for the 80/20 case as a stable
flame could not be sustained at the corresponding fuel flow rates due to deterioration
of spray quality with reduction in biodiesel flowrate. Similarly, combustion of the
70/30 case proved to be highly inefficient at the lower range of heat output up to 12
kW. The fuel lean and fuel rich extinction points result in the curves of Fig. 6.1 for
three different fuel combinations. As it was with diesel, there is, in Fig. 6.1, a
reduction in the region of stable burning - the area under each curve - as methane

replaces biodiesel as a fraction of the thermal power output.
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Fig. 6.1. Limits of stable flame operation for different biodiesel/methane blends
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Fig. 6.2. Limits of stable flame operation for different biodiesel/syngas blends
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Further, as the fraction of methane increases in the fuel combination, the flame
stability limit (in terms of overall AFR) becomes narrower, particularly in the lean
region. Over the same thermal power outputs listed in the foregoing, the range of
stable flame operation for biodiesel/syngas flames was determined and shown in Fig.

6.2. Again, the trend is the same: decreasing limits of stable burning as LGR decreases.

There are at least two reasons for the reduction in flame stability as combustion shifts
from a single (liquid) fuel to dual (liquid/gas) fuel. The first involves the changes in
reacting flow dynamics as the swirling gaseous flow rate is increased and will be
further discussed in Section 6.3 in the light of optical emissions. The other reason for
the contraction of stability range as gas percentage in fuel mix increases is the loss in
liquid atomisation quality as liquid flow rate decreases. Decreasing the liquid flow
rate to accommodate gas introduction to the system causes a reduction in pressure
drop across the nozzle as highlighted in Table 3.3. The resulting trend of SMD values
as LGR changes, shown in Fig. 6.3, means that liquid fuel evaporation rate is reduced
as is the combustion rate which in turn leads to a decrease in the amount of recycled
heat and chemical species necessary for anchoring and stabilising the flame. With
simultaneously increasing droplet size and less support for combustion as LGR

decreases, the flames reach extinction point faster.

60 -

SMD (pm)

1000 9010  80/20  70/30
LGR

Fig. 6.3. Biodiesel SMD variation with increase in gas ratio of combusted fuel calculated
using Radcliffe’s correlation.
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Also, as noted in the last chapter, it has previously been observed by [258, 259] that
swirl-stabilised reacting flows have increasingly weaker central recirculation zones
as the local swirling fuel/air ratio increases. This might be contributing to the
observed contraction in flame stability range as gas flow rate increases since the

strength of the recirculation zone is important for flame sustenance.

Compared with the diesel/gas tests in Chapter 5, lower AFRs are observed with
biodiesel/gas experiments. The greater overall AFRs recorded for diesel/gas flames
are not indicative of wider stability limits in comparison with biodiesel/gas flames.
The oxygenated nature of biodiesel means that a greater quantity of it is burnt to
generate the same power output as the diesel/gas fuel thereby driving down its overall

AFR.

The general reduction in stability limits observed in both diesel/gas and biodiesel/gas
tests highlights an important operational consideration if multiphase fuel combustion
is to be employed in swirl-stabilised combustion systems following the strategy
utilised in this work: flames will not stay alight over as wide a range of AFRs as it
would for neat liquid fuel burn. Consequently, it is recommendable as noted

previously, to trial a different fuel injection strategy.

6.3 Optical emissions

6.3.1 Flame luminosity and chemiluminescence

The C,* and CH* species chemiluminescence images in Fig. 6.4 are for
biodiesel/methane flames established at an overall heat output of 15 kW and global
equivalence ratio, @gpq;= 0.7. The corresponding intermediate combustion species
chemiluminescence for biodiesel/syngas flames is shown in Fig. 6.5. The
chemiluminescence images in both figures have been normalised to the maximum

intensity in each species category.
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Fig. 6.4. Abel deconvoluted images of C,* (left column) and CH* (right column) species from
biodiesel/methane flames normalised to the highest intensity in each category. Flow is from
bottom to top

Both chemiluminescence species images show a reduction in intensity and area as gas
content of fuel mix increases when considering the dual phase cases. As in the
diesel/gas flames, the distribution of the C,* and CH* species for the biodiesel/gas
flames follow a V-shape around the burner centreline with decreasing intensity as

LGR decreases.
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Fig. 6.5. Abel deconvoluted images of C,* (left column) and CH* (right column) species from
biodiesel/syngas flames normalised to the highest intensity in each category. Flow is from
bottom to top.

The flame luminosity images (Fig. 6.6) appear to show first a wrinkling and then a
seemingly turbulent separation of reacting flow that appears to worsen as liquid/gas

fuel composition is altered from 100/0 to 90/10 and beyond.
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Fig. 6.6. Biodiesel/methane and biodiesel/syngas flame luminosity images
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Fig. 6.7. Chemical kinetic analysis of biodiesel/methane (BD/M) and biodiesel/syngas
(BD/SG) combustion showing (a) volumetric heat release rate and (b) maximum flame
temperature

Compared with the diesel/gas flames shown in Chapter 5, biodiesel-related flames are
less luminous hence better captured by the imaging equipment used for the luminosity
pictures. Consequently, it is more obvious in Fig. 6.6 than in the corresponding figure
in the last Chapter that with the introduction of gas fuel, a blue flame region close to
and around the flame nozzle exit plane is formed suggesting the formation of a locally

lean, predominantly gaseous combustion region.

The chemical kinetics calculations reveal, as shown in Fig. 6.7, that volumetric heat
release rate and maximum flame temperature both decrease as gas ratio in fuel blend
increases. The import of this (in relation to flame stability and emissions) will be
made apparent in Sections 6.33 and 6.4 respectively. In summary, these decrements
in heat release rate and flame temperature are consistent with the chemiluminescence

images shown earlier.

6.3.2 Reaction zone properties

The biodiesel/gas flames were observed to, unlike the diesel-related flames

(particularly the diesel/syngas ones), be well-confined in the burner with generally
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shorter flame lengths. This is noticeable in the flame luminosity images. Therefore,
additional analysis on the biodiesel/gas chemiluminescence images was possible
providing further comparison between the reaction zone properties of single and dual

phase cases.

This analysis involved converting the chemiluminescence images to binary images
(Fig. 6.8 and Fig. 6.9) using Matlab. Matlab’s Otsu thresholding method was used to
determine which pixels are designated white or black. The Otsu thresholding method
is suitable here because it selects a threshold value that minimises the intraclass
variance of the black and white pixels. The threshold value was determined separately
in the 100/0 image for each of the two chemiluminescence species and subsequently
held constant across the test cases in each category. The aim of ‘binarising’ the images

based on a set threshold value is to characterise the reaction zone.

=50 0 50 510 0 50 -50 0 50 510 0 50
r (mm) r (mmj r (mm) r (mmj

Fig. 6.8. Binary images of C2* (top row) and CH* (bottom row) chemiluminescence in
biodiesel/methane flames at different liquid/gas ratios. Flow is from bottom to top.
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Fig. 6.9. Binary images of C2* (top row) and CH* (bottom row) chemiluminescence in
biodiesel/syngas flames at different liquid/gas ratios. Flow is from bottom to top.

Having converted it to binary images, the sum of the unity pixels in the images is
designated as the reaction zone (RZ) area whereas the distance between the
uppermost unity pixel to the lowermost is regarded as the RZ length in each case. A
quantitative description of the variation in RZ properties is shown in Fig. 6.10. The
graphs of Fig. 6.10 suggest that the 90/10 biodiesel/gas combustion zone properties
are not significantly different from neat biodiesel combustion. This suggests that,
apart from the highlighted reduction in stable operational range, multiphase fuel burn
in gas turbine combustors is possible without notable disturbance of the RZ at low gas
fractions (up to 10% in this case). The reason for this is probably because at very low
percentages in the intake air, the gas mixture is too fuel-lean to form a distinct
combustion regime as is possible at higher gas fractions. This was noticeable in the
physical observation of the flames. Instead of forming its own combustion zone, the
ultra-lean gas at 90/10 LGR diffuses into the diesel spray and combusts therein. As a
consequence, the RZ properties of the biodiesel/gas flames at an LGR of 90/10 is
approximately the same or even slightly greater (particularly with the
biodiesel/syngas blend) to that of neat biodiesel (LGR = 100/0) combustion as seen in

Fig. 6.10.
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Fig. 6.10. Reaction zone area and reaction zone length of 15 kW biodiesel/methane and
biodiesel/syngas flames.

