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Summary
Ammonia (NH3) is found in many industrial waste streams, including as a component of
a concentrated aqueous vapour stream, arising from the cleansing of coke oven gas
(COG) on integrated steelworks sites. Anhydrous ammonia (AA) can be recovered from
the vapour via the Phosam process. Ammonia has recently gained significant research
interest as a carbon-free fuel for use in gas turbines. Major challenges are its
comparatively low reactivity and a propensity for high NOx emissions.
Numerical simulations in Chemkin-Pro and experimental investigations in a premixed,
representative gas turbine combustor (~500 K inlet, ~0.1 MPa) were used to identify the
optimal blend of ammonia (both AA and humidified ammonia of 30%vol H2O) with a
locally available support fuel, to maximise reactivity whilst minimising pollutant
emissions. The findings enabled the development of novel anhydrous and humidified
ammonia thermodynamic cycles in Aspen Plus, scaled to 10 tonnes per day NH3, i.e. from
a 2 Mt p.a. steelworks.
Optimal fuel support was found with 15%vol COG for both AA and humidified ammonia
(HA). The AA blend outperformed the HA blend for emissions, achieving a minimum 172,
5 and 1 ppm for NOx, NH3 and CO respectively, for staged combustion (fuel-rich then
lean) at 0.11 MPa. Modest experimental pressure elevations of 17% (0.13 MPa)
produced ~25% NOx reductions, with kinetic modelling predicting ~70% reduction for
typical gas turbine operating pressures, suggesting regulatory compliance is possible.
Partial secondary air substitution with nitrogen produced ~10% reductions in NOx.
Delaying the second stage (10 cm further downstream) reduced NOx at 0.11 MPa but
not 0.13 MPa. Inlet temperature elevations of just 30 K above 500 K significantly
increased overall NOx emissions.
The Brayton/Rankine cycle with recuperator modelled in Aspen Plus achieved >48%
cycle efficiency and generated ~1.2 MWe net power, with >80% greenhouse gas
reductions versus natural gas.
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Chapter 1

Introduction

1.1 Anthropogenic Climate Change
1.1.1 Fossil Fuels, Greenhouse Gases and Climate Change
To date, human activities are responsible for an estimated 1°C increase in global climate
warming above pre-industrial levels. It is believed that anthropogenic emissions of
greenhouse gases (GHGs) up to the present day are unlikely to result in an additional
global temperature rise of more than 0.5°C. However, due to the current and future
predicted levels of release, temperature increase is accelerating and is likely to reach
1.5°C between 2030 and 2052 [1]. Many other climate change markers are also
increasing, including a rise in sea levels of approximately 0.2 m in the last century [2]
and a 30% increase in ocean acidification since the beginning of the industrial revolution
[3].
As Figure 1.1 shows, of all the persistent GHGs (i.e. excluding water vapour) carbon
dioxide (CO2) is the largest contributor to global warming, accounting for over 66% of
the effect [4]. The average atmospheric concentration in August 2021 was 414 ppm [5].

Figure 1.1 The percentage contribution of persistent greenhouse gases to global
warming (2017 values)[4].
While risks to health, livelihoods, food security, water supply, human security and
economic growth are predicted to increase with a warming of 1.5°C, these risks are
believed to be significantly lower than for a 2°C or greater increase. To stay below an
approximate 1.5°C increase, requires that global net anthropogenic CO2 emissions
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decline approximately 45% from 2010 levels by 2030 and reach net-zero in around 2050
[1]. Thus, the urgent need for wide-ranging and substantial action cannot be overstated.
In 2018, fossil fuels represented an 81% share of global primary energy demand [6] (in
the UK in 2019, the share was 78.3% [7]). Therefore, the world’s energy requirements
are primarily being met by CO2 generating fuels. Fossil fuel consumption not only
increases atmospheric CO2 concentrations, but also those of the other main GHGs;
methane (CH4) as fugitive natural gas during fossil fuel extraction, storage, etc. and
nitrous oxide (N2O) formed during the combustion process. Although the atmospheric
concentrations of CH4 and N2O are much lower than for CO2, their global warming
potentials (on a mass basis) measured over a 100-year period, are 28 CO2e (i.e. CO2
equivalent) and 265 CO2e respectively [8]. Thus, tonne for tonne, their global warming
effects are considerably more potent than that of CO2. Proposed climate change
solutions must therefore take proper account of the production of all GHGs, while
meeting the challenge to reduce CO2.
Unsurprisingly, the threat GHGs pose to global climatic conditions and ocean health has
prompted many national and international policies on GHG reduction.

1.1.2 International Climate Change Policy Commitments
In December 2015, 195 nations met in Paris agreeing an aim to keep the global
temperature rise this century well below 2°C and to drive efforts to limit the
temperature increase even further, to 1.5°C above pre-industrial levels [9].
The 2015 Paris Agreement was one of a succession of international agreements
developed under the United Nations Framework Convention on Climate Change, which
was ratified in 1994. The objective of the Convention is to stabilise greenhouse gas
concentrations "at a level that would prevent dangerous anthropogenic (human
induced) interference with the climate system". Those countries responsible for the
greatest contribution to past GHG emissions are expected to do the most to reduce
emissions going forward [10].
As the birthplace of the industrial revolution, the UK has a significant legacy of
contributing to GHG emissions. In 2008, the Climate Change Act established legally
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binding targets for UK GHG emissions (including CO2, N2O and CH4) to be reduced by
80% of 1990 levels by the year 2050. ‘The Carbon Plan’, published in 2011, set out a path
for GHG reductions in each sector, to meet the 80% reduction target. Many publications,
including a range of industry specific ‘Industrial Decarbonisation and Energy Efficiency
Roadmaps to 2050’ followed, including one in March 2015 for the steel industry [11]. In
May 2019, in response to a request from UK Government to reassess the UK’s long-term
emissions targets, The Committee on Climate Change published its report ‘Net Zero –
The UK’s contribution to stopping global warming’ [12]. The Climate Change Act was
subsequently amended in June 2019 to commit the UK to a 100% reduction in GHG
emissions, or net-zero contribution, by 2050 [13], the World’s first such commitment.
On 30th September 2021 the UK government announced that, henceforth, all companies
bidding for UK government contracts worth more than £5,000,000 per year, will be
required to demonstrate their commitment to zero carbon emissions by 2050 at the
latest, accounting for all direct and indirect carbon emissions (e.g. waste management
and employee commuting) [14]. Another global first in carbon policy making. Thus,
industries wishing to bid for UK government contracts, will now need to establish their
own net-zero by 2050 carbon roadmaps. Consequently, Tata Steel UK is requesting a
revised roadmap from the UK Government, with specific details on how government can
partner the industry in developing the necessary infrastructures (e.g. hydrogen and
carbon capture) for the production of low carbon emissions steel [15].

1.1.3 Iron and Steel Industry Carbon Emissions
There are two primary methods for the production of crude steel, the blast furnace to
basic oxygen furnace (BF-BOF) route and the electric arc furnace (EAF) route. The BFBOF route is the most widely used process, accounting for approximately 75% of the
1,860 Mt of world crude steel production in 2020 [16].
Typically, coal, imported electricity and natural gas account for 89%, 7% and 3% of the
energy needs of an integrated BF-BOF site respectively (1% from other gases and
sources) [17]. At approximately 1.2 Gt or 15% of global coal use [18] it is unsurprising
that the iron and steel industry accounts for approximately 10% of global energy
systems’ CO2 emissions (when including emissions from the combustion of fossil fuels,
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industrial process emissions, indirect emissions from the power sector and the
combustion of steel off-gases) [19]. Coal processing to coke, for use in the blast furnace,
generates an ammonia waste stream introduced later in Section 1.3. For sustainable
development aligned with the Paris Agreement, the International Energy Agency (IEA)
has recommended that the average direct CO2 emission intensity of steel production
must decline by 60% by 2050 [19]. One specified IEA measure towards sustainable
development targets is to approximately halve global crude steel manufacture by the
BF-BOF route by 2050, in favour of the less energy intensive EAF route and also through
the development of innovative technologies which use molecular hydrogen (H2) as the
reductant [19]. However, by 2050, global steel production is expected to increase by
approximately 1.5 times that of 2018 levels [20]. Therefore, although there is intended
movement towards the EAF and H2 based processes, it appears the BF-BOF process will
contribute significantly to global crude steel production in the medium to long term.
Direct GHG emissions from industry accounted for 21% (104 MtCO₂e) of UK emissions
in 2018, 61% of which came from manufacturing [21]. In addition, indirect emissions
from the consumption of a third of UK grid electricity increases industrial GHG emissions
by 5%, to around 26% of UK emissions [22]. However, industrial emissions and
production are not evenly spread. In Wales, industry accounts for more than one third
of the country’s GHG emissions, nearly half of which are generated by the Port Talbot
steelworks, the largest producer of crude steel in the UK [22].
In Wales, the UK Government recommendation of net-zero by 2050 was instead set at
95% reduction from 1990 levels. This derogation from net-zero was not made in light of
the comparatively large contribution of Wales’ steel industry, but in response to limited
opportunities for CO2 storage in the region (via forestation), coupled with relatively high
agricultural emissions, which are difficult to reduce [12].
Therefore, while there is likely to be considerable medium term global demand for steel
produced via the BF-BOF process, significant effort is required to reduce GHG emissions
in the steel industry, if it is to survive in those regions of the globe with the most
aspirational climate change commitments.
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1.2 Ammonia for Low Carbon Energy
1.2.1 Ammonia’s Potential as a Hydrogen Vector and Fuel
Ammonia (NH3), is a carbon-free molecule. It can be synthetically produced from
atmospheric nitrogen (N2) (using an air separation unit) and H2. It was first manufactured
on an industrial scale in 1913 [23], thanks to the work of Fritz Haber and Carl Bosch. In
2018, NH3 produced via the Haber-Bosch (H-B) process amounted to a global trade in
the region of 150 Mt (nitrogen equivalent) [24] with approximately 80% of this NH3 used
in fertiliser production [25]. Consequently, NH3 has large scale, established transport
and handling networks throughout the world.
Anhydrous (without water) NH3 has a boiling point of 240 K and a vapour pressure of
approximately 1 MPa at room temperature [26, 27]. Consequently, anhydrous NH3 is
easily stored as a liquid, under similar conditions to those of propane. This is in stark
contrast to the conditions required for the storage of H2, widely regarded as the primary
carbon-free fuel. The comparative H2 densities of H2 and NH3 under a variety of storage
conditions are shown in Figure 1.2.

Figure 1.2 The comparative hydrogen densities of hydrogen and ammonia under
varying storage conditions [26].
Liquefying H2 requires a temperature of 20 K at atmospheric pressure [26]. The extreme
conditions required to liquefy H2 consume 30% of the energy content of H2 and there
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are further losses during storage [28]. In addition, due to the diatomic nature of H2, the
hydrogen density of liquid H2 is considerably lower than that of liquid NH3. Milder
storage conditions and higher hydrogen density, mean storing NH3 over a six month
period costs less than 4% that for the equivalent amount of hydrogen stored as pure H2
[29]. In addition to higher storage costs, H2 has no existing distribution network to
compare with that of NH3. Another significant benefit in the transportation and storage
of NH3 over H2 concerns its very low comparative flammability. This is discussed further
in Section 1.2.2.
For over 60 years, many have been voicing their concerns regarding the contribution
fossil fuels make to increasing atmospheric CO2 levels. In his 2012 paper titled “The DualFuel Strategy: An Energy Transition Plan”, W. Ahlgren [30] reminds us that L. Green [31]
had identified NH3 as a carbon-free fuel, and therefore a potential solution to climate
change, in his 1967 paper “Energy needs versus environmental pollution: a
reconciliation?”.
The simplified chemical equation, given in Equation 1.1, shows the products for the
reaction of NH3 with oxygen (O2) to be essentially N2 and water vapour.
4𝑁𝐻3 + 3𝑂2 → 2𝑁2 + 6𝐻2 𝑂

Equation 1.1

It is notable that the 7 moles of reactants produces 8 moles of products. In gas turbines,
this increase in moles increases product volumes beyond those achieved by
temperature increases alone.
Although the combustion of NH3 itself is carbon-free, over 95% of global H2 is currently
produced from fossil fuels with CO2 as a by-product, with approximately half of this H2
used in the manufacture of NH3 via the H-B process [32]. In addition to this CO2 byproduct from H2 sourcing, the H-B process is energy intensive and even under best
practice, using natural gas as a H2 source, 7.8 MWh of energy is required per tonne of
NH3 product, leading to further CO2 emissions [28]. Consequently, NH3 production is
responsible for over 1% of global CO2 emissions [32]. Ammonia produced in the manner
outlined in L. Green’s quote, whereby the CO2 from fossil fuel consumption could be
captured during the synthesis of NH3, is termed blue NH3. While not yet commercialised,
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blue NH3 is considered by some as a potential step towards transition to a wholly carbonfree route to NH3 production, as described next [33].
H2 can also be produced via the electrolysis of water using renewable electricity. This is
not a new technology. Until the 1960s, most fertilizer sold in Europe came from Norway,
via hydropower-based electrolysis of water, providing the H2 for NH3 production [32].
When renewable electricity is used to power the electrolyser, the low-carbon H2 evolved
is termed green H2. If utilised as a fuel for power generation, green H2, as chemical
storage of renewable electricity, has the potential to overcome the intermittency
problems of renewables generation. This conversion of electrical energy to chemical
energy and then back to electrical energy is known as a power-to-gas-to-power cycle.
Naturally, the conversion of green H2 to green NH3, not only leads to a lower storage
and distribution cost alternative for green H2, but can also produce a ‘green’ fertiliser
feedstock. Additionally, green NH3 is being considered as a carbon-free fuel for direct
use in energy systems [34–36].
The lower heating value (LHV) of NH3 is 18.6 MJ/kg, so in comparison with other liquid
fuels, it is similar to that of methanol and half that of diesel. While this energy density
could (with appropriate system modifications) make NH3 suitable for applications
serving 95% of the world’s energy needs, its toxicity and corrosiveness (limiting it to
professional end-use) would likely restrict its potential use to 80% of global
requirements [30].
As shown in Equation 1.2, the conversion, or cracking, of NH3 to H2 and N2, for use as a
fuel (including for power generation) is an endothermic reaction requiring 45.7 kJ/mol
of NH3 at 298 K [37].
(ΔHꝋ = +45.7 kJ/mol)

2𝑁𝐻3 → 𝑁2 + 3𝐻2

Equation 1.2

This energy input for cracking represents approximately 15% of the LHV of NH 3 (or 2.7
MJ/kg). Using NH3 directly for heat and/or power generation instead, would not only
reduce the complexity of the combustion system, dispensing with the need for an
upstream fuel cracker, but also avoid the substantial energy requirements required by
the converter. Technologies proposed for the direct use of NH3 for low-carbon power
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(and potentially heat) are solid oxide fuel cells, reciprocating engines and gas turbines
[37–40].

1.2.2 Ammonia use in Gas Turbines
In the same year that L. Green was making his observations concerning the potential of
NH3 as a fuel [31], a significant work by Verkamp et al. [41] investigated the direct use
of NH3 in gas turbines, sized for hydrocarbon fuels. The motivation on this occasion was
to overcome the logistical issues of supplying fuels for remote military operations. A fuel
that can be synthesised from environmental materials (i.e. air and water) made NH3 the
prime candidate. The same reasoning naturally makes the case for NH3 use in other offgrid applications, especially where its use as fertiliser could also be useful.
One of the two main challenges of using pure NH3 as a fuel is its low reactivity. Low
reactivity manifests itself across a number of combustion characteristics (e.g. high
ignition energy and low laminar burning velocity). Some of these characteristics were
explored at depth in the Verkamp et al. study. Several fuel additives, to support
combustion, were investigated including acetylene (C2H2), carbon monoxide (CO) and
nitric oxide (NO). One important contribution of the paper was the finding that NH3
dissociation to 28%vol H2 (simulated by N2/H2/NH3 mixtures) improved reactivity
sufficiently to enable its use in existing engines. Also in 1967, D. Pratt was investigating
NH3 fuelled gas turbines and experiencing the same issues of low reactivity [42]. Pratt
noted that NH3’s very low burning velocity necessitated reduced reactant flows to
prevent flame extinction, which in turn led to poor mixing and low combustion
efficiency. This study concluded that ‘new and unique techniques may be required to
achieve this mixing’. As a consequence of its low reactivity, the employment of NH3 as a
fuel was generally abandoned at this time.
With the renewed emphasis on the need for low-carbon fuels, the challenge of NH3’s
low reactivity in gas turbines is being addressed in several ways:


The use of support fuels either through addition (e.g. CH4 and H2) or partial
cracking to H2.



Pre-heating reactants to increase flame speed and aid ignition.
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Flame stabilisation techniques to enable increased mixing and hence more
efficient fuel consumption.

The other major challenge in NH3 combustion, is its propensity for pollutant nitrogen
oxide (NOx) emissions. Nitric oxide (NO), and to a lesser extent nitrogen dioxide (NO2)
and the GHG N2O, form in combustion systems. Post combustion, NO reacts with
atmospheric O2 to become NO2. Hence, it is conventional in industry for NO and NO2
emissions to be considered together, under the single banner of NOx. While this term
can also include N2O emissions in the academic field, this thesis limits the use of the
term NOX to NO and NO2 only, to reflect industrial emissions measurement conventions
which are a feature of this study.
Nitrogen dioxide is a precursor to acid rain and a contributor to photochemical smog,
with its deleterious health effects. Consequently, the chemical reactions of nitrogen
compounds, when occurring in combustion processes, have been studied intensively for
over eighty years [43].
Conventional gas turbine fuels do not contain nitrogen. The formation of NO occurs
when sufficiently high combustion temperatures provide enough thermal energy to
enable the oxidation of atmospheric N2. The overall reaction is expressed as:
1
1
𝑁2 + 𝑂2 ⇌ 𝑁𝑂
2
2

Equation 1.3

The reaction as shown in Equation 1.3 is highly endothermic and so would progress too
slowly to account for significant amounts of NO. Rather, free oxygen atoms, present in
flames at high temperatures, attack the N2 triple bond (see Equation 1.4) [44].
𝑂˙ + 𝑁2 ⇌ 𝑁𝑂 + 𝑁˙

Equation 1.4

𝑁˙ + 𝑂2 ⇌ 𝑁𝑂 + 𝑂˙

Equation 1.5

This initiates a chain reaction whereby liberated ‘N’ atoms react with O2 to generate NO
plus more oxygen radicals in the second reaction (see Equation 1.5), which in turn feeds
the first reaction. This pair of reactions, first postulated by Zel’dovich et al. in 1946 [45],
explains the basis of thermal NO production via the fixation of atmospheric nitrogen.
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The first reaction is highly endothermic and therefore the slower of the two reactions
(i.e. the rate limiting step). Thus, lowering peak combustion temperatures and limiting
incidences of the first reaction step, is effective in minimising thermal NOx production in
conventional systems. Excess air, facilitating considerable cooling of the flame, is a
practical method widely employed in natural gas fired gas turbines, as is staged
combustion, with intervening quenching, to limit maximum temperatures.
As NH3 is a nitrogen containing molecule, combustion reactions involving fuel bound
nitrogen are unavoidable. Reaction pathways naturally include NOx formation.
Therefore, not only can NH3 produce thermal NOx (when achieving sufficiently high
combustion temperatures), but also fuel derived NOx, termed fuel NOx. Indeed, for fuels
with a considerable nitrogen component, oxidation of fuel-bound nitrogen constitutes
the dominant source of NOx emissions [46]. Coal and biomass are also nitrogen
containing fuels, so the study of fuel NOx goes beyond and predates interest in straight
NH3 combustion. Therefore, despite not having been generally considered a fuel in its
own right until very recently, NH3 has for many decades been employed as a vehicle for
investigating fuel NOx formation in conventional fuels.
The NH3 oxidation reaction pathways as described in the 2018 paper by Glarborg et al.
[46] are reproduced in Figure 1.3.

Figure 1.3 Reaction pathways for the oxidation of ammonia [46].
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It can be seen that the pool of oxygen and hydrogen (O/H) radicals present in the flame
(i.e. hydroxyl (OH), H and O), abstract hydrogen to initially convert NH3 to the amine
radical NH2 and then potentially other amine radicals (i.e. NH and N) in turn. Whether
amine radicals react with NO to form N2 or instead with O/H radicals (and O2 in the case
of the N radical and the nitroxyl (HNO) intermediate) to form NO, will depend in part on
the relative concentrations of the radicals and NO. Therefore, under fuel-lean
conditions, where there is a high concentration of ‘O’ radicals and O2 present, NO
production is high. Fuel-rich conditions are thus favoured in NH3 combustion, in contrast
to the thermal NOx mitigation measures (i.e. excess air) as used in conventional systems.
Fuel-rich combustion conditions naturally result in unburned fuel and the need for a
subsequent combustion stage for burnout. A staged approach is more easily achieved in
the combustor of a gas turbine than in a reciprocating engine, so gas turbine technology
is selected for use in this study.
A third type of NO formation, prompt NOx, is formed due to the attack of CHn radicals
on atmospheric N2 [47]. It is an important source of NO in conventional combustion
systems where fuel/air mixing takes place solely in the combustion chamber, i.e. for
diffusion flames [46]. While not relevant to pure NH3 or H2 combustion, prompt NOx can
become relevant in NH3 systems through the use of certain support fuels (e.g. CH4).
With ever more stringent limits on NOx emissions, conventional systems are increasingly
required to do more than is achievable using primary measures (i.e. within combustion
chambers alone). In a narrow temperature range of around 1100-1400 K and in the
presence of O2, NH3 (anhydrous, aqueous or as urea) is commonly used in conventional
systems as a post combustion additive in the exhaust gases, lowering NO by 30-75% [48].
This process of selective non-catalytic NOx reduction (SNCR), also known as thermal deNOx, takes advantage of the NO consuming reaction pathway from NH 2 to N2, either
directly or via NNH, as shown in Figure 1.3. This process is an alternative to the more
effective (60-85%) de-NOx process called selective catalytic reduction (SCR), in situations
where catalyst poisoning needs to be avoided (e.g. from contaminants such as sulphur
oxides) [48]. As with SNCR, SCR also uses NH3 based reductants.
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1.3 Industrial Waste Stream Ammonia
1.3.1 Nitrogen and Sulphur in Industrial Waste Streams
Nitrogen and sulphur are components of proteins, which are present in all living things.
As proteins degrade anaerobically, nitrogen and sulphur are converted to NH3,
ammonium ions (NH4+) and hydrogen sulphide (H2S). Therefore, it is unsurprising that
all industries handling material of organic origin, will have NH3 and H2S in their material
flows. Once in the atmosphere NH3 can rapidly return to ground as NH3 (dry deposition)
or react with acid gases to form NH4+, a fine inorganic aerosol which can persist across
international boundaries. This aerosol contributes to PM 2.5 (particulate matter < 2.5
μm diameter) concentrations, with negative consequences for respiratory health. Like
NH3, the aerosol also eventually returns to ground via precipitation (wet deposition).
Once returned to ground (as NH3 or NH4+), it can cause eutrophication in water bodies,
threatening aquatic life and impacting biodiversity [49]. In the UK, around 63% of
sensitive habitats are believed to be suffering deposition in excess of critical loads for
eutrophication [50]. Deposited NH3 (and NH4+) is transformed by microbes to a range of
other compounds including NO, N2O and molecular nitrogen, dependant on soil
conditions [51].
UK agriculture was estimated to have released 234,000 tonnes of NH3 to the atmosphere
in 2014 [52]. Other European countries have shown it is possible to reduce agricultural
NH3 emissions by around 50% through improvements in waste stream management
[50]. This suggests that if these measures were implemented in the UK, approximately
100,000 tonnes of NH3 resource could be diverted each year from agriculture alone.
Ammonia in sewage treatment (as in natural environments) is normally destroyed
biologically, via the nitrogen cycle, whereby nitrifying bacteria convert the NH4+, first to
nitrite ions (NO2-), then to nitrate ions (NO3-). Denitrifying bacteria then convert the NO3to N2 for release to the atmosphere. This process route requires significant amounts of
aeration, consuming anywhere between 50% and 75% of the total energy consumption
from large to small plants respectively [53].
Fossil fuels are also organic in origin, so coal processing and oil refining have significant
waste streams containing NH3 and H2S. Ammonia dissolves readily in water, forming an
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aqueous solution. Hence, water is commonly used for the removal of NH3 from process
gases in fossil fuel processing industries. Aqueous NH3 is capable of dissolving molar
amounts of H2S, equivalent to that of the NH3, into solution [54]. The resulting toxic
solution of water, NH3 and H2S is termed sour water and requires further processing
before release of the water component into the environment. In contrast to agriculture
and sewage treatment, steelworks have a long history of managing NH 3 by producing
waste streams of increasing NH3 concentration, rather than dispersing it into the
environment (agriculture) or destroying it via the nitrogen cycle (sewage). For this
reason, the steel industry is the focus for this study. However, these other industries
(agriculture and sewage) may be seeking to change practice in response to climate
change and environmental policies and demonstrated benefits arising from
contemporary NH3 research.

1.3.2 Ammonia Handling in the Steel Industry
A modern blast furnace requires 450 to 480 kg of coke [55] (i.e. ~780 kg of coal [18]) for
every tonne of iron produced. Coke acts as both a reductant and fuel for the iron
smelting process and, due to the considerable amounts of coke required, steelworks
commonly have coke ovens, for the conversion of coal to coke, situated on site.
During the pyrolysis (i.e. oxygen-free, high temperature decomposition) of coal into
coke, a gaseous fraction of moisture and volatiles is evolved. This fraction, termed raw
coke oven gas (COG), is laden with contaminants with the potential to foul and corrode
pipework. These contaminants include tar, NH3 and H2S. Once recovered, many of these
contaminants are considered valuable by-products [56]. COG is comprised of
approximately 60%vol H2 and 25%vol CH4. For practical comparison (i.e. in volumetric
terms) COG has a typical lower heating value (LHV) of between 17 and 20 MJ/*Nm3 [56,
57], approximately half that of CH4 (i.e. ~36 MJ/m3 at 1 atm and 273 K). Therefore, once
cleansed, integrated steelworks (i.e. those with on-site coke ovens) utilise COG around
plant for the provision of heat and power.
Under typical coke oven processing conditions of ≥ 1200 K, NH3 in COG constitutes
around 10-15% of all the nitrogen originally present in the coal [58]. Consequently, coal
carbonisation produces a particularly concentrated NH3 waste stream of approximately
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3 kg per tonne of coke [56], equivalent to approximately 1.4 kg of NH3 per tonne of steel
(in a modern blast furnace). Hence, a modest sized integrated steelworks (e.g. 2.7 Mt
steel per annum) will produce approximately of 3,800 tonnes of NH3 from its coke ovens
each year (assuming no imports of coke), equivalent to approximately 10 tonnes of NH3
per day. It is this significant flow of NH3 that serves to explain the considerable body of
literature concerning the management of by-product NH3 from coking (dating back over
a century), and why the steel industry, unlike other industries, has to first concentrate
and then recover or destroy the NH3.
Given that in 2020, 75% of global crude steel production was via the BF-BOF route, this
equates to annual production of ~1,400 Mt of steel. Hence, waste stream NH 3 in the
global steel industry would be greater than 1.9 Mt per year (given that not all blast
furnaces are modern). This amount of NH3 is equivalent to approximately 1% of current
synthetic NH3 production. In contrast, before the advent of synthetically produced NH3,
COG was the only source of fixed NH3 (i.e. ammonium salts), making it a once valuable
by-product of the steel industry [58].

* The units Nm3 refer to a ‘normal’ volume in m3 at standard temperature and pressure, where the
standard used is not defined in the literature. The standard commonly (though not certainly) refers to 1
atm and 273 K.
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1.3.3 Steel Industry By-product Ammonia Treatments
The most significant NH3 treatments to have been used in the steel industry include
methods for the production of ammonium sulphate ((NH4)2SO4) fertiliser, the recovery
of NH3 as anhydrous NH3 and the catalytic or oxidative destruction (i.e. combustion) of
the NH3. Reacting NH3 with sulphuric acid (H2SO4) to produce (NH4)2SO4 for use as
fertiliser was usual practice for most of the 20th century.
Competition from large scale, synthetic NH3, manufactured using natural gas as a H2
source, has grown over recent decades. In 2018, it represented in the region of 72% of
global NH3 production [28]. The decreasing price of US natural gas to an average of $3.90
per thousand cubic feet in 2019, down from a peak of $9.65 a decade earlier (in 2008)
[59], has greatly reduced the costs of fertiliser production in recent years. Although
Covid-19 has been responsible for recent peaks ($9.33 in February 2021) and troughs
($2.57 in July 2020) in US natural gas prices, they have since returned to <$5 [59].
Although high gas prices caused temporary interruptions to NH3 production in Europe
in 2021, global fertiliser company Yara increased imports of NH3 to Europe from
countries such as the US, to meet the challenge [60]. Thus, it is unlikely that localised
escalation of production costs can significantly impact the competitiveness of synthetic
NH3 versus steelworks by-product NH3. Naturally, these market conditions could change
if CO2 emissions from the use of natural gas (~1.6 tonnes/tonne NH3 [28]) were costed
to significantly impair the economics of producing synthetic NH3 from natural gas.
Further issues have negatively impacted the marketability of steelworks (NH 4)2SO4
fertiliser over time. The price of H2SO4 feed can exceed the value of the (NH4)2SO4
product [61] and (NH4)2SO4 fertiliser is not best suited to European soils, so European
product would normally need to be exported [62]. In 1965, in response to this poor
economic situation, Firma Carl Still developed a process to catalytically destroy rather
than recover the NH3 [62]. Catalytic destruction avoids the high concentrations of NOx
emissions associated with NH3 incineration.
Another alternative, the process for the recovery of anhydrous NH3 from COG, called
the Phosam process, was first commercialised in 1968. This process, as described by A.
Kohl and R. Nielsen [58], uses phosphoric acid, which binds with NH3 to form the
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intermediate monoammonium phosphate ((NH4)H2PO4), a non-volatile compound. This
compound temporarily binds with a second NH3 molecule (i.e. an absorption process) to
form diammonium phosphate ((NH4)2HPO4), which is thermally unstable. Downstream
from the absorption process, the diammonium phosphate solution is heated in the
presence of steam, which strips NH3, thus regenerating the intermediate as described in
Equation 1.6.
𝑁𝐻3 + (𝑁𝐻4 )𝐻2 𝑃𝑂4 = (𝑁𝐻4 )2 𝐻𝑃𝑂4

Equation 1.6

The steam and recovered NH3 blend is then condensed and fed to a fractionator where
an anhydrous NH3 product of over 99.5% purity (0.2-0.5% water) can be produced from
the overhead vapour stream [58]. By 1990, large Phosam plants were the only process
capable of generating a profit from the sale of by-product NH3, albeit a small profit [62].
There is a dearth of contemporary literature, detailing the relative prevalence of the
many by-product NH3 treatments as currently practiced on steelworks sites. A European
Union (EU) commissioned 1992 report [63] is the most recent in-depth review of the
methods used in COG cleansing. With 25 responses to their survey of 52 European sites
(no responses from the UK), their assessment was that systems for COG cleansing are
extremely varied, essentially ‘tailor-made’ to each individual site and it is therefore not
relevant to make comparisons of data between sites or to use the reported data to
predict the practices of those sites failing to respond.
The processing of by-product NH3 is primarily dictated by the chosen method for the
management of the significant H2S in the waste stream (approximately 2.5 kg per tonne
of coke [56]). Therefore, while all coking plants have, in theory, the opportunity to
recover NH3 for use as fuel, the considerable variety of by-product plant arrangements
mean that the material flows often preclude this.
The author does not believe a discussion of the many alternative H2S and
interdependent NH3 processing routes would serve a useful purpose in this thesis. As
indicated by the findings of the EU 1992 report, the degree of relevance of any given
process arrangement to the status quo cannot be known and any such discussion would
be necessarily lengthy, highly detailed and take the focus of the study into chemical
engineering processes, rather than the potential of by-product NH3 as fuel.
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Crucially, there are COG by-product plants which produce a concentrated NH3/water
vapour stream, where the relative concentration of H2S and other acid gases has been
greatly reduced upstream. An example of such an arrangement is given in the following
chapter. The composition of the concentrated NH3 vapour is variable, depending on
processing conditions, but is normally between 20 to 40%vol NH3, several percent by
volume of roughly equal amounts of CO2, H2S and hydrogen cyanide (HCN) with the
balance as water vapour. As mentioned earlier, there is also a proven method for the
recovery of high purity anhydrous NH3 (i.e. the Phosam process). Hence, with
appropriate modifications, similar arrangements could, in theory, be an option for all
COG by-product installations.
The two remaining BF-BOF steelworks in the UK, are situated in Port Talbot, South Wales
and Scunthorpe, North-East England. The Port Talbot site incinerates its by-product NH3
[64]. The Scunthorpe site produces ammonium sulphate, as confirmed in personal
communication. Historic under-investment and sustained threat of closure, may serve
to explain why their by-product plants are still adopting these practices, decades after
more environmentally friendly or economically sound processes were first proposed.
Clearly, an opportunity exists for the adoption of better arrangements, should funding
be available, or if more stringent environmental regulations are enforced.
Currently, energy recovery from the destruction of NH3 is not a requirement, however,
catalytic cracking followed by combustion of the H2 can lead to the raising of steam in
boilers [62]. The use of NH3 ovens in China in the 1990s is the only example found in the
literature where NH3 has been used directly as fuel for energy recovery (raising steam)
at steelworks sites [65]. There is no evidence in the literature of steelworks installations
utilising by-product NH3 for power generation, using any technology, either in its
aqueous vapour form or as recovered anhydrous NH3. This is unsurprising given that
power from NH3 is such an immature field.
The revival of research concerning the conversion of NH3 to power using gas turbines
essentially dates back only several years, spurred on by the interest in green NH 3.
Although immature, it is a rapidly expanding field offering novel solutions to the
challenges of low reactivity and NOx minimisation. As a readily available, often destroyed
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and contaminated resource, by-product NH3 for power research offers the potential to
offset industrial carbon emissions while simultaneously advancing NH3 in gas turbine
research.

1.4 Thesis Aims and Structure
1.4.1 Thesis Aims
The thesis aims to address the following research questions:


Does by-product NH3 from coke oven gas have the potential to be utilised in gas
turbine technology for power generation?



If so, how can this best be achieved whilst simultaneously minimising pollutant
emissions and maximising power?

1.4.2 Thesis Structure
The structure of this thesis reflects a systematic approach to answering the above two
questions. The thesis uses several very different methods, in a sequence of studies,
where the outcome of each investigation informs the nature of the subsequent one.
Therefore, method, results and discussion are contained together within each chapter,
where each chapter relates to a separate study. Included chapter summaries highlight
the findings of each study. The objectives of each chapter are outlined below:
Chapter 2 – A review of the literature was conducted to provide the necessary
background information on the properties of the fuels used in this study (e.g.
compositions and combustion characteristics) and to determine appropriate methods
for evaluating the safe and efficient use of these fuels in gas turbine technology, for the
gathering of industry relevant data.
Chapter 3 – Equilibrium and kinetic (flame speed and reactor) modelling was performed
for a wide range of fuel blends to predict their emissions and comparative reactivity.
These blends consisted of steelworks NH3 in either its raw (aqueous) form or as
recovered anhydrous NH3, each blended with support fuels that are readily available on
steelworks sites. This enabled selection of two optimal blends (one aqueous and one
anhydrous) for progression to experimental investigation. Numerical analysis also
established fuel-rich combustion as a strategy for minimising NOx emissions.
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Chapter 4 – A combustor with an industrially relevant configuration (and proven value
in relevant publications) was used to experimentally investigate the performance of the
selected blends under fuel-rich conditions, representing a primary stage of combustion.
Several parameters were varied, including fuel-air ratios and fuel humidity, to verify the
earlier numerical findings and to optimise performance for the blends investigated.
Chapter 5 – The experimental results of Chapter 4 were used to improve the reactor
model, as originally used in Chapter 3. The improved model was then used to predict
emissions (for the optimised primary stage) under industrially relevant pressures, make
emissions predictions for those species not able to be measured experimentally and to
inform the design of a new combustion chamber to include secondary air staging, for
use in the subsequent work of Chapter 6.
Chapter 6 – Two new combustors, with secondary air-staging at different locations, were
used to investigate relative emissions concentrations and effects on flame structure
during complete combustion of the two fuel blends previously selected. This was
conducted at optimised, primary stage fuel-air ratios as first estimated in Chapter 4 and
reappraised using the new confinements (at revised inlet temperatures and with greater
resolution of fuel-air ratios). Some modest pressure elevation was performed to enable
comparison of experimental results with modelled predictions for emissions.
Chapter 7 – The Aspen Plus software program was used for cycle analysis, when using
the selected blends under industrially relevant conditions, for the prediction of a wide
range of performance criteria including net power and efficiency. A Brayton/Rankine
cycle with use of a recuperator (to facilitate preheating of the fuel/air premix) was
employed. This modelling enabled comparison of this novel cycle with conventional
CCGT systems (e.g. for greenhouse gas emissions).
Chapter 8 – Thesis conclusions, where the thesis findings are discussed in line with the
original thesis aims.
Chapter 9 – Suggested further work.
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Chapter 2

Literature Review and Background

2.1 Characterising Ammonia as a Fuel
An appreciation of the physical, chemical, thermodynamic and combustion
characteristics of NH3, and how they differ from those of other conventional fuels, is
important when considering how NH3 might be used in existing infrastructure and where
adaptation may be necessary. The mild conditions required for liquefying NH3 make it
essentially a liquid fuel for storage and distribution purposes. However, NH3 fuel delivery
into reciprocating and gas turbine engines may occur in either the gaseous or liquid
phase. The following sections explore important parameters requiring consideration
when using NH3 as a fuel and compares these with those for conventional and
alternative fuels in both the liquid and gaseous phases, as appropriate.

2.1.1 Physical and Chemical Characteristics of Ammonia
The relative molecular mass of NH3 is 17.031, similar to CH4 (i.e. 16.043). The NH3
molecule has a trigonal pyramid geometry, created by the negative charge of a lone pair
of electrons on the nitrogen atom, repelling the electrons involved in the bonding of the
three hydrogen atoms, as shown in Figure 2.1.

