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Quotes

\It’s up to us collectively and individually saying \how do we make a better versus

a worse Anthropocene?” We can think about how we can work to connect the earth

system, rather than accidentally cause all these consequences. We can purposefully
look after the living world in a way the the living world helps people. Human

ingenuity is the hope we have for having a positive future."
Prof. Garry Peterson

\Beyond a wholesome discipline, be gentle with yourself."

Max Ehrmann
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Abstract

As industries turn to hydrogen as a key strategy for mitigating C@ emissions,
this doctoral thesis investigates the impact of hydrogen on the resilience of Gas
Turbines (GT) employed in Power Generation. Given the wide use of carbonaceous
fuels in operational GTs, and the di erence in reactivity between hydrogen and
carbonaceous fuels, investigations into the feasibility of conversion are required. This
research identi es the GT26 GT is limited by the autoignition of highly reactive fuels
within the GT26 under its current con guration.

This thesis investigates the impact of turbulence on the ignition of hydrogen-
enriched fuels in inhomogeneous mixtures of fuel and oxidant at elevated temper-
atures. To test this hypothesis, a novel combustion facility is designed and com-
missioned at Cardi University's Gas Turbine Research Centre. Quanti cation of
turbulence characteristics is achieved by Particle Image Velocimetry analysis of the
ow eld resulting from three di erent turbulence devices. The turbulence impact
revealed that smaller turbulent lengthscales exert an inhibitory e ect on the ignition
of fuel blends with higher hydrogen proportions. A highly valuable nding in this
study is the interplay between the rate of reactants mixing and the rate of the chem-
istry reaction, as characterised by the non-dimensional Damkshler Number. This
highlights the ability to control the ignition of hydrogen-enriched fuels in the GT26
by introducing carefully designed geometric features to create the desired turbulence

characteristics to ensure the reaction rate is dominated by the reactant mixing rate.

Xi
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Chapter 1

Introduction

This thesis is positioned to improve the environmental performance of heavy-duty
Gas Turbines (GTs) and hence, support civilisation's realisation of a decarbonised
economy. This chapter provides a brief introduction to climate science, o ering
context for the supporting policies required to achieve a decarbonised society. Addi-
tionally, this chapter introduces the potential role of hydrogen, speci cally hydrogen-
fuelled GTs, in power generation. The primary focus of this thesis is directed toward
assessing the hydrogen capability of the GT26 Gas Turbine, a subject of particular
interest to the author's industrial sponsors: RWE Generation UK, referred to as
RWE herein. The relevance of the objectives of this thesis for RWE is explored
within this chapter. The hypothesis and technical details regarding the GT26 will

be introduced in the subsequent chapter.

1.1 Motivation: Climate Change & Security of
Supply

Climate change represents a pervasive concern within social consciousness and gov-
ernmental strategies. It is an issue that is induced by human activities characterised
by the excessive exploitation of natural resources, resulting in alteration to the global

ecosystem and in turn increased concentration of greenhouse gases (GHG) in the

1



atmosphere. The GHG e ect has caused alteration in our climate due to its warming
e ects of trapping radiation into our atmosphere [1].

This phenomenon is further exacerbated by widespread mono-culture farming
practices, extensive utilisation of fertilisers, and the ongoing process of deforesta-
tion, leading to deserti cation in numerous regions worldwide. Consequently, the
task of upholding a balanced and resilient biosphere capable of sustaining life grows
progressively more arduous. Many believe that a precipice of irreversible and run-
away changes to the climate is imminent [2]. It has been posited by many climate
and geographical scientists that we are currently in a new geological epoch termed
the Anthropocene, which is characterised by humanity's profound in uence on the
planet's climate [3].

It has been reported by NASA [4] that since the industrial revolution (circa
1880) global temperature of Earth has increased by approximately @, as shown
by Figure 1.1.1, with more than half of that increase occurring since 1975. Hence,
there have been strong signals by The International Energy Agency (IEA) and non-
Governmental Organisations (NGO) as to the direction industries must take in a bid
to maintain global temperature's below agreed limits (resulting from Paris Agree-
ment [5]). It is said that the achievement of Net Zero GHG emissions would enable
the realisation of the Paris Agreements aims, which will be discussed in further
detail in Section 1.3. The IEA have stated that for humanity to reach Net Zero
emissions by 2050, that all fossil fuel exploration must immediately stop at the time
of publishing their Global Energy Sector Roadmap (May, 2021) and no new coal
plants to be built (as of 2022) [6] [7].

However, due to the Russian invasion of Ukraine in 2022, the global oil and
gas industry took a tumultuous dive as a result of sanctions upon Russian natural
resources. This in turn induced a cost of energy crisis and saw many countries
increase their domestic coal use and fossil fuel exploration as the security of supply
had been challenged as a result of geopolitical pressures [8].

With the ever increasing energy demand seen globally and as developing countries



become industrialised [9] the need for the developing clean energy systems that are
cost e ective, provide a secure supply, environmentally sustainable and reliable is
becoming increasingly important. This may be considered as a socio-economic driver
for countries with little natural fuel resource to consider a domestic production
industry of an alternative fuel, such as hydrogen, that has thpotential to manage

the energy trilemma.

Figure 1.1.1: Agreement on Global temperature rise, reproduced from [4]

1.1.1 Energy Trilemma

The energy trilemma is a concept that connects the challenges that are faced by
policymakers and energy industry stakeholders in managing energy systems. The
challenges considered are (i) energy security, (i) energy sustainability and (iii) en-
ergy equity or a ordability. Thus describing the need for energy of a reliable and
uninterrupted supply, with minimal negative impact on the environment from pro-
duction and consumption of energy, at a cost that is accessible to all members of
society to minimise social inequalities. The interplay between these three facets is
depicted by Figure 1.1.2 below.

The energy trilemma signi es the need and challenge in balancing these three
factors, as by pursing one factor often comes at the expense of the others. For
example, increasing energy security through the development of domestic fossil fuel
resources may lead to higher GHG emissions and negatively impact environmental

sustainability. Conversely, prioritising environmental sustainability by rapidly tran-
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Figure 1.1.2: Energy Trilemma Infographic, relating the three aspects of the energy trilemma,
reproduced from [10]

sitioning to Renewable Energy Sources (RES) may initially result in higher energy
costs and potentially a ect energy equity.

The crux of the challenge confronting the industry emerges from a con uence
of factors. These include the pronounced geopolitical tensions associated with the
Russo-Ukraine war, the far-reaching economic consequences stemming from the war
itself, alongside the ongoing challenges related to the recovery from COVID-19. An
additional threat to energy costs may arise due to the con ict between Hamas and
Israel. However, at the time of writing, it is regarded as a possible threat rather
than an actuality [11] [12].

Furthermore, elevated energy prices and their substantial impact on in ation
exacerbate the industry's dilemma. In tandem with these challenges, the increasing
in uence of GHG emissions and the continued destruction of the natural environ-
ment compound the complexity of the situation. Recognising the multifaceted and
demanding nature of these challenges, it becomes imperative to adopt a proactive

approach that places a strong emphasis on innovation.
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1.2 Combustion

Combustion is de ned as the rapid-oxidation of a fuel that liberates the stored
energy in the fuels chemical bonds and converts the stored energy into heat and
light. Subsequently, new products are made resulting from the reaction, as detailed

in the chemical equation for the complete combustion of methane below.

CH;+2(0,+3:76 N\p) ! CO;+H 0+ 7:52N,:

Combustion has been central for the development of human life throughout our
history as a species. The control and daily use of re is considered to date back as
far as 300,000 years [13]. It was used for warmth, light, defence against predators and
perhaps more importantly, used to cook. The advent of cooking also coincides with
the growth of human brain size, leading to the development of human intelligence
and thus our advancement as a species [13]. Now, the technology is vilied by
the predominant use of unabated combustion with carbonaceous fuels, yet it is still
essential to all human life, prosperous or not.

In recent years, combustion accounts for an overwhelming majority of 90% of
today's global energy use [14], as depicted by Figure 1.2.1. The use of combustion
is extensive and ingrained in the lives of developed societies from the use of heat for
space heating of buildings; generation of heat for industrial processes such steel and
cement production; use of fuels such as petrol, diesel and kerosene in the transport
and aviation industries to provide thrust to drive their respective systems; the incin-
eration of waste and of particular interest to this thesis, the generation of electricity.
Combustion was accountable for circa 63% of global electricity production in 2019

[14], as shown in Figure 1.2.2.



Figure 1.2.1: Global Energy supply by fuel, fuel types not labelled in ascending order from
Natural Gas are; Nuclear, Hydro, Biofuels & Waste, and Other, reproduced from [14].

Figure 1.2.2: Global Electricity Production by source, reproduced from [14]

1.2.1 Societal Challenges of Combustion

Traditionally, carbonaceous fossil fuels have been the fuel of choice in combustion
systems, yet there are a number of challenges to consider that have become more

prominent in recent years. Since fossil fuels are a nite source, there are concerns

6



regarding cost and security of supply. Despite the accelerated use of fossil fuels,
the timescales of exhaustion of said supply continues to grow with improvements
in recovery technologies and resource economics [15]. However, this will ultimately
result in fossil fuels becoming prohibitively expensive as is natural with a nite
resource increasing in scarcity.

Due to the geographical concentration of fossil resources, there are additional
concerns regarding security of supply since not every country has an indigenous
supply of a fossil fuels, thus, requiring countries to import their resources. This
can leave many susceptible to the volatility of geopolitics and resource prices on the
energy market.

No example is clearer than Europe, or more speci cally Germany's, over-reliance
on Russian natural gas, where 40% and 55% of the gas consumed in Europe and
Germany was supplied by Russia [16]. This resulted in Europe having a lessened
ability to take strong geopolitical stances against Russia in the ongoing Russo-
Ukraine war, until a divestment from Russian supply was made. This naturally
caused market uctuations, and severe gas price increases as European demand was
hoped to be satis ed by the remaining market.

The energy landscape is complex, and geopolitical events can have profound ef-
fects on energy markets and global economies. Addressing these challenges often
requires a multifaceted approach that includes diversifying energy sources, improv-
ing energy e ciency, and adopting sustainable energy practices to mitigate risks
associated with supply disruptions and price uctuations. Energy security is as

consequential as ever when considering the Energy Trilemma [17].

1.2.1.1 Demand & Population Growth

The global population is projected to grow as presented in Figure 1.2.3. Couple
that with the expected growth in the global economy, and the accelerated growth
in non-OECD countries, particularly in Asia, an increase in global energy demand

is expected. Whilst the technology is already present to address these energy needs,
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it is likely to come at the the detriment of at least one facet of the energy trilemma.
Considering the power sector, the rise of Electric Vehicles (EV), heat pumps and

many processes being decarbonised through electri cation, the demand for electrical

power has been projected to increase by nearly threefold by 2050, compared to 2010

levels, according to the IEA World Energy Outlook [18].

Figure 1.2.3: World Population Projections reported by United Nations, reproduced from [19].

1.2.2 Sustainable Challenges of Combustion

The challenge of the greatest existential concern and the de ning issue of the 21st
century, is the impact of emissions from the combustion of fossil fuels. The formation
of compounds such as CQ N,O, NOx, SOx and CO, along with the release of
particulate matter (PM) have been adversely impacting the climate. Hence, if the
ultimate aim is for humanity to become a sustainable species, there is a need for
a reduction in the use and, ultimately, the replacement of unabated combustion of
fossil fuels for its energy.

It is important to make the distinction that combustion itself is not a negative
phenomenon. Whether combustion is favourable or not is reliant on the fuel used
in the combustion reaction. Alternative carbon-independent fuels such as hydro-
gen and ammonia are widely considered across various sectors as the \fuels of the

future" to achieve their respective industries emission targets. At present, the pro-
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duction of these fuels have an environmental penalty due to their unabated nature.
However, developments are underway to establish greener solutions by utilising re-
newable power to produce them. Sectio?? details the current methods of hydrogen
production and the developing \green" hydrogen production method, which green
ammonia production would use as a feedstock to the Haber-Bosch process. The use
of alternative fuels will be considered in more depth in Section 1.6, yet it would be
remiss not to introduce them ahead of the introduction of current policies.

Carbon Capture and Storage (CCS) technologies have gained recent traction
due to their capacity for retro tting to existing assets. CCS captures carbon either
before or after combustion through various methods, depending on the technology,
e ectively mitigating atmospheric emissions. Past drawbacks, such as increased
operational costs and energy penalties, are now accepted in the pursuit of Net Zero
targets. Although this thesis does not delve into CCS, its signi cant role is projected
in the next two decades, especially with the concurrent expansion of the green fuel
production industry. For a more in-depth exploration of the role of CCS across

industries and value chains, please refer to the review paper [20].

1.3 Institutional Policies, Treaties and Strategies

Attaining Net Zero emissions by 2050 demands a holistic strategy, incorporating
policy, legislation, and nancial frameworks. Governments must establish ambi-
tious emission reduction targets and foster a conducive regulatory environment to
incentivise the shift towards low-carbon alternatives. Financial frameworks, util-
ising incentives such as carbon pricing and green bonds, can drive investments in
green technologies and climate-resilient infrastructure. The combination of these
elements creates a virtuous cycle, promoting sustainable practices and expediting
the transition to cleaner energy sources for a Net Zero future by 2050.

This section will elucidate the manner in which global policies permeate through

various geographical tiers, from global, to continental to national levels.
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1.3.1 International Treaties

Internationally, the Paris Agreement, a pivotal climate accord succeeding the 1997
Kyoto Protocol, stands out as a major milestone. Introduced in December 2015 at
the 21st UNFCCC conference (COP21), the agreement aims to drive global cooper-
ation and incentivise a green and equitable energy transition. Notably, it commits
to capping the rise in average global surface temperature at@ above pre-industrial
levels, with e orts to limit it to 1.5 Clan acknowledgement of the severe conse-
quences warned by scienti c consensus [5].

Each participating country (197 currently) is obligated to declare and strive
to achieve Nationally Determined Contributions (NDC), subject to revision every
ve years [5]. Developed nations are expected to lead with greater contributions
and reach peak emissions earlier due to their economic advantage, contrasting with
developing nations anticipated to reach their emissions peak later.

Concerning developing countries, it has been proposed to annually mobili&)0
billion USD for sustainable development, steering away from cheaper carbonaceous
sources, however, this has yet to materialise. The deadline for this funding has been

extended to 2025.

1.3.2 European Policies

As aforementioned, such policies then cascade to the next geographical level. The
European Union (EU), as a collective, submitted an enhanced NDC's of reducing
their emissions by at least 55% by 2030 from 1990 levels in December 2020 (initial
target 40%) [21]. The EU has revised and legally enforced the Renewable Energy
Directive since its inception in 2009 to achieve its NDCs. The new target is to derive
45% of the EU's energy consumption from RES. Originally, the directive aimed for a
share of 20% renewable energy, but the revised version re ects the EU's heightened
commitment to transition towards cleaner and sustainable energy sources [22].

The EU have also taken a leadership role in the adoption of hydrogen, or more
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speci cally, green hydrogen as a major fuel source through their Hydrogen Strat-
egy [23]. It suggested policy action in 5 areas, that being: investment support;
supporting production and demand; the creation of hydrogen market; research and
international cooperation. The EU aims to produce and import 10 million tonnes
of hydrogen, respectively, by the year 2030 [23]. This is to be achieved through the
EU's “hydrogen accelerator' concept to scale up the domestic deployment of green
hydrogen, that is to be supported by the European Hydrogen Bank that aims to

create investment security and business opportunities [24].

1.3.3 UK Acts and Policies

Progressing through geographic layers, the UK marked a historic milestone with the
enactment of the Climate Change Act in 2008, pioneering the legal commitment
to combat long-term climate change. Initially targeting an 80% reduction in GHG
emissions below 1990 levels by 2050, this goal was later revised in 2019 to achieve
Net Zero emissions by 2050. The legislation introduced carbon budgets, setting
binding emissions limits for ve-year periods, overseen by the independent Climate
Change Committee.