As gas fractions increase beyond 10%, at LGRs of 80/20 and 70/30, the gas is capable
of forming and maintaining a distinct combustion zone at the root of the biodiesel
flame. With this formation of a relatively hot zone close to the base of the burner, the
biodiesel spray is forced to commence combustion earlier than at no or low gas
fractions. And with the biodiesel deteriorating in spray quality with decreasing LGR,
combustion efficiency is lessened and even made worse as the air available for
reaction further downstream of the gas combustion zone is vitiated in oxygen. All of
these factors contribute to decreased reactivity and flame residence time in the
combustion process which causes the reduction in RZ area and length seen in Fig. 6.10
further showing that the intermediate combustion species, C,* and CH¥*, are

reasonably good indicators of the RZ of flames.
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6.3.3 Flame Stability

The temporal variation of the integral intensity of the chemiluminescence radicals can
be assumed, similar to the approach in Ballester et al. [237], to be indicative of the
variation of heat release rate from the flames. On this basis, the C,* and CH* species
integral intensity variation across the duration of the chemiluminescence imaging for
each of the tested fuel combinations was calculated and compared. Samples of this

fluctuation in the rate of heat release is shown in Fig. 6.11 and Fig. 6.12.
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Fig. 6.11. Temporal variation of C,* species integral intensity for (a) 100/0 (b) 70/30 and
CH* species integral intensity for (¢) 100/0 (d) 70/30 biodiesel/methane flames.
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The C,* species integral intensity variation over time for the biodiesel/methane flame
is shown for the 100/0 case in Fig. 6.11 (a) and for the 70/30 case in Fig. 6.11 (b). The
corresponding data for the CH* species is shown in Fig. 6.11 (¢) and Fig. 6.11 (d)
respectively. Likewise, Fig. 6.12 displays the data for biodiesel/syngas in the same
order as in Fig. 6.11. The solid horizontal red line in each figure indicates the integral
intensity of the average of the 250 images. As the average varies widely across the
test cases, comparison of the data variability based on standard deviation is

inadequate.

Therefore, the coefficient of variation (standard deviation normalised by mean value)
has been employed. This is shown in Fig. 6.13 and points to lesser fluctuation in heat
release rate as the percentage of gas in the multiphase fuel combustion cases
increases. Decreased fluctuation in the rate of heat release indicates an improvement
in flame stability. Based on the CH* species HRR fluctuation, there is an approximately

8% improvement in flame stability comparing the 90/10 blend with the 70/30 blend
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in both biodiesel/gas combustion tests. Comparing the same multiphase blends using
C.* species HRR fluctuation, there is an improvement of about 6% and 15% in the
biodiesel/methane and biodiesel/syngas blends respectively. So, essentially, going for
higher gas content in multiphase fuel burn under gas turbine conditions increases the
flame stability. The greater flame stability noted here as must not be confused with
the range of flame stability which was, in Section 6.2, observed to contract as gas ratio
in fuel mix increases. Also, it is evident from Fig. 6.13 (b) that the 90/10 blend of
biodiesel/syngas, as was the case with the same blend of diesel/syngas, is worse off
in flame stability than the neat liquid fuel combustion. This difference in behaviour
compared to the biodiesel/methane blend might be down to the composition of the
syngas employed. At the low gas fraction of 90/10 LGR, without being of sufficient
quantity to form a distinct reaction zone, the volatile hydrogen component potentially

increases the unsteadiness of the flame by reacting amid the liquid spray molecules.

3 () —o—C,* O350 (b) —0—Cy’
—0O— CH* L —O— CH*

= 0.30 - = 0.30 -
g g
— —
[+ 2]
& X
g o0.25 | 2 o0.25 |
N N
=] =]
— 4
= =1
= .E
© 0.20 < 0.20 -
E E
Q [«4]
Q Q
] @]

0.15 0.15

1 1 1 1 1 1 1 1
100/0 90/10 8o0/20 70/30 100/0 90/10 8o/20 70/30
LGR LGR

Fig. 6.13. Comparison of temporal fluctuation of heat release rate for (a) biodiesel/methane
and (b) biodiesel/syngas flames at different LGRs.
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6.4 Post combustion emissions

The NOx, CO and UHC emissions from the four blends of each of biodiesel/methane
and biodiesel/syngas are presented in Fig. 6.14 with the error bars being the 6%
uncertainty in the readings as stated by the calibration document from the
manufacturer. As highlighted elsewhere, NOx emissions are known to be heavily
reliant on flame temperatures for which heat release rate is important [71]. On the
basis of the optical emissions observed, there is a steady decrement in the heat release
rate from the flames with increase in the gaseous fuel component of the blend
supplied for combustion. The contended reduction in the rate of heat release is
supported by chemical kinetic analysis (Fig. 6.7) which also shows a decrease in flame

temperature as LGR decreases.

Compared with UHC emissions, very little CO emissions accompany the co-
combustion of biodiesel/methane and biodiesel/syngas. In the particular case of the
biodiesel/methane combustion, the UHC and CO emissions have opposite gradients
whereas in the biodiesel/syngas cases (90/10 and over) where they do demonstrate

same gradient, the CO emissions are very minimal (<2 ppm).
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Fig. 6.14. Post combustion emissions from biodiesel/methane (BD/ME) and biodiesel/syngas
(BD/SG) flames at different liquid-gas ratios.
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Biodiesel/gas flames, very much like the diesel/gas flames in the last Chapter
generally appears to burn in two combustion regimes if injected in the manner of this
work. One combustion regime is dominated by lean premixed gas combustion,
identifiable by the blue flame near and around the burner dump plane in the
luminosity images (Fig. 6.6). The other is the orange-coloured liquid fuel-intensive
diffusion regime which occurs further downstream and sustained in vitiated air, with

some premixed oxygen having supported the methane combustion.

Assuming all of the gas was consumed, the resulting recirculating flow could contain,
compared with the bulk combustion air in the 100/0 case, as much as 30% less oxygen
for the liquid diffusion flame. Two things thus happen simultaneously: lean
combustion of methane close to nozzle orifice plane and biodiesel spray burning in
recirculating vitiated air. This may result in high UHCs and low CO emissions in line
with the findings of Musculus et al [260]. Over and above that, as liquid flow rates
drop with increasing gas ratio, the SMD of biodiesel droplets generated by the
atomiser increases (Fig. 6.3) leading to longer timescales for evaporation and
subsequent combustion. The chemiluminescence and binary images showed that at
higher gas ratios, there appears to be a diminishing of the reaction zone so that the
longer time required for the relatively larger droplets to vaporise and undergo
combustion is unavailable. As a consequence, the unburned hydrocarbons emissions
increase. Further, the opposite gradient observed for the two emissions in the 9o/10
biodiesel/syngas case has been associated with the presence of relatively low

temperature combustion regimes in flames [261].

6.5 Chapter summary

Biodiesel derived from waste cooking oil was combusted in a model swirl-stabilised
gas turbine engine using a pressure atomiser to inject the fuel into the combustion
chamber. Similarly, in the same combustor, different blends of biodiesel and methane
or syngas, combined to deliver the same power output as in the neat biodiesel fuel
test were combusted. The aim was to study multiphase fuel combustion in gas turbines

using the fuels mentioned. The range of stable flame operation, flame stability,
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reacting flow characteristics and post combustion emissions from the neat biodiesel
combustion was compared with the multiphase combustion cases. The main findings

from the study are:

1. Multiphase fuel combustion results in a reduction in the range of stable flame
operation compared with neat liquid fuel combustion. The reduction in
achievable stability limits is greater as gas ratio of fuel blend increases.

2. Chemiluminescence imaging of C,* and CH* species in the flames show a
variation in combustion zone properties as fuel compositions change. Among
the biodiesel-gas dual fuel flames, the reaction zone area and length reduces
as gas fraction increases suggesting an overall reduction in reactivity in the
combustion zone. Equilibrium chemical kinetics calculations support this by
predicting decreasing volumetric heat release rate and diminishing maximum
flame temperature as gas fraction in fuel mix increases.

3. Thetemporal variation of radical chemiluminescence integral intensity suggest
that multiphase fuel burn of biodiesel/gas in a swirl-stabilised gas turbine
combustor promotes flame stability.