Figure 2.1 The shape and polarity of the ammonia molecule.
Nitrogen is more electronegative than hydrogen, so the electrons in the N-H bond are
attracted toward the N atom from the H atoms. This creates a distribution of charge
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across the molecule, polarising it and leading to intermolecular hydrogen bonding. This
intermolecular hydrogen bonding accounts for the relatively high boiling point of NH 3
and its storage advantages over H2, as discussed in Chapter 1. Like NH3, small alcohols
also manifest strong intermolecular hydrogen bonding, accounting for the relatively high
boiling point of methanol (338 K at 1 atm) when compared with CH4 (112 K at 1 atm)
[66]. Hydrogen (H2) and hydrocarbons do not form intermolecular hydrogen bonds, so
intermolecular attraction increases primarily in relation to molecular size (i.e. attraction
is limited to Van der Waals forces only).
Water is also a highly polar molecule (more so than NH3), therefore, opposite charges
on the NH3 and water molecules attract each other, resulting in the high solubility of
NH3 in water (termed aqueous NH3) of ~30%vol at room temperature and 1 atm [58],
decreasing with increasing temperature. While small alcohols are highly soluble in
water, solubility decreases with increasing chain length. Not possessing intermolecular
hydrogen bonding, conventional hydrocarbon fuels and hydrogen are essentially
insoluble in water.
The partial dissociation of water in a NH3/water solution produces NH4+ and OH- ions,
and so an alkaline solution that is highly corrosive. Whether in its anhydrous or aqueous
form NH3 is especially corrosive towards copper and zinc, necessitating careful materials
selection [67]. For metals selection, both stainless steel (type 304), cast iron and
aluminium have excellent corrosion resistance, although aluminium’s rating is restricted
to < 22 °C [68]. For seals etc., EPDM (ethylene propylene diene monomer) rubber and
PTFE (Polytetrafluoroethylene) are also rated as excellent, but both natural and
fluorocarbon rubber (i.e. FKM, commonly known as Viton) perform poorly, so must be
avoided [68].
Ammonia is produced during the natural breakdown of organic matter, so low level
exposure from the environment is inevitable, but at high enough concentrations and
prolonged exposure, the corrosive and toxic nature of NH3 makes it dangerous to life.
Although a colourless gas (and liquid), it has a strong pungent odour that is detectable
by humans at concentrations between 5 and 53 ppm (depending on the individual),
helping to mitigate for dangerous exposure levels [69]. Table 2.1 outlines the acute
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exposure guideline levels (AEGLs) for a variety of concentrations and durations, with
their respective consequences to health. Ammonia is hygroscopic, reacting
exothermically with moisture to produce a caustic solution on moist areas of the body
such as eyes, nose, throat, and skin, resulting in severe chemical burns at high
concentrations. Workplace exposure limits in the UK are 25 ppm and 35 ppm of NH3 for
8 hours and 15 minutes respectively [70]. De-NOx processes can lead to unreacted NH3
entering the atmosphere, known as NH3 slip. The best practice limit for NH3 slip in the
iron and steel industry is 5 mg/m3 or 7 ppm [56].
Table 2.1 NH3 acute exposure guideline levels - effects on health [69]

2.1.2 Thermodynamic Properties of Ammonia
For comparison, Table 2.2 lists the boiling points, densities and lower heating values
(LHV) of NH3 and a range of conventional and alternative fuels in both the liquid (l) and
gaseous (g) phases [with references].
The high volumetric energy densities and mild storage conditions of the fossil fuels is a
major obstacle to overcome when aiming to replace them. This is especially true when
replacing with H2, having a volumetric energy density 0.03% that of diesel at 288 K and
1 atm.
For mobile applications, it is the energy density of liquid NH3, compared with fuels such
as gasoline and diesel, which is most relevant. The natural variability in composition of
gasoline and diesel is accounted for in the ranges given in Table 2.2, where a mid-range
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value has been used to calculate an approximate energy density. Liquid NH3 has energy
densities of ~42% and ~37% those of these liquid fuels, in mass and volumetric terms
respectively, and consequently more on-board storage (~3 times the volume and > twice
the mass) is required for the same power output. This is especially challenging for
aeronautical applications.
Methanol, which can be renewably produced, has similar energy densities to liquid NH3,
with the advantage of a much higher boiling point, but with the obvious disadvantage
of CO2 release to the atmosphere (without the aid of carbon capture technology).
Table 2.2 Boiling points and energy densities for ammonia, conventional and
alternative fuels at varying temperatures and atmospheric pressure.

Fuel

Molar
Mass
(g/mol)

Boiling
point (K)
@ 1 atm

Density
(kg/m3) at 1
atm

Temp (K)
at
specified
density

239.82
[66]

682 [66]

239.8

17.03

Ammonia (l)
Ammonia (g)
Diesel (l)
(C12-C20)

150-250
[71]

Gasoline (l)
(C4-C12)

60-150
[71]

Methanol (l)

32.04

633
(>95%vol)
[72]
423
(>75%vol)
[72]
337.63
[66]

Methane (l)
16.04
Hydrogen (l)
2.02
Hydrogen (g)

Energy
Density by
Volume
(MJ/m3 LHV)
12,685

18.6 [40]
0.729 [66]

288

820 – 845
[72, 73]

288

43.4 [74]

~36,000

720 – 775
[73]

288

44.8 [74]

~33,500

796 [66]

288

19.9 [75]

15,840

423.3 [66]

111

111.7 [66]

Methane (g)

Lower
Heating
Value
(MJ/kg)

13.6

21,165
50.0 [40]

0.68 [66]

288

71.28 [66]

20

20.37 [66]

34.0
8,554
120 [40]

0.085 [66]

288

10.2

For stationary power systems delivering fuels in the vapour phase, natural gas power
stations for example, it is the energy density of NH3 in the vapour phase which is of more
interest. These are shown in Table 2.2 for fuels which are gases at 288 K, 1 atm. For
example, with a volumetric energy density 40% that of CH4, gaseous NH3 lines would
need cross-sections 2.5 times larger than those designed for natural gas, to flow fuel of
equivalent power (at the same pressure). The values for CH4 can be considered
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applicable to those for natural gas as CH4 constitutes 85 to 100%vol of the composition
of natural gas [76]. Hence, energy densities in this thesis are quoted interchangeably in
either a mass or volumetric basis as required.
Ammonia’s relatively strong intermolecular forces can lead to practically significant nonideal gas behaviour, which is at its maximum effect at temperatures just above boiling
and under high pressures. In keeping with the first law of thermodynamics, when a gas
expands adiabatically and without the production of work (e.g. through an orifice), the
temperature of the gas will fall, as work must be done to overcome these attractive
forces. This phenomenon is termed the Joule-Thomson effect or a throttling process. All
real gases exhibit this cooling effect, however, for helium and hydrogen the
temperatures at which this effect occurs is significantly lower than for other non-ideal
gases, due to very weak intermolecular attraction [77]. Pressure and temperature
fluctuations along pipework and through valves, due to the Joule-Thomson effect, in
combination with variation in ambient conditions along pipework, can result in the
condensation of NH3 vapour within the pipework, making effective purging of fuel lines
challenging. Electric heating of the pipelines has been reported as an effective method
for the prevention of NH3 condensation in fuel lines [78].
Although the density of NH3 vapour is approximately half that of air (under ambient
conditions), in the event of spillage, dispersal of the toxic gas is hindered by its high heat
of vapourisation. As the liquid evaporates it has a tendency to ‘hug the ground’, so its
dispersal is not as rapid as its gaseous density would suggest. The heat of vapourisation
for NH3 is 1370 kJ/kg, over 7% of its LHV [75, 79], compared with 510 kJ/kg for CH4 at 1%
of LHV [75]. This high heat of vapourisation, coupled with a boiling point below that
required in the majority of refrigeration applications, makes NH3 a useful industrial
refrigerant. However, these characteristics present a significant operational challenge
when using NH3 vapour as a fuel. At ambient temperature, partially filled fuel cylinders
contain NH3 in both the liquid and vapour phases. As vapour is withdrawn (from the top
of the container), the drop in vapour pressure above the liquid surface leads to rapid
evaporation of the liquid NH3, with a significant cooling effect. This cooling, unless
compensated for, will in turn reduce the subsequent rate of NH3 evaporation, limiting
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the possible rate of vapour withdrawal from the cylinder. For example, the vapour
pressure at 278 K (0.5 MPa) is half that at 298 K (1 MPa). The gradual chilling of the
vapour upstream of restrictions naturally exacerbates the issues of condensation related
to the Joule-Thomson effect. Reported methods for overcoming this challenge include
having more than one liquid NH3 tank [80] to enable alternation, withdrawing from the
cylinder as liquid that is then vapourised in an electrically heated water bath [78] or,
with sufficient ambient conditions (i.e. summer temperatures), spraying the cylinder
with water [78].

2.1.3 Combustion Characteristics of Ammonia and Ammonia Blends
Once in the combustion chamber, NH3 exhibits notable deviations from conventional
and other alternative fuels, for a number of important combustion characteristics. A
pure NH3 flame is intensely orange, the colour being induced not only by the NH 2
ammonia α-band spectra, but also by the superheated water vapour spectra [81]. Fuels
containing carbon can also exhibit an orange colour, but this is due to the formation of
soot where oxidant supply is inadequate for efficient combustion, and so is unrelated.
In contrast, pure CH4 and H2 flames are blue and invisible, respectively.
Table 2.3 Combustion characteristic of NH3 and other gaseous fuels (inlet 298 K, 1 atm)
Fuel

Combustion characteristic

NH3

CH4

H2

C3H8

3.58

9.55

2.39

23.87

Flammability range (%vol fuel in air)

15 - 29
[75, 82,
83]

5 – 15
[75, 82]

4 – 75
[75]

2 – 9.5
[75, 82]

Minimum ignition energy (MIE) (mJ)

8 [41]

0.28 [84]

923 [40]

793 [40]

Stoichiometric air to fuel ratio (AFR) molar basis

Minimum auto ignition temperature (K)

2074
[88]

37
[40, 87]
2226
[88]

0.011
[84]
903
[40]
291
[40]
2383
[88]

0

49.4

0

Peak laminar flame speed (SL) (cm/s)

7 [86]

Adiabatic flame temperature (AFT) (K)
Mass of CO2 per MJ fuel input (g)

*derived from the heating value of propane, as sourced from [75]
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Some other important NH3 combustion characteristics are summarised in Table 2.3,
alongside those of H2, CH4 and propane (C3H8). These three fuels are currently used or
proposed for use in gas turbine combustion and are (like NH 3) in the gas phase under
ambient conditions (298 K, 1 atm). Many of the characteristics listed in Table 2.3, and
discussed in this section, relate to the reactivity of these fuels (the importance of which
was introduced in Section 1.2.2). While NOx formation is also an important combustion
characteristic of NH3, strategies for minimising NOx emissions are complex and so are
discussed separately in Section 2.3.
Equation 2.1 is for the complete, stoichiometric combustion of 1 mole of NH3 in air (i.e.
no excess air), assuming air to be 79%vol N2 and 21%vol O2 for simplicity (i.e. the ratio of
N2 to O2 is 3.76). It can be seen that, aside from small amounts of NOx gases, the products
of NH3 combustion are essentially water (H2O) and N2.
𝑁𝐻3 + 0.75 (𝑂2 + 3.76𝑁2 ) → 1.5 𝐻2 𝑂 + 3.32 𝑁2

Equation 2.1

The air to fuel ratios (AFRs) as stated in Table 2.3 are calculated using the stoichiometric
equations for each of the fuels, enhanced to account for a more precise air composition
of 78.09%vol N2, 20.95%vol O2 and 0.96%vol argon. This air composition is sourced from
Gaseq, an equilibrium modelling program described later in Chapter 3 [88]. The AFR of
NH3 on a mass basis is 6.09 (with a relative molecular mass of air of 28.96). A quantity
known as the equivalence ratio, denoted as ‘Φ’ (i.e. phi), has been used throughout this
study. It represents the ratio between the stoichiometric air requirement of the fuel and
the actual air used, according to Equation 2.2.

𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑐𝑒 𝑅𝑎𝑡𝑖𝑜 (𝛷) =

𝐴𝐹𝑅𝑠𝑡𝑜𝑖𝑐ℎ
𝐴𝐹𝑅𝑎𝑐𝑡𝑢𝑎𝑙

Equation 2.2

Alternatively, the fuel to air ratio (FAR) can be used instead of the AFR, in which case Φ
is calculated as FARactual divided by FARstoich. In either case, Φ > 1 refers to a fuel-rich
reactant mixture, Φ < 1 a fuel-lean mixture (i.e. excess air) and Φ = 1 a perfectly
stoichiometric mixture of reactants.
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For a stoichiometric blend, using air as the oxidant, NH3 represents 21.8%vol of the blend,
which is marginally lower than the midpoint of the reported flammability limits. The
flammability limits of 15 and 29%vol fuel in air (see Table 2.3) are equivalent to an Φ
range of 0.63 to 1.46.
As for H2, complete combustion of NH3 requires only a fraction of the oxidant required
by organic fuels, due to the lesser oxygen requirements of hydrogen compared with
carbon. Therefore, although the LHV of NH3 is much lower than those of the organic
fuels listed in Table 2.2, stoichiometric fuel/air blends have comparable energy density.
For example, Gill et al. (2012) reported that the energy content per unit mass of a
stoichiometric NH3/air mixture is only 7% lower than that of a comparable diesel/air
mixture [37]. Similarly, with 2.5 moles of NH3 needed to match the LHV of one mole of
CH4 (see Table 2.2), stoichiometric molar flows for the same power are only 8.5% higher
for an NH3/air mix than a CH4/air mix. When one considers that inlet flows are generally
fuel-lean for natural gas combustion and proposed as fuel-rich for the initial stages of
NH3 combustion (as introduced in Section 1.2.2), the primary combustion inlet flows
become even more aligned, suggesting minimal adaptation of existing infrastructure
with regard to specifications such as combustor sizing.
Minimum ignition energy (MIE) is determined empirically by measuring the minimum
spark energy required to initiate a sustained flame, across a range of air to fuel ratios,
for a given temperature and pressure. The chosen percentage probability of ignition is
also a factor (e.g. whether 5% or 50% of ignition attempts being successful is sufficient
to claim ignition of a blend for the specified conditions). Even for a fuel as widely utilised
and well understood as propane, values used over the last half century have ranged from
0.25 to 0.46 mJ and in recent years was found to be between 0.4 and 0.45 mJ [85].
Therefore, comparisons of MIE between fuels could be considered most meaningful
when made using the same equipment, method and conditions. Verkamp et al. (1967)
compared the MIEs of propane and NH3 in air at 1 atmosphere and at ambient
temperature (the precise temperature was not supplied) [41]. Several NH3/H2 blends in
air were also tested to simulate partial cracking of the NH3. The MIEs reported by
Verkamp et al. are given in Table 2.4.
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Table 2.4 Minimum ignition energies for propane, NH3 and NH3/H2 blends (ambient
conditions) [41]

Given the reported value for propane in Table 2.4 (0.37 mJ) is in reasonable agreement
with more recent findings (i.e. 0.4 mJ), the values reported by Verkamp et al. for NH3
could also be considered reasonably accurate. The low reactivity of NH3 is clearly evident
when comparing the MIE value of pure NH3 (8 mJ) against the other fuels in Table 2.3
(e.g. 0.011 mJ for H2). However, Table 2.4 shows that with 28%vol H2 addition, the MIE
decreases from approximately 30 times that of natural gas, to a very similar value (0.2
mJ for NH3 versus 0.28 mJ for CH4). Thus, H2 blending is seen as an effective strategy for
addressing poor NH3 ignition, bringing it more in line with conventional fuels.
In addition to its high MIE, Table 2.3 also shows that NH3 has the highest minimum autoignition temperature (e.g. 130 K > than CH4) and the highest fuel to air requirement for
ignition to occur (i.e. 15%vol for NH3 versus 2-5%vol for the others), thus risk of
unintended NH3 ignition is considerably lower than for the other fuels. Although
beneficial for transport and storage, such low flammability becomes an obvious
drawback at the point of combustion and it is then that these other fuels, with their
superior reactivity, can be used to support and promote the reactivity of NH3.
Both H2 and CH4 have, in recent years, been experimentally and numerically evaluated
as potential support fuels for gas turbine NH3 combustion in the vapour phase, for
premixed and diffusion flames [89–98]. Looking to a low-carbon future, both fuels can
be sourced renewably (e.g. bio-methane). Only one study, from late 2020, has
investigated NH3 injection into the gas turbine combustor in the liquid phase, delivered
both as pure NH3 and alternatively with gaseous CH4 support [79]. Although stable
combustion was achieved for liquid NH3 injection, liquid phase research is currently at
an embryonic stage.
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Laminar flame speed (SL) is an idealised value for the velocity of a one-dimensional (1D) adiabatic flame propagating through a perfectly premixed fuel/oxidant blend, at a
specified temperature and pressure. In almost all cases, the maximum value occurs at
an Φ of between 1.05 and 1.10. Notable exceptions to this general rule are H 2 and
carbon monoxide with velocities reaching a maximum at an Φ of around 2.0 [99].
Laminar flame speeds are derived experimentally, and being a significant parameter in
turbulent flame structures and flame stability, are used in the numerical modelling of
turbulent flows to validate the efficacy of models.
The lower flammability limit of ~5%vol CH4 in air (see Table 2.3) suggests a theoretical
fuel-lean Φ limit of 0.53 (at 298 K, 1 atm). With inlet temperatures and pressures above
ambient (increasing reactivity), this can be lower still. In real-world gas turbine
applications it is reported that very fuel-lean natural gas combustion is conducted at an
Φ of between 0.5 and 0.7 [99]. Under equivalent conditions of temperature, pressure
and volumetric flow rate, the SL value for CH4 combustion at Φ ~0.5 could serve to
approximate a minimum SL for majority NH3 fuel blends intended for use in existing
natural gas, gas turbine combustors.
As was introduced in Section 1.2.2, NH3’s low peak burning velocity (~7cm/s)
necessitates strategies to prevent flame extinction, the detachment of the flame from
the reactant feed (i.e. flame blow-off). In contrast, H2 has a very high diffusion rate and
extremely rapid peak burning rate of ~300 cm/s (see Table 2.3). Hence, blending H2 with
NH3 can help to mitigate for the low SL of NH3. However, for combustors utilising a
fuel/air blend premixed upstream of the combustor inlet, blending with H2 risks the
flame advancing too rapidly though the incoming reactants and retreating into the
burner and causing damage, with the risk increasing at higher H2 percentages. This
phenomenon is termed ‘flashback’. The issue of flashback is exacerbated by the
relatively low air requirements of NH3 combustion, resulting in relatively low bulk flows
into the combustor. As found by Valera-Medina et al. (2019), flashback practically limits
the molar contribution of H2 to ~30%vol of the fuel blend [90].
The peak laminar flame speeds of CH4 and C3H8 are a more modest ~5 to 6 times that of
NH3 (at a similar Φ of ~1.05 and under ambient conditions), increasing with carbon chain
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length. Adding these organic fuels to NH3 instead of H2 offers a potential boost in
reactivity but with lower flashback risk and lower peak temperatures (reducing thermal
NOx). The accidental ignition risk of CH4 and C3H8 is also lower than H2, due to the very
low MIE and wide flammability limits of H2. However, significant substitution of NH3 with
organic fuels naturally raises CO2 product concentrations, so is unattractive in the bid
for net-zero carbon emissions.
The comparatively lower adiabatic flame temperature (AFT) of NH3 (see Table 2.3), if
observed in isolation, could be considered to indicate a relatively lower potential for
power generation, lower temperatures being related to less expansion of the product
gases in the combustion chamber. However, according to Equation 2.2, for the
stoichiometric combustion of NH3 in air, the product moles are 5.5% higher than the
reactant moles. For stoichiometric CH4 combustion in air, reactant and product moles
are equivalent and for H2 in air, combustion product moles are 15% lower than reactant
moles. Fewer product moles naturally means higher temperatures in the combustor and
vice-versa, so it is unsurprising that H2 has the highest AFT listed, ~300 K higher than NH3
and ~150 K higher than CH4. Equally, the lower temperature of NH3 is indicative of its
increase in moles from reactants to products, leading to a ~5% increase in product
volume unrelated to temperature increase, and thus helping to compensate for the
lower AFT. Hence, AFT in isolation is not an appropriate indicator of NH3’s power
generation potential relative to other fuels.
This section has discussed the comparatively low reactivity of NH3 and how the
recruitment of other more reactive fuels can help to overcome some of the combustion
challenges. However, either due to performance issues (i.e. H2 flashback) or
environmental issues (i.e. CH4 carbon emissions) there are limits to the contribution
these fuels can make. Fortunately, the use of support fuels is not the only method for
addressing the challenge of NH3’s low reactivity, with other strategies, such as
generating swirling flows in the combustor and fuel preheating, available for adoption.

2.2 Swirling Flows for Flame Stabilisation in Premixed Flames
The primary purpose of introducing swirling flows in the combustor is to increase
turbulence and recycle flow. Turbulence serves to promote the mixing of reacting
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species and to redirect the heat generated from the combustion reactions to the
reactant inflows. Hence turbulent flames consume reactants at a far greater rate than
laminar flames.
In gas turbines, premixed inlet streams have an average velocity far greater than the SL
of the fuel/air premix, allowing them to achieve high power densities. To achieve this, it
is necessary to create a region in the flow field that has velocities no greater than the
burning velocity of the reactant mixture, enabling continuous ignition at a particular
point in the flow.
Swirling flows are flows that simultaneously experience both axial and tangential vortex
motion as shown in Figure 2.2.

Figure 2.2 Swirling flows and vortex breakdown – adapted from [100]
When the degree of rotation imparted to the reactant flows upstream of the combustor
is sufficiently high, vortex breakdown occurs. This well-known phenomenon causes flow
reversal and large recirculation eddies along the central axis, increasing the residence
time of the reacting flows. The axi-symmetric region of recirculation, termed the central
recirculation zone (CRZ), directs heat and active chemical species to the root of the
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flame, enabling flame stabilisation and flame establishment to occur in regions of
relatively low velocity [101]. In addition to the CRZ, the rapid expansion of the reacting
flows in the combustion chamber creates an outer recirculation zone (ORZ) [40]. The use
of swirl-stabilised combustion is wide-spread, including in power station burners, gas
turbine combustors, internal combustion engines, refinery and process burners [100].
Swirl burners have been successfully used to achieve stable flames in many recent
experimental NH3 combustion studies, with [89–94] and without [94, 95, 102, 103]
support fuels (other than for ignition support in some cases).
An important parameter of the swirling flow is the swirl number (SN). This parameter
characterises the amount of rotation imparted to the inlet flow by comparing the levels
of axial and tangential momentum in the flow. For SN < 0.4, no flow recirculation is
obtained, and the swirl is described as weak, so most swirlers of practical interest,
operate under conditions of strong swirl (SN > 0.6) [99].

2.2.1 Swirl Burners
Swirl burners essentially come in two configurations, equipped with either an axial or a
radial swirler. Axial swirlers have vanes with flat or twisted blades, whereas radial
swirlers use inlets that are perpendicular to the central axis of the burner, as shown in
Figure 2.3.

Figure 2.3 The two main swirler types, axial (a) and radial (b) [104]
In a radial burner, the SN can be derived from the geometry of the swirl burner and the
reactant flowrates. A SN derived this way is termed the geometric swirl number (Sg) and
can be calculated according to Equation 2.3 [105].
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𝐴𝑛𝑜𝑧 . 𝑟𝑡𝑎𝑛 𝑄𝑡𝑎𝑛 2
𝑆𝑔 =
(
)
𝐴𝑡𝑎𝑛 . 𝑟𝑛𝑜𝑧 𝑄𝑡𝑜𝑡

Equation 2.3

Where Anoz is the exit area of the burner exit nozzle, Atan is the area of the tangential
inlet, rtan is the effective radius of the tangential inlet, rnoz is the radius of the burner exit
nozzle, Qtan is the tangential flow rate, and Qtot is the total flow rate.
An equivalent equation for calculating the SN for axial swirlers (see Equation 2.4), uses
only the inner and outer diameters of the swirler (Di and Do) and the vane angle (α) [95,
106].
𝐷𝑖 3
1
−
(
2
𝐷𝑜 )
𝑆𝑁 =
𝑡𝑎𝑛 𝛼
3
𝐷𝑖 2
[1 − (𝐷𝑜 ) ]

Equation 2.4

2.2.2 Achieving Swirl Stabilised NH3 Flames
The use of swirlers for the successful stabilisation of NH3 flames is a very recent field of
study. An early published work using swirling flows for experimentally investigating
premixed NH3/air combustion was conducted by Valera-Medina et al. (2015) [89]. This
study, and a series of subsequent studies by the same group [91, 92], found that stable
flames could be achieved with low emissions, using a radial swirler to produce strong
swirling flows (Sg = 1.05) for both CH4/NH3 (20 and 33%vol CH4) and H2/NH3 (50%vol H2)
premixed blends, albeit limited to a narrow range of Φ (<< 1.0) with flashback presenting
significant issues. Despite efforts, the stable combustion of pure NH3/air remained
elusive. The observation was made that a medium SN (i.e. ~1) can be detrimental to the
stability of the flame when using NH3, mainly due to the low bulk flows entering the
combustor, and it was therefore suggested that a lower SN be assessed to improve
burning characteristics, while ensuring that vortex breakdown phenomena could be
achieved for flame anchoring purposes.
Around the same time, Kurata et al. (2017) [95] used an axial air swirler (vane angle 60°
and SN 1.6) to surround and successfully stabilise a diffusion flame of pure NH 3 vapour
in a 50 kW class micro gas turbine combustor. Ignition was achieved through the initial
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use of kerosene liquid fuel injection. A maximum combustion efficiency of 96% was
achieved with the highest inlet temperature ~500 °C (773 K), associated with the
maximum inlet power investigated (41.8 kW). The high inlet temperatures were made
possible through the use of a heat regenerative cycle (i.e. recuperator). Efficiency was
greatly improved with the addition of CH4 support. With NH3 and CH4 stated as providing
equivalent LHV (i.e. an inferred 30%vol CH4 support), the blend achieved ~100% efficiency
at the highest inlet power. Highest powers were associated with highest inlet
temperatures, with stable combustion of the CH4/NH3 blend capable at combustor inlet
temperatures much lower than that for pure NH3, leading to the conclusion that CH4
enhances the flame stability in the combustor.
The same year, premixed NH3/air flames were successfully stabilised by Hayakawa et al.
(2017) [102], at atmospheric pressure and with a 298 K inlet. Two axial swirlers of SN
0.74 and 1.27 were investigated. It was observed that the flame stability limits
broadened when the lower swirl number was employed (to a maximum Φ range of 0.63
to 1.4), supporting the findings of Valera-Medina et al. [89, 91, 92]. Inlet velocities were
low, so flame structures were not generally the classic vortex ‘V’ shape as utilised in
natural gas fired gas turbine combustion and as described in Figure 2.2. In most
instances described, the NH3/air flame included a significant ORZ, anchoring the flame
to the plate surrounding the base of the burner. Heat transfer from such an attached
flame can cause damage to equipment, so is not appropriate in gas turbines. Only when
velocities were increased, and stability limits narrowed, did the flame assume the ‘V’
structure.
More recently, employing a broad range of flame stabilising techniques (i.e. support
fuel, inlet temperature elevation and lower SN) Valera-Medina et al. (2019) achieved
stable combustion of a fuel-rich NH3/H2 – air premixed blend (30%vol H2) up to an Φ of
1.4. A radial swirler, Sg of 0.8 was employed, thus lower than the earlier experiments. As
inlet temperature was elevated from inlet 288 to 484 K, a 24% decrease in flame profile
was observed, indicating a more reactive and stable flame. Profiles also adopted the
classic ‘V’ shape of CH4/air flames (for which existing natural gas infrastructure is
designed). Using the same swirler, a subsequent investigation by Pugh et al. (2019) also
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demonstrated that the same premixed fuel/air blend, with steam of ~10% vol, could be
stably combusted up to Φ = 1.3, with a combustor inlet temperature of 423 ± 5 K, under
atmospheric pressure [93].
In summary, these recent findings have greatly advanced the earlier work of the 1960s,
highlighting the effectiveness of adopting relatively low intensity (SN < 1) swirling flows
in the efficient, stable combustion of > 70%vol NH3 fuel blends. An overview of the recent
studies suggests that a SN of ~0.8 has the potential for efficient combustion of NH3 (with
and without modest humidification) under fuel-rich conditions when supported by
~30%vol H2 or CH4, with combustor inlet temperatures of approximately 400 to 800 K
(potentially achieved through utilisation of exhaust heat).

2.3 NOx Mitigation
Aside from health, safety and low reactivity, the other significant challenge for
employing NH3 in combustion systems is its propensity for NOx emissions, primarily
resulting via the NH3 oxidation pathways (i.e. as fuel NOx), as outlined in Section 1.2.2.
Although there are significant benefits to utilising post combustion de-NOx technologies
for NOx reduction, this is a well understood and established field. In contrast, when
utilising NH3 as a fuel, understanding on how best to optimise primary combustion
conditions for minimal NOx is in its infancy. Therefore, this study choses to focus on
reduction in NOx through the effective use of primary combustion measures, as this not
only lowers NOx formation in the first instance, but also facilitates the use of smaller
scale de-NOx installations, reducing the operating and capital costs of the chosen postcombustion treatment.

2.3.1 NOx Regulations and Measurement
Given the atmospheric conversion of NO to NO2, regulatory limits for NOx emissions (i.e.
NO and NO2) are expressed in terms of the mass of NO2 per cubic meter (i.e. mg/Nm3)
under standard temperature (273.15 K) and pressure (101.3 kPa) [107]. However, the
measurement of emissions concentrations is usually conducted in terms of their mole
fraction or parts per million (ppm) in the exhaust gases. These conditions of temperature
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(T) and pressure (P) can be substituted into the ideal gas equation, Equation 2.5, and
rearranged to find the moles of gas (n) in 1 m3.
𝑃𝑉 = 𝑛𝑅𝑇

Equation 2.5

V is expressed in litres (or dm3), so is equal to 1000. R is the ideal gas constant with
value 8.314 J/mol.K. Thus, total moles of gas in 1 m3 (i.e. n) is 44.618 and the volume of
1 mole of NO2 is therefore 0.0224 m3 at standard temperature and pressure.
Equation 2.6 is used to convert the concentration of a substance expressed in g/m 3 (Y)
to its mole fraction (X). For example, substituting in the volume of one mole of gas (n-1),
multiplying this by the actual mass of that same substance Y (in g/m3) and then dividing
by the relative molecular mass (RMM) of the substance (i.e. 46 g for NO2), 200 mg/Nm3
is a NOx mole fraction of 9.7E-05 or 97 ppm.
𝑛−1 × 𝑌
𝑋=
𝑅𝑀𝑀

Equation 2.6

In the European Union and the UK, the maximum permissible NOx concentration for
combustion plants depends on the technology used and the total rated thermal input to
the combustor in MW. The NH3 from a modest-sized steelworks (i.e. 10 tonnes/day)
would amount to a net thermal input of 2.15 MW. The addition of support fuels and
higher NH3 flows in larger steelworks would naturally increase this figure. A medium
combustion plant (MCP) is defined as having a range of rated thermal input equal to or
greater than 1 MW and less than 50 MW [107], so the MCP regulations are applicable
to the scale of combustion investigated in this study.
For plant in existence prior to December 2018, permitted NOx emissions from MCP,
using gas turbine technology to combust gaseous fuels other than natural gas, are 200
mg/Nm3 (for over 70% load). For the same category of plant commencing operation
after this date, the limit is significantly reduced to 75 mg/Nm3 [107] . However, the scope
of this legislation does not apply to many types of plant that could be considered
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functionally similar to the type proposed in this thesis. Some examples of where the
regulations do not apply are as follows:


Post-combustion plants designed to purify the waste gases from industrial
processes by combustion, and which are not operated as independent
combustion plants.



Reactors used in the chemical industry.



Coke battery furnaces.



Combustion plants firing refinery fuels alone or with other fuels for the
production of energy within mineral oil and gas refineries.

The NOx regulatory values are for dry samples rated against a standardised 15%vol O2
concentration in the exhaust. However, concentrations of NOx are experimentally
measured with H2O present in the sample, termed a wet sample (for reasons explained
in later chapters). Once the concentration of NOx is adjusted to account for the removal
of the H2O component, to give a dry concentration, the concentration naturally
increases. This increase can be substantial, especially when H2O concentrations are high
(e.g. fuel-rich NH3 combustion). The NOx concentrations in the dry sample are
normalised for 15%vol O2 according to Equation 2.7 as taken from ISO 11042-1 (1996),
for the measurement and evaluation of gas turbine exhaust gas emissions [108].

𝑁𝑂𝑥(𝑛𝑜𝑟𝑚) = 𝑁𝑂𝑥(𝑑𝑟𝑦) × (

20.9 − 15
)
20.9 − %𝑂2(𝑑𝑟𝑦)

Equation 2.7

However, this standard is not applied universally. For example, 16%vol O2 is used in Japan
[109] and 6%vol is used in the NH3 work of Khateeb et al. (2020) [110, 111]. Replacing the
O2 concentration of 15%vol with 16%vol (in the numerator of Equation 2.7), naturally
lowers the normalised NOx value. In addition, while many research papers report NOx
emissions as dry, many do not (or at least do not make the necessary statement
concerning wet or dry sampling). This includes the contemporary NH3 gas turbine
research work from Japan, which constitutes a significant portion of relevant literature.
The natural consequence of reporting wet, at 16%vol O2 is to doubly lower the reported
NOx concentration value when compared with dry, 15%vol O2, and without reporting the
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H2O product fraction, normalising to the same standard for direct comparison between
research papers becomes impossible. Therefore, the reporting of NOx should be
standardised in the research, to allow for meaningful comparisons of NOx performance
to be made globally.
The NOx standards could be considered to carry a bias in favour of hydrocarbon fuels,
calling into question the validity of applying such a standard (dry, 15%vol O2) to NH3
combustion. If one further considers Equation 2.1 for the stoichiometric combustion of
one mole of NH3, comparing it with the stoichiometric combustion of CH4, as shown in
Equation 2.8, it is clear that the higher air demand of CH4 coupled with the CO2 product
leads to many more moles of product gases for CH4-air combustion (10.52) versus NH3air combustion (4.82).
𝐶𝐻4 + 2(𝑂2 + 3.76 𝑁2 ) → 2𝐻2 𝑂 + 𝐶𝑂2 + 7.52𝑁2

Equation 2.8

Once dehydrated (i.e. without H2O product), the ratio of product gases per mole of fuel
is 8.52 for CH4 to 3.32 for NH3 and it is in these moles of product gases that the NOx
concentrations are diluted and measured. With excess air, e.g. leading to 15%vol O2 in
the exhaust, this disparity between fuels would be far less, as the products in Equation
2.1 and Equation 2.8 would represent a minority of the exhaust flow, however, the
disparity would still exist. Therefore, it seems unreasonable to compare emissions
concentrations of NH3 combustion using regulations designed for carbon containing
fuels (with their higher air demands and the additional CO2 diluent in the products),
because it effectively holds the performance of NH3 fuel to a higher standard than
conventional gas turbine fuels.
However, there is a further consideration which warrants discussion. For equivalent
energy flows into the turbine, the number of moles of NH3 is 2.5 times that of CH4 (see
Section 2.1.3). Thus, moles of product gases per MW of power into the cycle are
approximately equivalent (at 8.3 for NH3). Hence, whether the emissions standards are
designed primarily to maintain low concentrations of emissions in exhaust gases or low
emissions per MW, is of importance. The standards do not consider system efficiencies
(e.g. NOx emissions per exported unit of power). As the standards are based solely on
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exhaust concentrations, the primary purpose of the standard seems to be to control NOx
concentrations and not mass of emissions per MW. In any event, this standard is the only
standard available, so will be used, but the validity of its use for NH3 combustion is in
question, for those reasons given above.
In consideration of all the above points, it is unclear how gas turbine technology fuelled
by coke oven by-product NH3, on a steelworks site, would or should be legislated for.
With this in mind, it is believed that a value of 200 mg/Nm3 (i.e. 97 ppm) is a reasonable
NOx limit to work to, for the purposes of this study.

2.3.2 NOx and Equivalence Ratio
In Chapter 1, the diagram for the oxidation pathways of NH3 (Figure 1.3) showed the
selectivity for forming NO or N2 is determined competitively, based on whether the
amine radicals (i.e. NH2, NH or N) react with the O/H radical pool (or O2) to form NO, or
with NO to form N2 [46].
This paragraph summarises the work of Miller and Bowman (1989) [43], where they
describe how Φ dictates which are the dominant chemical pathways in NH3 oxidation.
The amine radical primarily responsible for determining the relative NO/N 2
production/destruction depends on the Φ. For very lean flames, the critical amine
radical is NH2, but as Φ increases, the increase in H atoms shifts the critical species from
NH2 to NH and N. For most conditions, all three NHi species have a role, although even
in moderately rich flames, the N atom dominates. The production and destruction of NO
by N atoms occurs via what is known as the extended Zel’dovich mechanism, the three
reactions (Equations 2.9 to 2.11) that constitute the bottom layer of the NH 3 oxidation
pathways diagram (as was shown in Figure 1.3).
𝑁 + 𝑁𝑂 ↔ 𝑁2 + 𝑂

Equation 2.9

𝑁 + 𝑂2 ↔ 𝑁𝑂 + 𝑂

Equation 2.10

𝑁 + 𝑂𝐻 ↔ 𝑁𝑂 + 𝐻

Equation 2.11

Concentrations of O/H radicals peak at Φ ~0.9, serving to explain why lean NH3 flames
have peak NO concentrations around this Φ [40, 89, 96, 102]. As the flame becomes
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richer, and O/H radical concentrations decrease, the relative concentration of H in the
O/H radical pool increases [40]. These H radicals abstract hydrogen from NHi (i = 1, 2, 3)
according to the reactions NHi + H → NH(i-1) + H2, leading to substantial H2 production.
Typical emissions trends for premixed fuel-rich NH3 combustion are shown in Figure 2.4,
which is reproduced from the computational fluid dynamics (CFD) modelling of
Somarathne et al. (2017) [106] for an NH3-air flame with inlet temperature 500 K. The
trends in Figure 2.4 show that, while NO emissions can be very effectively controlled
under fuel-rich combustion conditions, there is a trade-off in the relationship between
NO and NH3 emissions, which has implications for overall NOx concentrations in staged
combustion. A paper by Miller and Bowman (1989) [43] claims most of the residual fixed
nitrogen (i.e. NH3 and HCN) leaving the first stage (the fuel-rich primary stage in which
the majority of the fuel is consumed) is converted to NO in the second stage (where
excess air is introduced for fuel burnout and cooling of products ahead of the turbine
inlet).