The Energy Act of 2013, in addition to the Climate Change Act 2008, signi -
cantly in uenced UK energy policies. It introduced Contracts for Di erence (CfDs),

a successful nancial framework incentivising low-carbon energy technology adop-
tion. CfDs oer a xed \strike price" [ £/MWh] to low-carbon power generators,
shielding them from energy market price volatility. This framework, depicted in
Figure 1.3.1, is hailed for its success in promoting Renewable Energy Source (RES)
adoption and associated cost reductions in the UK.

Several strategies proposed by the UK government, including the Clean Growth
Strategy (2017), Road to Net Zero (2018), and "The Ten Point Plan for a Green
Industrial Revolution,” outline decarbonisation e orts while sustaining economic
growth [26].

Positive developments include increased Electric Vehicle (EV) adoption [27];
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Figure 1.3.1: Contract for Di erence mechanism depicted, reproduced from [25]

progress in Small Modular Reactor nuclear technology and the development of
Hinckley Point C [28]; and the development of the world's largest o shore wind
farm o the East coast of England, operational by 2026 [29].

In 2021, the UK Government also set the ambition for all power generators to
decarbonise their assets by 2035, as per their \Decarbonisation of the Power Sector"
report [30]. Whilst at present approximately 60% of the UK's power comes from
low-carbon sources such as RES and nuclear, the remaining is accounted for by gas
red power stations [30]. This report states that gas red assets must be converted
to include CCS or operate using hydrogen as a fuel source to achieve their aim.

In light of this the UK Government introduced the Dispatchable Power Agree-
ment (DPA) (2022) [31], which is a private law contract between the UK Government
and carbon emitting power generators that o ers a business model for compensating
the power generators for the associated costs of capturing and storing the emitted
carbon through CCS technologies [31]. A hydrogen for power business model is
currently under development at the time of writing to support generators in their
transition to hydrogen red solutions.

Despite early leadership, the UK's transition to Net Zero has regressed with over
100 new licenses for oil and gas exploration in the North Sea [8]. Continued use of
terms like “low-carbon hydrogen' (targeting 10GW production capacity by 2030 [32])
suggests a persistence of fossil fuels, especially with the adoption of blue hydrogen

production [32]. While blue hydrogen outperforms grey hydrogen in terms of emis-
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sions, prioritising green hydrogen production via renewable power and electrolysis
appears de cient.

Ensuring energy security and decarbonising challenging sectors, necessitates a
balanced approach. Hence, an equal approach towards production of green substi-
tute fuels is proposed. If green fuels realise the nancial success akin to Wind and
Solar via responsible CfD allocation or similar, suggests potential nancial viabil-
ity surpassing that of CCS. As fossil fuel reserves deplete, CCS costs are expected
to rise, driven by competition for CQ, storage space and resource economics. The
substantial production of green fuels, like hydrogen, is essential for displacing fossil
fuels. Therefore, a balanced approach and a committed e ort to decisively achieve

emission targets are imperative.

1.4 Power Sector: Global and UK Trends

The power sector has arguably been the most progressive heavy industry in decar-
bonising, and has been in an energy transition since the turn of the century. Prior

to 1990, coal was considered king in the energy industry, accounting for the major-
ity of energy consumed at the time and the main fuel source in the production of
power. Coal was near exclusively used in the inception of the industrial revolution
due to the technological capabilities of extracting the resource. In more recent years,
following the backdrop of both nuclear and oil politics of the 1960's to the 1980's,
coal secured itself as a rm favourite in the power sector as the main means of
baseloading. However, a drive to cleaner fuels has been required since coal produces
the greatest proportion of CQ emissions than any other fuel type [33].

In the late '80s and early '90s, industrial countries, including the UK, US, Nether-
lands, and Canada, underwent a \dash to gas" as highly e cient Combined Cycle
Gas Turbine (CCGT) technology emerged [34]. CCGTs integrate a Gas Turbine
engine with a steam generator, enhancing e ciency by recovering exhausted heat.
This technological leap, achieved e ciency improvements from circa. 30%-40% to

exceeding 60% today. Due to the drastic increase in e ciency, operators were quick
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Figure 1.4.1: Historical Trend of Installed Capacity by source in the UK, reproduced from [35].
Other sources are de ned as; coke oven gas, waste from chemical processes, pumped storage
generation, bioenergy and energy from municipal waste.

to adopt this technology due to its commercial attractiveness. Figure 1.4.1 illus-
trates the evolving power generation trend in the UK from 1920 to 2020, which
depicts the wide adoption of gas power. Also shown in Figure 1.4.1 above, there
has been an increasing proportion of energy produced by RES. RES are considered
any form of energy that is inexhaustible, non- nite resource. RES include the har-
nessing of the wind, tide, gravitational potential of water (hydro) and solar energy
most commonly. Other technologies can cautiously be considered renewable such as
biomass, as many disagree with this classi cation due to the carbon emissions and
sustainability issues that associated with biomass combustion [36] [37].

In the context of this introduction, when discussing RES herein, the focus is
speci cally on wind and solar technologies. This emphasis stems from their pre-
dominant share in generating capacity and their signi cant potential for scaling up.
RES' share has been steadily increasing due to their successful reduction in cost and
as a result of various policies described in Section 1.3.3. Their adoption continues to
increase as a result of them being commercially competitive with traditional thermal
power stations. The UK Government published predictions of the "Levelised Cost
of Energy' (LCOE) of Solar and Onshore Wind, and expect by 2025 that their cost
will be half the cost of operating a gas powered plant.

The growth rate of power generated by RES in the UK between the years 2011-
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2021 has been on average 14.7% increase per annum [38], which has naturally ben-
e ted the sectors carbon emissions.

However, the challenge lies in the uctuating nature of the highest installed
capacity RES. Since these technologies rely on the temporal weather conditions,
they in turn produce a uctuating power generation source. Hence, RES have the
disadvantage of potentially inducing grid instabilities such as; voltage instabilities,
frequency variations, grid imbalances and grid overload, potentially resulting in
blackouts. Fortunately there are mitigation methods that are continuously practiced
by grid operators such as; demand side management, interconnection, forecasting,
energy storage, and the utilisation of exible and grid balancing generating assets.

The latter proves to be one of the most e ective means of stabilising the energy
grid for grid operators, as they typically embody the following characteristics; a fast
ramp rate; ability to perform as a peaking plant; o er blackstart capability and to
provide frequency response to grid to maintain a stable frequency. Technology types
used are: Gas Turbines (both open and closed cycle), Internal Combustion Engines
and Diesel generators.

In turn, the more we turn to renewable energy for our power needs the more we

rely on exible generating assets, such as GTs.

1.5 Gas Turbine Development

Gas Turbine (GT) technologies have evolved since their late 19th-century inception,
making a commercial debut in 1939 and continuing to progress. They play a vital
role in the power industry, providing exible generation that aids in stabilising and
responding to grid uctuations induced by RES [39, 40, 41]. With the increasing
reliance on RES for energy generation and the imperative to achieve Net Zero targets
[42], omitting emissions from GT power generation has become essential.

The evolution of Gas Turbines (GTs) has progressed from early design and com-
bustion knowledge to the current emphasis on compliance with stringent regulations.

As illustrated by Figure 1.5.1, the development of high temperature materials, cool-
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Figure 1.5.1: Historical trend of hot gas temperature's achievable aligned with material
developments, reproduced from [45].

ing strategies and deploying them in combination have facilitated a signi cant in-
crease in allowable gas temperatures. Initially limited to approximately 82C (with-
out convective cooling) and 90CC (including convective cooling) near the commer-
cial deployment of GT technologies. Today, GTs operate with hot gas temperatures
in excess of 160@, as showcased by Mitsubishi Heavy Industries (MHI) [43] and
GE [44], for example. This progress was made possible by the development and utili-
sation of advanced cooled, thermal barrier coated and ceramic matrix composite hot
gas path components. In addition to the developments in temperatures achievable
in GTs, their pressure ratios have also increased. At their inception, pressure ratios
of approximately 4:1 in the combustor [46]. Present day GTs have developed vastly
with H-class turbines now exceeding pressure ratios of 20:1 []. The development in
pressure ratios utilised in such GTs has enabled GTs to achieve greater e ciencies,
higher power outputs and therefore an overall improvement in their performance.
These advancements align with tightening C@restrictions, positioning natural
gas as a bridging fuel to facilitate a transition from coal and oil, resulting in lower
carbon emissions and improved air quality by reducing NOx [34]. However, esca-
lating CO,, restrictions, exempli ed by international treaties like the Paris Climate
Change Agreement [5], intensify the pressure on Original Equipment Manufactur-

ers (OEMs) and researchers to advance GT technologies to adhere to increasing
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Figure 1.5.2: Development of ring temperatures, e ciency and power output of CCGTs,
reproduced from [48].

emission constraints.

This as subsequently translated to developments to attain higher ring tempera-
ture's to realise increases in the e ciency and power output of CCGTs, as illustrated
by 1.5.2, where OEMs are targetting higher ring temperatures in excess of 170
and ever increasing pressure ratios in the combustor [47] in a bid to improve GT

performance further.

1.6 Alternative Fuels

Hence, contemporary research and developments in the eld of combustion has ex-
perienced a paradigm shift in where the use of alternative fuels is being considered
earnestly and the use of such fuels is becoming prevalent within future planning
policy-making, research and industrial development [49]. Alternative fuels in this
instance are considered to be a fuel with a reduced carbon footprint when compared
to conventional fossil fuels such as natural gas. Most notable examples would be
hydrogen, ammonia and biofuels, as will be described in the subsequent sections.
Whilst not an alternative fuel for combustion, nuclear is considered for its potential

role in future energy mixes.
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1.6.1 Hydrogen & Ammonia Fuel

?? The attractiveness of hydrogen is due to its carbon independence, resulting in
direct emission free of C@ CO and unburnt hydrocarbons; nil particulate matter
formation and no SOx, when compared to carbonaceous fuels. When combusted
in air its main emissions are NOx and KO vapour - as shown by the complete

combustion equation of hydrogen in air displayed below.
1
[H, + E(02+3:76 Np) ! H,O + 1:86 N,]:

Speci cally for use within gas turbines (GTs), there are proposals to introduce
hydrogen either through fuel blending with natural gas or by using pure hydrogen
to minimise and eventually mitigate carbon emissions from these critical energy as-
sets. Figure 1.6.1 demonstrates that as the hydrogen content in the fuel increases,
the reduction in carbon dioxide (CQ) emissions becomes more signi cant. It is
important to note that this relationship is not linear due to di erences in the vol-
umetric densities of the fuels constituents. For example, achieving a roughly 50%
reduction in CO, emissions would require a natural gas/hydrogen fuel blend with
approximately 20% natural gas and 80% hydrogen by volume.

Waste gases from industries such as re neries and chemical production, as well
as syngas from solid fuel gasi cation, often contain hydrogen. Using these gases
in GTs o er an additional and e cient use of the fuel to produce either electrical
energy or work [50], whilst maintaining low carbon emissions.

The utilisation of hydrogen o ers a dual advantage, serving as both an energy
storage medium and a clean fuel source. As the number of large-scale Renewable
Energy Systems (RES) projects continues to rise, a natural consequence is the occa-
sional disparity between power demand and the availability of renewable energy for
generation. This presents a prime opportunity to harness surplus renewable energy
for storage. One e ective approach is to employ this excess renewable energy for the

production of green hydrogen [51]. Green hydrogen production involves electrolysis

18



Figure 1.6.1: Carbon Intensity of emission from CH,/H , combustion emissions, reproduced
from [39]

powered by renewable electricity sources like solar and wind [52]. The advancement
of such production technologies marks a shift away from the predominant reliance
on fossil fuels, which currently constitute 96% of global hydrogen production [53].

Hydrogen production from fossil fuels has relied on processes such as pyrolysis
of solid fuels like coal or biomass, or the reformation of natural gas. The pyrolysis
method involves heating the solid fuel to temperatures ranging from 50D to 1000 C
in an oxygen-free environment, causing the fuel to decompose into syngas, with
hydrogen being one of its constituents. To obtain a pure stream of hydrogen, the
syngas undergoes additional processing, including the Water Gas Shift reaction, to
separate hydrogen from the syngas. The resultant hydrogen product is commonly
referred to as brown hydrogen [52].

As stipulated above, hydrogen can be derived from natural gas through Steam
Methane Reforming (SMR), a process where natural gas reacts with steam at tem-
peratures around 700-100@ to produce a syngas containing hydrogen and car-
bon monoxide. The syngas undergoes further puri cation to separate the hydrogen
product, constituting what is termed grey hydrogen production, as the associated
carbon emissions are released into the atmosphere [52]. In e orts to enhance the en-
vironmental sustainability of grey hydrogen production, recent advancements have
introduced carbon capture processes to capture a signi cant portion (85-95%) of the

emitted carbon, resulting in what is known as blue hydrogen [52].
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While utilising hydrogen-powered GTs may lead to improved stack emissions, it's
essential to cautiously evaluate the environmental impact of the hydrogen's source.

Whilst this subsection may have focused on hydrogen, it is necessary to consider
other alternative carbon-independent fuels such as ammonia, which is considered
to be a solution for future fuel use by the IEA [54]. Both hydrogen and ammonia
fuels o er polarity in their combustion characteristics, with natural gas fuels being
the median of their characteristics. Ammonia fuel is characterised by slow combus-
tion dynamics due to its high ignition temperature and slow ame speed, yet has
advantages in terms of, higher volumetric energy density and; ease of storage and
transport [55]. However, ammonia does carry safety concerns regarding its han-
dling due to its toxicity. Ammonia is expected to have its largest penetration in the
maritime shipping industry, and used elsewhere in GTs that have a geographically
convenient source of ammonia.

Research in this eld is highly active and innovative, with a focus given to the
minimisation of NOx emissions. Extensive work has been undertaken at Cardi
University in the eld of Ammonia [56] [57], including the utilisation of plasma
assisted combustion. NOx emissions are considered the main challenge of ammonia
utilisation.

Hydrogen, on the other hand, is intensely reactive with low ignition energies,
wide ammability limits and poses a signi cant explosive risk. Hydrogen's storage
and transport also proves to be challenging due to its di usivity. That being said,
hydrogen appears to be enjoying its current position as the \fuel of the future"
with many, if not all carbon emitting industries and governments considering its use
for its potential to decarbonise hard-to-decarbonise sectors. Hydrogen is therefore
considered favourable over ammonia in society at large. Yet, ammonia's utility

should not be at all discounted.
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1.6.2 Additional Technologies - Power Decarbonisation

Whilst outside of the scope of this thesis, biofuels are certainly a valuable fuel type
to consider. Biofuels is a catch-all term for a wide variety of fuels and is de ned by
Gupta, K.K. et al. as; \alternative fuels, made from renewable sources and having
an environmental bene t" [58]. Whilst the use of renewable in the de nition may be
considered contentious, it is undeniable that the environmental impact is certainly
lesser than conventional fossil fuels.

Producing fuels like biomethane o ers an opportunity for environmental improve-
ment while using a fuel nearly identical to its fossil counterpart. Positioned as a
bridging fuel, biomethane serves as an excellent option during the ongoing develop-
ment of the decarbonised fuel industry. Unlike hydrogen, which demands extensive
infrastructure, safety measures, workforce upskilling, and substantial production
scale, biomethane can achieve a reduced environmental impact while operating in
existing assets and infrastructure without immediate retro ts.

While diverging from the thesis's primary focus, it is considered necessary to
include nuclear power in the discussion on the decarbonisation of the power sector.
Nuclear power's steady-state operation makes it a baseload generation method, o er-
ing signi cant volumes of carbon-free energy, a distinctive feature among low-carbon
methods.

Despite its potential, nuclear power receives minimal attention in public and
political discourse for meeting energy demands in a low-carbon manner. Historical
anti-nuclear sentiments, intertwined with nuclear weapon rhetoric, hindered global
development. Environmental victories over nuclear power have, paradoxically, led
to increased environmental costs, as proposed nuclear stations were replaced with
coal plants [59].

Concerns regarding radioactive waste, safe operation, and fuel scarcity linked to
Uranium, the current nuclear fuel, can be addressed by considering Thorium [60]
[61]. Thorium not only mitigates weapon proliferation concerns [62] but also o ers

a fuel source of greater abundance [63], reduced risk of meltdowns, improved safety
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features [64] and reduced waste management [65].