4. Flame luminosity images provide additional information on the reacting flow
dynamics as gas fuel is introduced into the combustion air. Two combustion
regimes become apparent with the gas fuel inclined to combust near and
around the nozzle exit plane and the liquid fuel reacting further downstream.

5. Post combustion emissions of NOx, CO and UHC are impacted as methane or

syngas partly replaces biodiesel in the combustion process.
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In this chapter, the feasibility of glycerol as a blend component in gas turbine fuelling
is explored. The fundamental combustion characteristics of single phase and
multiphase blends of glycerol and other fuels is investigated using CH* species
chemiluminescence primarily.

7.1 Introduction

Recently, the role of biodiesel as fuel in the energy industry has grown primarily
because it is a sustainable fuel with proven performance in internal combustion
engines. Produced to the appropriate standard (ASTM 6751 in the US and EN 14214 in
Europe), biodiesel is accepted as a blend component with fossil diesel in the US and
EU and is part of the energy mix globally [262, 263]. For instance, the blend mandate
of biodiesel with fossil diesel in both Brazil and Argentina currently stands at 10%
[264] while that of Indonesia stands at 20% in the transport and power sectors [265].
Buoyed by public opinion and driven by government support through favourable
policies, subsidies and incentives [266], worldwide biodiesel production and use has

soared over the last ten years [267, 268].

This upsurge in the production and use of biodiesel has, however, also resulted in an
unprecedented amount of glycerol production. Glycerol being a by-product of the
popular process of biodiesel synthesis - transesterification of animal fats or oily seeds
[269]. It is estimated that 10 - 20% of the weight of biodiesel produced via the
transesterification route is made of glycerol [122]. Thus, with increase in biodiesel
production comes a rise in glycerol generation. In fact, the contribution of biodiesel

process to glycerol production grew from 9% in 1999 to 64% in 2009 [270].
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Crude glycerol from biodiesel synthesis by transesterification contains methanol as a
major impurity and salts, water, free fatty acids and non-glycerol organic material as
minor impurities [271]. The presence of a substantial amount of methanol in crude
glycerol is because it is employed in excess of the required quantity in the
transesterification reaction to ensure complete conversion of the reactants to
biodiesel [272]. Although the methanol may be recovered and reused in the process,

it is not often the case as it is cheaper to use a fresh supply [122].

When refined to high levels of purity, glycerol enjoys extensive use as raw material
in food and pharmaceutical industries [273]. However, the recent upscale in glycerol
production causes a surplus in supply which results in a shortfall in its demand in
these industries hence its value. For instance, Yang et al. [274] notes that the price of
refined glycerol in the US fell from $0.70 to $0.30 per pound in 2007 following the
expansion of biodiesel production with crude glycerol prices falling from $0.25 to
$0.05 per pound in the same time. Therefore, finding alternative value-added uses for
glycerol is important as it will improve the economics of the biodiesel supply chain
since biodiesel, as it stands, still requires huge government support to be competitive

in the energy market [275].

A potential value-added alternative use of glycerol, explored in this Chapter, is its
utilisation as fuel for gas turbines without significant modification of the combustor.
A continuous flow engine with extensive fuel flexibility and available in micro (<200
kW) size, the gas turbine lends itself to such investigation. However, combustion of
glycerol for useful thermal power generation is unattractive. For one, its physical
properties notably high viscosity makes for inefficient flow through pipes and other
narrow passageways that make up a typical fuel delivery system. This also impacts
fuel atomisation - liquid spray breakup - as the flow exits a nozzle orifice; spray
atomisation quality being directly related to combustion efficiency. Also, glycerol has
a relatively low heating value. Typically about 16 MJ/kg, the lower heating value of
glycerol is approximately half that of biodiesel and roughly 44% that of fossil diesel.
This relatively poor energy density means a greater volume of glycerol needs to be
combusted to obtain the same level of heat output as the more common fuels. Previous
studies have tried to tackle these challenges by fuel preheating, use of novel nozzle

designs and operating at low power output.
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The present study attempts to circumvent the use of fuel preheating for viscosity
reduction as it results in not just fuel coking [276, 277] but also, as discussed in
Section 7.3, a considerable amount of heat loss that could potentially render the
process impractical. Instead, to reduce glycerol viscosity, blending with methanol - a
major impurity of crude glycerol from the transesterification process - was utilised.
Again, to be more practical, the same nozzle as with the previous experiments
discussed in Chapters 5 and 6 was maintained. When single phase burn had been
achieved, in keeping with the theme of this thesis, the effect of introducing methane

to the glycerol/methanol flames was investigated.

The overarching goal here was to investigate the feasibility of burning, in the
unmodified combustion rig, a representation of crude glycerol and its blend with
methane while simultaneously exploring its flame characteristics over the stable
operating range. This was done through CH* species chemiluminescence imaging as
well as by flame luminosity imaging. This allowed for an estimation and comparison
of reaction zone properties like flame area, aspect ratio and lift-off height as
equivalence ratio and blend composition were varied. Also, the intermediate
combustion species chemiluminescence imaging allowed for flame stability
comparisons based on the temporal fluctuation of species integral intensity. Post
combustion emissions, however, were not measured because at the time of carrying

out this study, the emissions analyser had failed.

To begin with, the Section 7.2 discusses why glycerol preheating prior to combustion,
as done in many previous studies, is impractical. In Section 7.3, the basis for viscosity
reduction by mixing with a thinner fuel is discussed and the choices of mixture

fractions are made.

7.2 Demerits of preheating glycerol for viscosity reduction

Glycerol viscosity at 25°C is 276 times that of fossil diesel at the same temperature
(see Table 3.1). Therefore, to utilise it in an engine system designed for diesel would
be impossible as pure glycerol would simply clog the pipes through which diesel was
pumped and certainly the even narrower passageways in the injector. Nearly all

published research on glycerol combustion overcame this problem by preheating (see
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section 2.6.1.2). This involves raising the glycerol temperature by between 20°C and
70°C, presumably starting at room temperature. The problem with this is not just the
associated fuel coking problems and the extra equipment required but also the heat

loss involved in the process.

Fig. 7.1 shows the amount of heat required (in kW) to achieve different levels of
glycerol temperature increment for every 1 kW power output from the fuel. Eq. (1)
correlates power output with fuel flow rate based on its lower heating value (LHV).
Eq. (2) calculates the heat requirement (Q) for a desired temperature change (AT)

with c being the specific heat capacity of the liquid.

From Fig. 7.1, up to about 1% of the power output from the combustion of glycerol is
spent on preheating if that is done to the levels reported in previous studies. Over and
above this preheating heat loss is the heating equipment capital and maintenance cost.
Besides these, preheating is associated with fuel coking problems as reported in
earlier glycerol combustion studies. Granted, the heat requirement for preheating
may not necessarily or in its entirety be an additional expense in the process as it

could be obtained from exhaust gases in a form of heat recuperation.
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Fig. 7.1. Heat requirement for preheating glycerol to obtain 1 kW power from the fuel.
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Nevertheless, as the exhaust heat has other more productive uses, the present study
attained glycerol viscosity reduction by diluting the fuel with methanol rather than by
fuel preheating. This eliminated all the aforementioned drawbacks of preheating and
since, as noted previously, methanol is major contaminant of glycerol obtained from
biodiesel synthesis hence, utilising it for thinning glycerol makes for a fuel blend that
bears some likeness to crude glycerol obtained from the transesterification process.
The target, then, was to generate methanol/glycerol blends with viscosities
comparable to diesel at temperatures that diesel fuel may be practically utilised. This
is further discussed in Section 7.3 after a theoretical analysis of liquid mixture

viscosity determination and its temperature dependence.

7.3 Glycerol viscosity reduction

Liquid fuel viscosity at ambient pressure is known to decrease with an increase in
temperature as well as by the addition of a low viscosity liquid diluent. Several
correlations have been formulated to describe kinematic viscosity (v) relationship
with temperature (T') for liquids including the Arrhenius-type equation, the Andrade
equation, the Avramov and Milchev equation and the Vogel-Fulcher-Tammann (VFT)
equation. Generally, the equations take the form Inv =A + f(T) where f(T) is an
analytical function of temperature. Of these three parameter correlations, the VFT
equation formulated as in Eqn. 7.1, has previously been found to be satisfactory in

predicting the viscosity of glycerol [278], diesel [279] and methanol [280].