Figure 2.4 Emissions concentrations from premixed NH3-air flames with changes in Φ
and pressure (500 K inlet) reproduced from [106]
Work by Somarathne et al. [106] investigated this using CFD modelling and showed that
unburned NH3 exiting the primary combustion zone, was indeed predicted to pave the
way for NO generation in the secondary combustion zone (from 162 to 891 ppm for
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primary stage Φ (Φprim) of 1.2 and 1.4 respectively) and consequently recommended
that the Φprim should simultaneously minimise for both NO and NH3 emissions by
adopting the point of lowest combined NO and NH3 emissions, often referred to as the
optimum or specific Φ (Φopt or Φsp).
Pugh et al. (2020) [103] experimentally investigated single-stage emissions performance
for NH3-air flames, in both premixed and diffusion configurations (1 atm, 473 K). The
diffusion flame generated much lower combined NO/NH3 emissions at Φ < 1.1, but at Φ
≥ 1.1 the situation reversed with the premixed flame achieving lowest combined
emissions overall, at Φ = 1.2. At Φ = 1.2, the low combustion efficiency of the diffusion
flame lead to significant NH3 emissions that, with subsequent air-staging to improve
efficiency, generated NO three times greater than the premixed configuration. The NH3
concentrations from the diffusion flame with highest secondary stage air mass loading
also remained far higher at ~1000 ppm compared with practically zero for the premixed
flame with the same loading. This work suggests that at sufficiently rich Φprim, the
homogeneity of Φ in premixed flames offers superior combustion efficiency and thus
lower combined emissions than diffusion flames, in NH3-air staged configurations.
A numerical study by Okafor et al. (2021) [79] showed a decrease in Φopt at lower inlet
temperatures. Naturally, the decrease in inlet temperature results in a decrease in the
AFT and consequently, a decrease in the rate of production of O/H radicals. This lead
Okafor et al. [79] to speculate that, as lower radicals concentrations simultaneously
hinders NO production and NH3 oxidation (for any given Φ), this will shift the Φopt
towards leaner values for lower inlet temperatures. It is reasonable to assume other
parameters affecting flame temperature (e.g. support fuel fraction and blend
humidification) could also influence Φopt but as yet, there is no literature
comprehensively addressing this issue with existing work tending to focus on NO x
concentrations, rather than combined emissions.
At the Φopt shown in Figure 2.4 (Φ ~1.2), there are significant H2 concentrations of
~6%vol. This highly reactive H2 and other hot product gases exiting the primary stage,
offer the possibility of a subsequent fuel-lean combustion stage, in which to fully
combust the fuel and cool the products upstream of the turbine, without the need for
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additional fuel in the second stage. Staged, rather than single stage combustion lowers
peak temperatures, and thus thermal NO, by distributing some of the heat release from
the fuel consumption into the second stage.

2.3.3 Pressure Elevation for NOx Reduction
Figure 2.4 shows that pressure elevation is predicted to significantly lower NO
concentrations (an approximate halving of emissions when moving from 0.1 to 0.5 MPa
in the example). This trend of decreasing NO with increases in pressure (holding inlet
temperature steady), has been numerically replicated [81, 93, 112, 113] and
experimentally verified [81, 92, 93, 114] albeit not at gas turbine relevant pressures. Fuel
flow restriction (discussed later) make ammonia investigations at elevated pressure
challenging, so little pressurised work has been published to date. The presumed
mechanism for the NO reduction is that the pressure sensitive reaction shown in
Equation 2.12 is promoted to the right with increases in pressure. Being a chain
terminating reaction this decreases the O/H radical pool, thus reducing NO production
[40, 81].
𝐻 + 𝑂𝐻 + 𝑀 ↔ 𝐻2 𝑂 + 𝑀

Equation 2.12

The primary consumption step for NH3 (i.e. its conversion to amine radical NH2) remains
essentially unaltered as pressure increases, despite the pressure induced depletion of
the O/H radical pool [40]. Therefore, the relative increase in NH3 concentrations at richer
Φ and a dearth of O/H radicals, leads to a significant increase in NH2 in the post-flame
zone. Owing to the low reactivity of NH2 towards O2, the key step in the presence of
even small amounts of NO is the fast chain terminating reaction NH2 + NO ↔ H2O + N2
[46]. The chain carrying reaction NH2 + NO ↔ NNH + OH also serves to reduce NO [93].
Naturally, pressure induced reduction of absolute NOx concentrations is most significant
at fuel-rich Φ values closer to stoichiometry, as the more fuel-rich flames have far lower
NO to begin with.
Xiao et al. (2017) [112] modelled NOx emissions for changing pressure (1 to 22 atm) with
varying inlet temperatures (300 – 700 K) for a NH3/CH4 (39%vol CH4) blend at a fixed Φ =
1.14, as shown in Figure 2.5. Increases in inlet temperature (and hence O/H radical pool)
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are thus shown not only to enhance NOx production, but also to lessen the beneficial
impact of pressure elevation on NOx reduction. Therefore, while temperature elevation
can aid blend reactivity, it should be moderated to only what is necessary to achieve
stable flames.

Figure 2.5 Numerically modelled NOx emissions for changing pressure at varying inlet
temperature, NH3/CH4 blend reproduced from [112].

2.3.4 Effects on NOx of Utilising Support Fuels
Wendt and Sternling (1974) [115] showed that CH4/NH3-air premixed blends with
minority molar volumes of NH3, although having lower NOx emissions overall, have
higher rates of conversion to NOx relative to NH3 blend contribution. For example, at Φ
= 1.0, for blends of 1%vol NH3, approximately 90% of the NH3 was converted to NO, while
for 24%vol NH3 blends, 30% was converted. These results are shown in Figure 2.6. The
reader should also note the rapid decrease in NOx with increasingly sub-stoichiometric
percentages of air (Φ > 1.0). As a result of these findings, the paper recommends that
NH3 should not be diluted with other fuel gases (that reduce its self-inhibitory effect on
NOx) and that a fuel-rich primary stage, followed by a second stage for the addition of
the remaining air, is an effective NOx control measure. This trend of more NOx with
greater fuel support has also been observed in other similar studies [78, 95, 110, 113].
For example, Khateeb et al. (2020) [110] experimentally investigated NH3/CH4 blends
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ranging from 0 to 100%vol NH3 (Sg = 1, ambient pressure and temperature), showing that
for NH3 > 60%vol and Φ ≥ 0.85 the exhaust NO concentration consistently decreases with
increased ammonia addition (see Figure 2.7).

Figure 2.6 Percentage conversion to NOx by percentage of stoichiometric air
reproduced from [115]

Figure 2.7 NOx emissions of NH3/CH4 fuel blends at Φ 0.7 to 1.05 (1 atm, 293K)
reproduced from [110]
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For Φ ≥ 0.85, instabilities prevented stable combustion of blends with < 50%vol NH3. For
Φ = 0.7, NOx concentrations increased slightly between NH3 of 20 to 50%vol and blowoff (i.e. flame detachment) prevented stable combustion for NH3 > 60%vol. Khateeb et
al. (2020) [111] also investigated NH3/H2 blends with the same methodology and found,
across fuel-rich Φ values, the same trend of lowest NOx concentrations for pure NH3.
The explanation offered is that the lower AFT of NH3 leads to lower flame temperatures
and, hence, reduced O/H radicals at any given Φ, so the more NH3 in the fuel blend, the
less fuel NOx is generated [110]. However, neither study [110, 111] quantified the NH3
emissions entering the burnout stage, which are likely to be higher for pure NH3 with its
lower reactivity, especially at ambient inlet temperature. As was discussed in Section
2.3.2, this can raise overall NOx in staged configurations. From the two papers [110, 111]
it appears that the 80%vol NH3 blends (with either CH4 or H2) achieved similar NOx results
to that of pure NH3 where Φ > 1.1, suggesting rich combustion can successfully mitigate
for NOx emissions when using fuel support (H2 or CH4), to enhance reactivity.

2.3.5 Effects of Steam Addition on NOx
Lower flame temperatures result in fewer O/H radicals and hence less fuel and thermal
NOx production such that thermal NO formation is usually considered to be unimportant
at temperatures below 1800 K [116]. Steam injection can be used to lower flame
temperatures, so has been investigated for NH3/H2-air and NH3-air flames [93, 103].
Steam also serves to lower the availability of O radicals via the reaction described in
Equation 2.13 [116] thereby reducing the contribution to thermal NOx formation of the
rate-limiting reaction in the Zel’dovich mechanism (see Equation 1.4).
𝑂 + 𝐻2 𝑂 ↔ 𝑂𝐻 + 𝑂𝐻

Equation 2.13

Pugh et al. (2020) [103] found that, for NH3-air flames (1 atm, 473 K), H2O loading was
limited to 3%vol, due to diminished reactivity and, although a reduction in NO with H 2O
increase was observed (for a premixed flame), there was also an increase in exhaust
NH3, which could lead to prohibitive NO production in the burnout stage of a staged
combustor. However, Pugh et al. (2019) [93] showed humidification to be an effective
mechanism for NOx reduction in premixed NH3/H2-air flames (a 70%vol NH3 to 30%vol H2
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fuel blend). The NOx concentrations reduced by an order of magnitude for reactant
loadings of ~10%vol H2O (1 atm, 423 K inlet). With modest humidification and pressure
elevation combined (3.5%vol and 0.184 MPa) the same work [93] demonstrated an
optimal performance point at a global Φ of 0.98 (Φprim = 1.25), achieving NOx and NH3
concentrations of 32 and ~50 ppm (dry, 15%vol O2) respectively. A global Φ of 0.98 is
significantly higher than is need for cooling combustion products upstream of turbine
blades, so the effects on emissions of a more industrially relevant global Φ would be of
interest.

2.3.6 Mitigating for N2O
For NH3 with or without H2 support, the mechanism for N2O formation via NH3 oxidation
is via the NH + NO reaction, where N2O quickly progresses to N2 for fuel-rich conditions
(i.e. due to the presence of a H radical).
For NH3 oxidation with hydrocarbon support (e.g. natural gas), there is an additional
route for N2O formation, via the oxidation of hydrogen cyanide (HCN). HCN can form
during the oxidation of NH3/CH4 blends via the fuel-N route. Additionally, when CHn
radicals attack the triple bond of atmospheric N2, the NCN radical is formed (and a H
radical) and at conditions richer than Φ ~1.2 the NCN radical reacts with H radicals to
form HCN (and a N radical) with the concentration of HCN increasing rapidly with
increases in Φ [46]. Once formed in the fuel-rich primary zone, HCN can then progress
(along with H2 and NH3), to a fuel-lean burnout stage. Being a highly toxic gas (one
minute exposure ~300 ppm is lethal [117]) efficient combustion in the second stage is
imperative.
HCN has a greater capacity for nitrogen oxides (NO, NO2 and N2O) production in the
burnout stage than NH3 as it is less prone to decomposition in the primary stage [118].
Under lean conditions, HCN yields nitrogen oxides via a complex reaction scheme [117].
A main decomposition path of HCN in the burnout stage yields NH which, in the presence
of NO, leads to N2O production. However, at temperatures above 1300 K N2O
decomposes rapidly to N2 [119].
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In summary, N2O can be mitigated for by minimising the fuel hydrocarbon component
and by maintaining temperatures above 1300 K in the burnout stage (facilitating N 2O
decomposition).

2.3.7 NOx Mitigation Summary


NOx emissions, as reported in the literature, are not comparable, as there is a
lack of consistency in measurement method (i.e. %vol O2 and wet versus dry
concentrations). Carbon-free fuels may require different measurement
regulations for fair comparison with hydrocarbon fuels (i.e. due to lower air
requirements, higher relative H2O product mole fraction and the absence of CO2
diluent for carbon-free fuels).



Premixed flames have a higher combustion efficiency than diffusion flames.
Although a diffusion flame can produce lower combined NOx and NH3 emissions
than a premixed flame at Φ ~ 1.1, premixed flames offer much lower combined
emissions of NOx and NH3 overall at richer Φ (~1.2), as described in Section 2.3.2.



NOx emissions can easily be minimised with a sufficiently fuel-rich Φ in a primary
stage, but with fuel-rich combustion comes the risk of significant NH3 emissions
(and HCN for hydrocarbon addition). Hence simultaneous reporting of the NO
and unburned fuel emissions, especially after industrially relevant levels of airstaging, is required for proper evaluation of any such system.



Blends with NH3 > 60%vol have greater stability for fuel-rich Φ values and lower
NOx than NH3 minority fuels, with pure NH3 having lowest NOx, but lowest
reactivity.



Pressure elevation reduces NOx for any given Φ by reducing the O/H radical pool.



Inlet temperature elevation aids reactivity (reducing unburned fuel), but reduces
the effectiveness of pressure elevation on NOx emissions.



Water addition is an effective way to lower NOx for any given Φ, but reactivity
and unburned emissions can limit this as a strategy.



N2O production is insignificant for the fuel-rich high temperature primary stage.
For lean burnout, N2O is minimised by limiting hydrocarbon support (i.e. the HCN
→ N2O path) and maintaining temperatures > 1300K.
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2.4 Steelworks NH3 Removal, Processing and Composition
2.4.1 Steelworks By-Product NH3 Removal
As was discussed in Section 1.3.3, configurations for COG cleansing are wide-ranging and
bespoke to the site and while all coking facilities have the potential to recover byproduct NH3 for use as fuel, many COG cleansing configurations preclude this activity.
This section gives a simplified overview of a steelworks COG cleansing process [58, 62]
that would result in a concentrated aqueous NH3 waste stream with minimised H2S,
which, like recovery of anhydrous NH3 via the Phosam process, makes possible the
subsequent use of by-product NH3 as a fuel. For more detail on this and other gas
purification technologies involving NH3, including the Phosam process, see Kohl and
Nielsen (1997) [58].
The moisture and volatiles, from the coking of the coal, first enters a collection main,
above the coke oven. A large volume of ‘flushing liquor’ (described shortly) is sprayed
into the collection main, quenching the raw COG to about 75 to 100°C. The raw COG
moisture fraction condenses and most of the tar, plus the ‘fixed’ NH3 are washed (i.e.
flushed) from the COG. ‘Fixed’ NH3 (as opposed to ‘free’ NH3), refers to the ammonium
salts, which typically represent about 30% of the NH3 originally present in the gas. The
flushing liquor then proceeds to a tar decanting facility, before its return to the collection
main as the flushing liquor. Thus, the flushing liquor is primarily a weak aqueous NH 3
solution containing some tar. To maintain low concentrations of NH3 in the flushing
liquor and to account for the continued addition of more coal moisture, a portion of the
flushing liquor is continuously withdrawn from the cycle.
The COG is further cooled to a temperature of 28 to 30°C in the primary cooler (e.g.
using water cooled heat exchangers) and then passes through an electrostatic
precipitator to remove fine droplets of tar. After the precipitator, modest compression
of the COG occurs (from atmospheric to about 1.15 atm) upstream of the by-product
NH3 removal process.
The absorption of NH3 into H2O is quite rapid. The rate of absorption of H2S into aqueous
NH3 is dependent upon the NH3 concentration, increasing significantly at higher NH3
concentrations [58]. This fact accounts for the availability of integrated NH3/H2S removal
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processes. However, this integrated approach of using NH3 solutions to remove H2S from
COG is more common in Europe than elsewhere [120]. Therefore, stand-alone NH3
removal is described here as it has the simpler process flows and demonstrates all the
necessary steps relevant to NH3 removal.
As shown in Figure 2.8, the COG enters a secondary cooler at the base of the NH3
absorber (i.e. the first tower). The cooler cools and recycles a portion of the absorber’s
rich solution over the bottom section, to remove the heat gains from the earlier gas
compression and to introduce a high liquid flow rate as the COG enters.

Figure 2.8 Process flow diagram for stand-alone NH3 removal from COG (reproduced
from [62])
On its journey to the top of the absorber, COG first contacts counter-current flows of
the withdrawn excess flushing liquor previously mentioned, followed by water stripped
of free NH3, reducing the NH3 in COG by ~99% [62].
Heat exchange from the waters leaving the base of the free NH3 stripper, together with
steam injection, heats the rich absorber solution as it enters the top of the free NH 3
stripper. This rich solution contains all the removed NH3 (including entrained fixed NH3),
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plus amounts of co-absorbed H2S, HCN and CO2 [62]. NH3 and some of the co-absorbed
vapours leave the top of the free NH3 stripper and the excess portion of the stripped
water not sent to the absorber, and still containing the fixed NH3, is sent to the fixed
NH3 stripper.
A caustic solution (e.g. sodium hydroxide) raises the pH in the fixed NH 3 stripper to
~10.5, liberating the NH3, and more steam is used to strip the NH3 to join the overhead
vapours from the free NH3 stripper [62]. The stripped water leaving the base of the fixed
NH3 stripper is further treated (if necessary).

2.4.2 Steelworks By-Product NH3 Processing and Composition
The overhead vapours are partially condensed (in the dephlegmator) to reduce the H2O
component. Upstream processing and the degree of condensing (e.g. operating
temperature and pressure) affects the composition. Concentrated NH3 vapour
compositions as found in the literature and sourced confidentially are given in Table 2.5
[62, 65].
Table 2.5 Typical compositions for concentrated by-product NH3 vapour [62, 65].
Compositions (%vol)
Component

Ref [62]

Ref [65]

Confidential source
(normalised without Phenol)

Ammonia (NH3)

38.7

26

31.6 (32)

Carbon dioxide (CO2)

2.5

1

1.7 (1.7)

Hydrogen sulphide (H2S)

1.7

3.8

0.4 (0.4)

Hydrogen cyanide (HCN)

1.4

5.1

0.3 (0.3)

Water (H2O)

55.9

64

65 (65.6)

Phenol (C6H6O)

-

-

1 (0)

Total

100.2

99.9

100 (100)

Phenol is recoverable in a separate extraction step [58]. It is a valuable by-product,
maintaining a spot price of over €1000 per tonne in Europe (from August 2018 to August
2019) [121], and is assumed not to be a typical component of the NH3 vapour (being
absent from two of the three compositions referenced). Also, in the composition where
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phenol is present, it represents just 1%vol of the composition (5% by mass). Therefore,
in deriving a typical vapour for this investigation, the composition containing phenol is
normalised without phenol content, as shown in parentheses.

Figure 2.9 Typical ammonia vapour composition as derived from the literature (%vol)
[62, 65]
The values in Table 2.5 are averaged to give the composition used in this study. Thus,
Figure 2.9 shows that NH3 represents approximately one third of the composition of the
representative vapour, with water accounting for ~60%vol and the remaining 6%vol
consisting of acid gases. A spreadsheet tool, discussed later in Section 4.3, was used to
calculate the heating value of the waste stream composition in Figure 2.9. Higher and
lower heating values were calculated as 8.0 and 6.8 MJ/kg (on a mass basis) and 6.1 and
5.2 MJ/Nm3 (on a volumetric basis) respectively.
The European Union’s Industrial Emissions Directive 2010/75/EU, best available
techniques reference document for iron and steel [56], provides the only stated value
for the mass of NH3 per tonne of coke available in the literature, i.e. 3 kg. This value
appears to have been derived from a table of related data which compounds six
reference sources, so as to encompass the full range of values given by all the original
sources. For example, the raw COG yields range from 280 to 450 m3 per tonne of dry
coal with NH3 concentrations of 6 to 8 g/Nm3. As the NH3 per tonne of coke is in mass
terms, the density of the COG is also stated as ranging from 0.42 to 0.65 kg/Nm 3 across
all sources. The mass value of 3 kg appears to have been calculated with the assumption
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that typical values would be those in the middle of the compounded data ranges. Using
the data from the table and mid-range values generates a value of 3.41 kg NH3 per tonne
of coke, so the 3 kg figure is probably a rounding-down of this value. Given the
importance of the value for this study, further research was undertaken. A
representative of Worldsteel, a global organisation whose members represent around
85% of global steel production, agreed to circulate a bespoke survey to their members
working in steelworks’ by-product plants [122]. Unfortunately, only two responses were
forthcoming and these failed to provide usable responses (e.g. ‘zero NH3’ and
‘quantification not readily available’). Hence, direct contact was made with a steelworks
producing ammonium sulphate fertiliser. Historical records for annual coke production,
along with annual fertiliser sales figures and the mass of NH3 per unit mass of
ammonium sulphate (25.8%mass), gave the value 4.04 kg NH3/tonne coke. Additionally,
an online source [61] gives a value of approximately 12 tonnes per day, per million
tonnes of coke per year, which equates to 4.4 kg NH3/tonne coke. Therefore, it appears
4 kg NH3/tonne coke may be a better estimate, a 33% increase on the reference
document value. Thus, global NH3 liberated annually from coal coking for steel
manufacture is probably > 2.5 Mt p.a. (i.e. rather than >1.9 Mt p.a., see Section 1.3.2).
Updating earlier figures from Section 1.3.2, 10 tonnes/day of NH 3 by-product would
likely be produced by an integrated crude steel plant of ~2 Mt p.a. of crude steel, down
from ~2.7 Mt p.a.. For a UK context, the Port Talbot steelworks in Wales running at full
capacity is more than twice this size (~5 Mt p.a.) [123].
As previously discussed, by-product NH3 from a modest-sized steelworks could provide
>2 MWth before combustion support fuels are added (see Section 2.3.1). Gas turbines in
the range of 2 to 5 MWe have typical compression ratios of 7 to 14 respectively [124].
Therefore, a gas turbine relevant to this type of application on a typical steelworks site
could be assumed to have a typical operating pressure of ~10 atm.

2.5 Steelworks Process Gases
Several gases are available on a steelworks sites that could potentially serve to support
NH3 combustion. These include indigenous process gases coming from coke ovens
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(COG), blast furnaces (BF gas) and from basic oxygen furnaces (BOF gas). As previously
mentioned imported natural gas (essentially composed of CH4 [76]) provides ~3% of the
energy needs of an integrated BF-BOF site, so is also available [17].
BF gas is the most abundant of the process gases [125]. A typical molar composition of
BF gas is 50% - 55% N2, 20 - 28% CO, 17 - 25% CO2 with a balance of 1 - 5% H2, affording
it a heating value of 2.7 – 4.0 MJ/Nm3 [56]. This is an even lower heating value than byproduct NH3 vapour. It is the most variable and the least calorific process gas and
consequently the most unstable to burn, often requiring the addition of supplementary
fuel [125]. Hence, it is dismissed as a candidate support fuel.
Hot crude steel is reacted with oxygen to remove a range of impurities from the metal.
Carbon, the main impurity, reacts with oxygen to form CO and CO2, which are collected
from above the reacting vessel as the major constituents of BOF gas. This is a batch
process with product gas composition varying considerably across the duration of
processing. There exist two main approaches for handling the gas, partial/full
combustion in the flue duct immediately after the furnace, or alternatively, supressed
combustion, to allow for combustion elsewhere. Therefore, it is not possible to
generalise about the availability of non-combusted BOF gas in a steelworks except to
say that there is a tendency towards suppression as a practice [56]. In the case of
suppressed combustion, a large holding tank is utilised to control gas quality for local
use. Downstream of the gas holder a typical molar composition of the BOF gas is 72.5%
CO, 16.2% CO2, 8% N2/argon and 3.3% H2 with a heating value of ~9.5 MJ/Nm3 [126].
Although an improvement on BF gas, this is still much lower than the lower heating value
of anhydrous NH3, as stated in Table 2.2 (i.e. ~13.6 MJ/m3 at 288 K and 1 atm). Also,
neither H2 nor CH4, which have been shown to promote reactivity, are present in
significant amounts. This is in stark contrast with COG, whose composition (~60%vol H2
and ~25%vol CH4) and heating value (17 and 20 MJ/Nm3) were briefly introduced in
Section 1.3.2.

2.5.1 Deriving a Typical Composition for COG
COG, as a potential support fuel for by-product NH3 combustion, has three main
strengths. Firstly, even in the case of a steel plant importing some of its coke [64], levels
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of COG production can exceed its on-site utilisation, resulting in flaring (for safety) [16,
64, 125]. Secondly, as NH3 vapour is a by-product of the coking process, COG is
guaranteed to be locally available to support by-product NH3 combustion, even at standalone coking sites exporting to steelworks elsewhere. Lastly, the aforementioned high
proportions of H2 and CH4 components in its composition, which have been shown to
support NH3 combustion as discussed in Sections 2.2.2 and 2.3.4.
Table 2.6 shows typical COG compositions as sourced from the literature. The COG
composition for the first case is given with value ranges for four of its components.
Interestingly, the range of possible H2 values for this composition does not include the
actual values found for the other two cases, suggesting that the first composition
represents values typical of a certain region (i.e. reflecting regional coal composition or
processing norms for that region).
Table 2.6 Typical COG compositions (volumetric basis) [57, 65, 125].

Component

Compositions (%vol)
Ref [57]

Ref [65]

Ref [125]

Hydrogen (H2)

55-60

61

62.12

Methane (CH4)

23-27

24

22.94

Carbon dioxide (CO2)

<2

2.1

1.63

Carbon monoxide (CO)

5-8

7.5

6.67

Nitrogen (N2)

3-6

3.2

3.95

Oxygen (O2)

-

-

0.49

Ethane (C2H6)

No specified
value

2.2 in total

Ethene (C2H4)

0.5
1.7

Mid-range values for the first composition are 57.5%vol H2, 25%vol CH4, 6.5%vol CO and
4.5%vol N2. To formulate a typical COG composition, these four mid-range values and the
equivalent values of the other two cases are averaged. The first case CO2 value is
ambiguous, i.e. <2%vol, so the value of CO2 will be calculated as the average of the other
two cases, i.e. 1.9%vol CO2, which also satisfies the requirement of being <2%vol. While
the reference source of the first case alludes to the presence of small hydrocarbons, no
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specified value is given. The ethene/ethane components of the other two cases both
total 2.2%vol, so the individual ethene/ethane values of the third case are ascribed to all
cases. As a consequence of all the above modifications, the components of the first case
sum to 97.6%, so the individual component values are normalised to 100%.
Oxygen is only stated as present (in very small amounts) for the third case. Given that
the first case consists of ranges (and therefore more than one case) and that oxygen is
also absent from the second case, the presence of oxygen in the third case will be
considered atypical or insignificant. Therefore, all other components in the third case
have been normalised without oxygen.
Averaging the three (normalised) cases, the representative COG composition used in
this study is shown in Figure 2.10. The composition of the representative COG can be
summarised as ~60%vol H2, approximately one quarter small hydrocarbons (C1-2), 7%vol
CO and ~6%vol inert gases. The spreadsheet tool, discussed later in Section 4.3, was again
used to calculate heating values. Higher and lower heating values for the representative
COG were calculated as 45.8 and 40.6 MJ/kg (mass basis) and 19.7 and 17.4 MJ/Nm 3
(volumetric basis) respectively, so within expected values [56, 57] and significantly
higher than for NH3 (i.e. LHVs of 18.6 MJ/kg and 13.6 MJ/Nm3).

Figure 2.10 Representative COG composition as derived from the literature [57, 65,
125]
Given COG’s general availability and superior combustion characteristics, when
compared to other process fuels available on a steelwork’s site, it is chosen as the
indigenous support fuel for further investigation. Methane, as a surrogate for natural
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gas (imported to steelworks) and as a demonstrated support fuel from the literature,
will also be investigated.

2.5.2 Process Gases for NH3 Combustion Support in Other Industries
Although this study is focussed on steelworks by-product NH3, it is important to observe
that other industries also identified as having substantial NH3 waste streams (e.g.
biomass gasification, sewage and farming), have renewably derived process gases
available with similar characteristics to those of COG and natural gas. These renewably
derived process gases could potentially act as support fuels for the recovered NH 3
combustion in these other more sustainable industries. For example, biomass
gasification produces a process gas (i.e. syngas) primarily consisting of a CO/H 2 blend
and bio-methane can also be sustainably produced from organic wastes. Hence, this
study can offer insights for the use of renewably produced by-product NH3 combustion
supported by renewably generated process gases extending its potential reach beyond
the use of industrial waste stream NH3 from BF-BOF steelmaking.

2.5.3 Carbon Monoxide Emissions Considerations
As both chosen support fuels (and industrial process gases more generally) contain
carbonaceous components (including CO in the case of COG), the potential for toxic CO
emissions exists and requires consideration (i.e. regulatory and safety implications).
Gas-fired combustion plants over 50MWth, including biomass plants, are limited to 100
mg/Nm3 (i.e. 80 ppm) of CO [127]. However, combustion plants firing COG or low
calorific gases from gasification of refinery residues are exempt from these CO limits
[127]. For a perspective relating to regular outdoor exposure levels from combustion
sources, the UK’s Driver and Vehicle Standard’s Authority, set the CO emissions limits
on car exhausts at 0.3%vol (i.e. 3,000 ppm) under normal idle conditions [128]. For an
industrial health and safety perspective, the 8 hours workplace exposure limit for CO is
30 ppm [70]. Unlike NOx emissions, CO is not reported in relation to a %volO2 and may
be released to the atmosphere as wet or dry.
The relative molecular mass of CO is 28, so approximately the same as air (~29). Thus,
with adequate dispersal using a stack and for low powered, remote experimental
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facilities where emissions exposure is monitored through the use of personal monitors,
a CO limit of 10,000 ppm seems reasonable for experimental investigations. Naturally,
high CO emissions levels only apply to fuel-rich single stage investigations as CO
emissions would be expected to be virtually absent in staged combustion work utilising
an efficient secondary burnout stage.

2.5.4 By-Product NH3 and COG Co-Combustion
Until now, the discussion has focussed on removing NH3 from COG, to minimise NOx
formation during the combustion of COG. However, there are instances in the literature
where cleansed COG has been subsequently reintroduced to by-product NH3. Figure 2.9
indicated that ~2%vol of by-product NH3 vapour is H2S. Several important H2S oxidation
and reduction reactions are shown in Equations 2.14 to 2.17 [62]. Hydrogen sulphide
reacting with O2 forms sulphur dioxide (SO2) as shown in Equation 2.14. The SO2
combines with H2S to form elemental sulphur (S2) that plugs pipework.
𝐻2 𝑆 + 1.5𝑂2 ↔ 𝑆𝑂2 + 1.5𝐻2 𝑂

Equation 2.14

2𝐻2 𝑆 + 𝑆𝑂2 ↔ 1.5𝑆2 + 2𝐻2 𝑂

Equation 2.15

𝑆𝑂2 + 3𝐻2 ↔ 𝐻2 𝑆 + 2𝐻2 𝑂

Equation 2.16

𝑆2 + 2𝐻2 ↔ 2𝐻2 𝑆

Equation 2.17

COG’s high H2 content makes it useful in by-product NH3 catalytic destruction, not for
its high reactivity or energy content, but because the presence of H 2 both prevents and
reverses the formation of elemental sulphur by moving the reactions described by
Equations 2.16 and 2.17 completely to the right [62].
In consuming H2S in a lean second stage, as would be the case for rich-lean staged
combustion in a gas turbine, SO2 formation is inevitable. According to Equations 2.14 to
2.17, the high availability of O2, H2O and H2 at the commencement of a second
combustion stage minimises the risk of downstream plugging due to S2 formation.
COG was also investigated by Teng (1996) as a potential support fuel in the
aforementioned Chinese NH3 ovens (see Section 1.3.3), for the lowering of NOx [65]. For
NH3 vapour flows of ~2000 Nm3/h, COG addition of up to ~200 Nm3/h (i.e. ~10%vol)
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lowered exhaust concentrations of NOx by >80%. Teng (1996) attributed this lowering
of NOx to the H2 and CO in COG promoting several reactions that increase H radical
formation and consume OH and O radicals. As COG was increased above 220 Nm 3/h,
NOx began to increase. This was attributed to an increase in operating temperature
>1290 °C (1563 K) promoting the formation of O and OH radicals and also decreasing
reaction rates for NO consumption (e.g. via amine radicals).

2.6 Equilibrium and Kinetic Modelling of NH3 Oxidation
Equilibrium modelling calculates product concentrations of species as though reactions
take place over infinite time, i.e. zero-dimensional (0-D) [75]. At chemical equilibrium,
the rates of formation and destruction become equivalent (a dynamic equilibrium) and
therefore species concentrations are unchanging. Chemical equilibrium is usually
described by either of two equivalent formulations, equilibrium constants or
minimisation of free energy [129]. Equilibrium constants can be used to find equilibrium
compositions for simple systems, but this method is not suited to use in complex
systems (e.g. combustion). In the late 1960s, researchers at NASA developed a general
Gibbs minimisation approach for finding the equilibrium composition of complex
systems. The algorithm they developed is so successful that it has been adopted as the
basis for most equilibrium codes developed since, including those used in this study.
However, as was described in Section 2.3, NOx product concentrations from fuel-bound
nitrogen are primarily influenced by chemical kinetics (e.g. reaction rate) and not
equilibrium [115]. Therefore, NOx concentrations in NH3 combustion often reach far
higher levels than at equilibrium and can vary greatly depending on parameters such as
flame configuration (diffusion versus premixed) or single stage versus multi-staged
combustion, despite equivalent global Φ and residence time [103, 115].
As NH3 combustion in gas turbines is a recent proposition, it is only in recent years that
research has begun to evaluate the performance of existing combustion reaction
mechanisms relevant to NH3 combustion, in the high temperature, high pressure
environments typical of gas turbines. As both the potential support fuels contain small
hydrocarbons, many of the existing NH3 reaction mechanisms are unsuitable for use in
this study because they do not provide for carbon chemistry.
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In finding mechanisms suitable for NH3/CH4 modelling, Xiao et al. (2017) [112]
numerically investigated five chemical mechanisms for their ability to accurately predict
the reaction kinetics (ignition delay) and emissions concentrations when compared with
experimental results under gas turbine relevant combustor conditions. Being the most
reliable mechanism for predicting NOx emissions for fuel-rich Φ values of 1.03 to 1.26
and joint best for ignition delay predictions, the mechanism developed by Tian et al.
(2009) [130] (henceforth referred to as the Tian mechanism) was selected as the most
appropriate for further studies of NH3/CH4 combustion. The strength of agreement
between the Tian mechanism and experimental results held when the pressure was
doubled to 2 atm. In a similar NH3/H2 numerical study evaluating twelve mechanisms,
Xiao et al. (2017) [131] found the Tian mechanism and an NH3 oxidation mechanism
developed by Mathieu and Petersen (2015) [132] to be joint best for predicting ignition
delay and NOx, further validating the Tian mechanism for NH3 blends. In the same study,
the Mathieu and Petersen mechanism was found to be best for predicting flame speeds,
however, the absence of carbon chemistry precludes its use in this study. Hayakawa et
al. [102], compared experimental SL results for NH3-air combustion (Φ of 0.7 to 1.3 and
pressure up to 0.5 MPa) with those from five NH3 relevant mechanisms using the
reaction kinetics simulator Chemkin-Pro [133] to simulate flame speeds. GRI Mech 3.0
[134], the established mechanism for CH4-air modelling, was found to be superior to the
others for flame speed predictions. However, GRI Mech 3.0 lacks some important NH3
oxidation steps and the Tian mechanism was the superior of the remaining four
mechanisms investigated.
The Tian mechanism built on an earlier chemical kinetic model by Skreiberg et al. (2004)
[135] that, while investigating the combustion of a wide range of product gases from
biomass gasification (primarily H2 and CO), only had NH3 concentrations of 1000 ppm
for a maximum temperature of 1273 K. Therefore, Tian et al. developed the Skreiberg
mechanism to produce a more complete set of flame species (84 species) with 703
reactions, focusing primarily on CH4–NH3 combustion. Developed experimentally and
numerically under low pressure conditions (of 4kPa), molar ratios of NH3:CH4 were
varied from 0.0 to 1.0 (11 cases) at an Φ of 1.0 in a premixed O2/argon environment,
primarily to ascertain concentrations of product species.
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Experimental investigations of NH3/CH4-air flames by Okafor et al. (2018) [96] led to the
development and validation of a new mechanism (henceforth referred to as the Okafor
mechanism) that sought to improve on a measured under-prediction in flame speed by
the Tian mechanism. The under-prediction was found to predominate in blends for NH3
energy content of < 30%. The Okafor mechanism is a blending of the Tian mechanism
and GRI Mech 3.0, modelling for 59 species via 356 reactions. The Okafor mechanism
was able to simultaneously find agreement with GRI Mech 3.0, with regard to
temperature and species profiles in CH4-air combustion, and find close agreement with
the Tian mechanism for NO concentrations for Φ values of 0.8 to 1.3. This agreement
was found for the highest concentration of NH3 used in the study, 30% NH3 by energy
content.
Therefore, the two mechanisms used in this study are the Tian mechanism and the
Okafor mechanism. Mechanisms capable of modelling both NH3 and small hydrocarbon
chemistry naturally have more species and reactions than those for NH3 or NH3/H2
blends (due to H2 being an intermediate species in NH3 chemistry). The large numbers
of species and mechanisms makes these mechanism too cumbersome for CFD modelling
(i.e. processing time and hardware costs), hence the widespread practice of simulating
flame speed and emissions using the reaction kinetics simulation software Chemkin-Pro
(developed by Ansys Inc.) [133].

2.7 Thesis Objectives
The literature review and other background research undertaken in this chapter enables
the identification of several objectives, essential for achieving the thesis aims.


Premixed, preheated, staged combustion (with a fuel-rich primary stage) is
recommended. Before experimental investigations for primary stage
combustion can proceed, gas phase numerical simulations will be made for the
combustion of preheated, premixed by-product NH3 (i.e. humidified and
anhydrous) blended with varying amounts of COG or CH4. Pressures should be
modelled at near ambient, in anticipation of fuel flow restrictions for the
subsequent experimental work. The simulations will model the comparative
reactivity of the various blends and the product concentrations exiting the
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primary stage. Balancing predicted reactivity versus emissions, the results of the
numerical studies will enable the selection of two optimal blends (one
humidified, one anhydrous) and predict their respective approximate optimal
equivalence ratios, for simultaneously minimising both NOx and NH3 emissions.