1.7 Research Sponsor - RWE Generation UK

This research project is sponsored by RWE Generation UK, a part of the multina-
tional RWE AG group based in Germany. RWE AG encompasses various aspects,
including thermal power generation, renewable generation, and a supply and trading
arm. Its global reach extends across Europe, the United States, and the Asia-Paci c
region.

With a history spanning over 125 years as a power generator, RWE, formerly
associated with numerous coal plants, has transformed in response to the evolv-
ing global energy landscape. Now a leader in renewable energy, RWE focuses on
wind farms, solar power, and battery storage facilities. From 2012 to 2021, RWE
successfully reduced their UK carbon intensity by 43% [66]. Demonstrating their
commitment, RWE pledged to achieve Carbon Neutrality of the entire companies
operation by 2040 in 2019 [67], accompanied by the intermediary goals stated below
[68]. This transformation has been adapted for the UK market to align with the

UK government's aim to decarbonise the power sector by 2035 [30] [69].

" Scope 1 and 2 emissions to be reduced by 50% by 2030 (relative to 2019 levels
of 591 CQe/kWh).

" Scope 3 emissions reduced by 30% of the same 2019 levels.

RWE have also expressed great interest in the potential for hydrogen as a tech-
nology that will enable the decarbonisation of power generation with involvement
in numerous projects across Europe, that cover the entire hydrogen supply chain
[70]. Pembroke Net Zero Centre (PNZC) is a project focused on the integration of
innovative decarbonisation technologies including the hydrogen production via elec-
trolysis (initial path nding project of 300MW whilst investigating GW potential),
CCS and oating o shore wind, as depicted by Figure 1.7.1. The PNZC is optimally

positioned in Milford Haven which is a signi cant player in the UK's energy sector
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due to its extensive industrial activities that include one of the UK's largest LNG

terminals [66].

Figure 1.7.1: Inforgraphic of PNZC reproduced from [66]

On the European continent, RWE collaborates in the GET H Nukleus consor-
tium with partners like Nowega, BP, and BASF, aiming to construct 135 kilometres
of hydrogen infrastructure in Germany [71]. A 100MW electrolyser will produce
green hydrogen using renewable electricity, setting a path nding industry standard
and demonstrating the scalability of electrolysis technologies [71]. Additionally, in
Switzerland, RWE leverages their hydro power asset in Albbruck for green hydro-
gen production via electrolysis. The advanced hydro power station generates 660
GWh of green electricity annually, a portion of which will be dedicated to hydrogen
production to meet varying electricity demands [72].

The examples provided are by no means exhaustive, since RWE have 30 green
hydrogen projects in progress. The examples aim to provide a avour of the work
that RWE are undertaking across the hydrogen value chain.

It is acknowledged that Power Generation companies are well-positioned to ex-
pand their presence in future global energy markets. Historically, oil and gas com-
panies dominated the energy sector, amassing signi cant assets valued at USD 2.236

Trillion among the top 10 companies. Their inclination to divest from these assets
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is not purely altruistic, given the substantial investments made over the past 150
years. Recognising that green fuel production relies on electricity, power generation
companies, exempli ed by RWE, are strategically poised to play a pivotal role in
shaping and dominating the evolving energy landscape. RWE stands as a leading
example of a large, energy-intensive corporation adapting to environmental pres-
sures and becoming an agent of positive change in a high-emission industry and

beyond.

1.7.1 Project Aims for RWE

Whilst RWE have been driving innovation in the production side of the hydrogen
value chain, considerations for the impact of hydrogen in their assets has also been
on-going. Hence, the sponsoring of this doctoral project that is focused on the
investigation of the e ect of hydrogen in the GT26 GT. The stark di erences in
combustion behaviours that is exhibited between hydrogen and Natural Gas, that
will be discussed in Section 2.1, requires extensive research to ensure that such assets
do not become stranded with the changing energy landscape.

RWE owns and operates 9 GT26 gas turbines in the UK, located at Staythorpe
and Pembroke Power Stations, contributing 4.03 GW of electrical capacity. Recog-
nising the future role of hydrogen in the power sector, RWE seeks understanding of
the impact of hydrogen on their generating assets. The challenge lies in adapting
assets designed for carbonaceous fuels to accommodate higher volumes of hydrogen,
thus preventing the risk of stranded assets. It is the remit of this project to investi-
gate the hydrogen capability of the GT26 at present, through literature search, and
identify possible routes for enabling and derisking high hydrogen capability in the
GT26.

1.7.2 Project Aims

The primary aim of this doctoral project is to identify limiting factors related to the

GT26's hydrogen capability and explore potential enhancements. The sequential
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burner, unique to the GT26, is identi ed as a constraint on hydrogen operation.
An experimental test campaign is devised to investigate whether modifying the
ow eld can favourably alter the combustion reactions propagation, addressing the
increased reactivity of hydrogen. A new combustion facility at Cardi University's
Gas Turbine Research Centre (GTRC) is developed for this purpose.

Within this test campaign, various methane and hydrogen fuel blends are ex-
amined to identify transitional regions where hydrogen's presence induces changes
in combustion chemistry, a ecting the reaction rate. Experimental work is comple-
mented by a Computational Fluid Dynamics (CFD) model to provide additional

insights into combustion mechanisms during testing.
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Chapter 2

Literature Review

This literature review serves as a description of the challenges associated with the
conversion of assets originally designed to operate on carbonaceous fuels to run
on hydrogen enriched fuels. It begins by comparing the fundamental properties of
these fuels, followed by an introduction to the current challenges and state of the
art technologies to address hydrogen usage in GTs. The GT26 and its operating
principles are subsequently introduced. Moreover, this review delves into dedicated
research conducted speci cally on elements of the GT26 gas turbine.

An investigative approach is employed to explore the challenges confronting the
GT26 concerning its hydrogen capability, contributing to the central hypothesis of
this thesis. The literature review culminates with an overview of pertinent literature
related to the phenomena under investigation in the experimental aspect of this

doctoral research project.

2.1 Fundamentals of Hydrogen

The introduction of hydrogen as a fuel will induce complexities in GT operation
as the characteristics of carbonaceous fuels, such as natural gas, di er vastly from
hydrogen, as will be described within this section. Note, that natural gas shall be
approximated to its main constituent methane (CH) for the purpose of comparing

the fuels. The true composition of natural gas will include varying contents of
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other hydrocarbons (depending on their geographical point of extraction) such as
ethane and propane that will e ect the combustion characteristics [73] [74]. For
example, adiabatic ame temperatures (under stoichiometric conditions with air, a
temperature of 20C and atmospheric pressure) of methane, ethane and propane

increase from 195QC, to 1955C to 1967 C, respectively [75]. Laminar ame speeds

(LFS) for the three fuels also increase with methane having a LFS 8#.5cm=s

to ethane with a LFS of 36.4m=s to propane exhibiting a LFS of 37.8m=s at

an initial temperature of 29& and at atmospheric pressure [76]. Table 2.1 lists a

number of fuel properties for hydrogen and methane.

Table 2.1: Fuel Properties of Hydrogen and Methane
Fuel Hydrogen | Methane | Reference
LHV (MJ/Nm3) 10.8 35.8 [771, [77]
LHV (MJ/kg) 120 50 [771, [77]
Flammability Limits in air (% vol) 4-74% 5.3-15% | [78], [78]
Ignition Energy* (mJ) 0.02 0.29 [79], [80]
Adiabatic Flame Temperature* in air ( C) | 2045 1875 [81], [81]
Laminar Flame Speed* (cm/s) 207.5 34.5 [76] [76]

*Properties are evaluated at initial conditions of 20C, 1 atmosphere and sto-
ichiometric. Initial conditions and method of evaluation can impact the measured

value.

2.1.1 Caloric Content

As denoted by Table 2.1, there is a distinct di erence in the calori ¢ content of hy-
drogen and methane, on a mass basis, hydrogen is more energy dense. Conversely, on
a volumetric basis, methane is more energy dense. When considering fuel owrates
for GT operation, fuel owrates are considered on a volumetric basis which in turn
implies that if a given GT were to maintain its fuel owrate then a reduction in

its speci ¢ work will occur [82], thus potentially de-rating the machine. This is ex-

pected to be resolved by increasing the ow capability of ancillary equipment related

27



to fuel delivery.

2.1.2 Adiabatic Flame Temperature

In Table 2.1, the ame temperature of hydrogen is shown to be greater than that
of methane. Idealised ame temperatures are de ned as the \Adiabatic Flame
Tempeature" (AFT), which denotes the maximum isothermal temperature achieved
by the given fuel-oxidant blend at the given equivalence ratio.

Below in Figure's 2.1.1a and 2.1.1Db, the trend for the AFT versus Equivalence

Ratio (ER) for methane and hydrogen is respectively displayed.

(a) Graphical representation of CH 4 AFT versus ER for both experimental and
numerical consideration, reproduced from [83]

(b) Graphical representation of H > AFT versus ER, reproduced from [84].

Figure 2.1.1: AFT relationship to ER for CH 4 and H,, respectively.
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The higher AFT of hydrogen in turn induces the preferential pathway of the
Zeldovich NOx production mechanism [85]. Lean combustion regimes are typically
deployed in GT engines to reduce the overall ame temperature and thwart the
production of NOx production via the Zeldovich mechanism [86] [85].

The higher hydrogen AFT will also result in increased thermal loading on GT
combustor components which already require highly sophisticated cooling air sys-
tems to minimise thermal loading on hot path components [87]. Secondly, as the
moisture content in the ue gas of a hydrogen containing fuel is greater than that
of a carbonaceous fuel, there is an increase in heat transfer to hot path components

and the occurrence of hot corrosion [39].

2.1.3 Autoignition

Autoignition is the spontaneous ignition of fuel, due to elevated temperature con-
ditions, without a direct ignition source. While autoignition temperatures are com-
monly cited, it is crucial to acknowledge the absence of a singular autoignition
temperature due to various conditional variables that can in uence it, such as Tem-
perature, Pressure and Equivalence Ratio [88] [89].

Therefore, attempts were made to establish Ignition Delay Times (IDT) that
could be correlated with speci c initial conditions, including temperature, pressure,
and mass fractions of reactants [88]. The IDT is conventionally described as the
duration for a homogeneous mixture of fuel and oxidant to undergo initial slow
low-temperature chemistry, succeeded by the commencement of high-temperature
chemistry characterised by an exponential increase in the rate of reactant consump-
tion.

The risk of an autoignition event when using hydrogen is more pronounced due to
ammability range being wider and its ignition energy is less than that of methane.
This is a challenge that will require appropriate management in combustors that
utilise premixed combustion regimes and, fuel and air preheat systems for improved

e ciency [39]. Ignition research activities typically take two forms, the determi-
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nation of such properties from homogeneous mixtures, as described, and that in
inhomogeneous mixtures. Historically, the perception was that inhomogeneous ig-
nition was considered to be analogous to that of homogeneous mixtures due to the
high importance given to the chemistry and the under appreciation of the e ect of
turbulence and mixing [88] [90] [91].

Whilst it is pertinent to develop an understanding of the characteristics of homo-
geneous fuel-oxidant mixtures, not only for the purpose of developing understanding
regarding chemical kinetics but to provide partial insight into the more complex in-
homogeneous ignition of fuel-oxidant mixtures. However, as stated by Markides
[88]: \It is generally dangerous to extrapolate results and conclusions outside the
bounds of the physical process for which they were reached and it does not always
follow that knowledge from the simpli ed cases can be applied blindly to more com-
plex ones." Hence, it is important to undertake study to address the current gap in

the literature. Research in this eld will be introduced in Section 2.7.

2.1.4 Flame speed & Flashback

A fuel's Flame Speed represents the rate at which the ame travels through a mix-
ture of unburnt gas, which is a function of factors like initial temperatures and
pressures. Inadequate fuel injection velocity relative to Flame Speed can lead to
ashback, where the ame tracks back through the combustor and fuel delivery sys-
tem, posing safety risks and potentially causing damage. Hydrogen, with its higher
laminar Flame Speed and reduced IDT compared to methane (as shown in Table
2.1), demonstrates a greater proclivity for ashback.

As shown by the following two Figures 2.1.2a and 2.1.2b, the laminar Flame
Speed of hydrogen is an order of magnitude quicker than that of methane across
the range of equivalence ratio tested and is unanimously agreed by the experimental

work described in [92].
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(a) Experimental CH 4 laminar ame speeds from various sources* reproduced
from [92].

(b) Experimental H » laminar ame speeds from various sources* reproduced
from [92].

Figure 2.1.2: Experimentally derived laminar ame speeds of hydrogen and methaneN.B.
The sources* denoted in Figure 2.1.2 refer to the references displayed in Figures 2.1.2a and
2.1.2b, and can be found in [92]

2.2 Fundamentals of Hydrogen and Methane Fuel

Blends

Due to the heating values of hydrogen and methane described in Table 2.1, when

fuel blending at low percentages on a vgkjmetric basis, the impact of G@duction



is insigni cant as is shown in Figure 1.6.1. Hence, it is desirable to implement
high hydrogen proportions in fuels to realise signi cant C® emission reductions.
However, hydrogen-methane fuel blends exhibit di erent behaviours depending on

their ratio to one another.

2.2.1 Flame Speed of Methane/Hydrogen Blends

Fundamental ame characteristics have been evaluated through means of numeri-
cal and experimental analysis to determine the e ect of introducing hydrogen into
a methane fuel blend. Numerical studies by Gauducheau [93] and Chen et al [94]
showed that the introduction of 20% of hydrogen in a methane fuel blend increased
the laminar ame speed. Fairweather et al. [95] extended their study to 50% hy-
drogen content in the fuel blend with methane and found that the ame speed of
the fuel with a higher percentage of hydrogen content had faster ame speeds under
all experimental conditions included in this study (10%, 20% and 50%). This was
also shown by llbas et al. [96], where the study extended to numerical modelling
and to experimental validation of blends from 0% to 100% hydrogen. From the
reproduced Figure 2.2.1 it is clearly shown how the inclusion of hydrogen drastically
increases the laminar ame speed. Another study was undertaken by Siemens [97]
in determining the hydrogen capability of their assets (ranging from their SGT-A05
[AMW] to SGT5-9000HL [592MW]). This included a chemical kinetics study that
was undertaken at engine relevant conditions (i.e. 20bar and 4%D air tempera-
ture). Since this study was considered in the context of industrial engines it was
necessary to consider the importance of the combustor exit or turbine inlet temper-
ature as a design criterion. Hence, this study was performed at varying levels of
constant adiabatic ame temperature. The trend is illustrated in Figure 2.2.2. This
study shows the increase in reactivity on account of both the increase in adiabatic
ame temperature and the increase in hydrogen content in the fuel blend. The
increasing hydrogen content has a more pronounced e ect at the higher adiabatic

ame temperature [97].
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Figure 2.2.1: Laminar burning velocity (akin to laminar ame speed) for di erent percentages
of hydrogen in hydrogen-methane fuel blend at an Equivalence Ratio of unity. Data points
indicate measured values amd the trend line is a line of best t, reproduced from [96]

Figure 2.2.2: Laminar Flame Speed from chemical kinetics study at gas turbine relevant
conditions and constant adiabatic ame temperature, reproduced from [97].