B (7.1)
Inv=A4A+——
nv T+C
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Table 7.1. Fitting parameters for viscosity-temperature relationship

A B C(K)

Glycerol [227] -9.3998 2911.2 -118.2
Methanol [281] -6.7562 2337.24 84.0853
Diesel [279] -2.384 574.351 -140.27

In Eqn. (7.1), v is the kinematic viscosity in units of mm? /s of the liquid at temperature
T in units of Kelvin whereas A, B and C are fitting parameters that are empirically
determined. The values for these fitting parameters for the liquids considered are
presented in table 7.1 having been taken from published literature that carried out
extensive analysis based on experimental data to reasonably high levels of accuracy.
Whereas the provided adjustable parameters leave v in kinematic viscosity units
(mm?/s) for diesel, it renders that of glycerol and methanol in dynamic viscosity units
of mPa.s. This is easily converted to kinematic viscosity by multiplying with the

corresponding liquid density at the particular temperature.

For the blends of glycerol and methanol used in this work, Chevron’s mixing rule
based on the concept of the viscosity blending index (VBI) was utilised in predicting
blend viscosity. The blend viscosity from the Chevron rule is a function of the volume

fraction (V) of each constituent of the mixture and calculated according to Eqn. 7.2(a-

c).

logv;
VBl = —8Y_ (7.2 a)
3+ logv;
" (7.2b)
VBl ine = Z V, X VBI, 7
i=1

3XVBlpixt, 5
Vinixt. = 10(1_V31mixt.) 7 )
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Fig. 7.2. Liquid and liquid mixture viscosity variation with temperature

The viscosity data graphed in Fig. 7.2 shows that a 60/40 (by volume) blend of
methanol/glycerol is very similar to that of diesel over a wide range of temperatures.
However, because the goal of the study was to utilise as much glycerol as possible,
tests were carried out at 50/50 (by volume) methanol/glycerol mix rationalising that
it has the same viscosity at 20°C as diesel at -3°C (Fig. 7.2). There will be no qualms
burning diesel at -3°C with the existing experimental set-up. Nevertheless, in the
interest of equipment safety and being that glycerol/methanol use in the burner is
tantamount to entering uncharted territory, initial tests erred on the side of caution

by using a 70:30 blend of methanol and glycerol.
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7.4  Optical Emissions from methanol/glycerol combustion

7.4.1 Flame luminosity images

Initial trials showed that the reaction zone length of the methanol/glycerol blends
were considerably shorter than those of diesel or biodiesel. Therefore, to situate the
flame well within the region of optical access of the burner, the fuel nozzle was moved
upward by about 20 mm. This was the sole modification made to the burner set-up for
both the 70:30 and 50:50 cases and allowed for the reacting flow to be captured
maximally. Besides that, the mixture flow rate through the nozzle was set so as to
deliver a power output of 6 kW in both cases. The equivalence ratio (ER) of the flames

was varied to capture the flame appearance over the widest possible stable range.

Fig. 7.3 shows the flame luminosity images for both cases over the identified flame
stability range (between ER =0.29 and ER = 0.51). At ER = 0.51, the 70:30 blend
presents with a long narrow flame that appears to be separated from the nozzle orifice
plane. This separation becomes more evident as ER increases above 0.51 and
eventually leads to flame blow out at ER>0.6. As air flow rate increases (decreasing
ER), the 70:30 methanol/glycerol flame transitions from the narrow and separated-
from-nozzle flame to a broader shape showing less separation from the nozzle. This
transition point occurs at ER = 0.36. At 0.29>ER>0.36, the flame appears to be quite
stable with no apparent changes in its shape or structure. Below ER = 0.29, however,
the flame becomes flatter and highly unstable leading to lean extinction at an

ER<0.23.

The 50:50 case does not demonstrate the extensive variation in flame shape seen in
the 70:30 case as ER decreases neither does it undergo considerable lift-off prior to
rich extinction. Both of these phenomena are markers of flame stability and their
relative insignificance in the 50:50 flames in comparison with the 70:30 blend

suggests that the greater glycerol content of the former improved the flame stability.
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Fig. 7.3. Methanol/glycerol flame luminosity at different equivalence ratios
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7.4.2 CH* species chemiluminescence

In this section, the CH* species chemiluminescence from 70:30 and 50:50

methanol/glycerol flames are presented highlighting the species distribution and

reacting flow dynamics using CH* chemiluminescence.
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Fig. 7.4. Left column: Abel deconvoluted chemiluminescence images of CH* species in 70:30
methanol/glycerol flames at different equivalence ratios. Right column: Corresponding
binary images. Flow is from top to bottom.
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Fig. 7.5. Left column: Abel deconvoluted chemiluminescence images of CH* species in 50:50
methanol/glycerol flames at different equivalence ratios. Right column: Corresponding
binary images. Flow is from top to bottom.

Fig. 7.4 shows the CH* species chemiluminescence from the 70:30 methanol/glycerol

flame whereas Fig. 7.5 displays that of the 50:50 blend for corresponding ERs. Each

figure is accompanied by a binary equivalent obtained from MATLAB processing as

explained in Section 6.3.2.
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7.4.2.1Reaction zone properties

In addition to the reaction zone area and reaction zone aspect ratio (width/length),
the variability in flame lift-off height has been highlighted in Fig. 7.6. As shown in the
binary images of Fig. 7.5, the reaction zone length is estimated as the distance
between the uppermost and lowermost unity pixels whereas the reaction zone width
is represented by the distance between the unity pixels at the lateral edges of the

binary image.

The reaction zone area is modelled as the sum of the unity pixels in the binary image
while the flame lift-off height is considered to be the vertical distance, in the binary
image, from the lowermost unity pixel to the y = 0 point on the image. Fig. 7.6 shows
that a 70:30 blend of methanol and glycerol generates flames whose reaction zone
properties vary widely as equivalence ratio is altered. The 50:50 blend of the same
fuels, however, do not show such wide variation in reaction zone properties as air
flow rate is changed. This observation is consistent with the flame luminosity images
in which flame shape was noted to vary much more significantly with changes in ER
for the 70:30 blend than for the 50:50 blend. Also, there was appreciable flame lift-
off especially at the higher end of the practicable ER range for the 70:30 case relative
to the 50:50 case and this, again, is in agreement with the data obtained from flame

luminosity images.
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Fig. 7.6. Reaction zone (RZ) properties of methanol/glycerol blends
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7.4.2.2Flame stability

In the same manner as reported in Chapters 5 and 6, the stability of methanol/glycerol
flames from the two blends (70:30 and 50:50) have been analysed. The idea, as noted
previously, is to sum up the chemiluminescence species intensity for each of the 250
captured images and evaluate the temporal variation of each sum with the overall

average intensity.

A greater variation of the intensity of the intermediate combustion species over the
capture period would be indicative of a lesser stable flame. As an example, the
temporal variation of the CH* species chemiluminescence intensity for the 70:30 case

is shown in Fig. 7.7.
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Fig. 7.7. Temporal variation of CH* species integral intensity from 70:30 methanol glycerol
flames at different ERs
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The solid red line in Fig. 7.7 indicates the average CH* species chemiluminescence
intensity for the 250 images. This does not appear to vary very much as ER changes
in each of the two test categories. However, across the two categories of tests (i.e.
70:30 and 50:50), there is a greater variation in the average CH* species

chemiluminescence intensity.

Consequently, to enable a fair comparison of both sets of tests, the so-called
coefficient of variation, CoV (standard deviation divided by mean) is used. The
resulting data is shown in Fig. 7.8. From there, it is observed that flame stability is
improved slightly as ER increases and that a 50:50 blend of methanol/glycerol
generates flames that are of greater stability than a 70:30 blend across the range of
stable flame operation of the fuels. This is in agreement with the observation from

the flame luminosity images and the chemiluminescence images.
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Fig. 7.8. CH* species chemiluminescence CoV for 70:30 and 50:50 methanol glycerol flames
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7.5 Multiphase combustion trials

7.5.1 CH* species chemiluminescence imaging

Further tests were carried out by introducing 0.023 g/s of methane into the burning

spray of methanol/glycerol for the 70:30 blend as well as the 50:50 blend. This adds

an extra 1 kW to the heat output. The ER designations are maintained as before:

considering the liquid fuel blend only.
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Fig. 7.9. Left column: Abel deconvoluted CH* chemilumnescence images of 70:30
methanol/glycerol flames at different ERs. Right column: Corresponding images for
multiphase case with methane.
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Fig. 7.10. Left column: Abel deconvoluted CH* chemiluminescence images of 50:50
methanol/glycerol flames at different ERs. Right column: Corresponding images for
multiphase case with methane.