Gaseous phase experimental fuel flows, representative of the two chosen
blends, will need to be formulated and tested in an industrially representative
combustor (under the same conditions as previously modelled) using a swirl
burner of appropriate geometry. This will require the creation of a bespoke fuel
delivery system. A quartz confinement will be used to enable non-intrusive,
optical observations of combustion stability and flame structure. A gas analyser
system, capable of measuring NOx and unburned fuel emissions, in line with
industrial measurement practices, is required to ensure the results are relevant
to the gas turbine industry. Slightly varying the contribution of the support fuel
to the chosen blends (~±5%vol) will enable trending of reactivity and emissions
with changes in support, checking the veracity of the earlier modelled trends and
ensuring the chosen blends are, in fact, optimal.



The experimental results will be used to modify the original numerical model to
enable simulations at industrially relevant pressure elevations, indicating the
likely effect of pressure elevation on emissions (from primary stage combustion).
Additionally, the improved reactor model results for the post flame zone will be
used to inform the design of two novel secondary air-staging combustion
confinements. These quartz confinements will aim to have staging positions
sufficiently different to show how staging location might influence exhaust
emissions.



The novel confinements will be used in the same experimental rig as before,
combusting the two optimal blends at their respective optimal primary zone
equivalence ratios (as will have been previously identified) to observe the effects
of air-staging on flame stability, fame structure and emissions, under complete
combustion conditions. Staging holes will be sized to permit staging flows that
facilitate sufficient mixing and maintain exhaust temperatures relevant to real
systems (resulting in relevant post flame combustion chemistry). Hence,
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additional entrainment of air from the surroundings, upstream of gas sampling,
should be prevented. Comparisons between the two blends’ performance
(emissions and flame stability) can then be made. Additionally, a comparison of
the effects of the two staging locations can be made. Modest pressure elevation
should be investigated to verify the modelling predictions.


Lastly, the complete combustion of the two optimal fuel blends should be
simulated in gas turbine power cycles that model at industrially relevant
combustor pressures for a variety of real-world scenarios, using relevant
equipment efficiencies. The cycles should be designed to facilitate the elevated
fuel/air inlet temperatures investigated in the prior work, via the use of a
recuperator. The cycle net power, gas turbine size and cycle efficiencies of each
of the two chosen blends can be compared. The global warming potential of the
bespoke by-product NH3 cycles should be compared with that of conventional,
natural gas combined cycles.
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Chapter 3

Preliminary Numerical Analyses

3.1 Equilibrium Modelling – Method
It is accepted that equilibrium modelling cannot provide representative values for NOx
product concentrations. However, when looking to simply select several of the most
promising candidates, from a considerable number of potential fuel blends, it is not the
specific values for each blend which were most important, but more how the values of
one blend compared with those of another. Equilibrium modelling informed on the
relative performance of each blend. Additionally, the time and resources necessary for
conducting equilibrium modelling were far less than those employed in kinetic
modelling. Therefore, equilibrium modelling offered an opportunity to quickly and easily
establish which few blends had the greatest potential to fulfil the specified aims of
lowest emissions in conjunction with highest adiabatic flame temperature (AFT). The
trends in performance identified during equilibrium modelling were later verified using
more complex kinetic modelling (for the several blends ultimately selected during the
equilibrium modelling) to ensure those trends identified still held and that the
preliminary blend selection remained valid.
Thus, the first phase of the numerical simulations utilised an open source software
program called Gaseq, that has previously been used to numerically model NH3 use in
other gas turbine studies [89, 92]. A gas phase 0-D equilibrium program, Gaseq’s
programming is derived from a method developed by NASA for calculating the products
of multiple reacting species of gas through the minimisation of Gibbs free energy [88]
according to Equation 3.1. The Gibbs Free Energy (G) of the mixture at pressure P is given
by:
𝑛𝑆𝑝

𝐺
𝑥𝑖 𝐺𝑖0
𝑥𝑖
= ∑(
+ 𝑥𝑖 ln
+ 𝑥𝑖 ln𝑃)
∑ 𝑥𝑖
𝑅𝑇
𝑅𝑇

Equation 3.1

𝑖=1

Where the equilibrium number of moles of species i is xi (and i = 1 to nSp), Gi0 is the
molar free energy at 1 atmosphere of species i and Σxi is the total number of moles in
the mixture. At equilibrium G/RT is at a minimum. Capable of solving for a variety of
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problem types, in this instance it was used to obtain the AFT and product compositions
for a variety of NH3 based blends under constant pressure.

3.1.1 Inlet Temperature
An inlet temperature of 550 K was adopted to balance between the competing factors
of maximising reactivity and minimising NOx. The premixed fuel/air inlet temperature of
550 K was also considered to approximate the maximum achievable combined fuel/air
inlet temperature for the subsequent experimental campaign. This is similar to the inlet
temperature of 500 K used by Somarathne et al. (2017) in their NH 3/air premixed
swirling flame simulations, with NO and unburned NH3 minimised to 700 ppm (wet
basis) at atmospheric pressure (200 ppm at 0.5 MPa) without secondary air injection
[106].
Although the elevated pressure effects inherent in gas turbine operation are not being
considered at this stage of the thesis, it is worth noting that the isentropic compression
of air increases the inlet temperature into the combustor. The compressor outlet
temperature (assuming 100% compressor efficiency) can be found from Equation 3.2.
𝑃2
𝑇2 = 𝑇1 ( )
𝑃1

𝑘−1
𝑘

Equation 3.2

Where T1 and T2 are the compressor inlet and outlet temperatures respectively and P1
and P2 are the corresponding pressures. The isentropic exponent k, is the ratio of the
specific heats (Cp/Cv) which has a value of ~1.4 for air [75]. For example, the compressor
outlet temperature for the adiabatic compression of ambient air (e.g. 283 K) to 10 atm
(see Section 2.4.2 for relevance of this pressure), is calculated to be 546 K. This inlet
temperature (~550 K) is therefore relevant to conventional gas turbine operation. To
help overcome the cooling effects of the fuel in the fuel/air premix, which can be
considerable for NH3 combustion, additional heating could be practically achieved via
recuperation of heat from the exhaust gases [78] (considered later in Chapter 7) or via
harnessing some of the waste heat available on a steelworks sites [136, 137].
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3.1.2 Entering Reactants
The Gaseq program has a facility which allows the user to input a gaseous mix of their
choice, created from a vast array of available species in its database. The user can then
save this composition to file as a named mixture (e.g. COG) for subsequent recall. The
composition of air is the only preset named mixture. While modifiable, the preset air
composition was accepted for this study and had the molar composition of 78.09% N 2,
20.95% O2 and 0.96% Argon. The representative COG and representative aqueous
ammonia vapour (AV) compositions (as derived in Sections 2.5.1 and 2.4.2 respectively)
were input on a molar basis and each saved as named mixtures (i.e. ‘genericcog’ and
‘genericvap’). Methane was used as a surrogate for natural gas.
Two fuel blend matrices were generated. The first matrix blended AV with each of the
support fuels, COG or CH4, in turn. The molar proportions of AV to support fuel were
varied in 5%vol increments making a total of thirty-eight AV blends. For example, the AV
blends include a 5%vol CH4 to 95%vol AV blend, a 10%vol CH4 to 90%vol AV blend and so on.
The second matrix blended AA with each of the two support fuels in a similar fashion,
for a further thirty-eight blends. Both AA and AV as individual, unsupported fuels were
also investigated.
Although this chapter is concerned with optimising the products from a fuel-rich primary
stage of combustion, for eventual incorporation into a staged configuration, for
completeness and to demonstrate the trends of NOx production through lean to rich
environments, the AV blends were varied from an equivalence ratio (Φ) of 0.75 to 1.4 in
increments of 0.05. Therefore, each blend gave results for fourteen different air to fuel
ratios. The Φ range used in the parameter study for the AA blends was 1.0 to 1.4, giving
nine cases per blend. The total number of cases was therefore ~900 across all blends
and stoichiometries. The results were exported to one of two Excel workbooks for
analysis (i.e. one each for the AV and AA blends).
Figure 3.1, a screenshot of the Gaseq interface, includes the initial and equilibrium
conditions, reactant/product compositions and a selection of other calculated variables
for a sample case, a blend of 95% AV and 5% COG with air under stoichiometric
conditions (molar basis).
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Figure 3.1 Gaseq interface showing inputs and results for a sample case.
The Gaseq program is (in software terms) archaic, having been originally written in
Visual Basic 3 on operating system Windows 3.1. While the program can achieve some
functionality on a modern system, displaying the results for individual cases on-screen,
it was not possible to export the displayed data, or the results data obtained from
parameter studies. However, a PC running the operating system Windows Vista and
Microsoft Excel 2007 enabled the results to be written to file. Given the difficulties in
using the program, the reasons for using it are two-fold. Firstly, the open-source nature
of the Gaseq program, whereas the ANSYS program Chemkin (the alternative
equilibrium program), was only available on a single departmental license. Lastly (and
more importantly), given the complexity of both the AV and COG fuel mixtures and the
large number of blend combinations under investigation, there are clear advantages in
being able to simply input the molar contribution of each named mixture to each of the
investigated blends, e.g. entering 0.95 from AV and 0.05 from COG as shown in Figure
3.1. Without this facility one would have to first calculate, outside of the program itself,
the overall molar contribution of each of the dozen or so individual species to each fuel
blend and then manually import this data. Unfortunately, this more lengthy procedure
is required when using equilibrium modelling in Chemkin, making Gaseq the preferred
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choice for the equilibrium modelling of complex fuel mixtures for large numbers of
blends, despite the difficulties experienced in using it on a modern system.
To illustrate the similarities in equilibrium results for Gaseq versus Chemkin, for a high
temperature, high NOx example, the AFT for the stoichiometric (Φ = 1.0) combustion of
NH3 in Chemkin was 2220.5 K, so < 3K lower than for Gaseq (at 2223.4 K). Total NOx using
Gaseq was 1,421 ppm compared with 1,341 ppm for Chemkin (i.e. < 6% lower for the
same case and conditions). While both programs use the minimisation of Gibbs free
energy approach, Chemkin uses the STANJAN library of routines, developed by Stanford
University, in its solution method. First published in 1986, STANJAN is an established
alternative to the NASA library [138]. The thermal conductivities for diatomic and
polyatomic molecules are observed to be generally lower for Gaseq. The reason given is
that Gaseq uses a mixture-averaged method rather than the more rigorous
multicomponent formulation used for Chemkin [88]. The results modelled here (for
stoichiometric NH3 combustion) are in agreement with this observation. These observed
differences are considered inconsequential for the initial blend selection work,
especially as those blends initially selected will be interrogated further using kinetic
modelling in Chemkin.

3.1.3 Generating and Evaluating Emissions Concentrations
The Gaseq program offers several standard sets of product species from which to
choose. The ‘extended’ list of hydrocarbon, oxygen, nitrogen products was selected. As
argon was present in the reactants (for the composition of air), it was necessary to add
it to the products list. On inspection over a range of Φ values, it was found that the
concentrations of H2S and SO2 were by far the two most dominant species for the
sulphur chemistry resulting from the presence of H2S in the AV. The products list was
therefore extended to include these two products also (as can be seen in Figure 3.1).
Although NOx equilibrium values are unrepresentative of values found experimentally
and are only being used to compare relative performance, threshold values for
emissions were nonetheless required in order to select blends with superior simulated
emissions performance. Given the existence of regulations which limit NOx
concentrations, these limits were adopted for blend selection. As was discussed in
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Section 2.3.1, it is unclear which NOx limits would be applicable in this case of industrial
waste NH3 combustion and so a limit of 97 ppm (or 200 mg/Nm3), was thought to be a
reasonable assumption [107]. The NOx product concentrations in each of the two
workbooks were normalised as dry, using the specific mole fraction of H 2O (derived
under equilibrium for each case) for the calculations. The dry concentrations were then
normalised to 15%vol O2 as per the regulations, using the relevant equation (see Equation
2.7). The cases were then ranked in order of ascending NOx concentration in each
workbook. Those cases below the threshold NOx value were forwarded to the next
round of selection criteria.
Other than for the case of unsupported AA (i.e. pure NH3), rich Φ values will necessarily
result in CO emissions. An emissions threshold for CO was therefore applied to those
cases successful in the first round of selection. As the proposed blends were ultimately
to be tested in an experimental rig, the minimisation of CO emissions was a necessary
consideration for both safety and measurement purposes. After an initial inspection of
the calculated CO concentrations (dry basis), and in the absence of any relevant
regulatory limit (see Section 2.5.3), the selection criteria was limited to a maximum of
10,000 ppm, to enable the selection of several potential AV and AA blends. This
threshold is ten times the maximum scale of the CO analyser, necessitating significant
dilution of the sample for measurement. In a staged combustion system (the ultimate
aim of this study and any energy application) the unburned fuel from the first stage
would be consumed in the second stage, hence nullifying this as a practical issue.

3.2 Equilibrium Modelling – Results and Discussion
3.2.1 Selection of Potential AV Blends by Emissions Concentrations
The NOx and CO concentrations for the AV blends able to satisfy the previously specified
selection criteria are shown in Figure 3.2 and Figure 3.3 respectively. Figure 3.2 shows
that pure AV and five other AV blends (i.e. supported by CH4 or COG) were modelled as
capable of satisfying the NOx concentration limit of 97 ppm or less at a value of Φ higher
than or between 1.05 and 1.1, for the stated conditions (the relevance of this Φ range
is revealed shortly). The compositions for these fuel blends are detailed in Appendix
A.1a. As predicted by the literature, NOx concentrations for these blends are shown to
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climb rapidly under increasingly fuel-lean conditions, reaching values approximately an
order of magnitude higher at their peak (Φ ~ 0.8) than for an Φ of 1.05. Thus, all
subsequent modelling results focus on fuel-rich combustion conditions.

Figure 3.2 NOx concentration (dry, 15%vol O2) by Φ for selected AV blends at
equilibrium (1 atm, 550 K inlet).

Figure 3.3 CO concentration (dry) by Φ for selected AV blends at equilibrium (1 atm,
550 K inlet).
Figure 3.3 shows that the same six AV blends, under the same equilibrium conditions,
satisfy the threshold for CO concentrations of 10,000 ppm or less, for Φ lower than or
between 1.05 and 1.1. While the CO concentrations for all blends increases with
increasing Φ, CO concentrations naturally climb far more rapidly for those blends with
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the greatest proportion of carbon in the fuel and is therefore less significant for COG
blends (COG being ~65%vol carbon-free) than for the equivalent proportion of support
fuel in the natural gas blends.
Although the 10%vol CH4 with AV blend, is not able to simultaneously satisfy both the
NOx and CO concentration limits for the values of Φ modelled (specifically 1.05 or 1.1),
the blend qualifies for further investigation by virtue of having concentrations less than
both these limits within the Φ range of 1.05 to 1.10, appearing to satisfy both limits
simultaneously at an Φ of approximately 1.075.

3.2.2 Selection of Potential AA Blends by Emissions Concentrations
The same selection criteria was applied to the thirty-nine AA blends. NOx and CO
concentrations for the five selected blends are shown in Figure 3.4 and Figure 3.5
respectively.

Figure 3.4 NOx concentration (dry, 15%vol O2) by Φ for selected AA blends at
equilibrium (1 atm, 550 K inlet).
Pure AA and four other blends (i.e. supported by CH4 or COG) are capable of
simultaneously satisfying the NOx and CO limits in the Φ range 1.15 to 1.25, under the
stated conditions. These five blends (the compositions of which are detailed in Appendix
A.1b) are composed of similar percentages of support fuel to those selected for AV,
minus the 10%vol CH4 blend, which did not qualify on this occasion.
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Figure 3.5 CO concentration (dry) by Φ for selected AA blends at equilibrium (1 atm,
550 K inlet).
The qualifying range of Φ values for the AA blends is approximately 0.1 richer than for
the equivalent AV blends. This suggests that richer combustion is needed when
optimising emissions in AA combustion, when compared with humidified NH3. The
reasons for this are two-fold. Firstly, the comparatively lower NOx of the AV blends for
a given Φ is a consequence of the lower equilibrium temperatures modelled for their
products. This is discussed in more detail in the next section. Hence, AV blends are able
to satisfy the NOx limit at leaner Φ values than equivalent AA blends.
Secondly, AV blends have the disadvantage that, at any given value of Φ, they have
higher CO than the equivalent AA blend. For example, AV with 5%vol CH4 breaches CO of
10,000 ppm at an Φ just above 1.1 compared with a concentration of ~5000 ppm for the
equivalent AA blend. This is because the carbon content in AV blends comes from both
the carbonaceous components in the support fuels and from the contribution of the
HCN and CO2 components in raw AV, making the carbon content of AV blends
considerably higher than for equivalent AA blends. Thus, for both these reasons, the
optimal Φ for AV blends is shifted leaner than for equivalent AA blends and vice-versa.
Figure 3.6 illustrates this differing carbon content for equivalent AA and AV blends using
the 15%vol COG blends as an example. The percentage of the overall carbon content, as
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attributable to each fuel component in the AA blend, is shown. Taking the AA blend as
representing a standardised 100% carbon content, the AV blend is calculated as
containing 60% more carbon than the equivalent AA blend. Figure 3.6 clearly illustrates
that, although CO2 and HCN represent only 4%vol of the composition of AV, their
potential additional contribution to CO (and CO2) emissions is significant because AV
contributes 85%vol of the blend.

Figure 3.6 Comparative carbon content of AA vs AV fuels – 15%vol COG example
Equilibrium NH3 product concentrations for the AA and AV blends did not exceed 1 ppm
(wet basis), even for the most fuel-rich of cases (at Φ = 1.4). As these NH3 concentrations
are well below workplace exposure limits and do not have other mandatory limits, they
did not form part of the blend selection criteria at this stage.
In summary, the equilibrium results indicate that the greater the Φ, the lower the levels
of NOx and the higher the levels of CO. The equilibrium modelling suggests the optimal
balance of NOx versus CO product is centred between Φ 1.05 to 1.1 for the selected AV
blends and 1.15 to 1.25 for the AA blends. These target Φ ranges will henceforth be
referred to as the target Φ, or Φt ranges for conciseness.

3.2.3 Adiabatic Flame Temperatures for the Selected Blends
The equilibrium values of AFT for the selected AV and AA blends are shown in Figure 3.7.
AFT naturally decreases with an increase in equivalence ratio. For example, at Φ = 1.4,
the AFT for any given blend was around 220 K to 250 K lower than at its peak, for the AV
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and AA blends respectively. This rapid decrease in AFT with increasing Φ will negatively
impact the blends’ reactivity (i.e. chemical reaction rates) when operating under
increasingly fuel rich conditions. At Φ = 1.0, the temperature of each AV blend was
between 234 K and 364 K lower than for its equivalent AA blend, with the difference
between equivalent blends increasing only slightly as Φ increased. At the Φt range of
the AV blends (i.e. 1.05 to 1.1) the relevant AFT values are at the higher end of the AV
blends’ temperature range, when minimising emissions. This not so for the richer Φt
range of the AA blends (i.e. 1.15 to 1.25). Thus, the difference in AFT between equivalent
AV and AA blends, within their respective Φt ranges, is less than for any fixed Φ value.

Figure 3.7 Adiabatic flame temperature by Φ for the selected AA and AV blends under
equilibrium conditions (1 atm, 550 K inlet).
AFT varied more considerably across the AV blends than across the AA blends. There
was a difference of ~175 K between the hottest and coolest AV blends for the Φt range
(i.e. 1.05 to 1.1) compared with a difference of just 43 K across the AA blends at the midpoint of their Φt range (i.e. at Φ = 1.2). The inert water fraction in the AV blends is
significant and varies greatly between blends (i.e. 52.5%vol for AV with 15%vol COG and
61.8%vol for pure AV). As water (or steam) has a relatively high specific heat capacity, it
lowers AFTs for the least supported AV blends most significantly. At Φ = 1.2 (the AA
blends Φt mid-point), the lowest AFT for the AA blends (i.e. pure AA) was ~120 K higher
than the hottest AV blend within its Φt range. This suggests less of a difference in overall
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reactivity between the hottest AV blends and the coolest AA blends than across the
range of AV blends. Consequently, the differences in reactivity are likely to be smallest
across the AA blends, greatest across the AV blends and the difference in reactivity
between the coolest AA blends and the hottest AV blends lays somewhere in-between.

3.3 Kinetic Modelling of Laminar Flame Speed – Method
The PREMIX reactor in the ANSYS software program Chemkin-Pro was employed to
model 1-D, freely propagating, premixed flames to determine their laminar flame
speeds (SL) over a range of Φ values. Solutions were based on an adaptive grid of 1,000
points, with multi-component transport properties and trace species approximation as
derived from the use of the chemical mechanisms developed by Tian et al. [130] and
Okafor et al. [96]. As ammonia and carbon containing fuel blends, the rationale for the
use of these two mechanisms is explained in Section 2.6. They will henceforth be
referred to as the Tian mechanism and the Okafor mechanism or ‘T’ and ‘O’ respectively
in the plots. The AV blend compositions were normalised without the presence of H 2S
as the mechanisms do not include sulphur chemistry. The compositions for the
normalised blends are detailed in Appendix A.1c. The parameter studies were
conducted over an Φ range of 1.0 to 1.4, using the default oxidiser composition of 79%vol
N2 and 21%vol O2.

3.4 Kinetic Modelling of Flame Speed – Results and Discussion
The SL results for ten of the eleven previously selected AV and AA blends are shown in
Figure 3.8 and Figure 3.9 respectively, for an inlet temperature 550 K and a pressure of
0.1 MPa.
There is good agreement between the two mechanisms for AV blend SL values, especially
at values in the AV Φt range. The Tian mechanism consistently predicts peaks in SL at Φ
1.1, which is in keeping with the findings of Mei et al. (2020) when they investigated
syngas/NH3/air blends [139] and Hayakawa et al. (2015) for premixed NH3/air flames
[86]. The Okafor mechanism almost as consistently shows SL peaks at an Φ of 0.05 leaner
than those of the Tian mechanism. Unblended AV did not resolve to a solution for any
values of Φ, so there were no SL results for this blend.

74

Preliminary Numerical Analyses

Figure 3.8 Laminar flame speed (SL) by Φ for the selected AV blends (0.1 MPa, 550 K
inlet) Tian (T) and Okafor (O) mechanisms.

Figure 3.9 Laminar flame speed (SL) by Φ for the selected AA blends (0.1 MPa, 550 K
inlet) Tian and Okafor mechanisms.
There is less agreement between the mechanisms for the SL predictions of the AA blends
(see Figure 3.9). As was discussed in Section 2.6, the Okafor mechanism was developed
to address a perceived under-prediction of SL when using the Tian mechanism. However,
the results in Figure 3.9 are that the Tian mechanism predicts higher SL values than the
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Okafor mechanism for all values of Φ. An explanation for the apparent reversal in the
predictions of Okafor et al. is offered in a study by Kumar and Meyer [140] during their
work on NH3/H2 flames. They found that the Tian mechanism can both significantly over
and under predict SL depending on both the degree to which heat losses are considered
and the contribution NH3 makes to the fuel blend’s energy content. They suggest that
when using the Tian mechanism to model fuels where 80, 50 and 20% of their energy
content is derived from NH3, predictions were more accurate for the 80% case and
especially when ignoring heat losses. The selected AA blends derive 80% or more of their
energy content from NH3 and heat losses are not being considered here.
Under the same conditions, H2 and CH4 have much higher laminar SL values than NH3
[40]. Consequently, the blends with the higher contribution of support fuel, produce the
higher SL values. Pre-heating the reactants also increases SL. Under the conditions stated
(550 K), the SL of pure AA has more than trebled when compared to the often cited value
of ~7 cm/s, at 298 K [78, 86].
With SL being indicative of the general reactivity of fuel blends, it is of interest to
compare the SL values of the selected blends with those of natural gas flames, to gauge
the likely suitability of the blends in existing infrastructure. To this end, the fastest SL
values of the AA and AV blends, those supported by 15%vol COG, are plotted in Figure
3.10 alongside those of CH4 (as a surrogate for natural gas) and under the same
conditions of temperature and pressure, for fair comparison.
The SL values of CH4 are simulated employing the prevailing CH4 reaction mechanism,
GRI-Mech 3.0 [134]. The Φ of conventional fuel-lean gas turbine systems ranges from Φ
0.5 to 0.7 [99] (shown as shaded points on the CH4 plot). The shaded data points of the
NH3 blends indicate the Φt ranges where emissions were optimised in the work in
Sections 3.2.1 and 3.2.2. It can be seen that the shaded points for the AA 15% vol COG
blend are within the SL range of CH4 operating at Φ 0.5 to 0.55 (i.e. 29.3 to 39.1 cm/s).
Under these conditions, three of the five selected AA blends sit within the same S L range
as for CH4, indicating that these three NH3 blends, when optimised for emissions, may
be capable of stable flames in combustors designed to burn natural gas.
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The AV 15%vol COG blend failed to reach similar simulated speeds with a maximum SL of
~22.5 cm/s, suggesting that flame stabilisation could be particularly challenging for the
AV blends.

Figure 3.10 Laminar flame speed (SL) by Φ for AV and AA with 15%vol COG blends
(Okafor and Tian mechanisms) vs methane (GRI-mech 3.0) at 0.1 MPa, 550 K inlet.
A large enough reduction of the water fraction, possibly through a combination of AV
with AA, could be used to raise the SL to bring it within the aforementioned CH4 SL range,
thus improving its reactivity sufficiently to allow for stable combustion. Therefore, a
subsequent short study was conducted to simulate SL for a 50:50vol blend of AV with AA,
supported by 15%vol COG, under the same conditions. This blending reduces the H2O
content from ~60%vol (as in the case of pure AV) to ~30%vol.
As Figure 3.11 shows the Φt range would be ~1.1 to 1.2 (assuming the emissions of the
50:50 blend would be halfway between those of the AA and AV blends). The 50:50 blend
slightly exceeded the lower CH4 SL (of 29.3 cm/s at Φ 0.5), to achieve 29.4 cm/s at Φ 1.1,
using the Okafor mechanism, which is the more conservative predictor of S L. If the SL of
CH4 at Φ 0.5 is to be considered indicative of a minimum SL for stable combustion in
combustors designed to burn natural gas, these results suggest a halving of the water

77

Preliminary Numerical Analyses
content may be sufficient to enable stable combustion of an aqueous NH3 blend (~30%vol
H2O) supported by 15%vol COG blend. How a ~30%vol H2O aqueous NH3 blend could be
practically achieved is in question. A potential solution is presented in the following
chapter.

Figure 3.11 Laminar flame speed by Φ for AA, AV and a 50:50 blend, all with 15%vol
COG (Okafor mechanism) vs methane (GRI-mech 3.0) at 0.1 MPa, 550 K inlet.

3.5 Kinetics Investigation - Reactor Network Model Method
Using Chemkin and the same two reaction mechanisms, the ten remaining blends were
modelled for their behaviour in a hybrid perfectly-stirred reactor/plug-flow reactor
network, shown schematically in Figure 3.12. This type of network is commonly used to
simulate mixing and flow characteristics in gas turbine combustors [91, 92]. These
models would normally be derived from empirical data, but as this modelling precedes
the experimental work in this case, the modelling method of similar studies will initially
need to be used instead. This configuration is almost identical to the gas turbine model
provided in the Chemkin sample library, modified for a premix rather than a diffusion
flame. This and similar reactor network models have previously been shown to model
representative emissions concentrations from NH3/H2 premixed swirling flames [91, 93].
The rig used in those studies is the same one used for the subsequent experimental
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investigation in this thesis. The data from the subsequent experimental work in Chapter
4, is used to improve the model later, in Chapter 5.
The preheated, premixed fuel and air is fed into a first cluster (C1) of three perfectlystirred reactors (PSR1 to PSR3) representing the ignition zone at the burner inlet, the
central recirculation zone (CRZ) and the flame zone respectively. The black arrows show
where the material flows are generally progressing towards the exhaust, whereas the
blue arrows indicate the recirculating flows.

Figure 3.12 Chemkin Reactor Network Schematic.
The second cluster (C2) is a plug-flow reactor (PFR), 40 cm in length with a 10 cm
diameter, representing the post flame zone. Inlet air/fuel mass flow and residence times
for each of the PSRs 1 to 3 were set to 5 g/s, 0.0005 s, 0.0015 s and 0.0015 s respectively.
This total mass flow rate is approximately equivalent to a 15 kWth stoichiometric flame
(LHV basis). The recirculated mass fractions from PSR 2 to PSR 1 and PSR 3 to PSR 2, were
both assumed to be 20%. These residence times and recirculation rates were the same
as those used in previous NH3/H2 and NH3/CH4 studies using a reactor network [91–93,
112]. As for the equilibrium study, inlet conditions were again 550 K and 1 atm (~0.1
MPa), for an Φ range of 1.0 to 1.4 with 0.05 increments. No heat or pressure losses were
included. Consequently, temperatures reached in reality would be lower than those
modelled in this study. Omitting heat losses, while affecting simulated values, is unlikely
to change the ultimate ranking of blends’ performance, so did not influence blend
selection for the subsequent experimental work. The AFTs, as obtained during
equilibrium modelling, were entered into PSRs 2 and 3 for each blend, for each Φ. This
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gave the program a value from which to begin its iterations. Without this input, the
program’s solutions were irregular.

3.5.1 Adiabatic Flame Temperatures – Results and Discussion
As shown in Figure 3.13, and later in Figure 3.14, both mechanisms were in close
agreement for AFT for all cases, with a maximum difference between mechanisms of 14
K for the AV cases and 10 K for the AA cases. Therefore, any substantial differences in
reactivity and product concentrations found by the two mechanisms (as is the case later
in this chapter), cannot be attributable to differences in modelled temperature.

Figure 3.13 Temperature by Φ for AV blends - reactor network (1 atm, 550 K inlet)
As was the case in the SL simulations, pure AV gave no results. The 5%vol COG with AV
blend behaved likewise. Both mechanisms predicted the chemistry of these blends as
incapable of reacting under the specified conditions. This finding is consistent with the
predicted lower reactivity of these two blends obtained from the equilibrium AFT and
kinetic SL modelling. Consequently, these two blends were discounted from further
consideration. For all other AV blends, the Okafor mechanism consistently predicted a
failure to react for an Φ of 0.05 less than that predicted by the Tian mechanism. This
failure to react is likely due to the lower predicted SL of the Okafor mechanism in almost
all cases. The 5%vol CH4 with AV blend failed at an Φ > 1.05 and 1.1, for the Okafor and
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Tian mechanisms respectively. This poor reactivity, coupled with the general trend of
considerably higher NOx when operating at the lower Φ, favoured the other blends over
this one, thus, three AV blends remained for further consideration. Again, the exclusion
of this third AV blend agrees with the predictions of next lowest reactivity as found in
the SL and equilibrium AFT modelling, offering additional confidence in the blend
selection process.
The kinetic results for AFT were only slightly lower than those for the equilibrium results.
The degree of difference varied with blend and stoichiometry. For example, at Φ = 1.1,
the 15%vol COG blend had an AFT of 1961 K compared with an average of 1915 K
(between mechanisms) in the reactor simulation. The necessary omission of sulphur
chemistry in the kinetic modelling would naturally account for some of the difference.
For example, when modelling the same case under the same equilibrium conditions in
Gaseq and normalising the AV blend minus the H2S component, the derived AFT falls
from 1961 K to 1956 K. Therefore, it is clear that H2S is only a minor contributor to the
difference in AFT between the equilibrium and kinetic modelling and the omission of H2S
would not lead to significant changes in flame temperatures if excluded from
experimental work. The remaining difference is due to the difference in the methods
used. As previously introduced in Section 2.6, equilibrium approximates product
concentrations achieved over infinite time (0-D) by minimising Gibbs free energy,
whereas kinetics modelling is time constrained (1-D) via rates of reaction. The number
and types of modelled species is also constrained (i.e. different for the two methods)
and the library of data for these species may differ. It was discussed in Section 3.1.2 how
two equilibrium programs (Gaseq and Chemkin), both modelling for the minimisation of
Gibbs free energy can generate different results, thus modest differences between
equilibrium and kinetic modelling results are to be expected.
As Figure 3.14 shows, all AA blends gave results for all values of Φ and they were once
again very similar to those of the equilibrium modelling, suggesting no obvious errors
have been made in the two different simulation methods and that combustion reactions
in the PSR cluster are near completion under the simulated conditions. For example, the
15%vol COG blend at Φ = 1.2 had AFT values of 2172 K and 2153 K for equilibrium and
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kinetic modelling respectively. As in the equilibrium modelling, there was a maximum
difference of just 42 K between the AA blends (at Φ = 1.4), and across the range of Φ,
the peak temperature for each blend was approximately 180 K higher than the lowest
temperature (it was 175 K for equilibrium modelling). These results suggest that
increasing Φ values by > 0.15 would be far more effective in limiting thermal NO x
production than any reduction due to choice of a particular AA blend. The AFT results
do not invite the exclusion of any of the six previously selected AA blends.

Figure 3.14 Temperature by Φ for AA blends using a reactor network (1 atm, 550 K
inlet)

3.5.2 Product Concentrations of the Remaining AV Candidate Blends
It was stated in the equilibrium modelling that NH3 product concentrations were
negligible for all cases, this is not so when the blends are modelled kinetically. Thus, a
threshold value of 7 ppm (dry basis) is used for the NH3 concentrations (as was discussed
in Section 2.1.1).
The NOx, CO and NH3 product concentrations for the three remaining candidate AV
blends are shown in Figure 3.15, Figure 3.16 and Figure 3.17, respectively. Figure 3.15
shows that the two mechanisms are in close agreement for NOx concentrations for all
cases. Where a difference exists, the Okafor mechanism predicts slightly higher NOx than
the Tian mechanism, representing a reversal of the trend for temperature and so this
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difference is not explainable in relation to thermal NOx production, but must be related
to calculated differences in the NH3 oxidation pathways.

Figure 3.15 NOx (dry, 15%vol O2) by Φ, AV blends, reactor network (1 atm, 550 K inlet).
The NOx results are significantly higher than those predicted by the equilibrium
modelling, not going below the 97 ppm threshold until Φ > 1.2, compared with ~1.05 to
1.1 for the equilibrium modelling. However, these kinetically derived results are likely to
be higher than for actual gas turbine systems for two main reasons. Firstly, being
adiabatically derived, the NOx values are higher due to a higher contribution from
thermal NOx production via the Zel’dovich mechanism and a greater O/H radical pool for
fuel NOx formation. Secondly, pressures in industrial gas turbines are ~1 MPa (an
approximate order of magnitude greater than the modelled pressure) and elevated
pressure can significantly reduce NOx (see Section 2.3.3).
The NOx concentrations for the 10%vol CH4 and 15%vol COG blends are sufficiently similar
that they overlap between mechanisms (as did their AFT results). The 10%vol COG blend,
produced lower NOx concentrations than the other two blends, for the Φ values for
which results were forthcoming. The lower NOx was likely due to the lower AFTs.
Additionally, more favourable kinetics resulting from the higher water content of the
10%vol COG blend could have reduced NOx further, as discussed in Section 2.3.5 and as
observed by Pugh et al. (2019) [93]. The 10%vol COG blend was able to achieve below
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threshold concentrations for the Tian mechanism only, having failed to give results for
an Φ of 1.2 when using the Okafor mechanism. This failure suggests significant problems
with reactivity over the low-NOx range of Φ for this blend, especially when one considers
that these are adiabatic conditions offering higher reactivity than would apply in reality.
Essentially, both mechanisms predict significantly lower reactivity for the 10%vol COG
blend when compared to the other two AV blends, with failure to react at an Φ = 0.15
less than for the 15%vol COG blend.
The simulated results for CO product, as shown in Figure 3.16, were very closely
matched between mechanisms, for all cases, with an almost complete overlay of results.

Figure 3.16 CO concentration (dry) by Φ for AV blends – reactor network (1 atm, 550 K
inlet)
Both the 10%vol CH4 and 15%vol COG blends cross the set threshold value between Φ
1.05 and 1.1, while 10%vol COG crossed at Φ > 1.1. As expected, this was the same trend
as was found in the equilibrium modelling, with similar CO concentrations (i.e. < 10%
higher for kinetic modelling at Φ = 1.1). At Φ = 1.1, CO (and ultimately CO2) for the 10%vol
CH4 blend is ~30 to ~60% higher than for the 15%vol and 10%vol COG blends, favouring
these over the 10%vol CH4 blend.
As Figure 3.17 shows, all the AV blends experience a rapid increase of NH3 concentration
in the product gases (i.e. NH3 slip) at varying values of Φ, dependent on blend. The
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reader should note that, unlike for other plots, it is necessary to use a logarithmic scale
to best represent the rapidity of the increase for the range of Φ investigated. Ammonia
slip is experienced at lower Φ for the least reactive blend (i.e. > 1.15) and > 1.2 for the
others. With heat losses, the resulting lower reactivity would likely cause the NH3 slip to
occur at lower values of Φ, suggesting that Φ should be limited to ≤ 1.15, to avoid the
progression of significant concentrations of NH3 into a second leaner stage, where it
would be a precursor for NOx. As was the case with NOx emissions, there is very little
difference in the performance of the 10%vol CH4 and 15%vol COG blends for NH3
emissions and close agreement between mechanisms.