2.2.2 Ignition Delay Time of Methane/Hydrogen Blends

The fundamental studies of Gersen et al. [98] demonstrated reduced IDTs with
increasing hydrogen content, with the e ect being more pronounced at higher tem-
peratures and diminishing with pressure increases. Similar e ects were observed by

Liu et al. [99] under elevated pressure (20bar) and increased temperature conditions.
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A study led by Zhang [100] showed that there were three ignition regimes per-

taining to the ignition of methane/hydrogen blends.
1. Methane chemistry dominated ignition K, < 40%)

2. Combined chemistry of methane and hydrogen dominating ignitionX(y, =

60%)
3. Hydrogen chemistry dominated combustionX, > 80%)

It was found that the ignition delay time would decrease with increasing hydrogen
content of the fuel [100]. Another study performed by Zhang et al. [101] described
the e ect of increasing pressure on the ignition delay of methane/hydrogen blends. It
was shown that typical reductions in ignition delay time described by pure methane
chemistry remained true for blends of 40% hydrogen or less. At 60% hydrogen,
neither hydrocarbon or hydrogen ignition behaviour was present. However, at hy-
drogen fractions of 80% and above, hydrogen ignition behaviour was clear and even
exhibited a complex non-monotonic pressure dependency [101]. This non-monotonic
trend is captured in the preliminary stages of the study by Poyyapakkam et al. [102]
that is related to the GT26 GT - this trend is illustrated below in Figure 2.2.3. This
work will prove to be highly valuable in the determining potential operating ranges
that the secondary burner in the GT26 can operate as a result of the pressure drop
incurred in the engine following the High Pressure Turbine and potential role that
the \Wide Logic C,"" control system has in managing highly reactive fuels. The

+n

operating principles of the GT26 and the \Wide Logic G " control system will be
introduced in Section's 2.5.1 and 2.5.3, respectively.

Siemens' study [97] into their hydrogen capabilities was extended to consider the
ignition delay time of hydrogen blends. Similar in methodology as described above,
a range of constant adiabatic ame temperature were held, and the autoignition of
hydrogen blended fuels was evaluated with the same engine relevant initial conditions

of 20bar and 750C. A steep reduction in ignition delay time was shown for the initial

20% of hydrogen. With further reductions observed with increasing proportions of
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Figure 2.2.3:  Non-monotonic trend of hydrogen ignition delay time relative to the operating
pressures, reproduced from [102].

hydrogen in the fuel blend, as is depicted by Figure 2.2.4 below [97].

Figure 2.2.4: Chemical Kinetic results of the ignition delay time for methane-hydrogen fuel
blends at various adiabatic ame temperatures under engine relevant conditions, reproduced from
[97].

2.2.3 Adiabatic Flame Temperature of Methane/Hydrogen
Blends

It has previous been described that hydrogen has a higher adiabatic ame temper-

ature than that of many other hydrocarbon fuels, including methane. This is due
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to hydrogen having a higher energy content per unit mass and releases more heat
during combustion. Therefore, if hydrogen is mixed with methane in various pro-
portions, the resulting AFT would be in uenced by the hydrogen content within the
mixture.

In studies performed by Zhang et al. [103], Yunusi et al. [104] and Hasche
et al. [105], researchers have investigated the AFT of di erent methane/hydrogen
fuel blends with varying proportions of hydrogen. These studies have consistently
shown that as the hydrogen content in the mixture increases, the AFT of the blend
increases proportionally. This relationship between hydrogen content and AFT is
signi cant because it impacts the combustion characteristics and performance of
engines or turbines using these fuel blends.

AFT serves as a valuable aid in understanding the practical implications of
operating a GT on di erent fuel blends. In the context of hydrogen blending with
hydrocarbon fuels, the increased AFT associated with the increase of hydrogen in
the fuel blend would incur additional thermal impact to hot gas path components.
Hence, it is likely that a GT operator/OEM would reduce the fuel ow rate to

maintain the designed ame temperature within the combustor.

2.2.4 Flame Stability

In all combustion systems, ame stability is vital for safe and well performing op-
eration. This has led to studies performed by Ren et al. [106] and Hu et al. [107]
to evaluate the impact of strain rates on the combustion of methane/hydrogen fuel
blends under premixed conditions. Strain relates to the deformation of small vol-
umes of uid that are induced by forces or velocity gradients within the ow. The
strain rate is a measure of how the strain changes over time. Both studies conclude
that the hydrocarbon dominant fuels are more susceptible being extinguished at
lower strain rates than that observed by fuels with higher proportions of hydrogen
in the fuel blend, thus, enabling hydrogen enriched fuel blends to operate at higher

strain rates and lower equivalence ratios [106] [107].
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This is further assessed through Lewis number analysis. Where Lewis number is

de ned mathematically by the following equation:

Le = D
where, is the thermal di usive property of the uid and D relates to the mass

di usivity of the uid, under the conditions analysed. A Lewis number of greater
than unity suggests that the ow is dominated by thermal di usivity and that Lewis
numbers less than unity are dominated by mass di usivity. When considering the
mass di usivity of both hydrogen and methane, hydrogen has a higher mass di u-
sivity than methane as a result of its lower molecular weight, meaning that hydrogen
molecules can di use more rapidly in a mixture when compared to methane.

A study undertaken by Okafor E. et al. [108] where the in uence of hydrogen
concentration in a hydrogen/methane fuel blend was evaluated for laminar pre-
mixed ames showed an increase in the unstretched laminar burning velocity as
the hydrogen concentration increased. The study performed by Bouvet, N. et al
[109], through numerical and experimental studies, showed that the increased Lewis
number of hydrogen containing blends of hydrogen and hydrocarbons increased the
ames stability and ability to operate at leaner combustion conditions, where lower
NOx emissions are achieveable. These nding are also congruent with the observa-
tions made by Frenillot, J. P. et al [110] and Bell, S.R & Gupta M. [111] who tested
the impact of hydrogen concentration in hydrocarbon fuel blends under engine rel-

evant con gurations.

2.2.5 FRundamentals Conclusion

This literature review examined the di erences between the fundamental properties
of methane, hydrogen, and methane/hydrogen blends, a consistent trend emerges:
the addition of hydrogen signi cantly increases the reactivity of the fuel across all

properties considered. While these heightened reactivity characteristics will intro-
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duce challenges to hydrogen's use in GTs, it is important to acknowledge that these
challenges are not insurmountable and can be addressed through thoughtful design
and robust research and development e orts. Furthermore, it will benecessaryfor

these challenges to be overcome if the utilisation of hydrogen in GTs is going to

contribute to global emission targets.

2.3 GT fuel Flexibility

The fuel exibility of GTs has been an area of prominent research over recent years.
Within power generation the state of the art combustor technology in GTs has been
Lean Premixed (LPM) swirl stabilised combustion and the fuel most typically used
is natural gas. Despite GTs in general having an ability to operate with a wide
range of heating values, individual machines have limited variation in the fuel they
can accommodate [112] as a result of Original Equipment Manufactures (OEM) are
tuning installed GTs to perform optimally for the given natural gas composition

delivered to a given site.

2.3.1 Wobbe Index

Runyon, J. [113] noted that the variability of fuels delivered to GTs is managed
rst by allowing a permissible fuel quality onto the national gas grid speci ed by
the GS(M)R regulations [114], which are given in Table 2.2. Furthermore, OEMs
will often specify a given Wobbe Index (WI) that the operator must adhere to. The
WI is a measure of the givenenergy injected to the combustor at a xed pressure
ratio" [112] within a combustion system, and the mathematical de nition for a real
gas is given below. Its intention is to provide a de nition for the interchangeability

of fuels within a combustion system.

HHV G(t1;t2; p2)

W  reargross (t1;12; p2) = G(t2 p2)
realigross ( P2) v G(t2;p2)

(2.1)
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where G' is the relative density of the real gas determined from the speci ¢ com-
pression ratio as noted by Runyon [113] and speci ed in British Standard document

BS EN ISO 6976:2016 [115].

Table 2.2: Gas quality speci cation for fuel permissible on UK national gas grid
currently, reproduced from [113]

Parameter

Wobbe Index (MJ=Nm?3) 47.20 - 51.41
Total Sulfur content (mg=nr) 50 (max)
Hydrogen Sul de (H,S) + Carbonyl Sul de (COS) (mg=n?) | 5 (max)
Oxygen (G,) (%ovol) 0.2 (max)
Hydrogen (H;) (%vol) 0.1 (max)
Incomplete Combustion Factor 0.48 (max)
Soot Index 0.60 (max)

The Incomplete Combustion Factor is an empirical measure correlating to the
gas's inclination to undergo incomplete combustion within a gas appliance, a ten-
dency in uenced by its composition. The Soot Index is a measure of the amount of
soot or particulate matter that is produced during combustion [114].

Despite the WI being able to indicate the heat content of the fuel that is supplied
to the GT combustor it does have signi cant shortcomings in determining combus-
tion characteristics that are exhibited by the fuel and hence limit understanding of

phenomena such as ashback and acoustic instabilities [113].

2.3.1.1 Fuel Interchangeability Indices

The introduction of hydrogen into a fuel blend with natural gas would reduce the WI
of the fuel, proportional to its blend. With increasing hydrogen content the ame's
reactivity will increase which is unaccounted for by the WI. Since major economies
such as European Union are devising means of converting their GT industry to utilise
hydrogen through a transitional period of fuel blending [39] and WI is heavily relied

upon for fuel interchangeability criteria in Europe. Therefore adoption of other
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means of determining a fuels interchangability is recommended. It was stated by
the American Gas Association (AGA) that:
\the matter of satisfactory interchangeability is obviously of extreme impor-
tance since no value can be attchegdic] to any supplemental gas which, if
mixed with the base natural gas in any substantial proportion will not permit
customers to continues to utilize their appliances in a normal mannef116].

This statement is deeply applicable for the consideration of hydrogen fuel blend-
ing in GT combustion. AGA have acknowledged through the prospect of increasing
LNG importation that their gas supply composition is likely to change, despite main-
taining relatively similar calori ¢ contents. AGA advise not only the use of WI but
also the AGA index and the Weaver index. The latter two indices account for the
combustion behaviours of fuels in atmospheric burners which are not addressed by
the WI and are fundamentally empirical in their application [117].

The Weaver index takes into consideration the following fuel characteristics:
Flashback Index, Yellowtipping Index, Incomplete Combustion Index, Lifting Index,
Primary Air Ratio, Heat Rate Ratio [117].

Due to the heightened reactivity of fuels with high hydrogen content compared
to natural gas and their anticipated widespread adoption, the author strongly rec-
ommends evaluating fuels using both the Weaver index and the Wobbe index to

ascertain their suitability for interchange within speci ¢ combustion systems.

2.4 Current State of the Art of GT Hydrogen Ca-
pability

In this section, the current state of the art in terms of H fuelled GTs is introduced.

2.4.1 Diusion Based Combustors

At present, 100% hydrogen GTs are available - consider the likes of GE's 6B.03 (with-

out Dry Low NOx upgrade) for example [118], which operates a di usion ame in its
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combustor. This leads to less e ective mixing compared to premixed combustion,
causing local regions of high ER and, consequently, high NOx production within the
ame. However, di usion ames are known for their robustness and have a wider
operating range compared to premixed ames.

Whilst the 6B.03 engine has demonstrated success with hydrogen, it exhibits
high NOx emissions. Integration of Wet Low Emission (WLE) technologies, such
as steam injection into the combustion process, can mitigate this. Siemens' aero-
derivative SGT-A65 utilises this system, allowing 100% hydrogen operation with
lower NOx emissions compared to untreated hydrogen di usion combustion [119]
[120]. WLE technologies do carry inherent disadvantages such as consumption of
signi cant volumes of treated water, introducing potential for corrosion and reduc-

tions in GT e ciency.

2.4.2 Premixed Based Combustors

Current ambitions in terms of technological developments in the GT industry come
in the form of: i) the application of lean premixed combustion technologies with
high, if not pure hydrogen containing fuels and ii) the development of fuel exible
lean premixed combustion GTs that are capable of operating on 100% natural gas
through to 100% hydrogen without the requirement of any component changes.
Challenges in ame stability arise with natural gas and LPM combustion tech-
nologies, and these challenges are likely to persist when applied to hydrogen due
to its increased reactivity and the inherent sensitivity of lean premixed combustors.
While hydrogen may o er advantages in lean premixed combustion due to its ex-
tremely lean blow-o limit, it has been reported that operating hydrogen under such
conditions can lead to a signi cant emission of pD, as reported by Colorado et al.
[121]. This emission of BIO can negate the emission performance improvements
achieved by not emitting CQ,, given that N,O has a Global Warming Potential
(GWP) 294 times that of CO, and is susceptible to photolysis, which, in turn,

destroys the ozone [121].
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Despite such challenges, there are o erings available by most GT OEMSs, that
operate a partially hydrogen-fuelled combustor under premixed conditions. General
Electric (GE) report two Dry Low NOx (DLN) burners that they can o er their E
and F-class GTs. The rst being DLN1, which has a typical lean premixed combus-
tor design, o ers the capability of combusting up to 33% by volume of hydrogen for
their 6B, 7E and 9E frames. This has been improved by the introduction of their
DLNZ2.6e combustor, that utilises multiple smaller scale premixed ames, that can
enable 50% of hydrogen by volume [122].

Mitsubishi Heavy Industries (MHI) currently report a 30% hydrogen capability
with their present DLN combustors, across their range. MHI have stipulated that a
mutli-cluster (DLN) burner is under development which will be o ered across their
range that are targeting 100% hydrogen capability [39], that deploy a similar method
to that described for GE's DLN2.6e.

Solar Turbines also o er a DLN based combustor, named SoLoNOX. It has been
reported that this combustor has been successfully eld tested in a Titan 130 GT
using a fuel gas blend of up to 20% hydrogen [123]. Moreover, in collaboration
with Precision Combustion Inc., Solar Turbines developed a full-scale rich catalytic
hydrogen injector (RHCI) that achieved single-digit NOx emissions with a fuel mix-
ture containing 42% hydrogen, and the remaining proportion being nitrogen [123].
Whilst this is not the idealised fuel for consideration, it is a positive development in
the reduction in NOx emissions from such engines.

Ansaldo Energia's GT36 engine, which belongs to the same family as the GT26
(detailed in Section 2.5.4), accommodates fuel blends with up to 50% hydrogen
through its Constant Pressure Sequential Combustor (CPSC) in its current con g-
uration [39]. It has also been demonstrated through full-scale high-pressure testing
that up to 70% hydrogen by volume was feasible with minimal impact, or need for
dilution of selective catalyst reduction [39]. Ansaldo also provides a \Flamesheet
combustor" upgrade, compatible with GE, Siemens, and MHI E- and F-class en-

gines. This upgrade has proven e ective in handling hydrogen volumes of up to 40%
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in commercial machines, with rig tests demonstrating up to 80% [39].

Siemens also o er engines capable of 30% to 60% hydrogen, dependent on the
burner utilised. through their control and hardware upgrade package \pDeCarb"
hydrogen capability of up to 60% is possible in their E- and F-class engines. Siemens
have also announced their goal to progress to o er 100% hydrogen capability across
their entire eet of GTs by 2030 [124].

The existing literature indicates that traditional DLN combustors are limited
to around 50%, but recent advancements are introducing multi- ame burners to
achieve higher hydrogen capabilities. A notable example is the Micro-Mix (MMX)
combustors, developed over 30 years, as discussed by Funkee et al. [125]. MMX
combustion employs miniature jet-in-cross- ow fuel injection into combustion air,
resulting in short ame height and residence time, preventing NOx formation and
ashback risks [125].

A compelling demonstration of potential is evident in the eld testing conducted
by Kawasaki, ACUAS, and B&B-AGEMA GmbH [126] [127]. They deployed a co-
generation system with an MMX combustor in an M1A-17 GT in Kobe City, Japan.
The trials achieved notable successes, including compliance with Japanese envi-
ronmental regulations (below 84ppmv NOx at 15% ¢), a 2MW electrical output,
absence of combustion instabilities, and improved e ciency compared to traditional
premixed technologies using water injection for NOx reduction. Single can testing
validated MMX's fuel exibility, operating seamlessly with H,/CH 4 fuel blends from
100/0 to 57/43 [% vol] without physical component changes, demonstrating excep-
tional combustion e ciency and remarkably low NOx emissions, peaking at 4ppm

(@15% Q) [128].

2.5 GT26 Research

In this section, the research dedicated to the GT26 will be introduced, beginning
with an exploration of its operational principles and then delving into the e orts

made to incorporate hydrogen into its fuel source.
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2.5.1 GT26 Operating Principles

GTs utilise the Brayton Power cycle and will often see inclusions of cycle modi -
cations to improve the cycle performance. The GT26 is unique in the respect that
it utilises the addition of reheat in its power cycle, as is shown by Figure 2.5.1.
Schematic of the engine cross-section is given in Figure 2.5.2 to enable reference to

the engine components and their role in the reheat Brayton cycle.