The aim was to, in continuation of the main theme of this work, study the effect of
multiphase fuel combustion on gas turbine combustor performance using CH* species
chemiluminescence. Fig. 7.9 presents the CH* species chemiluminescence images for
the 70:30 blend of methanol/glycerol with methane (left column) and without

methane (right column).
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The ERs stated on each image does not refer to the global ER but that of the blend of
liquid fuels. The corresponding CH* species chemiluminescence images for the 50:50

blend is shown in Fig. 7.10.

It would appear from the images that introducing methane into the methanol/glycerol
flames does not result in a considerable difference in CH* species distribution or
intensity. The next section offers a quantitative evaluation of the effect of methane
injection into the flames of the liquid blend in the context of reaction zone area, aspect

ratio, flame lift-off height and flame stability.

7.5.2 Reaction zone properties and flame stability

The RZ characteristics of the fuel combinations with methane (w CH,) are shown in
Fig. 7.11. These have been derived, similar to Section 7.4.2.1, from binarisation of the
chemiluminescence images. The corresponding methanol/glycerol flame

characteristics without methane (w/o CH,) as in Fig. 7.6 are included in Fig. 7.11.

[~C1—70:30 wio GH, 01— 70:30 wio CH, 6 ~ [~O0—70:30 wio CH,
- 70:30 w CH, i~—70:30 w CH, ——70:30 w CH,
2200 | |- 50:50 wio CH, o 0O~ 50:50 wfo CH, —O—70:30 wio CH,
—@—50:50 w CH, B 8 ~@—50:50 w CH, ~@—50:50 W CH, |m
] [ T
cw0t ~ A
£ - ™~ E
£ _— o E
et O [ ] | -4
[, (=} =
& 1800 | = %0
E g 2
g 515} &
1= = B3k
= 1600 | & £
£ S/ 5 3 £
— U
a E
&~ 1400 | o = S2r
o
— 1F _.---.
® *——0
/ —
Lol ® 1F © o
029 033 036 051 029 033 036 051 029 033 036 051
Equivalence ratio Equivalence ratio Equivalence ratio

Fig. 7.11. Flame characteristics of multiphase combustion of methanol/glycerol blends with
methane compared with single phase combustion.
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Fig. 7.12. Flame stability comparison between single phase and multiphase combustion.

Comparing the single phase and dual phase combustion cases, there is very little
difference in flame presentation particularly in the 70:30 case. This is also evident in
the multiphase combustion chemiluminescence images shown earlier. More
significant variation in reaction zone area and flame lift-off height was observed in
the 50:50 methanol/glycerol combustion with methane compared with the liquid fuel
blend combustion. Reaction zone area decreases over the four conditions tested with
the multiphase fuel combustion compared with single phase combustion. The most
significant difference in flame lift-off height for the 50:50 case occurred in the highest
ER tested. Leaner conditions should therefore be the target for this sort of blend in
practice. However, this lift-off height is minimal compared to that experienced by the

70:30 blend at the same conditions.

Further, using the same approach as in Section 7.4.2.2, the flame stability for the
single phase and dual phase combustion cases were compared in Fig. 7.12. It appears
that addition of methane to the combustion of glycerol blends only leads to marginal
improvement in flame stability in both blends. This trend - higher portion of gas in

fuel lowers CoV - agrees with earlier work.
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7.6 Chapter summary

As interest in biodiesel production and utilisation in combustion system grows, so
does the production of glycerol. Extensive purification of glycerol is required for most
of the current applications of this by-product of one of the most popular biodiesel
production processes. To improve cost-effectiveness while maximising glycerol
utilisation, alternative uses of crude glycerol must be explored. A major contaminant
in glycerol obtained from biodiesel synthesis via transesterification of animal fats and
oil vegetables is methanol which is used in excess in the process. To roughly simulate
and simultaneously improve crude glycerol combustion properties, methanol was
blended with pure glycerol and tested as fuel in a model swirl-stabilised gas turbine
combustor. A 70:30 blend of methanol and glycerol as well as a 50:50 blend was
combusted in the model burner with only minor modification of the set-up. The main

findings from the study are:

1. Mixing methanol with glycerol improves the viscosity of glycerol and a 60:40
(by volume) blend of methanol/glycerol has very similar viscosity to diesel
over a practical temperature range.

2. Lean and rich flame extinction range for 70:30 (by volume) and 50:50
methanol/glycerol blends occurs at low equivalence ratios (approximately 0.2
- 0.6).

3. A 50:50 blend of methanol/glycerol shows greater flame stability compared
with a 70:30 methanol/glycerol blend as evidenced by flame luminosity and
from CH* species chemiluminescence data analysis.

4. Simultaneous combustion of the tested methanol/glycerol blends with methane
does not significantly alter flame characteristics or flame stability. Marginal
improvement in flame stability was recorded across both blends with the

addition of methane.
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This chapter highlights the main points that stand out from the conducted research
and presents the authot’s position regarding practical application of the research.

8.1 Multiphase fuel combustion in gas turbines: operability

Stable flames in a gas turbine relevant burner were achieved with different liquid and
gas fuel blends. Conventional fuels like diesel and methane as well as alternatives like
biodiesel, syngas, methanol and glycerol were all successfully trialled by injecting the
liquid fuels with a pressure-swirl atomiser and premixing the gaseous one with the
combustion air. The fuels were combined based on the concept of energy share ratio
in such a manner that a desired power output was achieved partly by the heat content
of the liquid fuel and partly by the gaseous fuel. Two keys areas of operability were

investigated: flammability limits and flame stability in multiphase fuel combustion.

8.1.1 Flammability limits

The following figures (Fig. 8.1 and Fig. 8.2) exemplify the alteration in the range of
stable flame operation as combustion mode is changed from neat liquid fuel burn to
an 80/20 liquid/gas ratio (LGR) dual-phase burn for diesel and biodiesel blends with
methane and syngas. Both Fig. 8.1 and Fig. 8.2 are obtained from flame extinction
data for an overall thermal power output of 12 kW from diesel/methane,
diesel/syngas, biodiesel/methane and biodiesel/syngas flames; the trend is similar
over a wide range of thermal power outputs. Consistently, it is observed that
simultaneous combustion of the listed liquid and gaseous fuel combinations in a 15
kW burner following the injection strategy described in the work reduces the range

of stable flame operation.
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There are two inter-related factors that causes the observed reduction in flammability
limits. First, the liquid fuel injection strategy utilised induces a decrease in pressure
drop across the nozzle as LGR decreases which in turn leads to a deterioration of liquid
spray quality from the nozzle. Associated with this loss in spray quality is a decline in
the rate of spray evaporation. Burning rates are thus negatively affected - a fact
supported by chemical kinetics calculations which indicate a reduction in the rate of
heat release as LGR decreases. Thus, as the liquid fuel is partly replaced by gaseous
fuel, the rate of heat generation which is important for sustaining flames diminishes
and as a result flammability limits reduce. The second reason for this observed
reduction in limits of flammability is about the variation of the reacting flow dynamics
as LGR is altered. From the intermediate combustion species chemiluminescence
images obtained, it was observed that as liquid flow rates decrease and gas flow rates
increase, the reaction zone shifts away from the central axis of the burner towards
the edges. This would mean that the liquid fuel spray which is initially concentrated
within a 60° cone around the burner centreline (based on the atomiser design) has to
diffuse to the edges of the burner in order to be consumed. Diffusion of the spray to
the preferred reaction zone is made more difficult as the spray droplet sizes are larger
and the evaporation timescales greater with decreasing LGR. As a consequence, the

limits of stable flame operation are curtailed as LGR decreases.

Diesel/methane Diesel/syngas
0.44 2.84 0.44 2.84
100/0 0 {
0.47 2.43 0.48 2.67
80/20 | |
o 1
O ER O

Fig. 8.1. Diesel/methane and diesel/syngas ER range at different LGRs.
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Biodiesel/methane Biodiesel/syngas
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Fig. 8.2. Biodiesel/methane and biodiesel/syngas ER range at different LGRs.