Figure 3.17 NH3 concentration (dry) by Φ for AV blends – reactor network (1 atm, 550
K inlet)
As has been found in other similar NH3 studies [102] (see Section 2.3.2), when examining
the results of Figure 3.15 and Figure 3.17 together, it is evident that increases in Φ
reduced NOx concentrations, but, once Φ increased above a certain value, it lead to a
rapid increase in NH3 product concentrations. Therefore, there will be an Φ where the
concentrations of both NOx and NH3 (a NOx precursor) can be simultaneously minimised
at molar concentrations of the same order of magnitude, introduced as Φopt in Chapter
2. This is not so dissimilar to the Φt variable used in this chapter (for simultaneously
minimising both NOx and CO) as both CO and NH3 product represent unburned fuel.
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The lower reactivity of the 10%vol COG blend suggests this blend would either fail to
react or would experience unstable combustion at Φ values close to the blend’s
predicted Φopt, especially when considering heat losses are not included in this
modelling. This finding favours the other two blends over the 10%vol COG blend. When
considering the remaining two blends, there is no appreciable difference in the NOx and
NH3 performance from which to choose a best candidate. The choice is therefore based
on the CO product of the blends and the comparison of their SL values. Not only does
higher CO ultimately lead to higher CO2 product but if the support fuel is sourced from
outside the steelworks, as in the case of natural gas, it leads to extra CO2 to that already
produced by the process gases within the plant. As this study aims to mitigate CO2 from
steelworks sites, it is preferable that steelworks use a resource they already have (i.e.
COG), as opposed to importing and consuming natural gas. Thus, the 15%vol COG blend
is preferred over the 10%vol CH4 blend. Additionally, the 15%vol COG blend has a higher
SL. For example, at Φ = 1.1, the SL is ~22 cm/s, compared with ~19 cm/s for the 10%vol
CH4 blend. Hence, the 15%vol COG blend was the AV blend selected for further study.
Referring to the results from Figure 3.15 and Figure 3.17, the Φopt for this blend under
experimental conditions was predicted to be ~ 1.15 (considering the potential for NH3
slip from heat losses). However, with SL values calculated as significantly lower than
those of the leanest CH4 combustion (i.e. 21 cm/s versus 29 cm/s) it was considered
unlikely that stable combustion would be achievable in the subsequent experimental
campaign. At Φ = 1.15, the omission of the CO2 and HCN components from the AV of
the 15%vol COG/AV blend would reduce CO by ~38%, making CO emissions ~8,900 ppm.

3.5.3 Product Concentrations of the Selected AA Blends
Figure 3.18 shows NOx concentrations for the AA blends, focussing on an Φ values of 1.1
to 1.3 for improved resolution of the range of greatest interest. Unlike for the AV blends,
it is now the Tian mechanism which consistently predicts the higher NOx values. This
could not be due to any differences in modelled AFT, which have been shown to be very
modest. For example, deviation between mechanisms is greatest for the pure AA cases
at Φ = 1.2, where the Tian mechanism predicts almost twice the concentration (191 ppm
versus 111 ppm). At this Φ, it is the Okafor mechanism that predicts the higher flame
temperatures (and hence the more favourable conditions for thermal NOx).
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Figure 3.18 NOx (dry, 15%vol O2) by Φ for AA blends – reactor network (1 atm, 550 K
inlet).
To explain the modelled differences in NOx, the output files showing the emissions
concentrations at the various stages of progress through the reactor network were
examined, for both mechanisms for the pure AA case at Φ = 1.2. At the exit from cluster
1 the difference in NO concentrations was 1679 and 1423 ppm for the Tian and Okafor
mechanisms respectively. This minor difference (15% less for Okafor) does not account
for the more substantial difference (42% less) by the end of the PFR.
Just 0.8 cm into the PFR, the concentrations are 1003 and 532 ppm, with the Tian
mechanism now modelling approximately twice the concentrations of Okafor.
Therefore, a reaction path analysis was performed for the two mechanisms using pure
AA at Φ = 1.2 at 0.8 cm into the PFR, to see the dominant NO formation and consumption
paths. Temperatures at this location were almost identical at 2120 K and 2129 K for the
Tian and Okafor mechanisms respectively. The most important reaction paths for NO
consumption are shown in Figure 3.19. The rate of NO formation (increase in molar
fraction) was 7.5 x 10-7 and 3.1 x 10-7 for the Okafor and Tian mechanisms respectively.
The same two reactions, (i.e. HNO+M ↔ NO+H+M and N+OH ↔ NO+H), dominated
the NO formation reactions for both mechanisms accounting for over 90% of the NO
production. Although the NO formation rate was greater for the Okafor mechanism,
rates of NO consumption for this mechanism were even more pronounced, with overall
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values of 13.8 x 10-7 compared with just 4.6 x 10-7 for the Tian mechanism. Thus, the net
consumption rate for the Okafor mechanism was found to be 6.3 x 10-7, hence over four
times higher than for the Tian mechanism (1.5 x 10-7) at this PFR location. Figure 3.19
shows that this higher net consumption rate is not due to any particular reaction path,
but rather that all NO consumption (and formation) paths have markedly higher rates
for the Okafor mechanism.

Figure 3.19 Reaction path analysis of NO consumption in the PFR (location 0.8 cm) for
the pure NH3 blend at Φ = 1.2 (inlet 550 K, 1 atm) for the Okafor (a) and Tian (b)
mechanisms.
In agreement with the seminal work of Miller et al. (1983) [141] and many since, all these
paths to NO consumption are via the combination of an N, NH or NH2 radical with NO to
form either N2, N2O or NNH in the first step, with H, O, OH or H2O co-produced. As the
concentration of the NH3 derived radicals entering the PFR was similar for both
mechanisms, only an increased rate of conversion of NH3 to the N, NH and NH2 radicals
in the PFR would explain the increased rate of NO consumption for the Okafor
mechanism. The reaction pathways for NH3 consumption are shown in Figure 3.20. The
conversion rates of NH3 to NH2, NH and N are indeed greater for the Okafor mechanism.
The concentrations of NH3 out of cluster 1 are 9985 and 7149 ppm (wet basis) for the
Okafor and Tian mechanisms respectively. Therefore, the Okafor mechanism maintains
a higher NH3 concentration in the PFR until ~4 cm downstream, despite the higher rate
of NH3 consumption. At 4 cm, the NO values (wet basis) are 428 and 926 ppm for the
Okafor and Tian mechanisms respectively. Therefore, the ultimate relative difference in
the NOx readings (i.e. ~double for Tian) is already established in the first 4 cm of the PFR.
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Figure 3.20 Reaction path analysis of NH3 consumption 0.8 cm into the PFR for pure
NH3 at Φ = 1.2 (inlet 550 K, 1 atm) for the Okafor (a) and Tian (b) mechanisms.
This difference in modelling is because, although the Okafor mechanism has
incorporated many important NH3 oxidation reactions from the Tian mechanism into
GRI-mech 3.0, the NH3 reactions do differ nonetheless between the two mechanisms.
For example, on brief inspection of the input files there are five reactions listed in the
Tian mechanism for the forward conversion of NH3 to NH2 and only three for the Okafor
mechanism. Two of these three shared reactions, have the same values in both
mechanisms, but the values of the third reaction (NH3+H = NH2+H2) differ. These are
reversible reactions and there are other reversible reactions where NH3 is described as
a product, with NH2 as a reactant, which will also contribute to the overall NH3
consumption rate. Thus, differences in the many NH3 conversion equations would
account for the higher NH3 consumption rates for the Okafor mechanism, influencing
radicals production (NH2, NH and N) and their availability for NO reduction reactions. It
is likely that this tendency would hold true for all the AA blends and is just more
pronounced for the pure AA case. As was described in Chapter 2, the Tian mechanism
was validated for many blends including pure NH3, whereas Okafor mechanism
validation was conducted on blends of ≤ 30%vol NH3. Hence, the effects of some of the
Tian mechanism NH3 oxidation reactions may not be fully recognised by the Okafor
mechanism, when modelling high NH3 percentage blends. This suggests the Tian
mechanism may be a marginally more reliable emissions predictor for the high
percentage NH3 blends selected for this study.
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In any event, for most cases the differences between mechanisms is minimal. Variation
in NOx levels across blends is modest, especially when excluding the results for the pure
AA blend. For example, at Φ = 1.15, NOx concentrations for the Tian mechanism are 329
± 27 ppm across all blends, excepting pure AA. Thus, either mechanism is suitable for
predicting NOx values, especially for the more reactive blends.

Figure 3.21 CO (dry) by Φ for AA blends – reactor network (1 atm, 550 K inlet).
As was the case for the AV blends, the CO results for the two mechanisms completely
overlap, as shown in Figure 3.21, and so half of the plots are obscured by those of the
alternative mechanism. As expected, CO concentrations for the AA blends are
considerably lower than for the corresponding AV blends. At Φ < 1.25, all are
simultaneously under the chosen CO threshold.
Again, as was the case for the AV blends, Figure 3.22 predicts that the least reactive AA
blends are most prone to NH3 slip. The Okafor mechanism predicts that NH3 product
concentrations for many of the AA blends breach 7 ppm (dry basis) at far leaner Φ values
than for the Tian mechanism. Thus, limiting selection to the most reactive blends and an
Φ < 1.3, should help to minimise the likelihood of excessive slip when factoring for heat
losses. Once again, this difference can be accounted for in the difference in NH 3
consumption chemistry between the two mechanisms.

90

Preliminary Numerical Analyses

Figure 3.22 NH3 (dry) by Φ for AA blends using Tian and Okafor mechanisms – reactor
network (1 atm, 550 K inlet).
In summary, for all AA blends at an Φ = 1.25, the NOx concentrations are < 200 ppm, the
CO emissions are < 10,000 ppm (the chosen threshold) and the risk of excessive NH3 slip
is minimised for the most reactive blends. At this Φ, the 15%vol COG blend is the only
blend for which both mechanisms agree a SL within the range for fuel-lean CH4
combustion in conventional gas turbines is achievable. Any differences in NOx emissions
between the most reactive blends is relatively modest. Consequently, the most reactive
AA blend, 15%vol COG, is chosen for further investigation with a predicted Φopt of ~1.25.

3.5.4 NOx Emissions at Elevated Pressures for the Selected Blends
This chapter has been concerned with selecting the best potential blends of AA and AV
with the support fuels available (on a steelworks site) with which to proceed to
experimental investigation. Thus, the emissions were modelled at atmospheric
pressure, to reflect the conditions under which the subsequent experimental campaign
was to be conducted. However, this did not take account of the potential for
considerable NOx reductions when operating at typical gas turbine pressures. This is
investigated later in Chapter 5, using an improved reactor model, further developed
utilising the experimental results discussed in the next Chapter (Chapter 4). The
improved reactor model is also used to model the primary stage N2O emissions.
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3.6 Chapter Summary


Under equilibrium modelling, five AV blends and pure AV simultaneously
satisfied the stated NOx and CO thresholds, within the Φ range modelled (inlet
conditions of 550 K and 1 atm). Four AA blends and pure AA did the same.
Therefore, from 78 initial potential NH3 fuel blends, 11 blends progressed to the
next stage of evaluation.



The equilibrium modelling suggested the optimal balance of NOx versus CO
product was centred between Φ 1.05 to 1.1 for the selected AV blends and Φ
1.15 to 1.25 for the AA blends, under the modelled conditions.



The carbonaceous components of AV (CO2 and HCN) only represent 4%vol of the
AV composition. However, for the AV blends, the potential contribution of these
components to CO (and ultimately CO2) emissions is significant. Their removal
would carry significant advantages for carbon emissions reduction.



In consideration of the kinetic modelling results for SL and emissions, AA with
15%vol COG and AV with 15%vol COG were selected as the best blend of each
type with which to proceed to an experimental investigation. However, blends
with ±5%vol COG support (i.e. 10 and 20%vol COG support) will also be
investigated to verify the simulated results.



The Okafor mechanism (having been validated for blends of ≤ 30%vol NH3) lacks
some NH3 chemistry present in the Tian mechanism. This may lead to different
emissions predictions for pure NH3 in particular. Thus, the Tian mechanism is
preferred for modelling high NH3 percentage blends.



For kinetic modelling (1 atm), the selected blends Φopt values were predicted to
be ~1.15 for AV with 15%vol COG and ~1.25 for AA with 15%vol COG.



The simulated SL for the selected AA blend sat within the range for very fuel-lean
natural gas combustion, suggesting stable combustion of the AA blend may be
possible in conventional systems. This was not the case for the selected AV
blend. A halving of the water content (simulated by a 50:50vol blending of
AA/AV) increased SL to within the aforementioned range, suggesting this level of
water reduction may be necessary for achieving stable combustion. Chapter 4
discusses how a halving of the H2O component can be practically achieved.
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Chapter 4

Primary Stage Experimental Campaign

4.1 Experimental Campaign Method Introduction
The experimental campaign discussed in this chapter investigates the flame stability of
the chosen blends in the primary combustion stage (i.e. whether stability reflects normal
or abnormal operational flame behaviour in a gas turbine combustor) and also aims to
find the experimental Φopt values for all blends tested. Operation of the primary
combustion stage at a blend’s Φopt simultaneously minimises the NOx and NH3 emissions
leaving the primary stage of combustion, that in turn minimises NO x exhaust emissions
from the second stage (as NH3 is a precursor for NOx). The anhydrous (AA) and aqueous
NH3 (AV) blends are investigated with 10, 15 and 20%vol COG support to verify whether
15%vol support can be upheld as optimal, as was predicted by the simulations.
The experimental campaigns described in this thesis were conducted at Cardiff
University’s Gas Turbine Research Centre, known as the GTRC. The GTRC has a unique
gas mixing facility, capable of blending up to five gaseous streams, in real time. A
combination of needle valves and coriolis mass flow meters of varying capacity are on
each of the five supply lines and are controlled and monitored remotely from the
facility’s control room.
The GTRC has a model gas turbine combustor rig. The premixed swirl burner assembly
used in this rig is representative of a typical industrial gas turbine assembly. The
geometry of the burner (discussed later in the chapter) is optimised for NH3/H2
combustion, in light of previous related studies conducted at the facility [89–93]. This
assembly has been previously employed in the successful combustion of NH3/H2 blends
with steam addition, with favourable NOx and unburned fuel emissions [93].

4.2 Fuel Compositions
4.2.1 Ammonia Vapour (AV) Experimental Composition
In Section 2.4.2 a representative blend for industrial AV was derived from the literature.
In steelworks the AV waste stream is produced and maintained as a vapour (e.g. at ~370
K for 39%vol NH3) ahead of its destruction (or conversion), in a continuous process [58,
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62]. For the experimental work in this study, there is no facility to store a representative
AV blend as a vapour, and so a surrogate blend of steam and vapourised AA has been
used instead, i.e. omitting the H2S, CO2 and HCN.
For this experimental campaign, it is the essential combustion properties of the original,
representative AV blend, that are represented (as closely as practically feasible) using
the steam and NH3 vapour flows. This approach serves to make the combustion
behaviour studied relevant to the results of the preliminary numerical modelling, which
used the representative AV blend.
The AV blend components H2O (61.8%vol) and CO2 (1.7%vol) offer no heating value to the
fuel. They do, however, absorb thermal energy from the flame, serving to cool the flame,
thus lowering overall reactivity and therefore flame stability. At 2000 K (approximating
the flame temperature), the specific heat capacity of CO2 is 60.43 kJ/kmol-K versus 51.14
kJ/kmol-K for H2O [75]. Therefore, to represent the cooling effects of the CO2 via the
substitution of additional water, the percentage of CO2 in AV has been multiplied by the
ratio of the heat capacities (i.e. 1.182) and added to the water component giving
63.8%vol H2O. Naturally, any species substitution will kinetically effect intermediate
chemistry. However, with such a small degree of CO2 substitution, this is assumed to be
negligible.
The H2S and HCN components of AV, have LHVs of 517.9 kJ/mol and 623.3 kJ/mol
respectively, as derived from the Aspen Plus program database [142]. Ammonia’s LHV is
comparatively low at 316.8 kJ/mol. Multiplying the H2S component (2%vol) by
517.9/316.8 and the HCN component (2.3%vol) by 623.3/316.8 and adding them to the
NH3 percentage (32.2%vol) can account for their thermal contribution in terms of a
revised NH3 fraction, giving a total NH3 fraction of 40.0%vol.
The sum of the H2O and NH3 percentage mole fractions is 103.8%, so both numbers were
normalised to 100%, giving 61.5%vol H2O and 38.5%vol NH3 for the composition of the
simplified experimental AV blend. When reflecting on the AV compositions found in the
literature (see Section 2.4.2), the molar contributions of either of the two components
in this simplified AV blend are not outside of the variations found in the AV produced in
actual processes. It is noted that there is 4%vol more fuel-bound nitrogen in the simplified
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AV blend (38.5%vol) than the representative AV composition (34.5%vol). This represents
an 11.6% increase in the moles of fuel-bound nitrogen available for oxidation during
combustion.

4.2.2 Humidified Ammonia
Given the issue of low predicted flame speeds, as identified in Section 3.4 for the AV
with 15%vol COG blend, and the suggestion that halving the H2O component would raise
the flame speeds to within the range of fuel-lean CH4 combustion in gas turbines, a low
water (30%vol H2O with 70%vol NH3) blending has also been investigated in this
experimental campaign (with 10, 15 and 20%vol COG support as for the AA and AV
blends). This low water blend is henceforth termed humidified ammonia (HA). In
composition terms (i.e. H2Ovol content by volume) HA sits approximately halfway
between the AA and AV blends, enabling the identification of trends in behaviour as
water content changes for the humidified NH3 blends. HA practically represents a
blending of AA from the overhead stream of the fractionating tower in a Phosam plant,
with the fractionating column inlet at the base of the tower (~80%vol H2O with 20%vol
NH3). The HA blend therefore not only represents a blend free of the impurities H2S, HCN
and CO2, with the associated benefit of minimising the formation of carbon and sulphur
oxides, but also facilitates easy long term storage of the fuel (due to the modest partial
pressures of NH3 and H2O and removal of highly toxic vapour phase HCN and H2S). Direct
use of the fractionating tower’s inlet stream also saves energy from reduced flows
through the tower. At 80%vol H2O in the fractionator inlet stream, the relative molar
blending for the HA blend would be 1.67 moles of overhead AA to every mole of
fractionator inlet stream, saving 37.5% of the tower’s energy when compared with
processing all the H2O/NH3 stream to AA overhead product. Naturally, the H2O fraction
of 30%vol is easily modifiable with different proportions of the overhead and prefractionator streams.
The humidity of this study’s HA blends was compared to that of NH3 blends used in a
previous study conducted using the same rig [93], to predict comparative effects of
humidity on reactivity. The blends’ relevant details are summarised in Table 4.1. The
most humidified HA blend to be tested in this campaign (i.e. 10%vol COG/HA) comprised
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8.3%vol of H2O in the fuel/air premix. This is slightly less than the maximum
humidification percentage of the 30%vol H2/NH3 blend successfully investigated in the
study conducted by Pugh et al. (2019) [93] (at 9.6%vol). Thus, while the HA blend is less
reactive than the blend used in the Pugh et al. (2019) study (i.e. 10%vol COG versus 30%vol
H2), the HA blend is delivered at a much higher inlet temperature (550 K versus 423 K)
and with lower H2O, so the HA blend’s reactivity could be considered broadly
comparable, suggesting equivalent flame stability. In contrast, the 10%vol COG/AV
blend’s considerable H2O component (22%vol), makes it a far less reactive blend than
those successfully, previously investigated.
Table 4.1 The comparative humidity of NH3-air blends used in this rig [93].

4.2.3 Coke Oven Gas (COG) Experimental Composition
The COG gases were supplied, pre-mixed, in two 40 L cylinders. Due to the high costs of
premixed gases, some blend simplification was required. The primary considerations for
the blend simplification were as follows:
1. Hydrogen should differ as little as possible due to its influence on flame speed
and its low combustion air requirements (which effects bulk mass flow).
2. Inert gases (N2 and CO2) should remain as close to the original percentages as
possible.
3. The carbon content should be as representative as possible.
Therefore, it was decided that CH4 could be substituted for the small amounts of ethene
(C2H4) and ethane (C2H6) while the H2 and inert gases were rounded up to their nearest
volume percentages. The simplified composition requested from the supplier is given in
Table 4.2 along with the certified compositions of the two cylinders provided and the
comparative heating values.
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Table 4.2 Comparative composition and heating values of experimental COG versus
COG from the literature.

The LHVs of the two COG gas cylinders supplied were < 2% and < 3.5% lower than those
of the literature derived composition, for mass and volumetric bases (273 K and 1 atm)
respectively. Therefore the fuel blends are considered to adequately reproduce the
representative composition derived from the literature.
Henceforth, all compositions given should be assumed to be on a volumetric/molar basis
unless otherwise stated. The molar compositions of the three fuel blends (i.e. AA, HA
and AV with 15% COG) experimentally investigated are summarised in Appendix A.2a
(using the simplified AV and COG compositions). The compositions of the 20% and 10%
COG experimental fuel blends, are to be found in Appendices A.2b and A.2c respectively.
The proportion of the energy content provided by the NH3 is 82.7% for the 15% COG/AA
blend and 77.0% for the 15% COG/HA blend (LHV basis). It was much lower at 64.8% for
the experimental 15% COG/AV blend.

4.3 Flame Power Selection
An interactive Excel workbook was created, containing all the data necessary for the
calculation of the mass flows of fuel and air required to deliver any combination of the
fuels mentioned in this study, at any specified power and Φ. This data includes molar
masses for all reactants and their heating values (from the Aspen Plus database) and
stoichiometric requirements for each component of the fuel blends. The composition of
air was taken to be the same as was used in the equilibrium modelling. This workbook
is submitted as supporting material.
To attain the intended 550 K fuel/air inlet temperature (e.g. simulating the recuperation
of heat from the exhaust gases) the air and steam lines were preheated upstream of the
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fuel/air mixing chamber. The fuels were not preheated, therefore it was necessary to
overheat the air/steam line to compensate for the lower supply temperatures of the
fuels.
Both NH3 and COG have relatively low (and very similar) stoichiometric air requirements
when compared with other gaseous fuels, at 3.58 for NH3 (see Table 2.3) and calculated
in Gaseq as 4.26 for COG (volumetric basis). The low air requirements of these fuels
naturally limits the thermal capacity of the air supplied, especially under fuel-rich
scenarios. While, overheating the air flow above 550 K was used to increase the thermal
capacity, the air heater at the facility is limited to a maximum temperature of ~650 K.
The high air temperature, coupled with low air flow rates, led to high heat losses, despite
significant insulation. Hence, efforts were made to maximise air flows by maximising
power.
The limiting factor for deciding the maximum power rating for this study concerns the
maximum flowrate of NH3 achievable. As was introduced in Section 2.1.2, the maximum
sustained rate at which the NH3 vapour can be withdrawn from its container is dictated
by the heat transfer rate from the external environment. Considering the high latent
heat of vapourisation of NH3 represents approximately 7% of its LHV [79] the heat
transfer required is significant for sustained vapour flows. For safety, the NH3 container
is stored outside the facility and is not externally heated other than by the ambient
temperature (~20°C for this campaign), which translates to a theoretical maximum initial
supply pressure of ~0.9 MPa from the container.
The fuel supply lines external to the building, leading from the container into the facility,
are not heated, thus, temperature fluctuations along the pipework can arise for a
combination of reasons. The first is the cooling of the NH3 vapour due to the pronounced
Joule-Thomson effect elicited from NH3 vapour flows through constrictions/expansions,
especially across the regulator valve. Secondly, there is intermittent cooling as the NH 3
passes through the sun-shaded portions of the pipework. The greater the delivery
pressure, the greater the risk of liquid NH3 condensing out of the vapour en route to the
combustor, therefore, the exit pressure from the regulator for this testing was set to 0.4
MPa, which delivered a maximum sustainable NH3 flow of ~1 g/s for the chosen blends.
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This NH3 flow (plus the relevant COG flow) is equivalent to a net thermal power of
approximately 25 kWth, almost twice the flow used in the reactor network numerical
modelling. Aside from other effects on flame volume, the lower modelled flow makes
the modelled flame volume comparatively smaller than the experimental flame volume,
the implications of which are considered later in the model improvements, in Chapter 5
(Section 5.1.1). The NH3 fuel line (line 4) is constructed from materials specifically rated
for use with NH3.
The NH3 flows (< 1.2 g/s) were controlled and monitored using a needle valve and an
Emerson CMF025 coriolis meter with base accuracy ±0.35% of reading. The product
datasheet states that base accuracy only applies for flow rates above a specified level,
calculated as per Equation 4.1 (taken from the data sheet):
If flow rate ≥

zero stability
(base accuracy %) ÷100

then total accuracy = ± base accuracy % of rate

Equation 4.1
Zero stability is given as 0.027 kg/h for this model, requiring a flow rate of 7.714 kg/h or
more for the base accuracy to apply. As flow rates for NH3 were a maximum of 4.7 kg/h,
total accuracy is instead calculated according to Equation 4.2:
zero stability
)
flow rate

total accuracy = ± [(

× 100] % of rate

Equation 4.2

Therefore, the total accuracy values are calculated to be ±0.675%, ±0.725% and ±0.863%
of rate for the 15% COG/AA, 15% COG/HA and 15% COG/AV blends respectively. The
COG flow (of 0.07 to 0.27 g/s) was controlled remotely using a M14 Bronkhorst MFC
with an accuracy of ± 0.5% of rate.
Air flow rates for 25 kWth power, over the Φ ranges investigated for the fuel blends,
were approximately 6-8 g/s. The Φ ranges experimentally investigated for the nine
blends of COG with AA, HA and AV (at 20, 15 and 10% COG) were 1.05 to 1.3, 1.0 to 1.2
and 1.0 to 1.15, respectively, reflecting the differing predicted Φopt values and
comparative reactivities of the blends, as found during the numerical modelling. The
target mass flow rates of the air and fuels for all blends investigated, as calculated using
the Excel workbook, are to be found in Appendix A.3.
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4.4 The Steam and Air Delivery System
The steam fraction of the AV/COG and HA/COG blends was preheated and entrained
with the preheated air, upstream of the mixing plenum of the combustion chamber. A
schematic of the system is shown in Figure 4.1.

Figure 4.1 Schematic of the steam/air delivery system
In consideration of the anticipated high heat losses, all lines flowing heated gases were
heavily insulated. The double-pass steam line (external to the 24 kW heater) and the
preheated steam line (feeding into the heated air line) were thermally supported to
sustain approximately 410 K, through the use of an external mesh heating system,
wrapped around the lines, under the insulation.
Air at the facility (house air) is compressed to 7 barg (~0.8 MPa) using an Atlas Copco GA
45 variable speed drive compressor and is conditioned using a Beko Drypoint DPRA960
air dryer, so that it has a dew point of 256 K. A 20 L Millipore pressure vessel was
pressurised using the house air regulated to ~ 5 barg (0.6 MPa). This facilitated the
siphoning off of liquid water which then passed through a Bronkhorst M14 mass flow
controller (MFC) with an accuracy of ±0.2% of flow rate (for liquids). The maximum
required flow rate of steam was calculated as 1.7 g/s, or ~6 kg/h (for the 90% AV with
10% COG blend), thus, the pressure vessel provided ample capacity for several hours of
testing. The needle valve for the air line (line 1 of 5) coupled with an Emerson CMF050
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coriolis meter (base accuracy of ±0.35% of reading), enabled remote and accurate
manipulation of the air mass flow (to 3 decimal places). As was the case for the NH 3
flows, the average air flows are too low to assume the base accuracy. The zero stability
is given in the datasheet as 0.163 kg/h, so total accuracy is calculated as ±0.65% of
reading (for an average flow of ~7 g/s). All fuel and air flow rates through the coriolis
meters and MFCs are logged remotely, in the control room, as was all sensor data (e.g.
thermocouple readings). All flowrate and sensor data was logged at 1 Hz. The fuel and
air flows were averaged for each test sampling period and these averaged flows are
given in Appendix A.4.

4.5 The High Pressure Optical Chamber and Swirl Burner
The in-line air heaters (as shown previously in Figure 4.1) were used to precondition the
inlet plenum, burner and combustor to the specified inlet temperature of 550 K, prior
to ignition. Ignition was achieved using a CH4 pilot. The use of the pilot was continued
until self-sustained combustion of the first experimental blend was assured. Subsequent
test points were conducted without interruption, except for when reigniting for the
second day of testing. On the second day of testing, the first test point was a repeat of
a test point from the day before, to first establish equivalent conditions and results
before further data points were investigated. Test points were sequenced between
higher and lower percentages of COG and between richer and leaner test points to
minimise the risk of sustained upstream cooling of the NH3 fuel lines and also to increase
air flows intermittently, to help sustain inlet temperatures.
Figure 4.2 is a diagrammatic representation of the combustion rig used in this study (as
viewed from above). The inlet air/fuel flows are split upstream into two approximately
equal flows that enter from opposite sides of the inlet plenum, to promote turbulence
in the inlet flow, which in turn promotes turbulence and mixing downstream. The
premixed blend then proceeds to the mixing plenum and on through the swirl burner,
exiting at the burner nozzle. The primary purpose of the lance in the model gas turbine
assembly is for liquid fuel injection, which is not relevant to this study. In this instance,
the lance (outside diameter 18 mm) provides a bluff body stabilisation location within
the swirl burner exit nozzle (internal diameter 40 mm).
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Figure 4.2 Diagrammatic representation of the combustion rig.
There are thermocouples inside the mixing plenum (for measuring the inlet
temperature), at the lance tip and at the burner face. A ceramic covering of the burner
face encircles the base of the nozzle, insulating the mixing plenum and swirl burner from
the heat of the combustor. There are pressure transducers at the burner face and inside
the mixing chamber that can, in combination, monitor changes in pressure between the
two zones. Another two pressure transducers, situated towards the top edge of the
circular burner face (90° apart), capture high frequency (kHz) dynamic pressure
fluctuations from the system. The four transducers together facilitate the monitoring of
thermoacoustic instabilities. The inlet temperature and combustor pressure were
averaged for each sampling period and are also detailed in Appendices A.4.
The flame is contained within a 600 mm long, quartz tube confinement, 100 mm in
diameter. Thus, the expansion ratio of the confinement’s internal diameter to the
internal diameter of the burner exit nozzle is 2.5. The open-ended quartz tube is housed
inside a pressure vessel enabling the rig to be used for pressurised combustion
experiments and eliminating any atmospheric dilution of the exhaust emissions. Figure
4.2 shows the quartz tube, which extends upstream beyond the burner face and
downstream, beyond the limits of the pressure casing and towards the gas sampling
zone. Thus, the length of tube between the nozzle exit and the tube’s exit totals 385
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mm. The tube is not enclosed as it passes out of the pressure chamber and into the
ducting beyond. The pressure casing is fitted with quartz windows (one on top and one
to the side) allowing for non-intrusive, optical observations of the flame structure in the
axial plane. The heat transfer from inside the quartz tube to the surroundings at ambient
temperature is buffered by the heated gases inside the pressure casing, reducing the
quenching conditions at the quartz boundary when compared with an uncontained
confinement. An exhaust thermocouple is situated at the exit of the quartz tube.
This study uses a nine-fin swirl burner of radial-tangential design, with a calculated
geometric swirl number of 0.8 (see Section 2.2.1), as detailed in Figure 4.3.

Figure 4.3 Geometry of the swirl burner (in metres).

4.6 Emissions Sampling and Measurement
4.6.1 Emissions Sampling
On exiting the quartz tube, the hot combustion gases enter water cooled pipework,
internal diameter 150 mm, within which a water-cooled back-pressure valve is installed.
Partial closure of this valve (via remote control) facilitates the incremental elevation of
combustor pressure. For experiments at atmospheric pressure, elevation of pressure is
extremely modest at < 0.1 bar (0.01 MPa), serving to restrict the entry of air from outside
(i.e. wind), thus minimising consequential upstream turbulence effects. This valve is
utilised to greater effect, for the elevated pressure work in Chapter 6.
Suspended in the centre of the water-cooled pipe and facing into the flow of combustion
gases (~150 mm downstream of the quartz tube exit), is a multi-point equal area probe,
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as shown in Figure 4.4. The holes are spaced to enable distributed sampling across the
circular cross-section of the exhaust pipe, to ensure the sample is representative of the
emissions concentrations throughout the entire exhaust flow. Thus, there are more
holes further from the centre, so each hole can draw its sample from the same-sized
cross-sectional area of the flow (described by the circular diagram in Figure 4.4).

Figure 4.4 Image of the multi-point equal area probe
All nine withdrawn samples are immediately combined and pass through a waterconditioned pipe (water bath) at 433 K. This rapid cooling of the sampled gases suspends
progress of the combustion chemistry. An electrically heated (to 433 K) 25 m pipe carries
the samples to the control room for analysis.
The temperature of 433 K is somewhat higher than that which would be necessary to
maintain this study’s samples above their dew point. This is because the emissions
measurement system at the GTRC performs in accordance with ISO 11042 (gas turbines
exhaust gas emissions measurement and evaluation) [108] and is therefore capable of
maintaining unburned hydrocarbons in the vapour phase, which is of particular
relevance to the aerospace and automobile industry. Adopting this sampling method is
standard practice, making these measurements directly relevant to the industry.

4.6.2 Sample Gas Analysis Suite
As previously discussed (in Section 3.1.3) the CO emissions were predicted to greatly
exceed the maximum measurement scale of the CO analyser (by approximately one
order of magnitude) necessitating the addition of significant amounts of dilution air
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upstream of the gas analysis suite. On reaching the control room, the diluted samples
were filtered before entering the heated pump unit (with PTFE diaphragm) in the gas
analysis suite. The flow of the samples through the suite is shown schematically in Figure
4.5.

Figure 4.5 Flow diagram of samples through the gas analysis suite
The emissions gases sampled were NO, total NOx, CO2, CO, NH3 and O2. There was no
facility for measuring N2O or H2O. The emissions were continuously logged (at 1 Hz) for
the duration of the testing. Two analyser systems were used for the gas analyses, a Multi
Gas Analyser (MGA) (Signal 9000) for CO2, CO and O2 and a heated vacuum
chemiluminescence analyser (Signal 4000VM) for NOx.
After the pump, the samples proceeded to the oven, which acted as a distribution facility
for the suite. Four channels were used for the distribution of the sample. The first
channel was available for either the NH3 converter (converting NH3 to NO) or for total
(unburned) hydrocarbon (THC) measurement. As the analysis of NH3 takes precedence
in this study, the analysis of THC was sacrificed. The second channel was sent directly to
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the NOx analyser and the third was sent to the chiller prior to its use in the MGA. The
fourth channel sends excess flow to the exhaust.
An NH3 converter (Signal 410) with a conversion efficiency of 81% (as found during
analyser calibration) was used to convert the samples’ NH3 emissions to NO in a one to
one ratio according to Equation 4.3 below. Thus the concentration of NH3 in the exhaust
could be subsequently measured using the NOx analyser. It can be seen from Equation
4.3 that the NH3 converter needs O2 (provided by the air) for the reaction to take place.
The NH3 is reacted with O2 at 1023 K, over a platinum on alumina catalyst. As the
combustion is fuel-rich, O2 was provided by dilution air. The level of deoxygenation of
the sample by the reaction remains relatively insignificant considering the NH3
concentrations present, when compared to the total oxygen available from the air
dilution, thus the NH3 conversion is assumed to reach 81% efficiency.
4𝑁𝐻3 + 5𝑂2 ⇌ 4𝑁𝑂 + 6𝐻2 𝑂

Equation 4.3

The NOx and NH3 analyses were conducted hot and wet (i.e. no condensation of the
water fraction). This was to prevent the loss of NO2 from the gaseous sample, as NO2 is
readily soluble in water. Whether the NOx analysis being performed at any particular
instance was for a sample containing converted NH3 or for one fed directly from the
distribution oven, was dependent on the choice of inlet stream into the NO x analyser.
This choice was governed by the manual manipulation of a T-valve.
The samples sent to the MGA required a dew point of at least 10 K below the local
ambient temperature. Thus, a chiller (operating at 275 K) condensed out the water
vapour fraction upstream of the MGA, and the samples (CO2, CO and O2) were analysed
on a dry basis. After sampling, all gases were sent to the exhaust.

4.6.3 Gas Analyser Measurement Methods
Details for the operation of the NOx analyser are taken from the analyser’s manual [143].
The NOx analyser reacts ozone (O3) with NO in a reaction chamber, to produce NO2. The
manufacture of the ozone takes place within the analyser in an ozoniser unit.
Approximately 10% of the NO2 produced is electronically excited as NO2*. The equation
for the reaction is shown in Equation 4.4.
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𝑁𝑂 + 𝑂3 → 𝑁𝑂2∗ + 𝑂2

Equation 4.4

𝑁𝑂2∗ → 𝑁𝑂2 + ℎ𝜈

Equation 4.5

A photon with a wavelength of 300 to 600 nm is emitted on the return of the NO 2 to its
ground state, as shown in Equation 4.5, where the energy of the photon is represented
by Plank’s constant (h) and the frequency of the photon (ν). Thus, the process measures
the chemiluminescence of the NO2* in the sample. The intensity of the emitted light is
measured with a photomultiplier tube (PMT) and, as the intensity of the radiation
emitted is proportional to the number of NO molecules in the optical path, the PMT
signal is proportional to the concentration of NO in the sample. To maximise the
proportion of NO2* emitting light (rather than losing the energy via collisions) low
pressures (~1 kPa) are maintained within the reaction chamber. The NO x analyser has
an accuracy of better than ±1% of range. The uncertainty related to cross-interference
from water in the sample, reduces NOx readings by < 1% with 3%vol H2O.
The NOx analyser was calibrated using pure N2 (for 0% NO concentration) and, having a
linear relationship of intensity to sample concentration, one other gas of 40 ppm NO.
The use of N2 and one other calibration gas, was the calibration method used for all the
other emissions analysed except CO2, which is discussed later in this section. The
calibration gases used had uncertainties of ±2% of their specified concentration. The
measurement of sample NO2 was achieved through the use of an NO2 to NO converter
unit (95% efficiency), also situated inside the NOx analyser. Having initially established a
measurement for NO, the sample is subsequently directed to the NO2 to NO converter,
before entry (once again) into the (ozone) reaction chamber, to obtain a total NOx
measurement. The analyser automatically subtracts the prior NO readings from the total
NOx readings and displays the difference as an NO2 measurement.
The MGA uses non-dispersive infra-red for the measurement of CO and CO2 and a
paramagnetic sensor for the measurement of O2. Most gases absorb infra-red radiation
and the amount absorbed by different gases varies with wavelength. The CO and CO 2
analyser works by passing infra-red through a sample containing an absorbing gas and
comparing the intensity of the radiation received by a detector, with the intensity of a
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calibration gas or N2, which does not (in a practical sense) absorb infra-red radiation.
The analyser contains two infra-red optical sensors (for CO2 and CO). It is necessary
when measuring CO2 to calibrate for slight deviation from a linearity between the output
signal and concentration. Several calibration gases (3%, 6% and 9% CO2 concentration
and N2), were used to input the calibration curve for CO2 measurement.
O2 is a highly paramagnetic molecule, meaning it is attracted to the strongest part of a
magnetic field. The flow of O2 in the analyser’s magnetic field applies a force to sensing
equipment. In resisting the force of the O2 (via a self-correcting mechanism) the sensing
equipment generates a current, proportional to the concentration of O2 in the sample.
NO and NO2 are also paramagnetic, although to a much lesser extent. The influence of
NO and NO2 in the analyser’s results are assumed to be negligible, due to their
comparatively low sample concentrations.
Thus, maximum combined uncertainties for all emissions measurements are taken to be
± 5% of the temporally averaged reading, as used in similar published NH 3 combustion
studies using the same rig and instrumentation [94, 103].
Maximum uncertainties in the calculation of experimental Φ are large, with maximum
error bars capable of spanning much of the width of the plots. As the deviation of actual
Φ from measured Φ is very similar between cases (because the fuel and air flows are
similar), the plots simply shift together to a similar degree leaner or richer. Hence,
comparative trends between blends will hold. Thus, at this stage, the uncertainty in Φ is
not included. However, the uncertainty in Φ is considered in detail later, in Chapter 6,
where the blends verified as optimal in this chapter’s work, are again optimised in the
primary zone, before the commencement of elevated pressure and secondary airstaging work.