Figure 2.5.1: Operating Principle of Reheat Brayton cycle in the context of the GT26 compared
to conventional Brayton cycle, reproduced from [129].

In the initial stage, air undergoes compression (1-2) using the GT26's 22-stage
compressor, reaching 30bar at full load. Variable Inlet Guide Vanes (VIGVS) on
early compressor stages enhance ow and adjust load based on grid demands [130].
Heat addition follows fuel ignition (ca. 50% at base load, reported by [129]) in the
rst-stage EV burner within the EV combustor (2-3). Partial expansion through
a single-stage high-pressure turbine extracts work, reducing pressure by a factor
of 2 (3-4). Further reheat occurs in the secondary combustor, known as the SEV

burner, (4-5), with fuel autoigniting due to high temperatures. The working uid
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then undergoes expansion through a low-pressure turbine (5-6), extracting work
for electricity production as described by Gthe et al. [129], concluding with gas

exhaustion.

Figure 2.5.2:  Alstom GT26 sequential combustor schematic (gas ow from left to right),
reproduced from [131].

In the case of an open cycle gas turbine (OCGT), the heat is dumped and gross
GT e ciencies are reported to be 41% [130]. Under CCGT con guration, the GT26

can o er e ciencies as high as 61% [130].

2.5.1.1 Bene ts of Reheat Cycle

The reheat cycle in the GT26 enhances speci ¢ work and o ers practical advan-
tages. Achieving remarkably low NOx emissions is possible due to a lean premixed
EV combustor, as reported by Biagioli et al. [132] and 2011 burner aerodynamic
improvements for sequential combustion in the SEV as reported by Ddsing et al.
[133] [131].

The reheat concept signi cantly reduces NOx by limiting oxygen (@) in the
SEV environment, minimising thermal NOx formation. The stabilisation of the
ame through autoignition in the SEV contributes to excellent emission performance
across the GT26's operational range, e ectively mitigating excessively high ame
temperatures [129].

In addition to its impact on NOx emissions, the adoption of the reheat concept

positively a ects CO emissions by pushing combustion e ciency closer to comple-
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tion. The GT26 exhibits an unparalleled ability to adjust its output, facilitated
by the complete shutdown of the SEV combustor during periods of low load oper-
ation [133]. This exceptional turndown capability enhances operational exibility,
enabling the provision of ancillary services required by the National Grid, thus ren-
dering the machine a commercially desirable asset [131].

Furthermore, the GT26's operational exibility is complemented by its high op-

erational e ciency, both at full and partial load conditions [131].

2.5.2 EV Burner

The EV burner is a lean premixed swirl combustor. A swirling ow is induced by

its geometry that causes vortex breakdown which enables the stabilisation of the
premix ame without the need of a physical device, as described by Debbeling et al.
[134]. The burner is comprised of two half cone shells that have two tangential slots
generated as the cones are o set parallel to the axis [135]. Air is introduced into
the combustor and swirled via the slots to induce the described vortex breakdown.
Fuel gas is injected into the air stream in a cross ow con guration which in turn

provides low emission levels due to e ective mixing [135].

Figure 2.5.3: EV burner system, reproduced from [135]

2.5.3 SEV Burner

As described, the SEV burner is situated after the HPT. Hence, its inow is a

vitiated ow that has been partially expanded through the HPT. The operational
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principles of the SEV are illustrated in Figure 2.5.4. Attention should be given to the
vortex generator depicted in Figure 2.5.4. These vortex generators are strategically

employed to improve the mixing of fuel and hot gas [131].

Figure 2.5.4: Working principles of SEV combustor, with ow going from right to left,
reproduced from [136].

Vortex generators (VG), depicted in Figure 2.5.5, employ delta-wing-shaped
ramps inducing 4 pairs of streamwise vortices just before the secondary fuel in-
jection, as described by Eroglu et al. [137]. This di ers from a swirling ow that is
characterised by a larger ow structure that is rotational in nature, whereas the ow
structure induced by the VG is the introduction of streamwise vortex structures.
These streamwise vortices enhances turbulence dissipation, crucial for molecular-
level mixing of fuel and oxidant [138]. Extensive studies optimised vortex generator
designs for maximum mixing with minimal pressure drop, evaluating single VGs,
pairs, and the two pairs in the con guration found in the GT26 [139].

A lance, strategically placed in the ow, injects fuel into the SEV combustor
using four fuel and shielding air injectors. These injectors deliver fuel and air into
four vortex pairs within the chamber. The shielding air serves the role of preventing
premature ignition, acting as an \ignition controller" by preserving fuel jet momen-
tum. The injection system is optimised for e ective mixing, ensuring large-scale
distribution and ne-scale mixing [138].

The injection strategy, along with high-velocity ows, prevents ashback in the
SEV combustor by delaying autoignition. Flame stabilisation occurs through a
sudden expansion in the combustor, creating recirculation zones at the outer and

central regions of the ame. These zones result from velocity gradients induced by
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Figure 2.5.5: SEV Vortex Generator, reproduced from [140].

shear layers and vortex breakdown [137].

As a positive consequence of the utilisation of a reheat Brayton cycle, the GT26
is highly reputable in regards to fuel exibility [129], which is considered a necessity
in today's energy landscape. Under baseload conditions the fuel delivery between
the EV and SEV is equal [129]. However, in a bid to improve the fuel exibility of
the GT26 for operating with high hydrocarbon (G+) containing fuels and those of
a low Wobbe Index [131], the \Wide G+ Logic" control system was developed [141]
[142] [136]. This control system was devised to account for the increased reactivity
of natural gas fuels with a higher proportion of G+.

The control system utilises the reheat concept and the availability of two com-
bustors. Since the SEV is reliant on the autoignition mechanism of combustion, it
is highly sensitive to the inlet temperature of the vitiated ow entering the SEV.
Hence, the \Wide G+ Logic" works on the premise of reducing the ring temper-
ature in the EV, by reducing fuel ow to the EV burner. The proportion of fuel
reduced in the rst stage is then fed into the SEV with the remainder of the fuel to
achieve full power [141] [142]. The proportion of which the fuel ow is reduced in
the EV and increased in the SEV is variable, dependent on the fuel blend used, it

is also not documented in the literature and hence it is consider proprietary infor-
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mation. The working principles of the deployment of this protocol is captured by

Figure 2.5.6 below.

Figure 2.5.6: Comparison between CFD calculations and ame imaging at atmospheric
pressure as a function of the SEV inlet temperature, reproduced from [136]

2.5.4 Hydrogen Capabilities of the GT26

The EV burner has been reported to have successfully operated with a 45/55 [%vol]
H,/NG blend, at pressure [142],. This is the highest proportion of hydrogen achie-
veable in the EV found in the literature. However, access to con dential informa-
tion regarding the achieveable hydrogen content in the EV burner was granted and
protected by the studentship agreement relating to this project. The challenge per-
taining to the GT26's ability to operate with high-hydrogen fuels is associated with
the SEV burner. Thus, resulting in the SEV becoming the sole focus of this thesis
henceforth.

Since the \Wide C,+ Logic" control system was originally devised for the accom-

modation of more reactive natural gas blends, it functions as a method of addressing
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the heightened reactivity induced by blending hydrogen into natural gas blends [129].
This principle is also established in a preliminary chemical kinetics model performed
by Poyyapakkam et al., where the temperature dependence of fuel's autoignition was
computed [102].

Despite the high-velocity ow in the SEV, there's concern about ashback when
burning hydrogen fuels in the GT26. The elevated ame temperature in the EV,
along with a shorter autoignition delay for hydrogen, moves the ames closer to the
SEV burner and lance, risking issues like excessive thermal loading or ame tracking
up the fuel line. These pose catastrophic failure risks, incurring commercial penal-
ties. To mitigate this, a constant safety margin by limiting SEV inlet temperatures
when burning hydrogen fuels is recommended [143].

It is also stated by Joos et al [138] that if the ow velocity of the injection of the
hydrogen-containing fuel is increased to account for the reduction in autoignition de-
lay time associated with hydrogen enriched fuels, this would induce a heavy pressure
drop penalty, which is already a likely outcome owing the reduction in hydrogen's
density when compared to natural gas.

The potential of the Wide C,+ logic for hydrogen utilisation had been inves-
tigated through a numerical study by Wind et al. [142], in which the e ect of
the ring temperatures in both the EV and SEV combustors was evaluated on the
Flame Speed and ignition delay time relative to a reference natural gas fuel, with
fuels containing high G+ content and hydrogen up to 60% by volume. As illus-
trated by Figure 2.5.7a, the ring temperatures necessary for equal laminar ame
speeds are shown, the challenge of reducing turbulent ame speeds su ciently is also
illustrated in gure 2.5.7b. Notably, the turbulent ame speed surpasses laminar
ame speed due to the increased intensity of mixing, which enhances heat and mass
transport within the reaction. Additionally, ame wrinkling induced by turbulence
at the ame front augments the ame's surface area, consequently increasing the
reaction rate. Figure 2.5.7c then displays the necessary SEV inlet temperatures for

achieving the same ignition delay time across the aforementioned fuel blends. These
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(a) Normalised Laminar Flame Speed under EV relevant conditions, reproduced
from [142].

(b) Normalised Turbulent Flame Speed under EV relevant conditions,
reproduced from [142].

(c) Normalised ignition delay time in reference to natural gas under SEV
combustor conditions, reproduced from [142].

Figure 2.5.7: Chemical Kinetic results relating to the GT26 C,+ control system operation with
hydrogen and or G+ containing fuel blends fuels normalised against Natural Gas, [142]

studies being chemical kinetic studies, will have limitations in regards to the con-
sideration of turbulent-chemistry e ects. Hence, the study continues to undertake

experimental testing of both the EV and SEV burners at eld relevant conditions,
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in the respective test rigs detailed in Figure 2.5.8.

(a) Schematic of EV single can high pressure test rig. (b) Schematic of SEV single can high pressure test rig

Figure 2.5.8: EV and SEV single can high pressure test rigs, respectively, reproduced from [142]

From this testing, it was shown that the EV burner displayed no indications of
ashback when operating with a NG/H, fuel blend containing 45% hydrogen at base
load (30bar pressure conditions). At part-load (16bar), fuel mixtures containing as
much as 60% hydrogen were tested, where a single instance of ashback occurred
in a o -design condition (hotter gas temperatures). Another positive outcome was
the reduced pulsations during idle operation, which is considered to be the result of
hydrogen's ability to extend the lean-blow o limit of a fuel blend [142].

In this study [142] both the 2006 and 2011 SEV upgrades were evaluated. The
2006 upgrade was unable to maintain its NOx emission performance with fuel blends
containing more than 15% hydrogen without the reduction of the SEV exit tem-
perature, which subsequently led to a reduction in power output and therefore a
reduction in thermal e ciency [142]. However, it was shown in Figure 2.5.9 that
the 2011 upgrade performed better in terms of ashback risk and NOx emissions as
a result of its reduced cross-sectional area and increase in gas ow velocity for fuel
blends of up to 30% hydrogen by volume [142].

Subsequently, Ansaldo Energia announce that the GT26 has the capability to
operate with a hydrogen content of 45% by volume without any discernible impact
on performance, provided that the MXL3 upgrade has been implemented [144],
which has been supported by a study by Bothien et al [145].

In an e ort to address the need for ashback protection while simultaneously

maintaining low NOXx levels, Poyyapakkam et al. conducted a comprehensive study,
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Figure 2.5.9: Schematics of the 2006 and 2011 SEV upgrades, reproduced from [131]

which delved into the challenges associated with the conventional radial fuel injection
approach. The study also involved the development and testing of an innovative
design. The fuel blend under consideration was a,HN , fuel of 70%/30% that was
identi ed by the European Commission as a representative fuel from a integrated
gasi cation combined cycle that is coupled with CCS [102].

The research revealed that the existing radial fuel injection method, despite its
commendable performance in terms of fuel distribution and mixing, resulted in the
formation of a wake region. This wake region, in turn, led to relatively prolonged
residence times, causing autoignition in regions where the fuel and oxidant were not
optimally mixed. This phenomenon ultimately resulted in elevated NOx emissions
[102].

As a result of the aforementioned considerations, an innovative in-line injection
design, presented in Figure 2.5.10, was developed. This revised design incorporates
axial fuel injection aligned with the ow direction, accompanied by the introduction
of multiple vortex generators. These vortex generators serve to induce a streamwise
pattern of vortices, thereby enhancing the turbulent mixing process. It is note-
worthy that these newly implemented vortex generators are of smaller dimensions
compared to the existing concept. Therefore, the characteristic turbulent length-
scale is reduced, facilitating the mixing of fuel and oxidant within shorter timescales,
that is within the decreased autoignition delay times [102].

Whilst this paper denotes the success of achieving optimum combustion of a

H,/N , fuel of 70/30 [%vol] [102], this fuel blend will not be as reactive as a 70/30
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Figure 2.5.10: Image of SEV in-line solution as reported by Poyyapakkam et al, reproduced
from [102].

[%vol] H/CH 4 blend resulting from the inert content of H/N ,. Additionally, this
study is limited in its investigation into the characterisation of the turbulence and
the mixture fraction eld of the fuel/oxidant. No further publications considering
this in-line design were found.

A comprehensive series of studies, primarily led by Fleck, J. (2008 - 2012) has
been carried out at Deutsches Zentrum'fuLuft- und Raumfahrt (DLR) Stuttgart
to explore the ignition behaviour of hydrogen-enriched fuels within a generic reheat
combustor. These investigations extend beyond chemical kinetics, with the speci c
aim of applying the ndings to the GT24/GT26 gas turbines, funded by ALSTOM
Power Generation AG [146] [147] [148] [149] [150] [151].

The study is initialised by the characterisation of a generic reheat combustor,
operating at SEV relevant conditions of 15 bar [146]. The generic burner employs
a modi ed FLOX burner (as described in [147]) to generate a vitiated gas mixture
that closely resembles the gas entering the SEV, both in terms of gas temperature
and O, content. The vitiated hot gas enters a mixing duct (25x2&m), that has
optical access via a quartz window, followed by a sudden expanse akin to the reheat

combustor of the GT26. Fuel is then injected as a single jet in cross ow, analogous
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to the multipoint fuel injection deployed by the SEV lance, as described above [146].

The initial characterisation of the ow eld, accomplished through Particle Image
Velocimetry (PIV), revealed a uniform velocity distribution and a fuel injection pat-
tern consistent with a typical Jet-in-cross ow (JICF) con guration. Furthermore,
the hot-gas generator exhibited performance levels that met its intended design
speci cations.

In the initial benchmark tests conducted with natural gas, no instances of au-
toignition were observed. However, when subjected to testing with hydrogen-enriched
fuels, the rig consistently operated reliably up to a hydrogen content of 76% by vol-
ume in the fuel mixture. Beyond this threshold, the occurrence of autoignition in
the mixing duct became evident, which was considered an undesirable outcome.

This study's scope was expanded, and the ndings were presented at the fth
\The Future of Gas Turbine Technologies" conference [148]. During this extension,
successful ignition of a natural gas case was achieved. However, this accomplishment
required several notable operational adjustments, including signi cant reductions in
pressure, mixing duct inlet temperature, and velocity, along with increases in oxygen
content and equivalence ratio [148]. A series of \o spec" natural gas fuels were also
evaluated, showing that increasing proportions of §Hg (up to 25%) reliably showed
earlier autoignition. The campaign was nalised by evaluating an 80/20 [%vol]
H,/N , fuel blend which reliably showed autoignition further upstream in the mixing
duct once again [148]. This work is limited by its consideration of the fuel/oxidant
mixedness and the global/local equivalence ratio, this was acknowledged by the
authors and proposed for further investigation.

In the work conducted by Fleck et al. [149], their research delved deeper into
the combustion of hydrogen under reheat conditions. The study encompassed two
distinct H,/N , fuel blends, namely 70/30 [%vol] and 80/20 [%vol]. Notably, the
research underscored the signi cant in uence of temperature on autoignition. In
instances where the gas velocity was at its highest, a mere 2% increase in temperature

resulted in a substantial 16% reduction in the maximum achievable hydrogen content
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by volume for stable combustion [149].