Reduction in stability limits at both the fuel-rich and fuel-lean ends of the range
implies a quicker onset of flame instability phenomena like flashback and blow-out
should operation shift in either direction. This is an undesirable attribute as the
operational domain of gas turbine engines, for reliability and safety reasons, must be

as far away from the onset of any instabilities that potentially lead to flame-out.

8.1.2 Flame stability

As for flame stability at a particular operating point, an equivalence ratio of 0.7 and
a total power output of 15 kW for the diesel/gas and biodiesel/gas cases, the temporal
variation of the rate of heat release was key. Flames are more stable when the
fluctuation of the rate of heat release from the combustion process is minimal.
Comparisons of these fluctuations were made for the different multiphase fuel
combustion tests using the species chemiluminescence data. Although the magnitude
varied, the trend stayed the same in all cases: a steady improvement in flame stability

with increasing gas content in fuel blend.

The reason for the improvement in flame stability with increase in gas content of fuel
mix is because of the formation and growth of a gas combustion regime as gas fraction
in combusted fuel grows. This gas combustion regime being locally lean is
predominantly blue in appearance and is situated just downstream of the liquid fuel
nozzle exit plane. Its formation and location introduce heat early on in the combustion
zone which, in addition to the recirculated heat due to the swirling flow, promotes
liquid fuel flame anchoring and stabilisation. Improved flame stability is observed
when the multiphase cases are compared with the neat liquid fuel burn except in the

90/10 cases involving syngas where neat liquid fuel combustion is superior in terms

149



GENERAL DISCUSSION

of flame stability. This anomalous behaviour was attributed to the nature of syngas.
It would seem that at the low gas fraction offered by 90/10, the formation of a
separate gas-dominated combustion zone for blends involving syngas is not possible
allowing majority of the gas to escape and react further downstream. This perturbs

the liquid fuel spray reaction zone thereby impacting on flame stability.

The other tested fuel combination, a 50/50 and 70/30 (by volume) blend of
methanol/glycerol was not co-combusted with a gaseous fuel over a range of LGRs.
However, a quantity of methane amounting to approximately 14% of the total heat
output was co-combusted with each of the blends. The blends were each set to deliver
6 kW of thermal power and a total heat output of 7 kW with methane addition. As
with the other fuels, the introduction of methane led to improvement in flame stability
in both blends albeit marginally in this case. The stand-out feature from an
operational perspective with the combustion of the glycerol blends was the range of
stable flame operation attainable. Flames of this fuel blend remained alight only
within an equivalence ratio range of 0.2 - 0.6. This is interesting because, even though
it is a comparatively narrow range, stable ultra-lean combustion was possible with
the glycerol blend. Burning what is inherently a highly oxygenated fuel blend in ultra-
lean conditions augurs well for emissions. Another interesting observation from the
methanol/glycerol/methane flames related to stability, was the extensive variation in
aspect ratio and a significant lift-off of the flame from its anchor point next to the
nozzle (when operating at the upper end of the stability range). The prolonged flame
detachment before blow-out was more noticeable in the 70/30 methanol/glycerol
blend compared to the 50/50 blend indicating that methanol, as opposed to glycerol,
may be responsible for the phenomenon. Given the relatively small range for which
stable flames are obtainable from the blends, adequate control of equivalence ratio is

therefore important if the blend is deployed in practical systems.

8.2 Multiphase fuel combustion in gas turbines: emissions

Post combustion emissions of CO, NOx and UHC were reported for the tested fuel
blends except for the glycerol tests. In both the multiphase diesel/gas and
biodiesel/gas combustion cases, emissions of NOy consistently declined as gas fraction
in the blend increased. This is down to decreasing flame temperatures and residence

time as noted in chemical kinetics and chemiluminescence data. For the same reason,
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CO emissions are on the increase with increasing gas content in combusted fuel for
both diesel blends and the biodiesel/syngas blend. However, for the
biodiesel/methane case, CO emissions consistently decrease as LGR decreases. It is
difficult to suggest any reason for this behaviour but it has to be noted that very small
CO emissions result from the biodiesel blends (<5 ppm) - close to the lower limit of

the measuring equipment.

UHC emissions show a decline as LGR decreases in the diesel/methane and
diesel/syngas flames but an increase in the biodiesel blends. By comparison, the UHC
emissions dwarf the CO emissions in both cases and in some instances assume an
opposite gradient to CO emissions. The relatively high UHC emissions from the flames
are likely due to the fact that with the formation of a distinct gas combustion regime
next to the nozzle, downstream air becomes poorer in oxygen content leading to
combustion inefficiency in the form of UHC which is further worsened by the

degradation of liquid fuel spray quality as LGR decreases.

8.3 Emerging lessons and perspective

Energy consumption is both the stimulus for and consequence of economic
development. As a result, energy security - the uninterrupted availability of energy -
is to the economy of nations what food security is to their health. However, economic
expansion has an inverse relationship with the quantity of non-renewable energy
reserves. At the same time, never has the need to green the energy industry been more
urgent. As such, alternative sources of energy particularly those of the renewable kind
have been explored to avoid over-reliance or complete dependence on a single source.
Accordingly, fuel flexibility is an increasingly attractive attribute of secondary energy

generators such as the combustion turbine.

The present study has shown that the fuel flexibility of the gas or combustion turbine
is not limited to the single-phase blends of different fuels that previous studies have
focused on. The present study demonstrates the feasibility of multiphase fuel
combustion by trialling several liquid/gas fuel blends with minimal or no
experimental rig modification. It further showed that comparable, and in some cases,

even better post-combustion emissions performance result from multiphase fuel burn
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when compared with neat liquid fuel combustion. And whereas the range of stable
flame operation is reduced in multiphase combustion cases, flame stability at a stable
operating point is improved as the rate of liquid fuel substitution for gaseous fuel is

increased.

All three sets of experiments on multiphase fuel combustion in a gas turbine relevant
combustor, reported in Chapters 5, 6 and 7, merit consideration for practical
application in gas turbine settings. However, one stands out as more remarkable than
others for reasons of novelty. Glycerol combustion for energy generation is not new
but often it is made ready for the process by preheating. Besides causing undesirable
issues such as fuel coking, preheating results in energy losses that far outweigh the
energy gains from combusting the glycerol. In Chapter 7 it was proved that it is
technically feasible to utilise glycerol as fuel in combustors designed to work with
conventional fuels and, crucially, without preheating. Of course, blending with
methanol was necessary for viscosity reduction but crude glycerol from biodiesel
production typically contains a good amount of methanol which is not economically
attractive to recover. Methanol itself can be synthesised from renewable hydrogen
and CO, captured from atmospheric air [282, 283] making the liquid fuel blend not
just entirely renewable but also one that is partly derived from waste (glycerol and
CO, are mostly process by-products and largely considered wastes). And since the
methanol/glycerol flame is stable in the ultra-lean region, controlled addition of gas
fuel will improve glycerol/methanol heat output without either driving overall ER
above 1 or, as the present work shows, significantly perturbing other combustion
characteristics. It would appear, then, that there exists sound technical, economic and

environmental cases for glycerol/methanol blend utilisation in practical gas turbines.

Also, biodiesel/gas co-combustion appears primed for deployment in existing systems.
Not only does co-combustion of biodiesel and methane result in lower CO and NOx
emissions (also lower compared to fossil diesel) with increasing gas ratio but also the
flexibility of decentralising biodiesel production stations offers an additional
advantage. If the biodiesel plants are sited where gas lines are accessible, then this
can be tapped and co-combusted with the biodiesel in a combustion turbine for
distributed power generation. Distributed generation - where power generation is
close to the load [284]- is touted as the best solution for meeting electricity needs of

the developing world because it circumvents the large capital investments required
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for grid infrastructure [285]. Utilisation of biodiesel/gas in combustion turbines for
distributed generation will find wide application in Nigeria, for instance, where there

is no shortage of biodiesel feedstock in areas with gas infrastructure [286].