4.6.4 Calculation of Sample Dilution
When combustion is fuel-rich it can be assumed that all O2 in the sampled gases comes
from dilution air, although this assumption becomes less valid as combustion
approaches stoichiometry. The logged concentration of oxygen present in the dry
samples was averaged for each experimental condition (test point). The oxygen
concentration of the dry ambient air was measured ahead of each day’s testing, so that
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it could be used to calculate the dry dilution factor (DDF) for each test point sample
obtained that day, according to Equation 4.6.

𝐷𝐷𝐹 =

𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝑂2 % 𝐶𝑜𝑛𝑐.
(𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝑂2 % 𝐶𝑜𝑛𝑐. − 𝑆𝑎𝑚𝑝𝑙𝑒 % 𝐶𝑜𝑛𝑐. )

Equation 4.6

For CO and CO2, analysed as dry, multiplying the measured emissions concentration by
the DDF will give the undiluted concentration. For those samples that were measured
wet (NH3, NO and NO2), it was also necessary to calculate a wet dilution factor (WDF).
The method for calculating the WDF is demonstrated using a simplified example, shown
in Figure 4.6, where the wet undiluted sample has a H2O fraction (a) of 40%vol.

Figure 4.6 Example for the calculation of a sample’s wet dilution factor
Taking the wet undiluted sample (a + b) as having a relative volume of 1, the dry fraction
of the undiluted sample (b) has a volume of (1 – H2O fraction), i.e. 0.6. The relative
volume of the dry dilution air (c) to the sample volume is unknown, but the O2
concentration for the dry diluted sample (b + c) is known and measured as 18%vol. For
simplicity, in this example the O2 concentration of dry ambient air is taken to be 20%vol.
The first stage of the WDF calculation is to find the DDF for ‘b + c’ using Equation 4.6,
which in this case equals 10. Therefore, the ratio of dilution air to dry sample fraction in
this example is 9:1. In other words, the relative volume of dilution air to the dry sample
fraction is (DDF – 1) for this example and all cases calculated this way. The dry sample
fraction (i.e. ‘b’) of the wet undiluted sample has a value of (1 - H2O fraction), so in this
example is 0.6. The dilution air in this example (c) therefore has a relative volume of
(DDF – 1)*(1 - H2O fraction) which is 5.4 times the volume of the wet undiluted sample.
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Hence, the total volume of the wet diluted sample (a + b + c) = 6.4 times the volume of
the wet undiluted sample (a + b), so the WDF is 6.4 for the example given.
Therefore, for the actual test results, the WDF is (a + b + c), where a + b = 1 and c = (DDF
– 1)*(1 - H2O fraction) and is calculated using Equation 4.7.
𝑊𝐷𝐹 = 1 + (𝐷𝐷𝐹 − 1) ∗ (1 − 𝑚𝑜𝑙𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝐻2 𝑂)

Equation 4.7

Therefore, the wet undiluted sample concentration of NOx is calculated as shown in
Equation 4.8.
[𝑁𝑂𝑥 ] 𝑢𝑛𝑑𝑖𝑙𝑢𝑡𝑒𝑑 = [𝑁𝑂𝑥 ] 𝑑𝑖𝑙𝑢𝑡𝑒𝑑 ∗ 𝑊𝐷𝐹

Equation 4.8

Emissions were continuously logged with time indents for synchronising emissions
sampling with the other data loggers (e.g. fuel flows, etc.). This enabled averaged
readings for all variables (e.g. temperature and air flow) to be calculated for any
emissions sampling period. It was initially assumed that several seconds would be
sufficient delay for readings to stabilise when switching between NOx and NH3 sampling
periods when using the NOx analyser. The aim was to have approximately 1 minute (i.e.
~60 data points) from which to average the readings for each sampling period. All
emissions concentrations were calculated as undiluted in three ways, dry normalised to
15% O2, dry without normalising for O2 and wet (to enable experimental results to be
used in Chemkin for the development of an improved model).
The O2 readings specific to each measurement period (i.e. NOx, NO, NH3 in and NH3 out)
were averaged separately, to give precise dilution factors for each individual
measurement. As NH3 emissions are plotted alongside NOx and NH3 is a NOx precursor,
it is reported in the same way (i.e. 15%volO2).
There was no facility for measuring the mole fraction of H2O in the samples. Therefore,
Gaseq was used to derive equilibrium values for the mole fraction of H2O produced, by
entering into the program the time-averaged fuel/air mass flows and the measured
temperature and pressure readings, as logged for each individual test point. The slight
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variation in COG compositions between cylinders was accounted for. It was assumed
that any deviations of H2O product concentrations from equilibrium would be
insignificant.

4.7 Chemiluminescence Method
4.7.1 Chemiluminescence Observation Technique
High temperature combustion reactions are sufficiently energetic as to excite the
electrons of the reacting species. Unlike for the NOx analyser, which utilises a specific
reaction, the emissions spectra of a flame will include a plethora of wavelengths. By
filtering emissions spectra to include only those emissions within a narrow wavelength
band, it is possible to characterise the structure of a flame in relation to a specific
chemical species. However, some species e.g. CO2, emit photons across a broad band of
wavelengths and hence contribute to the signal intensity of any filtered light [144]. Given
this fact and that the precise relationship of excited to non-excited species is an
unknown, chemiluminescence intensity is indicative of the relative, rather than the
absolute, concentration of any species.
The chemiluminescence of the excited OH radical (OH*) has been used in a number of
recent studies to visualise flame structure in pure NH3 [94, 103] and blended NH3 flames
[89, 90, 92–94]. Regions of highest OH* concentration are indicative of maximum
localised heat release and flame front location [93] and thus OH* chemiluminescence is
an established technique for appraising the structure of flames and locating where
maximum NO formation is located. The images for this study were captured using a
Phantom v1212 high-speed CMOS (complementary metal oxide semiconductor)
camera, a Specialised Imaging SIL40HG50 high-speed image intensifier gated at 10μs, an
ultra violet lens (78 mm, f/11) and a narrow bandpass filter selected specifically for
measuring the often used A2Σ+-X2OH* system of the OH* species (315 nm (±15 nm)
FWHM) [103]. Full width half maximum (FWHM) indicates that at full width, the
extremes of the wavelength range measured (i.e. 300 and 330 nm), the filter is allowing
half of the maximum signal through. The camera was situated aiming horizontally
through the side quartz window on the pressure casing and into the combustion
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chamber. Images were captured such that the horizontal plane of the images represents
the axial plane in the combustion chamber.

4.7.2 Chemiluminescence Image Processing
A manually focussed, single image of a target was captured to enable calibration. The
target, a matrix of dots with a spacing of precisely 10mm horizontally and vertically, was
positioned so that its central horizontal line of dots was in line with the radial centre of
the burner nozzle exit. All image files for this study were captured in .cine 12 bit format.
Phantom’s PCC software program [145] was used to convert the image files to 12 bit .TIF
format, for use with the programming language and numeric computing environment
MATLAB (abbreviation of Matrix Laboratory), developed by MathWorks [146].
MATLAB’s matrices oriented programming, makes it well suited to the mathematical
manipulation of the ‘grid’ of pixel intensities, as found in images.
Once imported into MATLAB, adjustment of contrast and colourmap selection was used
to enhance the target image for inspection. By counting the pixels between 7 dots (i.e.
60 mm) it was possible to scale for the test images giving an image resolution of 22.4
pixels/mm2 or 4.733 pixels/mm. The burner centreline was located at pixel row 275.
All test point video files were captured at a frame rate of 4 kHz, giving a period of 0.5 s
for each test case, equal to 2001 individual images. A shorter background video file was
also captured, prior to combustion, and converted to 101 .TIF files. The background .TIF
images were temporally averaged using MATLAB program BG_code.m (see Appendix
C.1), to produce an unfiltered, average background image. This was achieved by
summing the intensities of each pixel, across all 101 background images, into the
corresponding co-ordinate of an empty matrix and then dividing all the resultant pixel
values in the matrix by the total number of images. This temporally averaged
background intensity was then removed from each temporally averaged test point .TIF
image in turn, using another MATLAB program averaging_code.m (see Appendix C.2).
The same code (i.e. averaging_code.m) also noise filters the background corrected test
point image, such that each output pixel contains the median value in a 3-by-3
neighbourhood (around the corresponding pixel in the input image) and the image
boundary is extended symmetrically. The code saves the original image grayscale
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colourmap, for easy viewing of the output image matrices. These two programs were
adapted from code obtained from Runyon (2017) [76].
Much of the original images’ field of view included the casing surrounding the quartz
window, the burner assembly and an area downstream of the flame, so the images
required cropping before the next stage of processing. First, the brightest averaged
image was displayed as a MATLAB figure, to give the greatest contrast between the
flame and the edges of the viewing window. The top half of the image contained a
sizeable flaw resulting from a deposit on the quartz tube. Fortunately, the subsequent
stage of image processing assumes symmetry about the axial centreline of the flame, so
requires only half an image (top or bottom), hence the lower half of the image was
chosen for the subsequent processing stages. Row 488 marks the lower edge of the
quartz window, so there were 213 pixels between the burner centreline and the bottom
edge of the cropped image. The burner centreline (row 275) minus 213 pixels made row
number 62 uppermost for the cropped image.
A sharp increase in the intensity gradient on the left-hand-side of the image, indicated
that the fuel exited the burner at image column 120. The averaged images for the
weakest flames were used to judge the approximate length for the longest flames (i.e.
the slowest to burnout). Approximately 100 mm was deemed adequate to allow for the
full inclusion of the OH* chemiluminescent areas of these flames. Therefore, given the
scaling, the images were cropped downstream of the flame (at column 593). The
cropping and scaling code is incorporated into the code for the next stage of image
processing, that of Abel deconvolution.
Abel deconvolution is a technique widely used in the image processing of
chemiluminescent signals from axially symmetric flames [76]. When observing the
swirling conical flame structure, the line-of-sight signal received by the observing
equipment, e.g. an eye, will include all light emitted in front of or behind the focal plane.
The focal plane in this instance is a plane cutting vertically down through the burner
centreline and projecting axially along the confinement tube. The open-source MATLAB
algorithm for the Abel inversion processing method used in this study was created by
Killer (2014) [147]. This code was modified by Runyon (2017) to provide spatial
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representation of chemiluminescence measurements. The program is included in the
relevant thesis under the program name HalfAbel.m [76]. The code assumes the
distribution of the chemiluminescent signal is radially symmetric about its axis (i.e. as
achieved through temporal averaging) and uses either half of the image. The code
processes a matrix, containing the pixel intensities for the chosen half of a threedimensional image, into another matrix, a two-dimensional spatially resolved projection
representing the signal intensities in the focal plane, mirrored about the centreline.
Figure 4.7 shows how the structure of the flame for one of the test cases (15% COG/AA
at Φ = 1.2) is revealed by showing the same image before and after the Abel inversion
algorithm has been applied to the image (flow direction is from left to right).

Figure 4.7 The relative pixel intensity for the OH* signal before (left) and after (right)
Abel deconvolution (for 15% COG with AA flame at Φ = 1.2).
The relative maximum OH* intensities for the pixels before and after processing are also
shown, indicating that the integral of the maximum signal intensity from a line-of-sight
perspective (of > 80) is almost two orders of magnitude greater than for the planar
projection (at ~1.2). The symmetrical image is equivalent to a viewable flame width of
90.4 mm. This is smaller than the internal diameter of the quartz tube (100 mm), due to
the window edge slightly obscuring the very edges of the tube. However, the images
show the vast majority of the OH* chemiluminescence data indicating flame structure.
The image cropping and Abel inversion were performed for each background corrected,
noise filtered test point image in turn, run in batches. An example of the batch
processing code is given in Appendix C.3. The code includes all necessary scaling
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information to enable scaled plotting of the processed image about the burner
centreline. It specifies the revised burner centreline pixel row of 213 (post image
cropping) using the variable CentXPix, and designates the half of the original image to
be processed via the WhichWay variable. The Abel inversion code processes the image
in a vertical orientation, so some coding for matrix rotation before and after processing
is necessary to display the images in their true orientation (hence negative values
upwards for the y-axis in some images presented). The functions to which the
HalfAbel.m code calls are available on the MATLAB Central File Exchange [147]. The final
images displayed are scaled from 0 to each matrix maximum value by setting the
colourmap minimum to zero, to exclude negative values.

4.8 Adaptations of the Method in Response to Data Appraisal
4.8.1 Issues Related to Sample Dilution
As anticipated from the numerical modelling, it was necessary to dilute the CO
measurements to bring them on scale. Dilution was equivalent to a WDF of 7.0 to 9.3
across all test cases. The molar percentage of H2O in the undiluted samples (from
equilibrium modelling) is between 27 and 40%, so at this level of dilution, the H2O in the
wet samples is approximately 3 to 6% (across all cases). As this exceeds 3%vol (stated as
having < 1% reduction in NOx readings [143]), the manufacturer (Signal Instruments) was
contacted. They advised that for every 10% H2O, NOx measurements are reduced by
approximately 1%. Therefore, cross-interference effects from the H2O component are
still assumed to be minimal (at < 1% of reading) for these samples.
An unanticipated consequence to the significant air dilution of the emissions, which
became evident after the conclusion of the test campaign, was the effect on NO2
measurements. The NO2 readings were as expected for the leaner values of Φ, being
significantly lower than those of NO and so contributing a small minority of the NOx
emissions. However, as Φ was increased and as the NH3 emissions started to climb, so
did the NO2 exhaust concentrations. This phenomenon is demonstrated by the plots in
Figure 4.8, for the three AA blends at their target Φ. It was postulated that the rise in
measured NO2 was somehow related to the presence of high concentrations of NH 3 in
conjunction with the addition of dilution air, as no other relevant publications (or the
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numerical modelling) had shown this increase. Considering that the NO x analyser
calculates NO2 as the increase in NO reading when a sample is passed through the NO2
converter (see Section 4.6.3), it was theorised that the converter was reacting a portion
of the NH3 to NO, due to the presence of a considerable concentration of O 2 (from air).
A subsequent, short experimental study was conducted to investigate this theory.

Figure 4.8 Rise in NO2 emissions (dry, 15% O2) with increase of Φ for the AA blends
The short study, was conducted at 0.11 MPa, with an inlet temperature of 469 K, using
15% COG with AA at a target Φ of 1.25. This test point was chosen for its high NH3
measurements (632 ppm) in the aforementioned campaign (see Figure 4.8). The quartz
tube design and installation differs slightly from that used in the previous sections of
this chapter, but not in any way that would invalidate the findings (the tube design and
installation is described later in Chapter 6). Table 4.3 shows the NH3 results of this short
study (631.4 ppm) are practically identical to those of the earlier campaign.
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Table 4.3 Emissions concentrations with/without air dilution for 15% COG/AA

The NO2 reading without dilution was essentially zero (-0.9), while modest dilution
resulted in an NO2 reading of 47 ppm, representing the majority of the NOx measured
(the reason for negative results is discussed shortly). There is also a slight increase in NO
with dilution, although this is likely due to the slightly lower Φ. The results show NO2 to
be a very minor contributor to measured NOx when NH3 concentrations are low (as
would be expected) contributing a maximum of 3.7% of total NOx for the blends in Figure
4.8. Therefore, NO emissions have been used as a proxy for NOx in this chapter’s results.
Having identified the cause of the increase in NO2, the subsequent staged combustion
study, discussed later in Chapter 6, did not use dilution air during the measurement of
NOx and thus, the NO2 measurements in that chapter are valid. As some air dilution is
necessary for measurement of NH3, to provide the O2 for the conversion of NH3 to NO
(see Equation 4.3), dilution was still required when measuring NH3 in the later chapter.
The NO2 measurements were frequently calculated as a negative value. This is because
NO concentrations generally increase over the duration of a test point in line with a
gradual decrease in Φ. This decrease is due to the continual cooling of the NH3 container,
which increases the restriction of NH3 flow. The fuel flow valves were held at position
for the duration of each test point. Although the decrease in Φ is slight, modest
decreases can lead to a rapid increase in NO. When NO values are high, the subtraction
of the higher NO value from the NOx value (measured minutes earlier), gives a negative
result for concentrations of NO2. The y-axis in Figure 4.8 starts from zero, so the negative
data points are not visible. Similarly, for high background NO readings and insignificant
NH3 concentrations (i.e. for the leanest cases), the increasing NO readings across a test
point also led to negative readings for NH3 (most often measured after NOx). Negative
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data points for NH3 have been set to zero in this thesis (although the measured negative
values are included in Appendix A.4).

4.8.2 NOx Analyser Fluctuations and Sampling
When using the manual T-valve to switch between NH3 and NOx readings, there was
significant delay in the settling of the readings, not least because high NH 3 readings are
recorded for cases with low NOx readings and vice-versa. It was originally intended that
approximately one minute of measurement (~60 readings) would be averaged, but given
the substantial settling delay, the timings were adjusted to achieve stable readings.

4.9 Experimental Results and Discussion
4.9.1 Flame Stability
There were significant issues with the combustion stability of the AV blends, as was
anticipated from the earlier numerical modelling of the laminar flame speeds. AV with
20% COG was the only AV blend capable of sustaining a flame under the experimental
operating conditions. The inlet temperatures for the premixed fuel and air were lower
than had been intended and modelled for, despite significant insulation of the heated
air and steam lines, due to the inability of the overheated preheated air to lift the premix
temperature to 550 K. Across all cases, inlet temperatures ranged from 502 to 533 K.
Inlet temperatures were highest for the AV with 20% COG at 529 to 533 K. Had inlet
temperatures been modestly higher (at 550 K), the instabilities could have been
marginally lessened for the 20% COG/AV blend. However, given the issues experienced
by this more reactive blend, this minor elevation in temperature would not be sufficient
to enable stable combustion of the 15% COG/AV blend. Figure 4.9 shows the time
averaged OH* chemiluminescent images of the AV with 20% COG blend at the range of
Φ investigated. Intensities are scaled to the maximum for each individual image.
Combustor pressure was maintained 1.086 ± 0.004 bara.
As Φ increases the flame adopts a more ‘M’ shaped average structure due to the greater
proportion of fuel consumption occurring in the outer recirculation zone and the
detachment of the root of the flame as it lifts progressively further away from the burner
exit. The far grainier image at Φ = 1.15 results from the lower signal intensity (increasing
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the noise to signal ratio) and the more variable spatial distribution over time due to the
more frequently transitioning flame structure, atypical for normal gas turbine operation.
Had the target Φ range included higher values for the AV blends, these would not have
been achievable for safety reasons, even for the more reactive 20% COG blend.

Figure 4.9 OH* Chemiluminescence of the AV with 20% COG blend at Φ = 1.00 to 1.15
(529 to 533 K inlet, 1.09 bara)
Only the 20% COG blends are available for direct comparison of flame structure between
all three types of blend (i.e. AA, HA and AV). The structures of these flames are shown
at Φ = 1.05 in Figure 4.10.
While the structures of the AA and HA blends are very similar and primarily ‘V’ shaped,
the transition to a more distinctly ‘M’ structure for the AV blend is clear to see.
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Figure 4.10 OH* Chemiluminescence for AA, HA and AV with 20% COG, at Φ = 1.05
For the AA and HA blends, only the 10% COG/HA blend experienced substantial
instability, with the flame lifting off the burner at Φ = 1.2, preventing safe operation.
Therefore, the richest Φ achieved for the 10% COG/HA blend was 1.15 (at 514 K). The
inlet temperature for the HA blend at Φ = 1.2 was 507 K, 43 K lower than intended, so
had this been 550 K, this could have stabilised the flame sufficiently for readings.
Using the same method as in Section 3.3 (and the Okafor mechanism), the laminar flame
speed of the 10% COG/HA blend, at 514 K and 1.09 bara (the same inlet temperature
and pressure and its richest stable combustion case Φ = 1.15) was modelled as 20.06
cm/s. The laminar flame speed of CH4 for the same conditions and at the very lean Φ of
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0.5 is 22.70 cm/s, so ~10 % higher. Similarly, for the 20% COG/AV blend at Φ = 1.15 and
529 K the laminar flame speed was 21.84 cm/s. The equivalent for CH4 (at Φ= 0.5) is
24.90 cm/s, ~14% higher. Thus, the calculated flame speeds for the NH3 blends at the
borderline of stable combustion are slightly lower than those modelled for very lean CH4
combustion. Given these results, and the experimentally validated prediction that the
15% COG/AV blend would not combust stably, comparison with the laminar flame
speeds of CH4 at Φ = 0.5 appears to be a good indicator of the approximate limits for
stable combustion for NH3 blends in this burner assembly.

4.9.2 CO Emissions
The emissions data for all blends across all test points reported in this chapter is given
in Appendix A.4, calculated as undiluted. The H2O product mole fractions, as well as the
experimental Φ values calculated from the averaged air/fuel flows using Gaseq
(accounting for the variation from the target Φ in the plots), are also given in Appendix
A.4. Uncertainties in emissions concentrations are relatively small, being obscured by
the data points themselves in many cases.

Figure 4.11 CO emissions for all blends (dry basis)
Figure 4.11 shows the results for the dry, undiluted CO concentrations for all successful
cases. As anticipated by the numerical modelling, CO emissions for the humidified
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blends exceed those of the anhydrous blends due to the higher ratio of carbonaceous
fuel to NH3. The CO for the 20% COG blends is naturally one third higher than that of the
equivalent 15% COG blends and twice that of the equivalent 10% blends. The difference
in CO (and ultimately CO2) emissions between blends with the same volume percentage
of COG is comparatively modest. CO will eventually convert to CO2 and the purpose of
this study is to mitigate for GHG emissions, therefore, all other measures being equal,
the 10% blends are preferred.
Naturally, with such high concentrations of CO exiting the primary stage, efficient mixing
with the oxidant in the second stage is crucial to bringing these CO concentrations down
to acceptable levels and enabling efficient combustion.

4.9.3 Nitric Oxide (NO) and Ammonia (NH3) Emissions
The NO and NH3 emissions concentrations for the AA blends are shown in Figure 4.12,
focusing on the Φ range close to the three blends’ values of Φopt.

Figure 4.12 NO and NH3 emissions concentrations for the AA blends (dry, 15% O2)
Concentrations for both NO and NH3 are presented as dry, 15% O2 to facilitate
comparison of NO emissions with UK regulatory requirements and to compare the two
emissions on an equivalent basis, appreciating that NH3 leaving the primary stage is a
potential source of NO in the lean secondary stage.
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The lowest combined NO/NH3 emissions (from Figure 4.12) are given in Table 4.4, for
the values of Φ investigated. As the resolution of Φ is limited to increments of ~0.05,
the lowest possible combined emissions achievable are possibly lower at Φ values
between those measured. For this reason the subsequent experimental study in Chapter
6 improves on this resolution by targeting increments of 0.01 for a range close to the
predicted Φopt. The values of Φ at which the NO/NH3 lines intersect are assumed to be
indicative of the approximate Φopt for each blend under the conditions investigated.
Thus, the Φ values for the intersects are also approximated in Table 4.4 with the
approximate value of their combined emissions (obtained from visual inspection of the
plots).
Table 4.4 The Φ values for the measured minimum combined NO and NH3 emissions
(AA blends) and the intersects for the plotted emissions values.

Although two of the blends in Table 4.4 achieve NO readings of < 97 ppm, none have
low enough combined NO/NH3 readings, exiting the primary stage of combustion, to
satisfy the regulatory limit in a staged configuration, should all the NH3 ultimately be
converted to NOx in a second leaner stage. The lowest combined emissions values
measured for the 20% and 15% COG/AA blends are very similar (< 200 pm) and superior
to the 10% COG/AA blend (> 300 ppm). The combined emissions at the NO/NH 3
intersects for each blend are also similar and much lower for the 15 and 20% COG
blends. The 10% COG blend is therefore least favoured. The predicted Φopt of each blend
(the NO/NH3 intersect) increases as the percentage of COG increases with an
approximately linear rate of increase.
Figure 4.13 shows the NO and NH3 results for the HA blends, once again focusing the
range of Φ near the blends’ Φopt values.
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Figure 4.13 NO and NH3 emissions (dry, 15% O2) by Φ for the HA blends.
The emission results for the HA blends are summarised in Table 4.5.
Table 4.5 The Φ values for the measured minimum combined NO and NH3 emissions
(HA blends) and the intersects for the plotted emissions values.

The 15% and 20% COG/HA blends have measured combined emissions of < 300 ppm
(219 and 283 ppm respectively), and approximately equal combined values at their
respective intersects. The 10% blend’s measured combined concentrations are
significantly higher than for the other blends (~380 ppm). For the values of Φ
investigated, the results for the 15% COG blend are best overall. Similar to the AA blends,
there is an almost linear increase in Φopt with percentage COG, with a slightly larger
increment between the 15 and 20% blends. The combined emissions for the AA blends
are lower than for the HA blends for all equivalent blends.
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Figure 4.14 shows the NO and NH3 results for the only COG/AV blend (20% COG), for the
target range of Φ = 1.0 to 1.15.

Figure 4.14 NO and NH3 emissions (dry, 15% O2) by Φ for 20% COG with AV.
The lowest combined emissions for the AV blend occurred at Φ = 1.144, where
combined emissions were 380 ppm (312 ppm for NO and 68 ppm NH 3). Although the
fuel-bound nitrogen is 11.6% higher for the simplified AV blend than for the AV derived
from the literature (see Section 4.2.1), even if this translated to a proportional reduction
in NO and NH3, instabilities would prevent safe operation at this or greater Φ.

4.9.4 Overall Evaluation of Blends’ Performance
For stable combustion, AV blends require greater COG volume percentages, lower Φ or
higher inlet temperatures than those investigated, but these measures would result in
either higher NOx or CO2 emissions (or both), as seen from the numerical modelling. As
this study seeks to minimise both of these emissions under stable combustion
conditions, the AV blends are excluded from further investigation.
Aside from the problems of flame stability and NOx/CO emissions given above, there are
other compelling reasons to exclude AV blends in favour of HA and AA blends, some of
which were alluded to when the potential benefits of utilising HA were introduced in
Section 4.2.2. The other perceived operational and environmental benefits resulting
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from the exclusion of AV blends, and the consequential removal of acid gases (H2S, HCN
and CO2) in the ammonia fuel, are as follows:


Mitigation of the production of sulphur oxides; precursors to acid rain.



Greatly reducing the effects of catalyst poisoning in the event that SCR is used
for NOx control.



Easier, safer storage of the ammonia-based fuel.

Further dehydration of AV vapour in the by-product plant, via additional condensing,
would only serve to increase the acid gas components in AV, therefore selective removal
of the NH3 from the waste stream (e.g. via the Phosam process) is necessary before the
NH3 component can be converted into a form useable as a fuel.
Having excluded the AV blends the comparative evaluation of the AA and HA blends
follows. In consideration of the flame stability, CO, NO and NH3 emissions results, it is
predicted that, with sufficient resolution of Φ, the best performance would be achieved
by the two 15% COG blends and that under similar conditions of inlet temperature and
pressure, the anhydrous blend would out-perform the humidified blend at each blends’
respective Φopt. It is predicted that for the operating conditions investigated, lowest
combined emissions would be achieved at Φ ~1.185 and ~1.15 for the AA and HA blends
respectively.

4.9.5 Emissions Trends with Changes in Fuel Humidification
Having successfully tested all three blend types with 20% COG enables examination of
performance and emissions trends, allowing predictions for blends with water fractions
between those tested, under similar operating conditions. Figure 4.15 directly compares
the NO and NH3 emissions results for the three blends with 20% COG. A key feature to
note from Figure 4.15 is that the more humidified the blend, the lower the NO emissions
values, for any one specified Φ. This relationship appears to approximate linearity over
the range of humidification investigated, such that the NO emissions for the HA (30%
H2O) blend lie approximately halfway between the AA (anhydrous) and AV (~60% H 2O)
blends. This finding enables predictions to be made concerning the likely NOx emissions

126

Primary Stage Experimental Campaign
for all compositions lying in-between those of the AA and AV blends for the range of Φ
investigated.

Figure 4.15 NO and NH3 emissions concentrations by Φ for 20% COG with AA, HA and
AV blends.
That lowered NO emissions are found through NH3 humidification is in agreement with
the findings of Pugh et al (2019) [93]. However, as has been discussed in this chapter,
equivalence in NO emissions between humidified and anhydrous blends can be achieved
when the anhydrous (or less humidified) blends are operated under a more fuel-rich
combustion regime, and this action carries no apparent disadvantages as, for each blend
combusted at its respective Φopt, efficiency is not compromised, provided combustion
is completed in a second stage. Consequently, active humidification of AA, solely for the
purpose of NOx control, is not supported by these results. However, in the case of
steelworks by-product NH3, without complete dehumidification of the aqueous
ammonia stream, which carries an energy penalty, there inevitably already exists a
partially humidified fuel. Aside from energy savings from partial dehumidification, a
potential benefit from utilising humidified NH3 yet to be considered is that of higher
power and efficiency, from increased bulk flow. Power and efficiency comparisons are
investigated later in Chapter 7 in the development of a power cycle, utilising the chosen
AA and HA blends. From the data obtained in this campaign it can be assumed that
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instabilities would not feature for any NH3 blend of ≥ 15% COG with a water fraction
between 0 and 30% and that it is possible to operate at the Φ opt for any such blend.
Therefore, although this chapters results predict NOx emissions to be greater for the HA
than AA blends, there are potential advantages to continuing to pursue HA blend
investigations, especially as NOx mitigation opportunities remain to be investigated. The
mitigation measures include pressure elevation and thermal de-NOx which could lower
emissions to acceptable levels for the AA and HA blends alike. Thus, despite the
apparent poorer emissions performance of HA blends, both the 15% COG/AA and 15%
COG/HA blends are investigated further.

4.10 Chapter Summary


Simplified, representative AV and COG compositions were designed for the
experimental investigation.



Flame speed modelling in Chapter 3 supported the idea of a halving of the water
content of the AV blends. Thus, a humidified NH3 blend (30% H2O) was
investigated in addition to the AV (~60% H2O) and AA blends.



The blends investigated were chosen from the earlier numerical modelling (i.e.
with 15% COG support) and additionally with 5% more or less COG, as a
proportion of their composition.



To maximise the preheat capability (i.e. overheating air flows) and to
simultaneously account for NH3 flow restrictions, 25 kWth power was adopted.



All flowrates and measurements (e.g. temperature, emissions, etc.) were
averaged for each test point. These measurements were used to derive the
experimental Φ and to account for sample dilution (bringing emissions readings
on-scale) to calculate industry relevant emissions data.



Abel deconvolution of OH* chemiluminescence images was performed to assess
changes in flame structure across the blends at different Φ. Transitioning of
structure from a ‘V’ to an ‘M’ shape, was evident for the least reactive flames.



Sustainable combustion of the 15% COG/AV blend was not achieved. Inlet
temperatures were lower than intended, but performance of the 20% COG/AV
blend was sufficiently poor to preclude AV blends from further investigation.
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All NH3/H2O blends of 0 to 30%vol H2O can be predicted to burn stably at their
Φopt when supported by 15% COG under the conditions tested. Their emissions
can be estimated from the demonstrated trend (i.e. 30% H2O gave NO readings
halfway between ~60% and 0% H2O).



The modelled laminar flame speed of CH4 at Φ = 0.5 is an approximate indicator
as to the minimum flame speed for stable combustion of ammonia blends in
this burner assembly (at the same inlet temperature and pressure).



The trends suggest a positive linear correlation between blend reactivity and
Φopt.



The 15% COG/AA and 15% COG/HA blends were the best when balancing
stability with emissions. Combined NO/NH3 emissions for these two blends were
found to be two to three times the assumed regulatory limit for NOx.



The AA blend’s emissions were lower than the HA blend’s when each blend was
operating at its Φopt and the proportion of the energy content from the NH3 is
marginally higher for the AA blend. The differences in CO (and ultimately CO 2)
emissions is very modest.



Although HA’s primary stage emissions performance is generally poorer than
AA’s, there may yet be other benefits in using HA worth consideration (e.g.
increased cycle efficiency), especially once pressure elevation and de-NOx
treatments are considered.
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Chapter 5

Reactor Model Improvement

5.1 Reactor Model Development - Method
Significant elevations of pressure, representative of those used in industrial gas turbines,
are not feasible at the GTRC. Therefore, the best way to predict the likely effects of
pressure elevation on emissions, for the chosen blends, was to further develop the
reactor model from Chapter 3, using the experimental data from Chapter 4. The
chemiluminescence images and experimental emissions results (subsequently
calculated as wet and undiluted) were used as reference data, from which to train and
improve the model. Several model variables were manipulated so that the model
generated emissions values approximating those of the Chapter 4 experimental work at
atmospheric pressure and for the limited range of Φ tested (i.e. 1.05 to 1.3 for 15%
COG/AA and 1.0 to 1.2 for 15% COG/HA). This improved model was then used to
numerically predict approximate emissions values for the blends under elevated
pressure conditions. The Okafor [96] and Tian [130] mechanisms were used in the
modelling.
The improved model reflects the product concentrations for fuel-rich combustion.
Therefore, in preparation for the experimental secondary air staging work, the improved
model was also used to predict product concentration profiles along the PFR
(representing the post flame zone). A decision regarding the appropriate locations for
the secondary air-staging inlet holes was made using these profiles.

5.1.1 Approximation of Flame Volume
The images obtained from the chemiluminescence work in Chapter 4 were used to
approximate an average flame volume. In the numerical modelling of Chapter 3, the
residence times and adiabatic temperatures of the model produced an overall volume
for the PSRs in cluster 1 of approximately 68 cm3 for 15% COG/AA at Φ = 1.2 and 61 cm3
for 20% COG/AV at Φ = 1.05. The OH* chemiluminescence images for these two cases
are shown in Figure 5.1.
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Figure 5.1 Abel deconvoluted OH*chemiluminescence images for 15% COG/AA (Φ =
1.2) and 20% COG/AV (Φ = 1.05)
The OH* chemiluminescence of the flames persists for approximately 80 to 90 mm
downstream of the burner exit. The volume of confinement occupied by 80 and 90 mm
axially is 628 to 707 cm3. However, the outer boundary of the flame does not occupy the
entire volume. Therefore, an average flame volume of ~500 cm3 was assumed for the
revised model, ~7 times greater than for the original model. The premixed flowrates for
the original modelling were 5 g/s, whereas the experimental flowrates were 7.5 and 10.4
g/s, so the increase in bulk flow accounts for a minority of the flame volume increase.

5.1.2 Heat Loss and Residence Time Revisions
It is recognised that producing one model, to give best average fit for the data, will have
its limitations. Heat losses and residence times will vary between blends, but are fixed
for the model. However, one model that can approximate the performance of different
blends at different Φ (incorporating their differing inlet temperatures and flowrates) is
a more robust method for creating a simulation representing reality, than creating
individualised models for each case, which happen to fit the data.
In reality, the most reactive blends at leanest Φ would have higher relative heat losses
than the average blend, due to their higher flame temperatures. Additionally, residence
times in cluster 1 would in reality be marginally greater for the flames with lowest
reactivity (humidified and at highest Φ) than for the average, as can be seen in the flame
elongation of AV compared with AA in Figure 5.1. Hence, the heat loss and residence
times chosen need to be a compromise for achieving reasonable agreement across the
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blends. Choosing values that simultaneously represent a best compromise between the
15% COG/AA and 15% COG/HA at their respective Φopt, is the approach adopted here.
As there was no reliable heat loss data available for the burner assembly, or flow profiles
(i.e. describing strength of recirculation) for the blends tested, a method for
approximating these values based on average reactant flowrates, approximate
temperatures, etc. was adopted. The temperature of the flow in the first 80 mm of tube
(measured axially from the burner exit) was assumed to be an average of approximately
1900 K (based on modelled adiabatic temperatures of ~2000 K). Using the ideal gas
equation, at this temperature, 1 mole of an ideal gas occupies ~0.14 m3. The fuel/air
flow was approximately 0.29 mol/s (calculated from the Excel interactive workbook),
hence one second of flow would occupy (0.29 * 0.14) = 0.041 m3. As discussed in Section
5.1.1 the flame volume is assumed to be approximately 500 cm3 (5.0 x 10-4 m3),
therefore the average residence time is ~0.012 s. Although this value has been arrived
at via a rather crude method, in the absence of hard data (such as particle image
velocimetry data), it is considered a valid step for enabling model improvement, helping
to account for the order of magnitude disparity in flame volumes between those
modelled by the original model and those evident from the visual observations obtained
experimentally.
The residence times between the flame zone and the CRZ are assumed to be
approximately equal (as they were in Chapter 3). Minor changes in overall residence
times made very little difference to the emissions predictions. Residence times
ultimately chosen were 0.0015 s in PSR1, and 0.005 s each in PSRs 2 and 3, to
approximate the ~0.012 s total average residence time in the flame (as derived in the
previous paragraph). Thus, the modelled flame volumes are now more representative
of those observed experimentally.
By far the most crucial manipulation of the flow variables was the variation of heat loss.
However, it was found that the division of the proportion of the heat losses between
the flame zone and CRZ made no significant difference to the emissions entering the
PFR. For example, a heat loss of 0.5 kW/s in the flame zone and 1.5 kW/s in the CRZ gave
practically identical results as 0 kW/s in the flame zone and 2.0 kW/s in the CRZ.
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Adiabatic temperatures originally modelled for PSR1 were ~600 K, whereas those in PSRs
2 and 3 averaged ~ 2000 K. Therefore, heat losses from PSR 1 were assumed to be
relatively insignificant. A range of heat loss values in cluster 1 were investigated. Heat
losses in PSR1 were held at 0.1 kW/s, while losses from PSRs 2 and 3 combined were
varied between 1.3 and 2.3 kW/s. The results for combined heat losses of 2.0 kW/s were
the best at resembling the emissions results from the experimental campaign. These
losses were split as follows: the flame zone, 1.5 kW/s and the CRZ, 0.5 kW/s. A
modification of recirculation between PSRs of 30% from 20% gave marginally more
representative emissions results, but as was the case for residence times, these changes
were fairly insignificant, compared with the changes when manipulating heat losses.