The test points included various fuels with equal hydrogen content but di ering
levels of dilution. For these test cases, it was demonstrated that despite variations
in dilution levels, their ignition characteristics remained independent of the global
equivalence ratio and macro-mixing [149]. The developments in study methodology
introduced in [149] was extended in [150] where it was applied to,MG/N , fuel
blends with varying level of inerts (80-95% non-inert). Two penetration depths were
evaluated and no observable di erence was shown in their ignition characteristics.
The authors stipulate in their conclusion that the di erence induced in uid dy-
namics and mixing eld do not play a crucial role in the ignition of the fuel. The
conclusion is not congruent with the ndings of more foundational studies on in-
homogeneous autoignition discussed later in this literature review. However, this
contradiction may be explained by the speci c elevated pressure conditions under
investigation here, as detailed in Section 2.2.2 and connected to hydrogen's non-
monotonic pressure dependency [150].

In summary, under widely applied variations of the GT26 designs and upgrades,
it is clear that the EV burner is robust in its ability to operate with highly reactive
fuels when compared to the SEV. Hence, there has been a commensurate focus given
to the SEV hydrogen's capabilities. It is clear that inlet conditions into the SEV
are critical for the stable combustion of the SEV burner using highly reactive fuels.
Although this work is limited in aiming to understand how the GT26's behaviour will
change in closer increments of hydrogen-hydrocarbon fuel blends. Whilst this body
of work has made strident e orts to understand the operational capability of the
SEV, the majority of this work overlooks the fundamental principles underlying the
stable combustion mechanisms in desired regions of the burner. The closest study to
think beyond the current design of the GT26 was by Poyyapakkam et al. [102]; whilst
they begun to investigate the e ect of changing turbulent characteristics through
the re-design of the vortex generators, they omit any attempt of characterising the

mixing eld or any turbulent property of the ow.
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2.5.5 High E ciency Upgrade Relevance for Hydrogen Ca-
pabilities
As of 2021, the worlds rst o ering of the GT26 High E ciency (HE) upgrade by

GE had come to completion at Uniper's En eld Power Station in North London.

The upgrade o ers the following key performance bene ts:
" 2% increase in base load e ciency in closed cycle con guration.

" A 1% increase in part load e ciency in closed cycle con guration.

A

Increased plant output from 15MW to 55MW per unit.
" Extended inspection intervals up to 32,000 hours.

Enhancing commercial performance involves increasing power per unit fuel and re-
ducing long-term maintenance costs. As discussed in the literature review, achieving
high hydrogen utilisation in the GT26 is hindered by the reactive conditions in the
SEV. This subsection explores publicly available information on the HE upgrade

[152], deducing features and their potential to increase the GT26's hydrogen capa-

bility.
Components Changes

1. Improved Liner Material: E ciency gains in a combustion system demand

a proportional rise in ring temperature. Assuming the pre-upgrade ring
temperature was optimised for peak e ciency, any post-upgrade increase relies
on enhanced combustor materials supporting higher temperatures. Which is

likely to induce an increase in NOx emissions via the Zeldovich mechanism.

2. Changes to SEV BurnerAs the EV burner elevates temperatures, the SEV

transforms into a more reactive reheat environment. This results in an unde-
sirable reduction in autoignition delay time. To mitigate this, enhancing gas

ow velocity in the SEV might involve an upgrade, reducing cross-sectional
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area to increase velocity (akin to 2006 to 2011 upgrades), aligning with mass

conservation principles.

3. Fuel Lance DesignTo prevent ashback, a fuel lance redesign is anticipated.

Currently, radial injection ensures mixing within residence and autoignition
delay time criteria. However, with reduced autoignition delay time using
hydrogen-enriched fuels, similar to the SEV burner redesign, addressing fuel
residence time is crucial. It is posited that this is achieved by injecting the

fuel in the axial direction to the gas ow through the SEV burner.

4. Thermoacoustic DampeningAs temperatures and reactivity rise, thermoa-

coustic instability becomes more likely. To counter this, a \high frequency
damping front panel* and a \low frequency damper” (depicted in Figure
2.5.11) are included. The high-frequency damper manages ame and acoustic
uctuations, preventing potential damage from their alignment. Lower fre-
quencies, associated with lean conditions near blow-o, can lead to periodic
ame extinction and reignition. Hydrogen's ame stretching under lean condi-
tions enhances turndown capability but may increase the risk of low-frequency
oscillations. The frequency dampening systems are predicted to address these
issues by absorbing pressure oscillations associated with the resonance fre-

quency of the GT.

Figure 2.5.11: Schematic of the inclusion of vibrations dampeners introduced as a part of the
GT26 HE upgrade, reproduced from [152]
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Although the HE upgrade does not explicitly claim to enhance the GT26's hy-
drogen capacity, the described design changes could be e ective in doing so.

The heightened ring temperature in the EV increases the reactivity of the
SEV environment. Consequently, the aforementioned design alterations to the SEV
burner and the SEV lance hold the potential to increase the range of hydrogen

volumes operable in the GT26.

2.6 Hypothesis

Since limitations have been met with hydrogen capability of the GT26 when utilising
the Wide C2+ logic in the SEV and that the EVs capacity to operate on hydro-
gen far surpasses current SEV capabilities, other means of improving the hydrogen
capability of the GT26, or more speci cally the SEV, should be investigated.

A design feature that is highly apparent in the SEV is the presence of the vortex
generators that induce the mixing of the hot vitiated ow and the fresh fuel in the
sequential stage. Hence, it is clear that turbulence and the mixing of the vitiated
ow and fuel were key to the successful operation of the GT26. From the above
literature review of GT26 relevant research, it is clear that further work is required
to illuminate any possible design solutions for enabling high-hydrogen capability in

the GT26. Hence, the following hypothesis has been devised:

\What e ect do turbulent characteristics have on the ignition of hydrogen en-

riched fuels under reheat combustion conditions?"

The study by Poyyapakkam et al study [102] was particularly encouraging as it
indicated that the geometry and turbulence characteristics are considered to e ect
the ignition of hydrogen enriched fuels, but lack of characterisation of the turbulence
characteristics resulted in no development in the quantitative understanding of the
a ect of the turbulence on the ignition of hydrogen enriched fuels. This has in turn
incurred a motivation to seek an understanding of the fundamental principle that is

dictating the increase or decrease in the rate of the ignition reaction.

59



Hence, this thesis is focused on isolating the the phenomena of turbulent inho-
mogeneous autoignition, and investigating the e ect of turbulence on the ignition of
hydrogen enriched fuels.

The desired outcome is to acquire knowledge of a turbulent design parameter
and its in uence on the reactivity of the SEV environment to enable the realisation
of high hydrogen use in the SEV, and therefore drive the hydrogen capability of the
GT26 in its entirety.

2.7 Turbulent Autoignition Literature

As indicated above, a study investigating the relationship between the turbulent
characteristics with the ignition behaviour of hydrogen-enriched fuels at reheat com-
bustion conditions was pursued. The direction of this Literature Review now moves
from direct GT26 research and its hydrogen capability to the relevant phenomenon
under investigation to elucidate a path to higher hydrogen capability in the GT26,
that being; the ignition of turbulent inhomogeneous fuel oxidant mixtures.

Through detailing the studies below, this Literature Review aims to provide an
understanding of methodologies deployed and common ndings, that may appear
counter-intuitive at rst. The analysis conducted aligns with the principles discussed
in this review, albeit adapted to the context of the GT26, with the ultimate goal of
increasing the GT26s hydrogen capabilities.

An extensive body of work has been produced by the Hopkins Laboratory at
Cambridge University under the direction of Mastarakos and Markides that investi-
gated experimentally the e ect of turbulence on the autoignition of inhomogeneous
fuel mixtures [88] [153] [154] [155]. Markides [88] o ers a comprehensive account of
the research conducted and the outcomes derived from a series of studies. It provides
detailed information about the newly established experimental facility, as well as an
extensive characterisation of the ow within the setup. Through characterisation of

the ow eld, the following turbulent characteristics were devaluated:
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~ Turbulence intensity, which accounts for the uctuations in the measured value
of velocity compared to the mean measured velocity and is calculated by:

TI = B;:%fn 100%.

" Integral Lengthscale which refers to the largest lengthscale of the turbulent

ow i.e. the geometry of the largest vortex.

~ Kolomogorov lengthscale, which refers to the smallest lengthscale of turbulence

in the ow.

Within turbulent ows a range of lengthscales exist, however, the Integral length-
scale and the Kolmogorov lengthscale denote the extremities in the ow being evalu-
ated. Turbulent theory describes how the vortices of an integral lengthscale transfer
kinetic energy from the larger scale eddies to smaller scales via an energy cascade,
which eventually leads to the dissipation at the Kolmogorov lengthscale, where the
energy is converted to heat due to viscosity [156]. Whilst these properties of the
ow are characterised, there is no o er of evaluating their impact since there is only
a singular turbulence grid used in their analysis.

The book also details methods for measuring (i) autoignition frequency, (ii) au-
toignition length (the distance from the fuel nozzle to ignition events), and (iii)
autoignition delay time (calculated by variations of ot = RLI%dt) for various
fuels investigated throughout the research campaign [88].

The four fuels tested were hydrogen, acetylene, ethylene and n-heptane. These
studies showed that an increase in air temperature had a signi cant e ect on the
decrease of autoignition length and therefore a decrease in ignition delay time. It
was also shown that as the levels of turbulence increased, so did the autoignition
delay time (ADT). Thus, indicating that turbulence has an inhibiting e ect for
inhomogeneous mixtures. Much value is found in this body of work. However, the
temperature conditions pertaining to this work were undertaken at temperatures
far below that of a GT reheat combustor ranging from 784 91X [157], hence

its direct relevance is limited to the GT26. Of particular value from this work is
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the extensive characterisation of the mixing eld, which was performed through

the planar laser induced uorescence (PLIF) of acetone - this work was done at cold
conditions using the principles of dynamic similarity scaling via the Reynolds number
[88]. The discovery of this body of work was of great inspiration as it con rmed

early iterations of the design considerations and experimental methodology of this
doctoral project that was created in isolation.

The experimental studies performed at Cambridge was also included in a review
paper undertaken by Mastarakos [157] that takes an extensive view of the ignition of
turbulent non-premixed ames. It is highlighted that autoignition events typically
occur away from stoichiometry at cases denoted as \most reactive mixture fraction”
which are found in regions of low scalar dissipation within the turbulent ows [157].

The studies presented by Cabra et al. [158] and [159], stand as an early insight
into mixture eld characterisation relating to the autoignition of inhomogeneous
mixtures. The primary objective of Cabra, et al. was to gain insights into the
behaviour of mixture fraction when employing nitrogen-diluted hydrogen blends as
observed in [158], followed by subsequent investigations involving methane, as out-
lined in [159]. The experimental apparatus employed for these investigations is
detailed in Figure 2.7.1. Noteworthy operational parameters included aykhir viti-
ated co- ow, with co- ow velocities of approximately 54m=s and fuel jet velocities
reaching 10@n=s. This speci c con guration was designed to facilitate mixing by
shear e ects generated by the velocity gradient induced by the relative velocities of
the co ow and fuel jet.

These publications [158] [159] elaborate on the sensitivity of lifted ame height
(LFH) to various conditions, including jet velocity, co ow velocity, and co ow tem-
perature. They reveal a near linear relationship between LFH and each of these
parameters, at least within the range studied. Notably, the LFH exhibited the
highest sensitivity to changes in co ow temperature

At a similar time, Oldenhof et al. investigated the e ect of the fuel jet's Reynolds

number on the LFH of various natural gas ames [160] [161]. It was shown that
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Figure 2.7.1: Schematic of test case of Cabra et al. experimental work, reproduced from [159]

the lift o height would increase at Reynolds number 3000-5000, suggesting that
the high inertial forces are increasing mixing and maintaining strain rates below a
critical number. Furthermore at a Reynolds number greater than 5000 indicated that
the increased inertial forces have surpassed a critical point in which the turbulence
is now having an inhibiting e ect. This non-monotonic trend has been reconciled
as the e ect of enhanced entrainment of the hot co ow into the fuel jet due to the
velocity gradient. Yet again, this is another study detailing the e ect of turbulence
of ame ignition and LFH's emphasising how its extensive study is required [160]
[161].

Research conducted at Tsinghua University in Beijing, performed by Li et al.
[162] and Liu et al. [163], has unveiled three distinct categories of autoignited
ames. These categories encompass an attached ame, a lifted ame exhibiting
reigniting spots, and a lifted ame, all of which are visually represented in Figure

2.7.2. The experimentation entailed the evaluation of fuels diluted with both Nand
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CO, across varying degrees of dilution. The ndings indicated that the LFH was
notably higher for CO,-diluted fuel blends. The experimental apparatus employed
for this investigation featured a co- ow test rig equipped with a turbulence grid,
as elaborated upon by Li et al. [162] and Liu et al. [163]. LFH measurements
were acquired using a digital camera, and subsequent analysis was carried out in
MATLAB to discern the ame edge. This analytical procedure closely adhered to
the method outlined by Van et al. [164]. To further enhance the visualisation of
ame structure, OH* chemiluminescence data was collected as well.

The importance of developing understanding the ame stabilisation mechanisms
for designing advanced combustors is considered crucial, hence, a numerical model
is developed to assist in elucidating parameters associated with design [163]. It was
found that there was poor- tting of hydrogen LFH between experimentally derived
data and from an existing mixing-strain model. Hence, adaptations to the model
were performed, where the non-dimensional Damkshler and Karlovitz numbers were
used to identify the ame stabilisation mechanism at play [163]. Damkehler and
Karlovitz number's are described by the following equations:

Mixing Timescale tmix

1
Da = . : = = —
Chemical Timescale tchemical Ka

(2.2)

Both Karlovitz and Damkehler numbers provide insights into the interplay be-
tween the interactions of the turbulence in the ow eld and the rate of the chem-
ical reaction. When Damkehler numbers are greater than unity, it signi es that
the mixing of the fuel and oxidant outpace the rate of the chemical reaction. This
observation highlights the dominance of turbulent mixing in governing the reaction
rate. Conversely, Damkehler numbers of less than unity indicates that the chemical
reactions occur more rapidly than the mixing of the fuel and the oxidant and is char-
acterised as a chemistry-dominant regime. Since Karlovitz number is the inverse of
Damkehler, the opposite is true for the conditions described above.

In this study [163] it was concluded that the sensitivity to turbulence was weak.

This observation is ascribed to the method by which turbulence was induced, pri-
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Figure 2.7.2: Image of the three lifted ame types observable from Li et al. testing, reproduced
from [162].

marily through alterations in the hot air ow. These alterations predominantly
a ected turbulence intensity while exerting minimal in uence on turbulent length
scales. Consequently, it is postulated that adjustments to the turbulence grid geom-
etry would introduce variations in turbulent length scales, thereby inducing a more

pronounced impact on the ignition of lifted ames.
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2.7.1 GT36 - Industrially Relevant Turbulent Autoignition

The CAPS lab at ETH Zurich have been investigating the ignition of autoignited
ames in the context of the GT36 since 2018 through studies led by Schulz et al.
[165] [166]. A modular sequential combustor has been used extensively to investigate
various fuels blends, injector con gurations and oxidants, as detailed by Solana-
Perez et al. [167] [168] [169].

Where the GT26 and GT36 di er mostly is that the GT36 only has one turbine
stage, as opposed to the GT26's HPT and LPT. In recent years, there has been
more depth of research pertaining to the GT36, as opposed to the GT26, as a result
of Ansaldo Energia's focus on the GT36. Notably, there may be an attraction to
operating the GT36 with higher hydrogen as the sequential combustor is still at
the elevated pressure conditions of the rst stage, unlike the GT26. Hence, the
non-monotonic trend of hydrogen's reactivity under pressure may play kindly to
the operators desire for high hydrogen realisation in the GT36. A series of studies
conducted at ETH Zurich encompassed a combination of experimental work under-
taken by Solana-Perez et al. [167] [168] [169] and numerical modelling by Schulz et
al. [166] [165].