The future of gas turbine fuelling, taking into account environmental sustainability
and energy security, lies in increasing the relevance of alternatives like biodiesel and
glycerol/methanol and propping them up with gases in a multiphase combustion
approach. However, there is a key limitation in the present work. The experiments
were conducted under atmospheric conditions whereas real gas turbines operate
under elevated temperature and pressure conditions. Multiphase combustion
performance under these conditions needs to be investigated. Also, it will be
interesting to determine the effect of the secondary air system in actual gas turbines

on emissions, particularly UHCs and CO.
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This chapter summarises the work carried out and reported in this thesis. It also
offers, as a consequence of the present study, a few recommendations for future
research.

9.1 Conclusions

The main goal of this work was to design and implement co-combustion of liquid and
gaseous fuels in a swirl-stabilised model gas turbine combustor. This would serve to
expand the fuel flexibility of the gas turbine to include multiphase fuel burn while
allowing for the effect of such multiphase fuel combustion on flame characteristics

and emissions performance to be investigated.

Consequently, a gas turbine relevant burner system was designed and successfully ran
on blends of diesel/methane, diesel/syngas, biodiesel/methane and biodiesel/syngas.
The experimental set-up allowed a stable combustion of up to a 70/30 combination of
the liquid/gas fuel. Fuel combination was based on energy share ratio such that a
70/30 liquid-gas-ratio (LGR) meant that the liquid fuel flow rate was set to deliver
70% of the desired overall thermal power output while the gas was supplied at a rate
that delivers 30% of the overall power output; the thermal power output being based

on the LHV of the fuels.

The results showed that a 90/10 blend of the above listed fuels proved to have a
narrower flame stability range than the corresponding neat liquid fuel combustion.
The 80/20 blend of the fuels demonstrated even narrower flame stability range
compared to the 100/0 and 90/10 cases suggesting that, with the injection strategy
employed, increasing the gas content in dual phase gas turbine combustion results in

a decrement in the range of stable flame operation.
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Conversely, for the above listed fuel combinations and at an overall thermal power
output of 15 kW and a global equivalence ratio of 0.7, flame stability was found to
improve among the multiphase cases as LGR decreased i.e. as gas fuel contribution to
thermal power output increased. An estimation of the flame stability was made using
the temporal variability of the integral intensity of both CH* and C,* species

chemiluminescence from the flames.

Further, both CH* and C,* species chemiluminescence showed a variation in signal
intensity as fuel LGR was altered. Among the multiphase cases, a reduction in signal
intensity was observed as LGR decreased. Also, the Abel deconvoluted images,
obtained by mathematically resolving the raw chemiluminescence images, showed
consistent variation in shape as fuels changed from neat liquid fuel burn to dual phase
fuel combustion cases. This points to a variation in reacting flow dynamics as

combusted fuel composition changes.

Moreover, measurements of post combustion emissions from diesel/methane,
diesel/syngas, biodiesel/methane and biodiesel/syngas flames were taken. It was
observed that, to a greater or lesser extent, NOx emissions decreased and CO
emissions increased as LGR was decreased from 100/0 to 70/30 in steps of 10.
Compared to CO emissions, very high unburned hydrocarbon emissions were observed
and, in some cases, the CO and UHCs were of opposite gradients. These effects on
emissions was attributed to a combination of the following (1) variation in liquid fuel
spray atomisation quality (2) changing reacting flow dynamics and temperature
distribution in the combustion zone occasioned by the apparent separate combustion

regimes of liquid and gas fuels.

Besides the aforementioned fuel blends, this work trialled the combustion of two
blends of methanol/glycerol (70/30 and 50/50 by volume) with only minimal
modification of the experimental set-up. Notably, unlike in several previous studies
on glycerol combustion, fuel preheating was not applied in the present study and a
standard pressure-swirl fuel injector was utilised. It was observed that the stable
operating range of these fuel blends was in the fuel-lean region, roughly between 0.2
and 0.6 equivalence ratios. The 50/50 blend showed greater flame stability than the
70/30 blend across four points selected within the stable operating range with flame
stability improving with increase in equivalence ratio in both blends. Further,

simultaneous combustion of the tested methanol/glycerol blends with methane was
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found to not significantly alter flame characteristics and resulted in improved flame

stability albeit marginally.

Reaction zone properties of methanol/glycerol flames namely reaction zone area,
flame aspect ratio and lift-off height show greater variation over the stable operating
region for the 70/30 blend compared with the 50/50 case. In both cases, at the higher
end of the range of stable flame operation, flames were observed to undergo
considerable lift-off and separation from the nozzle prior to blow-out; this was more
evident in the 70/30 case than in the 50/50 case as previously noted. Addition of
methane to the combustion of the liquid fuel blend in air influenced this phenomenon

only marginally in the 70/30 category and in all but one of the 50/50 cases.

The main significance of this work lies in its use of standard parts in a representative
combustor to carry out multiphase combustion of practical fuels. This, as far as the
author is aware, is the first such work in the area. It covered system operability range

and factors affecting it as well as regulated emissions performance (i.e. NOx and CO).

9.2 Recommendations for future research

In the entirety of the experimental study forming this thesis, liquid fuels were
introduced into the combustion chamber via a pressure-swirl nozzle while the gaseous
fuel was premixed with the combustion air upstream of the nozzle. It will be
interesting to investigate the effect of utilising a different injection strategy. For
instance, an air-blast nozzle or an air-assist pressure atomiser for liquid fuel injection
may affect spray quality as LGR decreases in such a manner that a 60/40 and/or a
50/50 blend of diesel/gas and biodiesel/gas combustion can be achieved and explored.
Also, an effervescent atomiser can be employed and with that, the gas fuel can possibly
be partly or wholly bubbled into the liquid fuel in the mixing chamber for atomisation
purposes. Of course, with twin-fluid atomisers, the right liquid to atomising gas ratio
is crucial for atomiser efficiency and if the combustion air is tapped off for fuel
atomisation, both the reacting and non-reacting flow dynamics including flame front

stabilisation will be perturbed to some extent. These would need investigating as well.

It will also be interesting to, with the present set-up or indeed with any other injection

strategy, image the temperature distribution of the reaction zone area of the different
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fuels tested. This could be achieved using nonlinear excitation regime two-line atomic
fluorescence (NTLAF) which is a promising two-dimensional thermometry technique
for turbulent sooty flames. Information from this could aid in further understanding

the unusual CO and UHC relationship encountered in the present study.

Moreover, as mentioned in Chapter 8, the present study was carried out under
atmospheric conditions and at best represents the primary combustion zone of a real
gas turbine. Future work in this area should attempt similar experiments under gas
turbine conditions - elevated temperature and pressure as well as the utilisation of

secondary air systems.

Further, the scope of research in multiphase fuel burn in combustion turbines could
be expanded to include investigation of the impact of simultaneous liquid and gas fuel
burn on combustion noise. Combustion noise has become increasingly relevant in gas
turbines as other noise sources have been partly solved by advances in materials and
design. There are two main elements to direct combustion noise: one being a
determination of the nature of the unsteady heat release in turbulent flames and the
other is the generation of noise by these heat release rate fluctuations [287]. The
former has been shown in the present study, through multiple intermediate
combustion species chemiluminescence, to vary in a consistent manner as LGR is
altered in multiphase fuel burn. The latter is an acoustic problem requiring
measurements involving velocity, pressure, density and temperature fluctuations.
And, taking it a step further, determining how this acoustic phenomena scales with

the unsteady heat release fluctuation data is worth investigating.
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Appendix A: Relevant formula

Fuel flow rate for desired power output

power output (kW) 1Ww=1]/s
Lfl k =
fuel flow (kg/s) = s
Equivalence ratio
(mf / ma)utilised mg: air mass flow rate
B (mf / ma)stoichiometric my: fuel mass flow rate

Stoichiometric fuel-air mass ratio (Biodiesel example)
Approximate formula : C;9H360,

Ideal combustion equation:

Ci19H360, + 27(0, + 3.76N,) - 19C0, + 18H,0 + 101.52N,
Fuel/air mass ratio for stoichiometric combustion:

(ﬁ) _ (19x12)+ (36 x 1) +(2x 16)

272 x16) + 3o x 28]~ 008

a’ stoichiometric

Properties of gas mixtures

Mass and molar fractions

A mixture of two or more gases of fixed chemical composition is called a non-
reacting gas mixture. The properties of the mixture may be based on the mass
of each component and called gravimetric analysis or on the moles of each
component, called molar analysis. For a mixture of k different gases,

Mass of mixture Mass fraction Moles in mixture Mole fraction
k m; k N;
- Mei = No =3 N Yi =N
mm, = m; My, m — i Nm
i=1 i=1

K K
mei =1 Z%‘ =1
i=1 i=1

Mass and mole number for a given component are related through the
molecular weight M: m; = N;M;.
Since

k k
My = ) g = ) NM; = Ny My,
1 i=1

i=
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4.3

Average or apparent molar mass for a mixture

Koy k
m .