5.1.3 PFR Profile Revisions
The PFR residence time is dictated by the PFR geometry, mass flows and temperatures
and cannot be set (unlike for the PSRs). Greater heat losses will increase residence times
as the volume of product gases is less. However, the approximate doubling of the mass
flows from those of the original modelling, greatly reduces the residence time in the PFR
despite the fact that heat losses are now being considered. The PFR in the original model
assumed a constant 10 cm diameter, 40 cm in length, without heat losses. The maximum
length of flame observed experimentally (in Chapter 4), occupied the first ~10 cm of the
quartz confinement. As the confinement projects 40 cm downstream of the burner, the
PFR profile was modelled as 30 cm long and 10 cm diameter. Following after the PFR,
was an approximate representation of the water-cooled pipework ahead of the gas
analysis probe. This length of 6 inch pipe was modelled as having length 15 cm and
diameter 15 cm. Heat losses were manipulated until exhaust temperatures reasonably
matched the exhaust thermocouple measurements, at ~0.3 kJ/cm-s.

5.2 Improved Reactor Model Results and Discussion
5.2.1 Emissions Concentration Results at Atmospheric Pressure
The modelled results (broken lines) versus experimental results (solid points), for the
two chosen blends, are shown in Figure 5.2 and Figure 5.3 for the AA and HA blends
respectively.
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Figure 5.2 Experimental NO and NH3 results versus improved reactor model for 15%
COG/AA (wet basis) – using the Okafor and Tian mechanisms.

Figure 5.3 Experimental NO and NH3 results versus improved reactor model for 15%
COG/HA (wet basis) – using the Okafor and Tian mechanisms.
It can be seen from Figure 5.2 and Figure 5.3 that, although modelled results were up to
450% higher at the lower concentrations (e.g. 22 ppm experimental versus 121 ppm for
the AA blend at Φ = 1.191), the improved model produces NO emissions values broadly
in line with the experimental results (± 25% for experimental and modelled NO values >
1000 ppm), for both blends and both mechanisms. The model is marginally better at
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predicting NO for the HA blend than for the AA blend and a better predictor of degree
of NH3 slip for the AA blend than the HA blend. The Φ above which NH3 slip occurs is
correctly predicted by both mechanisms for both blends, but the accuracy of the
modelling of slip is much better for the AA blend, than the HA blend (maximum error of
+32% and -57% of experimental reading respectively, using the Tian mechanism). Over
the range of Φ investigated and with the variable settings used, the Tian mechanism’s
predictions for the blends’ emissions are the closest to the experimental results, so this
was the mechanism used to model the behaviour at elevated pressure.

5.2.2 Emissions Concentration Results at Elevated Pressures
When simulating an increase in pressure, reactant mass flows need to be scaled
accordingly, to maintain the original residence times while changing the density. An
elevated pressure of 12 atm was simulated. This is a typical operating pressure for a
~5MW industrial combined cycle gas turbine (see Section 2.4.2). Additionally a pressure
halfway between this and atmospheric was modelled to show the trend for change in
emissions with pressure elevation. To scale from 1.075 atm (0.109 MPa) to 6 atm (0.605
MPa) and 12 atm (1.21 MPa) required multiplying the mass flows by 5.58 and 11.16 to
give LHVs of 150 and 300 kW respectively. Total heat losses were held constant across
pressures, so relative heat losses were lower at elevated pressure (i.e. for the greater
mass flows). Thus, the modelled flame volumes do increase accordingly, by 7% to 9% for
6 atm and 12 atm of pressure respectively.
Figure 5.4 and Figure 5.5 show the 15% COG/AA and 15% COG/HA blends’ NO and NH3
emissions predictions at the elevated pressures, compared with 0.11 MPa (atmospheric
pressure experimental and modelled results). As was discussed in Section 2.3.1, the
rationale for calculating NOx emissions from NH3 combustion in the same way as for
carbon-based fuels combustion is in question. Therefore, for a more complete
assessment, all the emissions results, experimental and modelled, for wet basis, dry
basis and normalised to dry, 15% O2 concentrations, are made available in Appendix A.5.
The water fractions used in the emissions calculations for the modelled data were those
obtained from the Chemkin (kinetic) results and are also included in Appendix A.5.
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The evidence for predicting considerable reduction in NOx at elevated pressures was
described in Section 2.3.3. The modelling supports these predictions, with considerable
improvements in NO emissions shown at the elevated pressures. Combined emissions
easily attain levels below the assumed regulatory limit of 97 ppm (see Section 2.3.1).

Figure 5.4 Modelled effect of elevated pressure on NO and NH3 emissions showing
experimental results (Tian mechanism) for the 15% COG/AA blend.

Figure 5.5 Modelled effect of elevated pressure on NO and NH3 emissions showing
experimental results (Tian mechanism) for the 15% COG/HA blend.
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5.2.2.1

NO Emissions Discussion

In Figure 5.4 and Figure 5.5, the reductions achieved for NO at 6 atm (i.e. below the
typical pressures for gas turbine technology) represent a major proportion of the
reductions achievable at 12 atm. For example, at Φ = 1.19, the AA blend NO is modelled
as 109 ppm at atmospheric pressure, 39 ppm at 6 atm and 14 ppm at 12 atm, showing
that 64% of the reduction is achieved at 6 atm with a further 23% reduction (to 87%
overall) at 12 atm. Although the NO reductions with pressure elevation appear
significantly more pronounced for the AA blend, this is an illusion due to modelling under
a different range of Φ (although the NO reductions at elevated pressure are indeed
marginally greater for the AA blend than the HA blend). For example there are 84% and
80.5% reductions for NO for the AA and HA blends respectively, at Φ ~ 1.1 (for modelled
data between 0.11 and 0.605 MPa).

5.2.2.2

NH3 Emissions Discussion

Being very similar, the NH3 concentrations at 6 atm are obscured by those at 12 atm.
Therefore, the NH3 results for the different pressures modelled are provided in Table
5.1. At elevated pressure, at the blends’ richest Φ values, NH3 slip begins to climb. With
secondary air-staging this unburned fraction would be consumed.
Table 5.1 Modelled NH3 emissions by Φ for the AA and HA blends using the Tian
mechanism (dry, 15% O2).
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What is most significant about the observed trends in Table 5.1 is that NH3
concentrations are predicted to decrease significantly with increasing pressure. This
agrees with the findings of Somarathne et al. (2017) who also modelled a reduction in
NH3 at a pressure elevation from 0.1 to 0.5 MPa [106]. However, that study was
modelled without scaling flows (corresponding to the elevation of pressure) and hence
resulted in a much shorter modelled flame, shortening residence times.
The modelled results of Pugh et al. (2019) [93] contradict the above findings, showing
increased NH3 emissions with increasing pressure (scaled flows). Heat losses were
modelled as a fixed percentage (10%) of LHV. The same paper [93] also included
elevated pressure experiments and while these results also indicated a general trend for
higher NH3 with higher pressures (0.158 MPa versus 0.105 MPa), the uncertainties
prevented any robust conclusions being drawn. A possible explanation for an increase
in NH3 at higher pressures is that reduced flame thickness at higher pressures could lead
to lower NH3 oxidation efficiency (being slow to react) and that unburned NH 2 may
reform to NH3 in the post-flame zone. While this could explain the experimental trends
of Pugh et al. (2019) [93] it does not explain the modelled trends, as using perfectly
stirred reactors for simulating the flame zone would not account for changes in flame
thickness.
Therefore, an alternative explanation for these contradictory modelled findings is
offered. Using Fourier’s Law of Heat Conduction, the rate of heat conduction (q) is
expressed in terms of conductive area (A), the thermal conductivity of the material (k)
and the temperature differential through the material (dT/dx) as shown in Equation 5.1
[75].
𝑞̇ = −𝐴𝑘

𝑑𝑇
𝑑𝑥

Equation 5.1

The assumption can be made that the AFT is practically constant for a premixed blend
across different operating pressures. For example, for Φ = 1.0 and an inlet temperature
of 298 K, the AFT values for an NH3/air blend are 2074 and 2091 K for 1 and 10 atm
respectively (as modelled in Gaseq). Thus, dT/dx (between the combustor and its
surroundings), would remain virtually constant across the different pressures modelled.
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In accordance with Equation 5.1, as heat transfer (q) from the system is proportional to
dT/dx (for any one system), heat transfer is also approximately constant across these
pressures.
If combustor heat losses are assumed to be approximately constant (i.e. of a fixed
power) across pressures, but the thermal power into the system is scaled up with
increases in pressure, the relative heat loss (i.e. as a proportion of LHV) must decrease
as pressure increases. In reality, this can be observed as an increase in measured
temperatures at elevated pressure (as observed and discussed in the next chapter,
Section 6.6.2). As Pugh et al. modelled with losses as a fixed percentage of LHV, the
modelling would not account for a reduction in relative heat losses (and increase in
flame temperature), when scaling up flows for pressure elevation.
Naturally, small, low powered research combustors have much higher relative heat
losses than large, industrial systems (i.e. due to larger surface area to power ratios and
practical difficulties reaching thermal equilibrium with their surroundings). Hence,
accounting for changes in relative heat loss is especially useful when modelling smaller
research combustors at low pressures
Therefore, ever increasing pressures (i.e. thermal power) and thus lower relative heat
loss, would increase combustion temperature. This, in turn, would increase heat transfer
rate, but the rate of increase would gradually decrease, levelling off to zero as the
system approaches adiabatic conditions. Unlike other studies, this study has sought to
acknowledge this heat transfer rate curve (albeit rather crudely) by factoring in heat
losses at the one fixed power, in line with atmospheric testing results, and keeping this
constant to allow for decreases in relative heat loss with upscaling of flows/pressure.
For example, for the 15% COG/AA blend at Φ ~1.3, when fixing absolute heat losses at
those modelled for atmospheric pressure, the modelled maximum flame temperatures
are 1897, 2052 and 2074 K at 1, 6 and 12 atm respectively. Thus, there is a far more
significant increase in temperature between 1 and 6 atm than for 6 and 12 atm. Higher
combustion temperatures lead to more efficient consumption of NH3. Therefore, for the
same case, NH3 emissions were modelled as 3074, 30 and 16 ppm (wet basis) at 1, 6 and
12 atm respectively, thus showing a decreasing trend of NH3 with increasing pressure.
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Modelled adiabatically, i.e. losses as a fixed percentage (i.e. 0% of LHV), with little
change in temperature, the same model predicts 1.5, 4.4 and 6.2 ppm for 1, 6 and 12
atm respectively, a ~400% increase across the range.
In summary, lower relative heat losses at higher pressure (i.e. higher power) gives higher
combustion temperatures in the modelling and it is these higher temperatures that are
suggested as the reason for the lowering of NH3 concentrations at elevated pressures in
this numerical study. In reality, and as evidenced (albeit with large uncertainties) by the
Pugh et al. (2019) study, a decrease in flame thickness with pressure elevation,
potentially leading to reforming of NH3 in the post flame zone, could work to oppose the
increase in NH3 consumption from the higher temperatures at higher flame power.

5.2.2.3

Combined Emissions Including N2O - Discussion

At 6 atm and the highest values of Φ modelled (~1.3 for the AA blend and 1.2 for the HA
blend), NO and NH3 emissions are 14 and 12 ppm for the AA blend and 24 and 7 ppm for
the HA blend (dry, 15% O2). Although these values only relate to emissions from the
fuel-rich primary stage, (i.e. without staging, so with some unburned fuel), such low
levels at such modest pressures does suggest all gas turbines would be capable of subregulatory limits when utilising either of these blends, potentially even meeting those
for natural gas in gas turbine combustion, i.e. < 25 ppm (50 mg/Nm3 NO2e) [107].
The modelled concentrations of N2O for these examples (wet basis) were very low at 2
and 0.3 ppb for the AA and HA blends respectively. Likewise, CH4 concentrations were
two to three orders of magnitude lower than those of the N 2O. As there is no facility to
measure N2O or CH4, this modelling serves to show that concentrations of these species
exiting the primary stage are of little concern under these modestly elevated conditions.
Even at atmospheric pressure N2O was modelled at < 1 ppm for these blends (with CH4
an order of magnitude lower). As was described in Section 2.3.6, as it is less prone to
decomposition in the primary stage, HCN has a greater capacity than NH3 for N2O
production in the burnout stage. However, the low contribution of fuel carbon in the
blend would minimising HCN formation in the primary stage, and temperatures >1300
K in the second stage, would facilitate rapid N2O decomposition. Thus, the global
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warming potential of these blends is practically confined to the concentrations of CO 2
emissions, especially at gas turbine relevant pressures.

5.2.3 Changes in Emissions Concentrations through the PFR
Figure 5.6 shows the change in emissions concentrations and temperature along the
length of the PFR for a typical case at atmospheric pressure. It can be seen that
temperatures are >1300 K until ~30cm into the PFR.
The modelled results show that the majority of the change in NH 3 and NO emissions
concentrations occurs in the first 10 cm of the PFR, with a significantly decreased rate
of change in concentrations thereafter. The very high NH3 concentrations entering the
PFR (~4000 ppm) suggest air staging, to create lean conditions, should be delayed until
at least 10 cm after the flame (~255 ppm), to avoid considerable conversion of the NH 3
to NO.

Figure 5.6 Emissions concentrations by distance along the PFR for 15% COG/AA blend
at Φ = 1.187 and 0.109 MPa.
The decrease in NH3 is primarily due to its thermal decomposition to H2 that, in this
example case, increases from 4.7 to 5.0% of the product volume in the first 10 cm. HCN
is also reduced from 229 to 56 ppm (~75%) over this distance. The NO concentration
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itself is also predicted to decrease dramatically in the first 10 cm of tube post flame (909
to 267 ppm in the example). The decrease in CO is more protracted, due to the low
oxygen availability under rich conditions, for its conversion to CO2. A lean second stage
would greatly reduce the CO conversion time. All other cases modelled behave similarly.
There are no facilities to measure H2 leaving the primary stage in the experimental work.
The model was therefore used to find the H2%vol leaving the primary stage. For the Φ
closest to the AA and HA blends’ predicted Φopt values, the modelling predicted the H2
fraction to be ~5 and ~3.5%vol, respectively (across pressures). The H2 (with its high
flammability) aids the reactivity of the other unburned gases, such as CO, in the second
stage.
Assuming the modelled PFR emissions concentration profile reflects actual conditions
post-flame, one would expect to see significantly higher NOx and N2O production with
air-staging at 5 cm post flame than for 15 cm post flame with little change thereafter.
Therefore, a decision was made to investigate air-staging at distances 5 cm and 15 cm
downstream of the flame zone. With reference to the OH* chemiluminescence images
for the two chosen blends, the post flame zone is assumed to begin ~10 cm from the
burner face (~8.5 cm from the burner nozzle exit). Thus staging holes at 15cm and 25cm
downstream of the burner face are used in the air-staged work to follow.

5.3 Chapter Summary


Using OH* chemiluminescence imagery, experimental flows, conditions and
emissions data from Chapter 4, a revised and more representative PFR profile
and the Tian and Okafor mechanisms, the heat losses and residence times were
modified to develop a more representative reactor model.



Flows for the model were then scaled for elevated pressures of 6 and 12 atm, to
simulate an effect on emissions under gas turbine relevant conditions, using the
Tian mechanism.



The emissions were processed and analysed according to UK regulations (dry,
15% O2). The results predict that, under typical gas turbine operating pressures,
both the AA and HA blends could be capable of meeting emissions limits for
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NOx. However, it is recognised that the modelling is for fuel-rich combustion
only.


Thermal power was scaled with increases in pressure leading to a reduction in
relative heat losses (i.e. as a proportion of LHV) in the modelling. Consequently,
NH3 emissions are reduced with elevations of pressure, due to an increase in
modelled combustion temperature and its positive effect on NH3 consumption
rates.



The modelled concentrations of N2O in the products leaving the primary stage
are three orders of magnitude lower at very modest gas turbine pressures than
at atmospheric. Even atmospheric concentrations are < 1 ppm. Therefore, the
global warming potential of these fuel blends is essentially related to CO2
product concentrations alone, when combusted under preheated, rich-lean
staged conditions, especially at elevated pressures.



The emissions profile in the modelled PFR suggests significant decreases in NOx
precursors over the first 10 cm of the post flame zone reactor length. It is
therefore assumed that delays of air-staging would reduce NOx emissions in the
exhaust. It is predicted that locating air-staging at 5cm downstream of the flame
zone (~15 cm from the burner face) would show notably higher NO x emissions
than at 15 cm (~25 cm from the burner face).
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Chapter 6

Staged Combustion Experiments

6.1 Overview of Second Experimental Campaign
The experimental campaign described in this chapter investigates the effects of elevated
pressure and different air-staging configurations on emissions concentrations, for the
two blends selected in Chapter 4. A brief overview of the approach adopted, is described
below.
1. Earlier chapters demonstrated a variability of Φopt (i.e. the Φ where combined
NOx and NH3 emissions are minimised) with changes in blend reactivity. It is
therefore reasonable to assume that, at the target inlet temperature of 550 K
(higher than the temperatures achieved in the previous experimental campaign),
marginally different Φopt values for the blends could result. Therefore, primary
zone optimisation of Φ was repeated at atmospheric pressure (~1.1 bara) for the
higher inlet temperature, for both of the chosen blends (15% COG/AA and 15%
COG/HA), prior to the air-staging work. Additionally, due to the rapid rate of
increase in measured NOx and NH3 emissions either side of a blend’s Φopt, the
resolution of Φopt was increased to every ~0.01 (up from ~0.05), to achieve a
more precise value for Φopt.
2. A short study was conducted to experimentally verify the beneficial effects of
elevated pressure (to ~1.3 bara) on NOx and NH3 emissions (as predicted in the
numerical modelling). This study was conducted using the 15% COG/AA blend,
without staging, for comparison with atmospheric pressure results from point 1.
3. Having optimised the primary zone Φ in point 1, air-staging was introduced via
four Ø20 mm holes cut into a quartz tube confinement designed specifically for
this work. This is reminiscent of a rich-quench-lean configuration, but with a
premix rather than diffusion flame. The flame polished staging holes were
located 25 cm downstream of the burner face as shown in Figure 6.1, quartz tube
staging design 1. Confinement dimensions were otherwise identical to those
used in the Chapter 4 experiments. The optimised Φ for the primary zone (Φprim)
was held stable while the global Φ (Φgl) was varied, to see how varying Φ in the
second stage effects overall product concentrations of NOx and unburned fuel
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(indicative of how efficient mixing is). The variation in Φgl was achieved by having
an air only staging case as the leanest Φgl and then progressively substituting
more N2 for a portion of the staged air, thus increasing Φgl. This was performed
for both fuel blends.

Figure 6.1 Quartz tube designs for staging work.
4. An alternative quartz confinement was then installed with flame polished holes
located 15 cm downstream as shown in Figure 6.1, quartz tube staging design 2.
Tube dimensions were otherwise identical to those of the other design. On this
occasion Φgl was held stable, using air-only in the second stage, and Φprim was
varied to obtain minimum combined (NOx/NH3) emissions for both blends. There
was deliberate crossover between these values of Φprim and Φgl and those used
for the air-only staging in point 3, such that the staging location was able to be
investigated as the only changing variable.
5. An emissions comparison was made using the different staging locations at
elevated pressure, for the 15% COG/AA blend at ~Φ = 1.2. This was to compare
the effect of staging location on emissions under elevated pressure conditions.
Naturally, the method is similar to that of the previous experimental campaign in
Chapter 4. The variations on the earlier method are described in the following sections.
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6.2 Air-Staging Mass Flow Calculations
The relative heat losses in the model combustor are much higher than those of a fullscale industrial system, largely due to the greatly reduced reactant flow densities and
greater surface area to volume ratio. To keep exhaust temperatures for the model
combustor relevant to those of full-scale turbine inlet temperatures, Φgl values for the
model combustor are necessarily higher (i.e. providing less second stage cooling).
Maintaining industrially relevant temperatures avoids excessive quenching, making
progress of the combustion chemistry in the model rig representative of a real system.
The fuel-rich combustion of the previous campaign (Chapter 4) naturally resulted in
considerable unburned fuel emissions. To maintain exhaust temperatures, and
therefore system losses, to approximately the same as in Chapter 4, it was necessary to
adopt a crude method for matching the increase in heat release from the previously
unburned fuel (now being consumed in a fuel-lean second stage), with the cooling
effects of the oxidant entering the second stage. Thus, for this chapter’s campaign, it is
necessary to assume that, with the secondary air-staging (equivalent to Φgl < 1) and
sufficient mixing, the previously unburned fuel is now completely consumed, leading to
an additional heat release equivalent to a ~100% combustion efficiency. This assumption
is tested later via measurement of CO and NH3 in the exhaust. Therefore, the mass of air
(or air/N2) introduced in the second stage was calculated so as to have a specific heat
capacity approximately equivalent to the increase in heat release from the previously
unburned fuel.
Using the 15% COG/AA blend as an example, approximately one sixth of the fuel will
remain unburned after the primary stage (i.e. at a Φopt of ~1.2). Thus, for a 25 kWth flame
power, the unburned portion is equivalent to ~4.2 kWth. This energy heats the staged
air from a target inlet temperature of ~550 K up to an exhaust temperature of ~1250 K
(i.e. an increase of ~700 K). The approximate exhaust temperature of ~1250 K was
arrived at via observations from the previous experimental campaign and the improved
reactor network modelling results. Values of specific heat capacity (Cp) change with
temperature. At 550 K, the target inlet temperature into the second stage, the Cp of air
is 1.040 kJ/kgK for air. At an exhaust temperature of ~1250 K, the Cp of air is 1.182 kJ/kgK
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[75]. Thus, the average Cp for the air is taken to be 1.111 kJ/kgK. Assuming no change in
overall heat transfer from the system compared with the previous campaign, an air flow
of 5.36 g/s would approximately negate any temperature increase resulting from the
increase in heat release due to complete combustion for the 15% COG/AA blend. This
air flow is equivalent to a Φgl of 0.67. For convenience, a Φgl of 0.7 was adopted for the
air-staged cases. Hence, the precise calculated flow for Φ = 0.7 is 4.84 g/s of air for this
blend.
To enable variation of Φgl, a portion of the second-stage air was replaced with a very
similar flow rate of N2, thus maintaining the flow structures in the combustor. The
precise flows of N2 were calculated to account for the modest difference in specific heat
capacity (Cp) between N2 and air, keeping product gas temperatures and hence system
heat losses, near equivalent across the variations in Φgl. At 550 K, the target inlet
temperature in the second stage, the Cp of N2 is 1.065 kJ/kgK and at an exhaust
temperature of ~1250 K, the Cp is 1.210 kJ/kgK [75]. Thus, the average Cp for the N2 is
taken to be 1.138 kJ/kgK. Hence, when substituting N2 for some of the air, the replaced
portion of the air flow rate is multiplied by 0.976. Considering the moles of N 2 added
account for 97.6% of the moles of air they replace, product species concentrations in
the exhaust are also approximately maintained.
With a Φgl of 0.7 for the air-staged cases, increases to 0.8, 0.9 and 0.95 were used for
the air/N2 staging. The fuel, primary air and secondary air/N2 target flowrates are given
in Appendix B.1a for the AA blend (Φprim 1.15 to 1.25) and Appendix B.1b for the HA
blend (Φprim 1.10 to 1.20). These values relate to the flows at 1.1 bara (approximating
atmospheric pressure). The wide ranges of Φprim given above were calculated in
preparation of possible movement of Φopt with the anticipated change in inlet
temperature, compared with the previous campaign.

6.2.1 Elevated Pressure Material Flows
To maintain nozzle exit velocities and residence times the same as those of the
atmospheric testing (~1.1 bara), flows were scaled in line with the increase in pressure,
with pressure controlled via the incremental partial closing of the back-pressure valve.
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An initial attempt was made to flow the reactants at one third higher power than for the
atmospheric cases. However, it soon became apparent that this was not sustainable,
even for a short testing period, due to the restriction on the NH 3 inlet flows. The tests
were conducted in October, so ambient temperatures were only ~13°C maximum,
enabling just 0.35 MPa exit pressure on the NH3 drum regulator. Therefore, mass
flowrates ~17% higher (~one sixth) were ultimately used for all material flows for the
pressure work. This scaling for pressure meant the pressure work was conducted at 1.3
bara, hence just over a one quarter increase above ambient pressure.

6.2.2 Predicting Φopt for Different Blends/Inlet Temperatures
It was found possible to use past data collection to predict the likely value of Φopt for the
different blends at different inlet temperatures.
As was found in Chapter 4, the Φprim values at the NO/NH3 intersects (approximating the
Φopt values) increase with percentage COG. This indicates that Φopt is influenced by the
reactivity of the blends. Essentially, Φopt is shifted to a richer value for the more reactive
blends. As SL is a predictor of the reactivity of a blend, SL values for each of the six blends
investigated in Chapter 4 were simulated at their respective Φopt (using Chemkin and
the Okafor mechanism) under the specific experimental conditions recorded for each
case (e.g. in consideration of varying inlet temperature). These simulated S L values are
shown in Table 6.1.
Table 6.1 Simulated flame speeds (SL) for the Chapter 4 experimental blends at their
respective Φopt values (Okafor mechanism).
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The SL values from Table 6.1 are plotted (at their Φopt values) as round markers in Figure
6.2, linking with the colour scheme from the table. A straight line of best fit passes
through these points (dotted line). The correlation between Φopt and SL is shown to be
strong across the two blends for the conditions tested.

Figure 6.2 Φopt by SL at atmospheric pressure (modelled using Chemkin and the Okafor
mechanism).
To further assess the strength of the correlation, the SL values for a pure AA blend with
an inlet temperature of 473 K (Φprim of 1.0 to 1.2) were also plotted in Figure 6.2 (as
white circular markers). The SL curve intersects the correlation line at a predicted Φopt
of ~1.1 for pure NH3, which is supported by the findings of another study under similar
operating conditions [40].
Such a strong correlation suggests that plots of Φopt against SL, which could be obtained
during commissioning, could potentially be used to predict the likely Φ opt of NH3 based
blends under varying inlet temperatures and blend compositions.
The correlation was thus utilised for the prediction of Φopt values for the 15% COG AA
and HA blends at the higher inlet temperature of 550 K. The simulated S L curves,
obtained for a range of Φ, intersected the correlation line at Φopt values of 1.22 and 1.18
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for the AA and HA blends respectively (plotted as orange triangles and blue squares
respectively). This is up from 1.185 and 1.15 at the lower inlet temperatures (of 506 and
513 K for AA and HA respectively). Hence, these revised values of Φopt were considered
appropriate starting values of Φ for testing (assuming an inlet temperature of 550 K).

6.3 Quartz Confinement Design and Installation
As discussed in Section 5.2.3, the holes for the introduction of second stage air should
be located at 15 and 25 cm downstream of the burner face, to verify the beneficial effect
on NOx reduction arising from the rapid decrease in NO precursor concentrations
predicted between these locations.
Figure 6.3 shows the combustor assembly. Each of the two tube designs had four holes
at one location only (i.e. either 15 or 25 cm downstream of the burner face). The two
staging hole locations are illustrated on a single tube for convenience (not to scale).

Figure 6.3 Sealed confinement with staging holes assembly
Unlike in the first campaign, the tube exit required sealing. This ensured that all the
secondary staged flows passed through the inlet holes. The seal was achieved by
installing a short cylinder of steel, encircling the quartz tube as it exited the pressure
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casing. The short steel cylinder was attached to the inside of the pressure casing via a
flange on the back end of the casing. The cylinder was cut along part of its length in
several places around its circumference allowing it to be bent inwards as the cut sections
(or ‘petals’) overlapped. Heat resistant wadding was installed between the quartz tube
and the steel cylinder to prevent gaseous leakage and to enable a jubilee band to be
tightened around the steel cylinder for a secure fit. Enclosing the tube risks creating
pressure differentials between the inside and outside of the tube and the potential for
failure of tube integrity. Therefore, the holes need to be of sufficient size to limit the risk
of this pressure differential occurring. However, sufficient penetration of the staged air
into the primary stage products is also necessary for sufficient mixing to take place,
ensuring high combustion efficiency ahead of gas sampling. Additionally, for even
penetration across the flow, the holes should be positioned axi-symmetrically. As the
inlets are simply holes, all flows are naturally directed to the centre of the product gas
flow. No examples of air-staging directly into a quartz confinement could be found in
the literature, making this a novel design.
A 50 kWe micro combustor employed successfully by Kurata et al. (2017) achieved
combustion efficiencies of 96.5% for NH3 only combustion [78]. The geometry of the
same combustor is described in detail in a later CH4/NH3 study by Okafor et al. (2019)
where efficiencies of 99.8% were achieved (at an elevated pressure 0.25 MPa) [98]. The
combustor is of a similar scale to the one used in this study having Ø130 mm narrowing
to Ø88 mm, with a length of 238 mm. Dilution holes in these studies are situated ~150
mm downstream of the burner face and total 2,500 mm2 in inlet area, with all primary
stage air provided by the swirler. Halving this, to reflect the lower power for this
chapter’s study, gives an inlet area ~ 1,250 mm2. Thus four equal holes of Ø20 mm are
used here (1,256 mm2) and the combined area of the air-staging holes is equivalent to
the primary inlet nozzle area.
Calculations of flow velocities, suggests broadly equivalent flow velocities of ~5.9 m/s
for products leaving the primary zone and ~5.8 m/s for the staging holes inlet (at
atmospheric pressure). It was assumed that this equivalence of flow would enable
sufficient penetration of the staged inlets and adequate mixing ahead of the sampling
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probe. Volumetric flows for the staged cases increased by ~16% after the staging point.
These calculations are detailed in Appendix B.2.

6.4 Changes in the Rig Inlet Flows
Figure 6.4 shows an image of the inlet flow pipework for the combustion rig. All inlets
were preheated and insulated en route to the combustor. The secondary air/N 2 was split
and entered the pressure casing from both sides of the rig at the burner end. The fuel
and primary air entered in opposition from either side of the inlet plenum, upstream of
the burner.

Figure 6.4 Inlet flows into the combustion rig

6.4.1 Changes in the Air/Steam Flow Paths and Measurement
The passage of the preheated secondary air/N2 flows into the burner end of the pressure
casing and alongside the hot quartz confinement, inevitably lead to additional heating
of the flows prior to their ingress into the tube. Naturally, the longer the journey of the
air/N2 before entry into the tube holes, the greater the heat transfer from the flame via
the quartz tube. The secondary inlet flows increased in temperature by approximately
132 to 209 degrees between entry into the pressure casing and passing into the staging
holes. A second stage inlet temperature of ~550 K was maintained for the two different
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staging locations as follows. The preheat temperature (upstream of the pressure casing)
was monitored (using a thermocouple in the flow stream). By manually altering the level
of secondary inlet preheat, in response to the readings of a newly installed
thermocouple positioned close to the secondary inlet holes, the secondary inlet
temperature was maintained at 550.7 ± 17 K for all staged cases.
The revised air/steam preheat system is shown in Figure 6.5.

Figure 6.5 Schematic of the air/steam/nitrogen delivery system for staged combustion.
For the staging work, the secondary air/N2 inlet flows were mingled using a T-junction
downstream of their individual MFCs (for independent control of mass flow) before
passing through a 13 kW heater. The manual control of this heater (to help regulate the
temperature of the air/N2 into the staging holes) meant that the preheat temperature
upstream of the pressure casing was 347 to 424 K, varying with staging location and rig
temperature (which increased over the duration of testing).
Addition of the steam to the primary air (at ambient temperature) upstream of the 40
kW heater led to condensation of the steam ahead of the heater inlet, resulting in
unstable pulsing in the combustor. Therefore, it was necessary to entrain the steam into
the primary air flow after the 40 kW heater, sacrificing additional steam preheating by
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the 40 kW heater and reducing the potential premix inlet temperature (further
discussed in Section 6.4.3).
The air line MFCs were Bronkhorst In-Flow F203 thermal MFCs with a rated accuracy of
±0.5% of reading ± 0.1% of full-scale. Air flows were averaged and the uncertainties
accounted for, having significant bearing on both Φprim (for the primary air flow) and the
calculations for product species concentrations (after second stage air dilution). The N2
flows were temporally averaged, but having no influence on Φ and minimal impact on
species dilution, uncertainties were assumed to be insignificant for the N 2 flow
measurements. All other air/steam metering remained unchanged.

6.4.2 Changes in Fuel Inlet Temperature and Composition
A shell and tube counter-current heat exchanger was constructed to preheat the
combined NH3/COG fuel inlet stream (from lines 4 and 3 respectively). The heater used
to provide the heated water for the exchanger, is built for the same primary purpose as
the one used for the rapid cooling of the sampled product gases and therefore maintains
a temperature of 433 K. Hence, this is the approximate maximum temperature to which
the fuel gases could be preheated. The COG gas composition was, as before, simplified
with the omission of the ethane and ethene components, with the same requested
composition as for the previous experimental campaign. The precise compositions for
the three cylinders supplied are given in Appendix B.3.

6.4.3 Premix Inlet Temperature
As in the previous campaign there was difficulty reaching a preheat temperature of 550
K for the primary air/fuel inlet for both the HA and AA blends. As the minimum inlet
temperature achievable across all cases is associated with the lowest air flowrate (i.e.
minimum heat capacity and highest heat losses) the richest AA case was run first (Φ =
1.25), to establish an approximate standardised inlet temperature of ~530 K across all
subsequent tests. Inlet temperature was therefore 533.2 ± 4.8 K across all tests reported
in this chapter. At this inlet temperature and using the method described in Figure 6.2
(modelling flame speed versus Φopt), the predicted Φopt values were 1.205 and 1.17 for
the AA and HA blends respectively. Hence testing was centred at these values of Φprim.
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6.5 Modifications in Emissions Measurement and Observation
6.5.1 Sample Dilution and Emissions Uncertainties
The optimisation of the primary stage is achieved by the minimisation of NH3 and NOx
emissions. The CO emissions were not of interest for this primary stage optimisation and
were on-scale (i.e. below the CO analyser’s maximum limit of 10,000 ppm) for the staged
work. Therefore, sample air dilution was only necessary to provide O2 for the NH3
converter when not staging (< 0.1 g/s) and could be stopped during all NOx
measurement, removing the issue of flawed NO2 readings as discussed in Section 4.8.1.
Concentrations of NH3, undiluted, were calculated as in Section 4.6.4, using the dilution
factor equations.
The concentration of H2O product in the undiluted samples of NH3 combustion is much
higher than for hydrocarbon work. As was stated in Section 4.8.1, an assumption of a
1% reduction in measured reading for every 10%vol H2O in the sample was given (by the
manufacturer) as appropriate for consideration of the cross-interference of water in the
NOx analyser samples. Therefore, Gaseq was again used to calculate the equilibrium
concentrations of H2O for the precise mass flows (at the logged operating conditions)
and this was used for each individual test point (for NOx and NH3 readings separately) to
ascertain the NOx uncertainties due to H2O cross-interference. Gaseq was also used to
calculate all experimental Φ values (Φprim and Φgl) and their uncertainties (for the NOx
and NH3 readings separately), from the temporally averaged reactant flows. For the
optimisation of the primary zone (no staging), the concentrations of H2O in the undiluted
product stream were ~28 and ~33%vol for the AA and HA blends respectively. For the
staged work, the concentrations of H2O in the undiluted product stream were ~22 and
~26%vol for the AA and HA blends respectively. Thus, uncertainties related to H2O crossinterference, ranged from approximately +2.2% to +3.3% for the NOx readings, across
all tests. This uncertainty is in addition to that of ±1% for the NOx analyser and
consequently makes positive uncertainties much greater than negative. NO x analyser
cross-interference from CO2 (< 1% reduction with 10% CO2) is not considered due to the
very low concentrations of CO2 (~1%) in the samples. For the MGA, uncertainties of
±0.01% in O2 readings and 1% of range (or 0.5 ppm if greater) for CO2 and CO readings
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are considered insignificant (or irrelevant) and are thus ignored. Therefore, whereas
maximum combined uncertainties for the diluted samples in Chapter 4 (and other
studies using the same experimental setup [94, 103]) used ±5% measurement
uncertainty, maximum combined uncertainties for NOx and NH3 emissions
measurements in this chapter’s work are modified to be between +8 and –5%, to
account for the potential for increased H2O cross-interference.

6.5.2 Calculating Equivalence Ratio Uncertainties
The practice of accounting for uncertainty in Φ is not evident in any of the relevant
literature. However, it is reported in this chapter because of the high sensitivity of
emissions to changes in Φ. The inclusion of Φ uncertainties may serve to explain
differences in values of Φopt between studies.
Uncertainty in Φ is relatively large due to the need for high resolution of Φ in this work.
However, any error can be assumed to be very consistent between data points (given
the same set up and similar flows) shifting all data points leaner or richer by an
equivalent degree, so as to enable meaningful, precise comparison for trending between
cases. Hence, to dispense with the need to show numerous near equivalent horizontal
error bars of considerable span, the uncertainties are reported under the plots, so
maintaining clarity within the plots.