The initial study led by Schulz [165] investigated the e ect of thermoacoustic
instabilities through means of a Large Eddy Simulation and experimentation. The
combustion model as it relates to the sequential combustor accounted for di erent
combustor modes, (ambient and elevated temperature propagation and autoignition)
and included semi-detailed chemistry in the model. The model was compared to
hydroxide planer laser induced uorescence (OH-PLIF), OH* chemiluminescence
and acoustic pressure measurements. The goal of the study was to capture the
thermoacoustic instabilities observed experimentally and account for them in the
CFD model [165].

The subsequent numerical study [166] identi ed that 3 sequential ames coexist
(1) autoignition (2) ame propagation (3) ame propagation assisted by autoigni-

tion. This work indicated the heavily reliance on the recirculation zones for the
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stable operation of propagating ames. Whereas autoignited ames only required
continuous self-ignition to sustain combustion. This work laid the foundations for
further depth of study to the realisation of hydrogen combustion in the GT36.

Experimental work was continued by Solana-Perez et al. by investigating the
e ect of introducing increasing hydrogen content as a jet in cross ow injection,
into a vitiated ow from a rst stage combustor (burning NG in air, fully premixed,
ER = 0:7) [167]. The study showed how increasing the hydrogen content of the
ame decreased the ame length signicantly. It's region of OH intensity was
also closer to the nozzle, although the displayed iso-contour map indicates that the
intensity of OH signal declines with increasing hydrogen content. The threshold
for ame edge detection was given as 30% of the maximum OHsignal intensity, as
is displayed in the relevant gures within the study [167].

Additional experimental work performed by Solana-Perez et al. [168] [169] was
performed, where the fuel injection method develops to consider fuel inlet con gura-
tions and its e ect on mixing and ame morphology. Despite the expressed interest
in investigating the behaviour of pure hydrogen fuel under reheat conditions, the
vitiated ow generated from the rst-stage combustor employed natural gas as a
fuel source. Using natural gas in the initial stage produced a vitiated gas ow that
does not accurately represent the vitiated ow resulting from the use of hydrogen
in the rst stage. This discrepancy in ue gas composition may signi cantly impact
mixing quality due to di ering physical properties under these conditions and alter
ame morphology due to changes in the composition of the ue gas.

Nevertheless, it is noteworthy that this study made commendable e orts to es-
tablish industrial relevance for the GT36. These e orts included the incorporation
of vortex generators into the rig design, maintaining a constant rig exit temperature
across various test points during operation, incorporating a backward-facing step to
stabilise the ame, and introducing dilution air following the rst-stage combustion
[168] [169].

The ndings of this study [168] demonstrated that the two tested inlet con gu-
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rations, which induced di erent ow regimes (as depicted in Figure 2.7.3), yielded
insightful results. Speci cally, excellent mixing was associated with reduced NOx
emissions, while suboptimal mixing exhibited a more robust ame anchoring char-
acteristic [168].

The other study [169] undertaken described the ame stabilisation regimes were
identi ed under various points of steady operation. The study also validated various
temperature measurement techniques, that further supported the use of a 0-D reac-
tor simulation. Interestingly the 0-D reactor showed that there was not a signi cant
impact upon the dominant ame regime in the sequential ame when using hydrogen

as the rst stage fuel [169]. This assertion requires experimental validation.

Figure 2.7.3:  Schematic of mixing patterns induced for the two inlet con gurations (IC) utilised
in works undertaken at ETH Zurich's CAPS lab, reproduced from [168].

2.8 Literature Review Conclusion

This thesis occupies a unique position in the current literature, bridging the gap
between the GT26 reheat combustion testing detailed in Section 2.5.4 and the re-
search on turbulent inhomogeneities described in Section 2.7. This research will
extend upon the fundamental laboratory-based experimentation discussed in Sec-
tion 2.7 by working with elevated temperatures and utilising relevant CiHH , fuel
blends of interest to operators, designers and researchers of the GT26 Gas Tur-
bine. The ndings of this work will be valuable for SEV combustion investigations,

contributing to the knowledge developed through the studies in Section 2.5.4.
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2.8.1 Project Objectives

To achieve the stated Project Aim in Section 1.7.2, the following objects are pursued:

" An experimental test campaign will be devised to evaluate the impact of tur-
bulence of fuel blends with varying hydrogen concentrations. In regards to
turbulence, interest lied with the impact of Turbulence Intensity and Turbu-
lent Lengthscales, as they were merely characterised in a small proportion of
the works reviewed in the literature search. This project aimed to assess the

impact of varying such variables.

A new test facility is to be designed, manufactured and commissioned to enable

the experimental evaluation of the above point.

A suite of non-intrusive diagnostic techniques will be developed to enable
appropriate measurements to address the stated hypothesis in Section 2.6.
Measurements of Lifted Flame Height and a novel parameter called Flame
Establishment Time were undertaken. This further supported the calculation
of Ignition Delay Time and Damkshler. All four parameters and how they are

evaluated is introduced in Chapter 4.

Data analysis will be performed following the data acquisition to determine

the impact of turbulence and hydrogen concentration on these variables.

Temperature e ects will also considered experimental to assess the impact of

changing operating conditions on the parameters considered.

" CFD analysis will also be performed to enhance the understanding of the

ndings elucidated during the experimental campaign.
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Chapter 3

Design and Commissioning of
Novel High Temperature
Inhomogeneous Mixture

Autoignition Facility.

In this Chapter, the design process of the Turbulent Inhomogeneous Mixture Au-
toignition Rig (TIMAR) is presented followed by a description of its commissioning.
Initially, the essential criteria and their manifestations are described. Subsequently,
design choices related to the TIMAR's fundamental aspects are delineated, which
has led to its current con guration. Additionally, the auxiliary components and
their respective designs are presented. When relevant, the Chapter describes design
calculations, the reasoning behind material selection, and other pertinent details.
Furthermore, a description of the commissioning of the TIMAR is presented,
describing the operation of the TIMAR. The functionality of the TIMAR holds sig-
ni cance importance, as it forms the foundation upon which the experimental phi-
losophy is developed to test the hypothesis of this thesis. Hence, the commissioning

outcomes in uence the methodologies adopted in conducting the experimental work.
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3.1 Essential Criteria of Design

In the pursuit of emulating the operational conditions observed in the GT26 SEV,
certain criteria were requisite. Foremost among these criteria was the need to attain
elevated temperatures to ensure fuel autoignition. Given the SEVs operation as
a ow-through burner, a similar principle was adopted for the TIMAR. As the
hypothesis aims to assess the impact of turbulence on the ignition of hydrogen-
enriched fuels, the controlled variation of turbulence characteristics emerged as an
essential requirement.

Given the non-intrusive nature of the diagnostic methodologies employed to eval-
uate parameters such as the Lifted Flame Height (LFH) and Flame Establishment
Time (FET), the inclusion of optical access was imperative. The working uid
within the GT26 SEV is a vitiated high-temperature ow from the primary stage,
with secondary fuel injection into the vitiated ow. Therefore, considerations were
made in generating representative gas mixtures akin to the operational environment

of the GT26 SEV, in the design of the TIMAR.

3.1.1 Flow through Rig

Due to the project sponsor and previous site experience with the GT26, details
regarding geometry and engine parameters are known. This enabled the scaling of
ows from the GT26 to the TIMAR designed for testing at Cardi University's Gas
Turbine Research Centre (GTRC), which is described herein.

Considering conservation of mass through the GT26, it was necessary to begin
calculations at the rst stage EV combustor. Hence, the power output of the GT26
engine was established [130], and an equitable power distribution between the EV
and the SEV combustors was assumed as reported by'tGe et al. [129]. Given
the annular arrangement of 24 combustor cans within the GTs structure, the power
allocation per combustor was derived. Furthermore, estimations of the equivalence

ratio (ER) were performed through use of plant data including compressor ows,
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cooling air requirements, and fuel mass ow rates.

Knowing the total cooling air requirements and the compressor's air output fa-
cilitated determining the available air for combustion in the EV stage. This allowed
establishing the required air-to-fuel ratio for a standard natural gas blend at RWE's
Pembroke site, as detailed in Table 3.1. The analysis resulted in an estimated ER
of 0.55, where estimation considered speci c locations of air inlets into the EV com-
bustor.

While the global ER within the EV combustor is around 0.3, it's crucial to
acknowledge that a signi cant portion of the introduced cooling air is not localised
near the ame and doesn't contribute to its local ER. Additionally, under Lean
Premixed (LPM) conditions, a natural gas ame operating at an ER of 0.3 is likely
to have surpassed the lean blow-o threshold. Hence, an ER of 0.55 was utilsied
in the design. Using a calculated lower heating value for the described natural gas
blend, detailed in Table 3.1 below, the volumetric ow rate of fuel for each individual
combustor was determined.

Table 3.1: Typical Natural Gas Fuel Blend composition operated at RWE's
Pembroke Power Station

Constituent CH, C,Hg C3Hg N,
[% vol] 95.2 4.0 0.2 0.6

This resulted in determining the fuel and air ow rates for the entire engine and
on a per-can basis. Knowing the SEVs geometry and the calculated ow rates, an
estimated SEV burner inlet velocity of approximately 12B1=s and a throat veloc-
ity of 157m=s within the SEV were calculated. This throat velocity serves as a
benchmark, aligning with the gas ow velocity of approximately 15Mh=s in DLR
Stuttgart's reheat combustion rig [151] | a test rig developed to operate under
conditions akin to the GT26. This alignment instilled a high degree of con dence
in the design calculations.

As an initial design point for the TIMAR it was rst considered that a rst stage

combustor would be used to provide the hot vitiated ow required for the attainment

72



of reheat combustion conditions, similar to approaches take by Fleck et al. [146]
[147][148] [149] [150] [151] and Solana-Perez et al. [168] [169]. The air-fuel ratios
calculated from the operation of the GT26 were considered for use in the Generic
Swirl Burner (GSB) operational at the GTRC, targeting a max power output from

the rst stage of 200kW. The necessary equivalent ows indicated that a reheat

combustion zone or “mixing-duct' was to have a cross sectional area @f0D62%n>.

3.1.2 Optical Access

As detailed in Section 3.1, optical access to the reheat combustion zone was necessary
to undertake non-intrusive diagnostics of the ame. Since the diagnostic techniques
being used require the use of lasers and the refraction of light would ideally be
minimised, a square mixing duct (MD) was decided upon. Considering the cross-

sectional area determined above, a 86n  25mm square tube was decided upon.

3.1.3 Change in Turbulence

In order to test the hypothesis stated in Section 2.6, there must be a means of altering
the turbulence characteristics within the uid ow. Hence, a modular design of the
TIMAR was incorporated to enable interchangeable turbulence devices to provide

variation in the turbulence characteristics of the ow.

3.2 Design Decisions

In this section, design decisions are detailed alongside supporting engineering cal-
culations. Each major component of the TIMAR will be discussed and calculations
will be detailed where necessary. A General Assembly drawing is provided in Figure
A.0.1 found in Appendix A, to provide a point of reference for the components that

are speci ed in this section.
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3.2.1 Air Heater vs GSB

As described above, it was initially considered that the hot vitiated ow would
be supplied by the Generic Swirl Burner (GSB) that is frequently operated at the
GTRC. The GSB, is a rst stage premixed combustor that is modelled upon a
commonplace industrial GT burner. The GSB was commissioned during Runyon's
PhD project [113] and has been used extensively at the GTRC since, supporting a
number of studies [170] [171] [172].

Despite the extensive knowledge and operational experience in-house regarding
the GSB and its capability to produce the desired ue gas compositions, including
the relevant intermediates and free radicals, it became apparent there were obstacles
in its deployment in the context of this study. Therefore, rendering it unfavourable
for use in the the TIMAR con guration. At this point in the design it was con-
sidered that equal ow elds and thermal power between the fuel blends was to be
maintained (more detail on this philosophy in Section 4.1.1). If the same thermal
power was desired in the rst stage combustor across the fuel blends under con-
sideration (100/0 [%vol] CH/H , through to 0/100 [%vol] CH,/H ,), the ow rates
for each fuel blend or test case would vary widely, as detailed in Table 3.2 below.
Hence, maintaining a comparable ow eld between the fuel blends tested would
not be feasible when the GSB is being used.

This resulted in the decision to pursue the use of an electric air heater. Through
using an electric air heater, a synthesised oxidant representative of the ue gas from
the EV combustor would be derived. The composition of the synthesised oxidants

needed to be determined, the methodology is introduced in Section D.5.2.
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Figure 3.2.1: Kanthal heater and corresponding control unit, image reproduced from [173].

3.2.2 Electric Air Heater Detall

Following a tender process, Kanthal's 30 kW Flow Air Heater (KFH-2-30-400) and
its accompanying control unit (CC-KFH-2-30-400-CE), depicted in Figure 3.2.1, was
purchased. This heater was selected due to its superior ability to achieve elevated
temperatures compared to competitors. The 30kW option was selected due to its
operational range of ows i.e. My, = 4:53g=St0 Mnx = 45:28y=s covering the
range of ows of interest in the TIMAR. At the heater's nominal ow an air ow

velocity within the 25mm  25mm MD of ca. 140n=s was determined.

3.2.3 Fuel Delivery

The following means of fuel delivery were considered for the design of the TIMAR:
"~ Jet-In-Cross-Flow
" Radial Injection

" Co- ow Axial Injection
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From the literature review, it was shown that a Jet-In-Cross-Flow had been con-
sidered for study at DLR Stuttgart [151] and CAPS lab in ETH Zurich [167], with
the former citing its choice of fuel injection as a crude representation of one (out of
four) of the fuel/air injection points found in the standard SEV fuel lance design.
However, these studies quickly built upon these initial fuel injection methodologies
to include axial fuel delivery, which is more in-keeping with the direction fuel injec-
tion architecture of the GT26 will take with highly reactive fuels, as stipulated by
the prototype design developed by Poyyapakkam et al [102].

For the TIMAR design, the decision was made to incorporate fuel injection via
a co- ow axial injector, despite the GT26 operating a radially injected fuel delivery
system in the SEV. This choice was in uenced by the complexity of the SEV fuel
delivery system, which involves carrier air and introduces numerous variables when
employing a jet-in-cross- ow fuel delivery. Considerations such as jet penetration
depth, ori ce diameter, and the potential for uneven heat distribution in the MD
prompted the decision. Therefore, to maintain ow eld symmetry, a co- ow axial
injection of the fuel into the hot oxidant was chosen.

In addition, this design decision was reinforced by the similar designs employed
by the Hopkins Lab at Cambridge in their turbulent autoignition studies [88] and
by Li et al. [162] in their investigation into ame lift o height. Schematics of
the designs from both campaigns are presented below, where the commonalities are
clear.

The main features of the TIMAR had been developed independently of these
studies. It was reassuring that the initial design iterations of the TIMAR were

consistent with the literature.

3.2.4 Turbulence Devices

Three turbulence devices (TDV) were selected for use within the test campaign.
These TDVs were designed with modularity in mind to enable interchangeability

between experimental tests. Table 3.3 details the geometry of the TDVs, including
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(a) Turbulent Autoignition Rig developed at John (b) LFH test rig developed at Key Laboratory
Hopkins Lab Cambridge, reproduced from [88] Tsinghua, reproduced from [162]

Figure 3.2.2: Schematics of respective test rigs, detailed by their caption.

the ow blockage ratio. The blockage ratios were selected to be within a relatively
close range of one another with the aim of having a similar impact to the velocity
in TIMAR as a result of the near-equitable reduction of the cross sectional area
as whilst being mindful of manufacturing capabilities (i.e. standard drill sizes), yet
will exhibit vastly di erent turbulence characteristics due to di erences in geometry.
Figure 3.2.3 below shows adapted versions of the technical drawings that illustrates
the designs of the TDVs. The full technical drawings are found in Figure's A.0.2,
A.0.3 and A.0.4 in Appendix A, reproduces the technical drawing supplied to the
manufacturer. Each have the same design philosophy but di er primarily in terms

of hole diameters and number of holes.
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Figure 3.2.3:

Table 3.3: Design details regarding the 3 interchangeable TDVs designed for their

(@) TDV3

(c) TDV12

(b) TDV6

the purposes of this doctoral project.

use in the TIMAR.