Mm=—m=z—lMi =ZyiMi
Nom i=1Nm i=1

Average or apparent gas constant of a mixture

k
R

Ry == mei R;
Min i=1

To change from mole fraction analysis to mass fraction analysis
YiM;
Y viM;

To change from a mass fraction analysis to a mole fraction analysis

mﬁ =

mfl-/
i

Vi =Sk o g
' Zi’czlmfi/Mi

Volume fraction

Amagat’s law of additive volumes states that the volume of a gas mixture is
equal to the sum of the volumes each gas would occupy if it existed alone at the
mixture temperature and pressure.

k
Vn = Z Vi(Tm' Pm)
i=1

Volume fraction of a component

Vi(Tos Pm)
= ——— ]T/n =y Y V=1
m

For an ideal gas mixture

N;R, T, Ny R, T,
Vl: tf*fu‘m and Vm: mPum
m

S"U

Density of gas mixture

K
Pm = Z pi-Vri
i1
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5. Application of gas mixture properties to Syngas

5.1 Density and LHV of syngas

Gas M N Molar inferior | Mole fraction X | Mole fraction X molar
mix | (kg/kmol) calorific wvalue | molar mass per | inferior calorific value

at 15°C (kJ/mol) | mole (kg/kmol) (kJ/mol)

CH4 16.04 0.8 802.69 12.83 642.15

H2 2.02 0.1 241.72 0.2016 24.17

CO 28.01 0.1 282.91 2.801 28.29
%15.837 5694.62

Ideal density = 0.6698 kg/m3; dividing this (43860 kJ/kg)*

by a gas mixture compression factor of . . Py .
y g P *The mass inferior calorific value is

0.9986 gives a real density of 0.6707 | ;htained by manipulating the molar one
kg/m3 wrt the molar mass of gas mix

5.2 Syngas fuel-air mass ratio calculation
Composition: 80%CH,; 10%C0; 10%H,
Ideal combustion equations
CH, + 20, - CO, + 2H,0
1 kmol methane requires 2 kmol oxygen for complete combustion.

In 1 kmol syngas, there’s 0.8 kmol methane which will require (0.8 x 2) kmol

oxygen = 1.6 kmol oxygen
H, + 0.50, - H,0

1 kmol hydrogen requires 0.5 kmol oxygen for complete combustion.
In 1 kmol syngas, there’s 0.1 kmol methane which will require (0.1 x 0.5) kmol

oxygen = 0.05 kmol oxygen
2C0 + 0, - 2C0,

1 kmol methane requires 0.5 kmol oxygen for complete combustion.
In 1 kmol syngas, there’s 0.1 kmol methane which will require (0.1 x 0.5) kmol
oxygen = 0.05 kmol oxygen

Total oxygen required for 1 kmol syngas = 1.7 kmol

Fuel/air mass ratio for stoichiometric combustion

=0.068

(mf) 15.837

m, T 1.7{32 + (3.76 x 28)}

stoichiometric
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Appendix B: Abel deconvolution technique

The Abel deconvolution method is a popular means of resolving line-of-sight images
obtained from chemiluminescence. Open source MATLAB codes such as
“abel_inversion.m”, “compute_expansion.m” and “solve_lsq.m” are available to aid
Abel deconvolution of chemiluminescence images. The listed three codes were utilised
to develop a MATLAB function “HalfAbel.m” which is reproduced here for convenience
to the reader. The input image to the “HalfAbel.m” function in this work is the
temporally averaged, background-subtracted and cropped chemiluminescence image.
These pre-processing steps were carried out using Davis 7 software by right clicking

on the batch of images then selecting:
Batch processing>Group >Statistics>Average>Start processing for temporal averaging

Batch processing>Basic image arithmetic>Subtract>Start processing for background
subtraction; under “Parameter” in “Operations List”, input the background to be

subtracted which background had been averaged as in the previous step.

Batch processing>Basic image arithmetic>Extract Rectangle>Start processing for

cropping if desired.

These three levels of processing can be done simultaneously on Davis 7 and the
resulting image exported as a .tif file for Abel deconvolution on MATLAB. For the
integral intensities used in determining the heat release rate fluctuations in several
Chapters of this work, the unprocessed chemiluminescence images exported as a .tif
file was processed with the following “Integrallntensities” code developed by the
author on MATLAB. The 250 images were by default named BoooOoO1.tif up to

Boo0250.tif hence the second line of the code.
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Integrallntensities.m

for n=1:250

images{n} = imread(sprintf ('B%05d.tif',n));
II{n}=sum(images{n} (:));

end

Going back to the Abel deconvolution code and supposing that the Davis 7 processed
image is 808 by 972 pixels in dimension with a resolution of 0.124 mm/pixel. The
variables in the “HalfAbel.m” function are defined with the aid of the accompanying
figure. CentXPix is the central pixel location in the image; the half image selected for
analysis is either from CentXPix to left edge of image (WhichWay==1) or the opposite

(WhichWay==2) whereas Image radius, R is calculated as shown in the figure below.

808 pixels

Fs
ki

L
I
I
I
I
I
I
I
|

Chemiluminescence

image 972 pixels
I

WhichWay==2 A WhichWay==1

|
|
|
I
|
|
|
+ \

/ « \ >

CentXpix = 404

R = 404 pixels*0.124 mm/pixel

179



HalfAbel.m

function [ImAbel] = HalfAbel (Image, R, CentXPix, WhichWay)
[1 jJ] = size (Image);

n= (3/2) + 1;

if WhichWay ==

NewEdge = (2* (j-CentXPix));

$Initialize output image matrix

ImAbel = zeros (i, NewEdge);

k = (NewEdge/2) - 1;

%$For loop cycles through each row of the input image

for z = 1:1

$Extract single image row

A = Image(z, CentXPix:j);

%$Convert image row to double precision

A2 = im2double (A, 'indexed'):;

%Calls the Abel inversion function one row at a time with
an

%input of 5 cosinus expansions in the Fourier-series-1like

$expansion

[f rec , X] = abel inversion(A2,R,5);

%$Add the Abel deconvoluted row to the output matrix
ImAbel (z, (NewEdge/2):NewEdge) = f rec(:,1);

%Rotate the Abel deconvoluted row about the central axis
f rec = flipud(f rec);

ImAbel (z, 1:k) = f_rec(2:(NewEdge/2),1);
end

end

if WhichWay ==

NewEdge = (2*CentXPix);

ImAbel = zeros (i, NewEdge);

k = (NewEdge/2) - 1;

%$For loop cycles through each row in the input image
for z = 1:1
$Extract single image row
A = Image(z, 1l:(CentXPix+1l));
A fliplr (A);
%Convert image row to double precision
A2 = im2double (A, 'indexed');
%Calls the Abel inversion function one row at a time with
an input
%0f 5 cosinus expansions in the Fourier-series-like

expansion

[f rec , X] = abel inversion(AZ,R,5);

%$Add the Abel deconvoluted row to the output matrix
ImAbel (z, (NewEdge/2):NewEdge) = f rec(:,1);

%$Rotate the Abel deconvulted row about the central axis
f rec = flipud(f rec);

ImAbel(z, 1:k) = f rec(2:(NewEdge/2),1);

end

end

end
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Appendix C: Convergence criteria

Diesel/methane 90/10 blend
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Fig. C1. Convergence history of (a) total mass in domain (b) evaporated mass (c) area-weighted
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average of H,O and (d) area-weighted average of CO, for diesel/methane 90/10 blend.
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Fig. C2. Convergence history of (a) total mass in domain (b) evaporated mass (c) area-
weighted average of H,O and (d) area-weighted average of CO, for diesel/methane 80/20

blend.
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Diesel/methane 70/30 blend
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Fig. C3. Convergence history of (a) total mass in domain (b) evaporated mass (c) area-

weighted average of H,O and (d) area-weighted average of CO, for diesel/methane 70/30
blend.
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