Adapted technical drawings illustrating the design of the three TDVs designed for

TDV Characteristic Number of | Blockage Ratio
Diameter [mm] Holes

TDV3 3 92 47.40%

TDV6 6 26 53.58%

TDV12 12 6 49.46%

When designing the TDVs, a crucial consideration was the material choice of
Inconel 625. This decision stemmed from the need for a dissimilar metal to interface
with the transition piece, aiming to prevent the components from fusing together
under elevated temperature conditions and thermal stress. The selection of Inconel

for the TDVs, as opposed to the transition piece, was also based on the challenges as-
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sociated with machining Inconel compared to stainless steels, as well as the di ering

sizes and machining requirements of the respective components.

3.3 Ancillary Components

In this section, ancillary components for the TIMAR are described.

3.3.1 Fuel Delivery

As indicated in Section 3.2.3, the chosen fuel delivery method for the TIMAR is co-
ow axial injection. A description of both the fuel lance design and the fuel-steam

ange (FSF-01) is found below.

3.3.1.1 Fuel Lance

To maintain a consistent ame power and fuel velocity across various fuel blends, a
parametric study was conducted to determine the optimum geometries for each test
case.

The parametric study included the following:

" Fixing the fuel lance diameter:This study involved maintaining the fuel lance

diameter constant while varying the mass ow rate of fuel to assess its impact
on the fuel jet velocity and to determine the corresponding thermal power
with that fuel ow rate. The aim was to determine what the thermal power of

the various fuel blends would be whilst aiming to maintain constant velocity

across the fuel blends considered.

Fixing the thermal power: In this scenario, the thermal power remained con-

stant (and therefore the fuel mass ow) while the fuel lance diameter was

adjusted to observe its in uence on the fuel jet velocity.

Maintaining Fuel Jet Velocity: The fuel jet velocity was maintained at 15fh=s

and alterations were made to the fuel lance diameter and fuel mass ow, ob-
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serving its e ect on thermal power and the determination of suitable fuel lance

diameters.

The initial fuel calculations assumed ambient temperature conditions, introduc-
ing uncertainty that subsequent e orts aim to mitigate, as detailed in Section's 3.4.1
and 3.4.2.

This parametric study revealed the complexity of maintaining constant ow con-
ditions across hydrocarbon-hydrogen fuel blends. Consequently, a thermal power of
36.5 kW was chosen, using three fuel lances with diameters of 3.00 mm, 3.6 mm,
and 5.5 mm. This decision was guided by the calculated fuel velocity exhibiting the
smallest percentage di erence for the considered fuel blends compared to the target
fuel jet velocity of 150m=s. This decision was later revised based on outcomes from
the commissioning phase.

Machining challenges arose in drilling the central hole of the 280n fuel lances
due to their relatively small diameters (3mm, 3.6mm, and 5.5mm). A proposed
solution involved cutting the rod into three lengths, drilling the fuel gas path, and
welding the pieces back together. Additional design features included an M8 ne
thread at the lance's bottom, a reduced cross-sectional area at the end, and ats on
the external surface for spanner tting.

Initially, Inconel 625 was considered for the fuel lance material so that dissim-
ilar metals interfaced under elevated temperatures. However, challenges with the
machining of the TDV's prompted 314 stainless steel to be chosen. This choice bal-
anced thermal protection under elevated temperatures with practical advantages in
ease and cost-e ective manufacturing. Fig A.0.5 displays a drawing from the man-

ufacturer, Metal Fabrication Co., illustrating the described manufacturing process.

3.3.1.2 Fuel-Steam Flange

To introduce the fuel into the TIMAR and for the fuel to be injected in an axial
direction, a dedicated fuel-steam ange (FSF-01) was designed. The fuel would be

introduced into the rig via 4 equidistant tubes that entered the TIMAR via the
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Figure 3.3.1: Section view of CAD schematic depicting how the FSF-01, fuel lance and
turbulence device interact with one another.

fuel labyrinths within the ange where they would converge at a central point. The
central point had a threaded section in which the fuel lance would be tted, enabling
the fuel to be injected into the turbulent ow downstream of the turbulence device.

This design is illustrated by Figure 3.3.1. The fuel lance was su ciently long to

enable the fuel ow within to become fully developed (i.e> 10D).

3.3.2 Steam Injection

To produce synthesised oxidants it was necessary to include water or steam into
the oxidant mixture to represent the ue gas from the EV combustor in the GT26.
However, the introduction of water into the heater would have caused irreparable
damage to the heating elements within the heater. Hence, the TIMAR was designed
so that stream would be introduced downstream of the heater and upstream of the
TDV so that the steam will mix e ectively with the rest of the ue gas.

Therefore, additional tubes were added to FSFO1 for the introduction of steam
into the oxidant mixture. In the technical drawing illustrated in Figure A.0.6, the

steam tube is positioned downstream of the fuel delivery labyrinths, where turbu-
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lence will be introduced as a result of the labyrinths. The steam tubes also protrude
0.8mm into the ow. This was to account for the boundary layer height which the
steam would now evade and mitigate the steam ow being entrained in the low
ow region close to the wall. This was calculated through determining the Reynolds
number and using the following equation to determine the boundary layer thickness,
which accounts for turbulent ows ofRe > 5 °, over a at plate:

_0:37x
T~ Red2

(3.1)

where, the characteristic length in the consideration of Reynolds number is the

internal diameter of TIMAR.

3.3.3 Transition Piece

The transition piece (TRN) played a pivotal role in the TIMAR system as it served

as the interface for reducing the cross-sectional area from the rig upstream of the
TDV to that of the MD. Its two primary functions were to accommodate the TDV

for imparting turbulence to the ow and to house the quartz tube. During manu-
facturing, a notable challenge emerged in transitioning from the circular geometric
pro le of the rig upstream of the TDV to the square geometric pro le of the MD.
This obstacle was successfully addressed through the application of spark-erosion
manufacturing techniques, enabling the production of unique and traditionally chal-
lenging geometries with ease.

Figure 3.3.2 depicts not only how the TDV sits within the TRN, but also how
the quartz tube interfaces with the TRN. Not shown in this gure is the change in
geometry in relation to the quartz tube seat. During commissioning, it was identi ed
that the quartz tube was susceptible to damage despite the use of bespoke ceramic
paper gaskets to prevent metal on quartz material interactions. Considering the
expense and lead times associated with the quartz tubes, the TRN was adapted to

then house bespoke graphite seats to act as the interface between the quartz and the
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stainless steel (314) TRN. Since the tensile strength of the graphite was less than
that of both the quartz and the TRN, the graphite became the sacri cial component

and thus provided protection to the quartz tube, extending its operational life.

Figure 3.3.2:  Section View of Transition Piece reproduced from technical drawing, denoting its
key geometric features.

3.3.4 Quartz tube

In the design of the TIMAR, optical access to the ame was achieved through the
use of Fused Quartz tubes. Speci cally, Momentive Performance Material GE214
was chosen for its exceptional purity, which contributed to superior thermal stability,
including resistance to thermal shock. Moreover, it boasted high optical transmis-
sivity, as illustrated in Figure 3.3.3. Figure 3.3.3 describes the transmissivity of a
1mm sample. To adjust for di erent materials thicknesses the following equation
can be deployed:

T=(1 R)%* (3.2)

Where T is percent transmission,R is surface re ection loss for one surface is
absorption coe cient [cm 1] and t is thickness §m]. Wavelengths of interest were

310nm and 525nm, in accordance with OH* and laser light re ections related to the
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Figure 3.3.3: Transmissivity of Fused Quartz materials, 214 denotes the material used in the
TIMAR. All values are absolute for a material thickness of 1mm, reproduced from [174].

OH chemiluminescence and PIV analysis that will be introduced in Chapter 4.

In addition, borosilicate tubes were used during the commissioning stages of the
TIMAR. This choice was motivated by cost-e ectiveness and signi cantly shorter
lead times, ensuring that any damage to these tubes during commissioning would
not result in project delays or increased costs. It is important to highlight that
borosilicate's optical transmissivity is inferior to that of Fused Quartz, limiting its
use exclusively to the commissioning phase. It became evident that borosilicate's
thermal stability would not su ce, as will be reported in Section 3.6.2.

To determine the length of the MD, a series of CHEMKIN simulations were per-
formed, encompassing a range of anticipated operational conditions for the TIMAR.
Among these scenarios, the least reactive case involved testing a pure methane ame.
The Closed Homogeneous Reactor tool within CHEMKIN facilitated the analysis
of ignition delay times. The marker used for the determination of ignition delay
time was the determination of the time taken to reach peak temperature, related
to methane under experimentally relevant conditions (T=1100K - 1400K, and an
ER range of 0.3-1.5)), as depicted in Figure 3.3.4. For the purposes of evaluating
the ignition delay time, GRIMECH 3.0 is used throughout [175]. The 1350K results
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Figure 3.3.4: Results of CHEMKIN simulation of ignition delay time for pure methane at
atmospheric pressure and elevated temperatures.

were focussed on in the analysis, as the project was initially operating on the as-
sumption of rig temperatures near a maximum temperature of 1100 due to a lack
of information regarding rig heat loss.

Following the determination of the ignition delay time and prior estimations of
ow velocities in the MD, an estimated distance between the point of fuel injection
and the point of ame ignition in the MD was determined. It was shown that a
distance of between 0.54m-1.17m was likely for the pure methane case.

Based on this analysis, the length of the tube was set to 0.6m. WAhilst this
length was shorter than that determined by the largest of the estimating calculations
described above, this was a conscious decision, that was attributed to the idealised
setting in which CHEMKIN operates, failing to account for the acceleration of the
ignition event resulting from turbulence-chemistry interactions. Additionally, space
limitations within the GTRC played a role in this decision.

In summary, a fused quartz tube of a square cross section area andsx25mm,

nominal wall thickness of 175mm and length was 06m was selected.
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3.3.5 Insulation

Due to the elevated temperatures achieveable by the electric air heater, and the
temperature gradient between the hot air and the ambient environment, heat loss
was likely to be prominent. Since temperatures greater than 90D were desired
to replicate the elevated temperature conditions of the GT26, it was necessary to
insulate the test rig as far as reasonably practicable. Hence, the TIMAR was in-
sulated in a Calcium-Magnesium Silicate thermal blanket that o ered heat insula-
tion at a continuous temperature of 1150C and a thermal resistivity ranging from
0:04 0:48W=mK. No further detail on the range of thermal resistivities is provided

by the supplier.

3.4 Instrumentation

The instrumentation protocol was intentionally simplistic with the primary objective
being the mitigation of failures due to the elevated temperatures experienced in the
TIMAR. K-type thermocouples were positioned in the TIMAR, as denoted by Figure
?? below. Type K thermocouples were selected due to their ability to operate contin-

uously at 1,100C (  0:4%of measuredvalue)whichcoincideswiththemaxtemperaturesattainablebythe

3.4.1 Oxidant Flow Temperature Measurement

Thermocouples 1 and 2 were fed through the additional instrumentation tubes that
were tted to the assembly anges, secured into place using Swagelok ttings. The
thermocouples were placed perpendicularly to the direction of the ow. Hence, a
thermocouple correction was performed to determine the real gas temperature value.
This necessitated the development of an algorithm, detailed by B.1.2.01 in Appendix

B.5.2 to determine the real gas temperature, which took the following steps:
1. Oxidant ow was inputted by the user.

2. The oxidant type was determined through selecting either air or ue gas. If
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ue is selected, the oxidant composition is then determined by the fuel blend

under investigation in any given case.

3. The heat supplied to the oxidant is determined throughQ = muiCpoxi T.
Where T is determined as the di erence between ambient temperature and

the measured value of temperature in the TIMAR.

4. Oxidant properties are determined from inputted conditions and use of lookup

tables.

5. The heat transfer coe cient is determined, which required the determination
of the oxidants dynamic viscosity, heat capacity and thermal conductivity

(equations provided below).

6. Reynolds and Prandtl numbers were calculated and used in the Nusselt number

correlation described below.

7. The heat transfer coe cient was calculated and used in a heat balance equation

that was rearranged to return an iteration of the real gas value.

0o

. Steps 4 - 7 were repeated until convergence criterialaf;  Tier +1 < 0:000001

was achieved.

The dynamic viscosity was determined through use of Sutherland's formula [176].
It is an approximation for how temperature a ects the viscosity of gases by consid-

ering the intermolecular force potential. The equations used are as follows:

3

a T 2
= 95— — 3.3
b T (33)
a=0:555T)+ C (3.4)
b=0:555T + C (3.5)

where, is the viscosity in centipoise [cP] at temperaturel, , is the reference

viscosity at the reference temperaturdy and C is the Sutherland constant. The
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viscosity for individual constituents were calculated and the viscosity of the mixture
was determined by the following equation, which is based on a method developed

by Schmick [177]:

p_—— p_— p_—
Yi i Ivli"'Yj L j+:::+yr;‘n My (36)
yi Mi+y M+ :i+y, M,

mix —

The Nusselt number correlation is given by equation 3.7. This correlation, originally
described by Jimenez [178], was developed for the context of thermocouple heat
transfer. It is an adaptation of the correlation established by Churchill [179] for
heat transfer from cylinders in a cross ow. In the specic context of this study, it
serves as a method for determining the heat transfer coe cient of a thermocouple

in a cross ow, analogous to the conditions encountered in the TIMAR.

| 4
5

®|a

0:62RezPrs Re
=0:3+ +
NUcy =0:3 , 1 282000
1+ 2.4 3

r

(3.7)

0|
N

Considerations for the uncertainty of the measurement is introduced in Section
4.6.

An additional thermocouple, denoted as T3 in Figur@?, was placed at the end
of the MD. The function of this thermocouple was to measure the temperature of the
gas ow exiting the MD. However, it was not uncommon during the operation of the
TIMAR that the ame would extend out of the MD, destroying the thermocouple.

Hence, little value was placed on this thermocouple as the test campaign progressed.

3.4.2 Fuel Flow Measurement

Since the mass ow rate of the fuel was known, knowing the fuel temperature was
vital to determine the fuel's density and therefore determine its velocity. This mea-
surement was not trivial. Due to the elevated temperatures in the TIMAR, the
relative long length of the fuel lance and its relative thinness, heat would be con-

ducted through the fuel lance and transferred to the fuel passing through the lance.
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This presented di culties because as the fuel temperature increased, its density pro-
portionally decreased. In line with the principle of conservation of mass it caused
a proportional increase in fuel velocity. Furthermore, each fuel blend tested had
distinct heating characteristics owing to their respective heat capacities. This cal-
culation required an iterative approach and was performed by an algorithm.

The algorithm, provided in Appendix B.2.2, was designed to determine the real
gas temperature of the fuel by utilising the heat balance associated with equation
3.8 below. It assumed that the fuel lance wall was equal to the temperature of the
oxidant, considering su cient time was allowed for the TIMAR to reach thermal
equilibrium before operation. The nal heat balance for determining the fuel tem-
perature was established between the radiative heat imparted onto the fuel gas from
the lance and the convective heat loss of the gas travelling over the thermocouple,
and it is given as: [

Ttuer = Tric + M (3.8)

hfuel

Again, consideration for the uncertainty of this variable is introduced in Section 4.6.

3.4.3 Design Conclusions

The nal design of the TIMAR constructed is shown by Figure 3.4.2, note gas ow
goes from right to left. Its design successfully enabled high temperatures to result
in combustion initiated by the autoignition mechanism. The ability to synthesise
oxidants representative to the ue gas from a rst stage combustor was present
in the nal design, in addition to the fuel blending capabilities facilitated by the
ancillary equipment at the GTRC. The modular design of the TDVs enables the
adaptation of the turbulence characteristics within the gas ow, essential for testing
the proposed hypothesis. Finally, with the optical access given to the MD via the
quartz tube, any ame exhibited can be analysed using the non-intrusive optical

diagnostics suite. Hence, all essential criteria is met.
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