6.5.3 Chemiluminescence Observations
In addition to OH* chemiluminescence, NH2* chemiluminescence observations were
made. Regions of high NH2* production facilitate the consumption of NO, as discussed
in detail in Section 3.5.3. Significant optical emission bands for the NH2 radical are found
at 610 to 670 nm (peaking at 630 nm) and 720 to 780 nm (peaking at 760 nm), with a
peak in H radical also present at 656.3 nm [148]. Therefore, as in similar studies [94,
103], a bandpass filter centred at 632 nm (±10 nm FWHM) was used for the NH 2*
chemiluminescence observations.
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6.6 Experimental Results and Discussion
6.6.1 Optimising the Primary Zone
Figure 6.6 shows the emissions results for both the AA and HA blends (with 15% COG)
at atmospheric pressure. The averaged reactant flowrates, important operating
conditions and emissions results for the optimising of the primary zone at atmospheric
pressure, are included in Appendix B.4. The emissions in the Appendices are given as
wet, complete with H2O%vol in the sample (modelled in Gaseq) to enable adjustments
depending on local regulations and for numerical modelling purposes. This optimisation
was performed using the confinement with staging holes at 25 cm downstream of the
burner face, although no staging took place.

Figure 6.6 NO and NH3 emissions concentrations by Φ for 15% COG/AA and 15%
COG/HA (dry, 15% O2)
Readings for NO2 were insignificant and thus sometimes negative, again due to
decreases in Φ over the duration of a test point, resulting from NH3 restrictions from
supply drum cooling. This fact was observed in the first few test points and so NO 2
measurements were excluded for the primary zone optimisation. Negative values for
NH3 are once again excluded for the same reason, from all plots in this chapter.
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The data trends are indicated using polynomial trendlines of order 2 (dotted lines).
Calculated uncertainty in Φ is ±0.02 to 0.0215 (increasing with richer Φ). Many emissions
uncertainties were entirely obscured by the data points (being comparatively small), but
are visible for the highest emissions values. The emissions results are in good agreement
with those of the improved numerical model and the results from the first experimental
campaign. For example, the AA blend was predicted by the model to have NH3
concentrations of 630 ppm (dry, 15% O2) at atmospheric pressure and Φ ~1.25, albeit
with a marginally lower inlet temperature of 503.3 K.
The Φopt of the HA blend (Φ = 1.175) is approximately 0.03 less than the Φ opt of the AA
blend (Φ = 1.205). These values are very close to those predicted at the end of Section
6.4 using the flame speed/Φopt correlation (i.e. 1.17 and 1.205), further supporting that
approach to approximating Φopt. At their respective Φopt values, the combined NO and
NH3 emissions are approximately equivalent for the AA and HA blends at ~ 260 ppm (130
ppm NO and 130 ppm NH3). This equivalence of combined emissions at Φopt was not
demonstrated in the earlier study, possibly due to the poorer resolution of Φ. Based on
this finding, either blend is equally suitable for emissions. However, for Φ > Φopt, the rate
of increase in NH3 emissions concentrations with Φ is greater for the HA fuel. Thus,
optimising Φ for HA blends demands greater control of combustion variables (e.g. fuel
flow) than for anhydrous blends.
The minimum combined emissions for the blends are higher than in Chapter 4, despite
the higher resolution of Φ. The minimum combined NO and NH3 emissions were
previously 174 and 219 ppm for 15% COG/AA and 15% COG/HA respectively. For this
optimisation of the primary zone, all variables except inlet temperature have been
closely maintained (i.e. fuel compositions, pressure, etc.). According to the trend in
Figure 6.6, when the AA blend has NH3 emissions ~ 100 ppm, NO is ~190 ppm, whereas
it was previously 76 ppm. This suggests that, in aiming to increase reactivity via a modest
increase in premix inlet temperature (~30 K), the resulting higher peak flame
temperatures are increasing NOx production in the primary stage.
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6.6.2 Investigating Elevated Pressure Effects on Emissions
The NO and NH3 emissions results for the 15% COG/AA blend at pressure 1.1 bara (as in
Figure 6.6) are now compared with the same blend at the modestly elevated pressure
of 1.3 bara (~17% higher) and higher power of 29.2 kW, in Figure 6.7, using the same
confinement. Averaged reactant flowrates, important operating conditions and
emissions results (again wet with stated H2O%vol) for the optimising of the primary zone
at elevated pressure are included in Appendix B.5.

Figure 6.7 NO and NH3 emissions at 1.1 and 1.3 bara by Φ for 15% COG/AA blend (inlet
533.8 ± 2.9 K).
Calculated uncertainty in Φ is ±0.0185 to 0.02 (increasing with richer Φ). As discussed in
Section 5.2.2.1, the modelling suggested reduced NH3 with elevated pressure (due to
higher temperatures from lower relative heat losses) and combustion exhaust
temperatures for 1.3 bara were 34 K higher than for 1.1 bara (at ~ 1.24) and yet there
was no discernible difference in NH3 emissions between pressures. While the data
cannot support the modelling results of Chapter 5, which like the work of Somarathne
et al. (2017) [106] showed a trend of decreasing NH3 with increases in pressure, neither
can it support the findings of Pugh et al. (2019) which showed a trend for increases in
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NH3 emissions with pressure elevation, albeit with high uncertainties [93]. It is possible
that the pressure elevations were too modest to effect the NH3 emissions either way. It
is also possible that a reduction in NH3 emissions due to temperature increase (at the
higher power), was so slight, as to only be capable of off-setting a possible pressure
induced increase in NH3 from a narrowing of the flame front.
Although the absence of an observed NH3 reduction is assumed to be related to the
difficulties in flowing sufficient power, to reveal the trends predicted by the modelling,
it is possible that there is actually an issue with the mechanisms’ treatment of NH 3
emissions at elevated pressure, as both mechanisms were originally developed and
verified at or below atmospheric pressure [96, 130]. Thus, performance in modelling at
elevated pressures may be poor for these mechanisms. Unsurprisingly, most appraisals
of these mechanisms have been more concerned with their ability to predict NO x [112,
113].
In summary, Section 5.2.2.1 detailed the existing conflicting evidence regarding changes
in NH3 emissions with pressure elevation. This study has been unable to advance this
work due to fuel flow restrictions. Thus, there is currently no robust evidence for
whether pressure elevation increases or decreases NH3 in gas turbine systems at
industrially relevant pressure ratios. Therefore, further work, beyond the scope of this
study, investigating much higher pressures, scaled at higher powers, is required to
answer this important question.
As predicted, NO production does decrease noticeably with the increase in pressure,
such that at Φ = 1.2 it is ~25% lower at the higher pressure. Consequently, the Φopt shifts
to a slightly lower value, closer to Φ = 1.2, showing that Φopt is modified by pressure.
Minimum combined readings of NO and NH3 are approximately 235 ppm at the elevated
pressure. This is ~13% lower than for 1.1 bara (~260 ppm). Therefore, despite only
modest pressure elevation, there is sufficient data to show clear overall improvement
in NO, and thus combined emissions, with elevated pressure.
The OH* and NH2* chemiluminescence at the two different pressures is shown in Figure
6.8, for 15% COG/AA, with a Φprim of 1.195 ± 0.003. Colour scaling is to the maximum
intensity for each image. As previously discussed (Section 4.7.1), regions of greatest OH*

160

Staged Combustion Experiments
concentration are considered the most reactive, highest temperature regions. The
images for OH* chemiluminescence in Figure 6.8 show there is little difference in the
structure of the regions of highest temperature across the two pressures. At the higher
pressure, there is a slight narrowing and elongation of the flame brush at the tip.

Figure 6.8 OH* and NH2* Chemiluminescence for 15% COG/AA without secondary
staging at varying pressure (1.1 to 1.3 bara)
Were it not for the increase in pressure, the concentration of excited OH* radicals would
normally be expected to increase at the higher power, due to higher temperatures. The
OH* chemiluminescence maximum intensity was in fact measured as 4% lower for the
higher pressure case in Figure 6.8. This decrease (assuming no change in background
CO2 readings) could reflect the promotion to the right, with increase in pressure, of the
chain terminating reaction H + OH + M ↔ H2O + M (Equation 2.12), in apparent
agreement with the literature (see Section 2.3.3). This reduction in OH radical
concentrations would consequently result in lower NOx production.
The NH2* chemiluminescence shows the conversion of NH3 to NH2 starts as soon as NH3
exits the burner. The NH2 is mostly consumed at < 70 mm downstream of the burner
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exit for both pressures (assuming NH2* is proportional to NH2 radical concentration). At
the higher pressure, the flow field has a more pronounced ‘V’ shape, with less NH 2*
flowing into the ORZ. The higher pressure shows a more localised distribution of NH2*
in the flame (a narrower flame thickness), suggesting a more rapid consumption of NH 2
(reacting with NO) is taking place at the slightly elevated pressure. The regions of
greatest OH*, are the same regions in which the NH2 radical is most concentrated,
especially at the elevated pressure. This means that in the regions of highest
temperature (leading to thermal NOx production) and highest fuel oxidation (leading to
fuel NOx production), NH2 is readily available for consuming the NO and minimising NOx
leaving the primary stage.

6.6.3 Varying Global Equivalence Ratio in Staging
Averaged reactant flowrates, important operating conditions (including sample O 2
concentrations) and emissions results (wet with H2O%vol) for the staged combustion of
the AA and HA blends, whilst varying Φgl at atmospheric pressure, are included in
Appendix B.6. The scheduling of the experimental campaign did not allow for sufficient
time to establish the precise values of Φopt in the primary zone (as shown in Figure 6.6)
ahead of the staging work. Ideally this would be obtained via detailed analysis of the
prior primary zone optimisation data before continuation (e.g. averaging flows in the
logs, etc.). Hence, visual inspection of the spot values (approximated values as observed
during testing) was performed to judge the approximate values of Φopt for the two
blends. From the visual inspection, the Φopt values for the primary zone were therefore
approximated as 1.18 and 1.22 for the HA and AA blends respectively, so these were the
target primary zone Φ values (Φprim) used for the staging work for the variation of Φgl.
Figure 6.9 shows the NOx and NH3 emissions results for both fuels, optimised for the
primary zone when varying Φgl. The global Φ values are plotted at their calculated
average, with uncertainties of ±0.0125 to 0.0185 (increasing with Φgl), and were the
same for both fuel blends. The Φprim values for the AA blend were 1.215 ± 0.003, (~0.01
higher than the later derived Φopt) with a measurement uncertainty of ±0.021. The Φprim
values for the HA blend were between 1.178 ± 0.004 (~0.003 higher than the later
derived Φopt), with the same measurement uncertainty of ±0.021.
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As previously described, Φgl for these cases was varied from 0.7, using simple air-staging,
up to 0.95, via the reduction of air and equivalent replacement of N2 in the second stage
(based on the thermal capacity of N2 versus air). Aside from maintaining flow fields and
providing an equivalent thermal heat capacity when cooling combustion products in the
second stage, the N2 also kept the dilution of emissions equivalent, in place of the
missing air.

Figure 6.9 Emissions concentrations of NOx and NH3 by Φgl, for the staged combustion
of the AA and HA blends, optimised in the primary stage (dry, 15% O2), 1.1 bara.
The usual approach to measuring emissions concentration (i.e. measuring exhaust
sample O2 and relating this to 15% O2 as per the regulations) could not be used for the
air/N2 staged cases (i.e. Φ = 0.8, 0.9 and 0.95), as the inherently lower percentages of
exhaust O2 (when using N2 in the staging) would distort the calculated emissions
concentration values, artificially lowering them. Considering the molar flows of N2 were
near equivalent to those of the air they replaced (97.6%mol), any difference in sampled
product concentrations was considered negligible. Thus, the O2 percentage from the airstaged case at 0.7 (for both fuel blends independently) was used to establish a
consistent and representative approach to measuring relative NO x and NH3
concentrations, across the range of Φgl investigated.
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For the AA blend at Φprim = 1.215, NOx emissions have increased from ~100 ppm without
staging (see Figure 6.6) to ~190 ppm with the introduction of pure air-staging, while
reducing unburned NH3 from ~220 ppm to practically zero. Similarly, for the HA blend at
Φ = 1.178, air-staging has increased NOx from ~120 ppm to ~280 ppm and decreased
NH3 from ~160 ppm to practically zero. This suggests a much higher conversion rate of
NH3 to NOx for the HA blend in this configuration.
The NOx emissions for the HA blend are consistently higher than for the AA blend across
the Φgl range. As combustion temperatures are lower for HA (i.e. lower thermal NOx),
this suggests that larger concentrations of unburned NH3 are leaving the primary zone
and being converted to NOx in the second stage for this blend. This finding agrees with
those of Okafor et al. (2020) [98], that in cases of rich-lean combustion, the fuels with
higher flame speeds (in this case AA) produce lower fuel NO emissions when Φprim = Φopt,
due to the more efficient consumption of NH3 in the primary zone. As previously stated,
the Φprim of the two blends was actually marginally higher than the assumed Φopt, slightly
more so for the AA blend, but then NH3 emissions were also shown to increase more
rapidly for the HA blend above Φopt (see Figure 6.6).
For both fuels, NOx measurements decrease between a Φgl of 0.7 and 0.8, by 11% and
17% for the AA and HA blends respectively, although for AA, variability is within the
measurement uncertainties. It is not clear why there is a more pronounced decrease for
HA. It is possible that because there is only one data point for either blend at Φgl = 0.7,
with repeat testing, the difference may no longer be observed. At a Φgl of 0.7 and 0.8
the average NO readings for the HA blend are 231 and 221 ppm, only 10 ppm different,
whereas total NOx readings are 283 and 235 ppm, so 48 ppm different, showing the
majority of the difference lies with the NO2 reading. At Φgl = 0.7, NO2 contributed 18.4%
of the NOx reading for the HA blend. For all the other staged cases (seven in total) NO2
accounted for between 3.5% and 9.6% of NOx, making the NO2 emissions for the HA
blend at Φgl = 0.7, at least double the expected contribution. For AA at Φgl = 0.7, NO2
contributed just 3.5% of NOx, so the pure air-staging at this Φgl could not account for the
apparent discrepancy in the HA blend NO2 reading. Given the difficulties experienced
with NO2 measurement in the earlier experiments of Chapter 4, and the scheduling of
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this particular test, it is possible some NH3 contamination in the NO2 to NO converter is
responsible for a higher than expected NO2 for this particular reading. If the assumption
was made the NO2 reading was at least double that expected, a revised NO2 value of <
24 ppm would be anticipated, making NOx of ~259 ppm a reasonable prediction. With
the same assumption, the AA blend NOx concentrations are ~25% lower than for the HA
blend, across the range of Φgl. Also, had the reading been 259 ppm, the variability in HA
readings would have fallen within the measurement uncertainties.
The measured NOx concentrations plateau as Φgl is increased above Φgl = 0.8, for both
blends. At Φgl ~0.8, the observed optimal Φgl for emissions, NOx is 172 and 235 ppm for
the AA and HA blends respectively, with NH3 of < 5 ppm for both blends. These AA results
are the lowest emissions results for atmospheric staged work in this thesis. At Φgl > 0.8
there is a gradual increase in unburned products in the exhaust, rising to ~ 25 ppm NH 3
for both blends at Φgl ~ 0.95. Average CO readings (dry basis) were ≤ 4 ppm from Φgl 0.7
to 0.9, rising to 10 and 8 ppm at Φgl ~0.95 for the AA and HA blends respectively. As this
confinement had holes located at 25 cm, the further of the two locations from the
burner face, and CO emissions were previously measured as ~6,000 ppm for the rich
primary zone products (see Figure 4.11), the very low CO emissions with air-staging
show satisfactory mixing is possible between the staging locations and the gas analyser,
for both staged confinements. This degree of mixing enables effective consumption of
the unburned fuels leaving the primary stage and therefore efficient overall combustion,
especially for Φgl of < 0.95. Thus, the earlier assumption of ~100% combustion in the
second stage (see Section 6.2) was reasonable.
Although variability of NOx with Φgl is within the limits of the measurement
uncertainties, the same observed trend for the two blends (of decreasing NO x as Φgl
increases from 0.7 to 0.8) suggests there may be some minor benefit in substituting a
portion of the air in favour of N2 in the second stage. An explanation offered here is that
by lowering the mole fraction of O2 in the second stage, while maintaining the molar
flow rates, reactivity is modestly decreased. The N2 may serve to slow the consumption
of the unburned fuel from the primary stage when it comes into contact with the staged
air. The slower consumption of unburned fuel would distribute the resulting heat
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release more widely, reducing peak temperatures, and thus the thermal NOx production
when compared with a more localised heat release. This could be particularly significant
when mitigating for the rapid high temperature heat release of H 2, of which there is
several percent by volume entering the second stage (as modelled in Chapter 5). The
plateauing of the NOx above Φgl = 0.8 could be because any gains from reducing peak
temperatures are already realised with the amounts of N2 substitution at Φgl = 0.8, i.e.
peak temperatures are sufficiently reduced below the NOx formation range due to the
slower consumption of the unburned fuels. The hypothesis that higher and lower mole
fractions of O2 in the second stage influence reactivity, and hence peak temperatures
and NOx production, requires further investigation, beyond the scope of this study.
This study has shown that N2 inclusion in the second stage, in combination with elevated
pressures, could potentially be more effective than pressure elevation alone. Once the
H2O component is condensed out of the products of pure NH3 or NH3/H2 combustion
with air, the product gas is essentially N2 and O2 (with small amounts of argon), akin to
a rarefied air mixture, that when compressed, could in theory be used to provide a richer
Φgl than air alone, for the cooling of product gases ahead of the turbine inlet.
Despite the possibility of minor improvements in NOx with N2 inclusion in the second
stage, NOx levels are still significantly higher than the 97 ppm limit set in this thesis.

6.6.4 Varying Primary Equivalence Ratio in Staging
Figure 6.10 shows the results for the combustion of both fuels at a Φgl of ~0.7, with small
variations in Φprim, to find the minimum Φprim for NOx emissions with air-staging at 15
cm downstream of the burner face, using the alternative staging confinement. Averaged
reactant flowrates, important operating conditions and emissions results are included
in Appendix B.7. The Φprim values are plotted at their calculated average with
uncertainties of ± 0.021 to 0.022 for the AA blend and ± 0.02 to 0.021 for the HA blend,
increasing with Φprim. The Φgl values ranged from 0.6905 to 0.7005, with a measurement
uncertainty of ± 0.0125.
Minimum NOx concentrations were ~260 and ~310 ppm for the AA and HA blends
respectively, with AA once again having the lower emissions (~16% lower). These values
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are ~20 to 34 % higher than those for the staging holes at 25 cm for the HA and AA
blends respectively (i.e. for Φgl of 0.7 and assuming the revised HA blend NOx ~259 ppm).

Figure 6.10 Emissions concentrations of NOx and NH3 by Φprim, for staged combustion
of the AA and HA blends, Φgl held at 0.7 (dry, 15% O2), 1.1 bara.
It is interesting to note that NOx concentrations for HA at 25 cm staging are the same as
for AA at 15 cm staging (~260 ppm). This suggests that the longer residence times
offered by the 10 cm delay in staging has successfully mitigated for the lower reactivity
of the HA blend, offering a simple strategy for accommodating varying amounts of
humidification between 0 and 30%vol.
NOx emissions do not increase with an increase in Φ above Φopt, for either blend, for the
Φprim ranges investigated, suggesting NO formation from NH3 exiting the primary zone
does not increase rapidly as Φprim increases above Φopt. This is unexpected and
significant as, for the non-staged work (Section 6.6.1), NH3 was > 500 ppm (dry, 15% O2)
for the AA blend at Φprim of ~1.24, twice that at Φprim of ~1.22. More NH3 will be exiting
the primary zone, at the higher Φ, and one might anticipate that much of this NH3 would
quickly be converted to NO at the lean staging point, leading to higher overall NOx when
compared to a lower Φprim. As overall NOx does not appear to increase, the rate of
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formation of NO from the unburned NH3 must be approximately equivalent to the
consumption of NO by the unburned NH3, for this range of Φprim. Alternatively,
concentrations of NH3 leaving the primary zone for Φ values marginally higher than Φopt,
could be far more similar at this location, than can be evidenced by the gas sampling in
the non-staged work. It is possible that, only when residence times are extended without
secondary air, that the difference in NH3 concentrations is generated, perhaps via the
gradual consumption of NO by NH3 in the post-flame zone.
For whichever reason, at this staging location, NOx formation in the second stage is
apparently insensitive to small elevations of Φprim, giving a margin for Φopt of > +0.03 for
lowest NOx operating Φprim. For Φprim < Φopt this is not the case. The potential rise in NOx
below Φopt is indicated by the leanest HA data point (Φprim of ~1.17), showing that there
is no margin for minimising NOx at a Φprim below Φopt, only above. For leaner Φ, NOx
exiting the primary zone has no second-stage NH3 with which to combine.
As noted earlier in this section, the measured exhaust NOx concentrations (for the same
blend and conditions) were higher for the staging location nearest the burner (15 cm
downstream). To directly compare the blends’ performances at the two staging
locations, the relevant results from Figure 6.9 and Figure 6.10 are summarised in Table
6.2 (with the revised value of 259 ppm adopted for the HA blend NOx, as explained in
Section 6.6.3). Relating these results to the modelling of the PFR performed in Chapter
5, the results in Figure 6.9 and Figure 6.10 represent staging at ~15 cm and ~5 cm into
the PFR respectively (i.e. for cluster 1, the PSRs, represented the first ~10 cm of the
confinement). With the 10 cm delay in staging, Table 6.2 shows there is a 27% and 19%
reduction in NOx concentrations for the AA and HA blends respectively.
Table 6.2 Percentage NOx decrease with change in staging location for Φgl ~0.7
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Figure 6.11 shows the concentration profiles for the NOx precursors, NH3 and HCN, along
the PFR, as modelled in Chapter 5 for the AA blend (see Figure 5.6), focussing on the
region of interest (i.e. 5 to 15 cm along the PFR).

Figure 6.11 Concentrations of NH3 and HCN (wet) as modelled between 5 and 15 cm
along the PFR for 15% COG/AA blend at Φ = 1.187 and 0.109 MPa.
Figure 6.11 shows a ~38% reduction in NH3 and HCN modelled concentrations over the
intervening 10 cm. Thus, the experimental results support the predicted trend in the
modelling, such that with significantly less NH3 and HCN available for oxidation at the
latter staging location (~38% less), there is a 27% reduction in overall NOx. Hence,
increasing residence time by delaying staging (in this case by an additional 10 cm) could
be an effective method for reducing overall NOx emissions. Additionally, with delayed
staging, NO formed upstream in the primary combustion zone, has longer to react with
amine radicals from the decomposition of NH3 (to progress to N2), as described by the
fuel-rich NH3 oxidation paths in Figure 1.3.
However, delays in staging prolong high temperatures in the post combustion zone. In
the 25 cm staging case, the temperatures for this region (5 to 15 cm into the PFR) are
modelled as between 1660 and 1890 K (see Figure 5.6), thus, of a temperature range
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capable of thermal NOx formation [46, 116]. Therefore, while later staging is beneficial
in this case, further investigation is required before this trend can be assumed to hold
for all staging locations, as prolonged high temperatures may lead to an increased
contribution from thermal NOx, which may negate the benefits of decline in NOx
precursors along the PFR.

6.6.5 Staging at Elevated Pressure
The AA blend was used to compare the NO, NH3 and CO emissions at modest pressure
elevation (1.305 ± 0.001 bara) at the two different staging locations. The averaged
reactant flowrates, important operating conditions and emissions results are included
in Appendix B.8. The target Φprim was 1.2 and the Φgl was 0.7. NO2 readings were taken
for one of the staging locations only (15 cm), due to the NH3 restrictions, but were found
to contribute only 3.2% of NOx, so it is assumed that the NO concentrations are
approximately equal to the NOx concentrations for both locations. Table 6.3 lists the
emissions results and average Φ values (primary zone and global) for the two different
staging locations. The uncertainties for Φprim and Φgl were ±0.0185 and ±0.0115
respectively. The negative value for NH3 in the 25 cm staging is indicative of the
aforementioned issue of NH3 flow restrictions. How flow restrictions lead to negative
NH3 and NO2 readings was explained earlier (see Section 4.8.1).
Table 6.3 Emissions results for the AA blend at the two different staging locations
under elevated pressure (1.3 bara)
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At 1.3 bara, the NO concentrations were virtually identical at ~290 ppm, for both staging
locations. This was not the case for the air-only staging at 1.1 bara, where concentrations
were 34% higher for the staging at 15 cm. Thus, lower NOx for the furthest staging
location is no longer observed with the modest elevation of pressure to 1.3 bara. The
reader is to note that the NO readings themselves are not directly comparable across
the pressures, as the Φprim of ~1.19 reached for these two points at 1.3 bara, was not
investigated at 1.1 bara (i.e. where target Φprim values for the staged cases were 1.22 to
1.25).
Reasons why the staging location has no effect on NOx for the pressure elevated cases
could be that, because higher pressure leads to an increase in fluid density, turbulence
is increased and also that higher temperatures (from lower relative heat loss) accelerate
the rates of reaction (i.e. resulting in a narrower flame thickness) when compared with
the lower pressure cases. Hence, the combustion products may be achieving an
approximate equilibrium before the earliest (15 cm) staging location, such that there is
little change in species concentrations between the 15 cm and 25 cm staging points and
hence no difference in overall NOx product. Higher elevations of pressure could
therefore enable staging at locations closer to the burner without increasing NOx
product concentrations. However, this finding is limited to only two data points and
requires replication and further study, beyond the scope of this thesis.

6.6.6 Effects of Staging on Flame Structure
Figure 6.12 shows the OH* and NH2* images for the 15% COG/AA with and without
staging at Φprim ~ 1.22. The images in Figure 6.12 reveal that there is some disruption to
the flame structure in the primary stage due to the secondary air-staging. As the staging
moves closer to the burner exit, the flame brush gets thinner and the tips of the flame
move inwards, away from the confinement. There are more excited radicals of both
types at the mouth of the burner, showing that the reaction zones appear as though
pushed further upstream. For the cases in Figure 6.12, the burner face temperature
without staging was 656 K, rising to 752 K and 762 K, with staging at 25 cm and 15 cm
respectively, thus an increase of ~ 100 K due to staging. The shape of the NH2*
distribution more closely approximates that of the OH* image as the staging moves
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closer to the burner, suggesting the entire upstream flow field is undergoing a
compression of the reacting regions due to the staging.

Figure 6.12 OH* and NH2* chemiluminescence for 15% AA/COG with Φprim ~ 1.22 at 1.1
bara - without air-staging and with air-staging (Φgl = 0.7) at 25 and 15 cm downstream
of burner exit.
Figure 6.8 showed that even a modest pressure increase led to a change in NH2*
distribution in the primary zone and Figure 6.12 showed that staging position also
influences flame structure. Thus, these two influences will have a combined effect on
species distribution and flame structure in the primary stage.
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Visual observations of the flame showed a faint flame forming just after the staging
locations. This visible flame revealed that the combustion gases from the primary zone
were experiencing a four-way pinching action, shaped by the flows of secondary air
through the four staging holes, immediately upstream of the staging location. If the
inflows of secondary air are impinging on each other this could itself have implications
for flame structure. In the premixed NH3/air numerical modelling work by Somarathne
et al. (2017)[106], it was stated that secondary inlet jets should not impinge on each
other, as this would destroy the recirculation zones and thereby flame stabilisation. The
study was conducted at Φprim 1.15 to 1.4, staging at 10 cm, inlet temperature of 500 K
and 0.1 and 0.5 MPa pressure. The flowrates of secondary air in that study were
modelled at low velocity and did not appear to penetrate to the centre of the primary
products’ flow before exiting the combustion chamber. However, it is clear from the
OH* chemiluminescence in Figure 6.12, that the CRZ (located in the centre of the ‘V’
shape) is still intact for all staging investigated here, despite the visually observed
impingement, so stability has not been compromised for staging up to a Φgl of 0.7. The
more reactive blends, later staging locations and marginally higher inlet temperatures
used here may have helped to preserve flame stability.
Axially symmetric, secondary flow inlet tubes, penetrating into the confinement and
directing secondary inlet flows away from the confinement centre, could address this
issue as Φgl increases. An increase in Φgl would be necessary to reach Φgl values capable
of cooling product gases ahead of the turbine inlet in industrial applications (this is
investigated later in the cycle analysis in Chapter 7). However, a study by Makida et al.
(2006) [149] investigating the use of inlet tubes, whereby the inlet jets were not in direct
opposition, found that the resulting swirl effects enhanced the swirl of the upstream
flow fields, lowering combustion efficiency. Therefore, the potential of this strategy to
effect the upstream swirl structures needs consideration. In addition, this approach may
be technically challenging for manufacture in quartz (bonding of inlet tubes to the quartz
confinement) or for a combined quartz/metal alloy confinement (due to differing
thermal expansion rates). Alternatively, more holes of the same size would enable lower
velocities into the second stage, and/or holes ~180° apart could be located at marginally

173

Staged Combustion Experiments
different distances downstream, distributing the inflows more widely, thereby reducing
the jet impingement.
Investigating the impingement effects of various air-staging configurations on upstream
swirling flows requires flow-field measurement techniques, such as particle image
velocimetry, which is beyond the scope of this study.

6.7 Chapter Summary


A correlation between SL (as an measure of reactivity) and Φopt was
demonstrated, suggesting a method for predicting Φopt for high fraction NH3 fuel
blends at varying inlet temperatures.



Combined emissions from the primary stage (without staging) were higher than
for the previous experiment. This is due to the higher inlet temperatures (~30 K
higher) leading to higher thermal NOx formation. Inlet temperatures ~ 500 K are
therefore recommended for these blends in future work, to lower emissions
while maintaining reactivity.



The 15% COG/AA blend consistently outperformed the 15% COG/HA blend for
emissions, achieving between 16 and 25% lower NOx emissions for the two
staging locations.



The modest elevation of pressure of ~17% was demonstrated to reduce NOx by
~25%. NH3 emissions were unaffected by the modest pressure increase. Thus,
combined emissions decreased by ~13% and Φopt appeared to reduce marginally
with the pressure elevation.



Partial substitution of N2 for air (changing Φgl from 0.7 to 0.8) may lower NOx
product concentrations by > 10%, without any increase in unburned NH 3 (< 5
ppm) or CO (≤ 4 ppm) emissions, for both blends.



NOx emissions were unchanged for Φprim marginally above Φopt (increase of <
0.03), but increased below Φopt.



At atmospheric pressure, the later air-staging (25 cm) produced lower NOx. No
difference in NOx was observed between the two staging locations at elevated
pressure, suggesting an approximate equilibrium in primary stage products is
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reached before 15 cm downstream at the elevated pressure. Hence, higher
pressures could allow for earlier staging where residence times are maintained.


Both staging locations showed adequate mixing and oxidation of unburned
fuels ahead of the gas sampling probe, with CO reduced from ~6000 ppm
without secondary air to < 5 ppm at the furthest air-staging location (25 cm).



Humidified blends can achieve similar NOx concentrations to AA blends with
delays in secondary air-staging.



Chemiluminescence images show that the flame structure was modestly
influenced as the staging moved upstream.



Lowest emissions results were achieved for 15% COG/AA at Φprim 1.22 and Φgl
0.8, at a pressure of 1.1 bara and with air-staging introduced 25 cm downstream
of the burner face. Lowest emissions were 172 ppm NOx and 5 ppm NH3 on a
dry, 15% O2 basis and 1 ppm CO on a dry basis.
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Chapter 7

Cycle Analyses

7.1 Software Overview
This chapter uses the process simulation software program Aspen Plus (version 12)
[142], developed by AspenTech, to design a novel NH3(H2O)/COG-air power cycle, to
predict the net power values and cycle efficiencies achievable when utilising typical
steelworks mass flows of waste stream NH3. This program and its sister program Aspen
HYSYS are commonly used to model steady-state power cycles [150–154]. A brief
introduction to the program’s user interface characteristics and fundamental modelling
approach (e.g. choosing a property method) is provided in Appendix D.1.
There are numerous Aspen programming resources available. An Aspen Plus tutorial
developed by J. Jechura (2015) [155] which models a simple natural gas burner/boiler
with a steam bottoming cycle (using Aspen Plus version 8.6), was modified for this study.
Naturally, the fuel-side of the cycle required a radical redesign for this chapter’s
investigation, being the novel element. However, the proposed cycle does include a
steam cycle (discussed in the next section), so modelling methodology remains
essentially unchanged for the steam cycle section. For the detailed methodology of the
steam cycle, the reader is directed to this tutorial [155].

7.2 Cycle Overview
Although the emissions performance of the AA blend was shown to consistently
outperform the HA blend in earlier chapters, the modelling in Chapter 5 showed that,
under industry relevant pressures, either fuel has the potential to comply with emissions
regulations. The impact of ammonia humidification on cycle efficiency has yet to be
investigated. Hence, steady-state thermodynamic cycle simulations were performed for
both of the two chosen fuels (15% COG/AA and 15% COG/HA) at compression ratios of
8 and 12. This range of operating pressures is fairly modest for industrial gas turbines,
to reflect the anticipated scale of operation (i.e. ~2 to 5 MW, depending on the
availability of by-product NH3).
The process flow diagram for the modelled combined cycle is shown in Figure 7.1. Most
of the labels used in Figure 7.1 are fairly intuitive, e.g. W- or Q- streams (dashed and
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dotted lines) leaving an item of equipment, indicate the work done or heat lost/gained
by that equipment and LP or HP indicates lower or higher pressure material streams.
Stream labels (material, work and heat flows) are enclosed within textboxes, equipment
labels are not. Labels whose meaning may not be not immediately obvious are discussed
in the subsequent text as the process flows are described. All labels are included in the
thesis nomenclature section.
The combined cycle consists of a Brayton cycle (i.e. gas turbine power/heat generation),
followed by a Rankine bottoming cycle (i.e. steam turbine power generation), via the
use of a heat recovery steam generator (HRSG).

Figure 7.1 Combined cycle process flow diagram (Aspen Plus)
The Brayton cycle incorporates the use of a recuperator, utilising a portion of the
thermal energy of the exhaust (TO-HX) to preheat the fuel/air premix immediately
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upstream of the combustor, for a self-sustaining cycle. An alternative arrangement
whereby the recuperator is used to heat the NH3 (H2O) fuel only, before its entrainment
with the COG and compressed air, is also investigated. For ease of reference, this
alternative arrangement is shown later, alongside the related results (Figure 7.3). As
recuperators are normally used for preheating air only, these arrangements are a novel
concept and would require materials in the recuperator design, chosen to cope with the
corrosivity of the fuel. The material, heat and work flows of the cycle are represented
by solid, dotted and dashed lines respectively.
Although the sizing of the gas turbine (discussed later) is unlikely to warrant the use of
a dedicated Rankine cycle, its inclusion is to allow for efficiency comparisons with
existing larger-scale combined cycles. Naturally, the rejected heat from the gas turbine
exit could augment heat from nearby plant which is being used to raise steam.
Efficiencies for the Brayton cycle with recuperation, but without a bottoming cycle, are
also obtained, as is the efficiency of a gas turbine cycle with the turbine exhaust heat
being used to produce process steam.
While kinetics modelling in Aspen is available, it is not practically achievable for the
complex reactions of combustion, not least because the reaction mechanism files and
Aspen software are incompatible. Hence, the product concentrations which rely heavily
on combustion kinetics (e.g. fuel NOx) were not evaluated using Aspen Plus, but were
instead obtained via the Chemkin reactor network kinetic modelling and the
experimental data in earlier chapters. The experimental data showed very high
combustion efficiencies, so CO2 emissions predictions are considered valid using
equilibrium modelling. Therefore, as for other combustion/gasification studies using
Aspen Plus [150, 153, 154], the combustion chamber is modelled using a Gibbs (i.e.
equilibrium) reactor. As combustion is staged, two Gibbs reactors were modelled in
sequence, one for each stage, labelled RICHZONE and LEANZONE. Modelling two
reactors for the combustion process is technically unnecessary, as two successive
equilibrium reactors will give much the same exit temperature and CO2 concentrations
as one. However, when using the recuperator to preheat the fuel/air premix, the portion
of the exhaust gases required by the recuperator, is dependent on the mass flow of
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primary air only, so it is necessary to direct the flow for the primary air separately from
that of the secondary air. The Φprim values of 1.15 and 1.2 were used to calculate the
primary air flows for the HA and AA blends respectively. Modelling the two stages of
combustion separately, using two reactors, also makes the two distinct air flow paths
easier to visualise and provides adiabatic flame temperature data for each reactor,
before and after the introduction of cooling air.

7.3 Model Properties
The property method describes the rules governing the behaviour of the species
modelled under the specified conditions. Since the appearance of the Van der Waals
equation of state (EOS) in 1873, many authors have sought to further improve on the
relationship by modifying the equation. The ‘Property Methods Assistant’ facility
provided by Aspen, recommends the most appropriate EOS from the many available,
based primarily on application. Recommended for power generation, the PengRobinson EOS [156] with Boston-Mathias modifications (PR-BM) [157] is stated as being
suited to nonpolar or mildly polar mixtures. These types of mixtures are typical in
hydrocarbon and power systems, which explains its use in other combustion simulations
[150, 152, 154]. The Peng-Robinson equation and the equations associated with its
derivation are detailed in Appendix D.2.
Although Section 2.1.1 describes NH3 as a polar molecule, the fuel/air mixtures entering
the combustor are assumed to be only mildly polar, for, once combined with air, NH3
represents a minor component of the fuel/air mixture entering the combustor (i.e. 21
and 17.5%vol for the AA and HA blends respectively). Also, the polar nature of NH3 is
assumed to have insignificant effect when in the vapour phase, at high temperature and
pressure, because under these conditions the effects of intermolecular attraction are
minimised. The high temperature and pressure conditions found in an NH3 plant may
serve to explain why the Peng-Robinson (PR) EOS (this time without the Boston-Mathias
modification) is recommended for simulating NH3 plant, despite the same statement for
this method regarding non-polar and mildly polar mixes. For context, the example of a
polar mixture given in the relevant Aspen documentation is a liquid blend of alcohol and
water.
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The cycle was simulated using both the PR-BM and PR methods for the fuel-side (using
the AA blend at 12 atm) and there was no difference in the results. Therefore, for all
cycle simulations, the PR EOS was selected for the fuel-side modelling and the standard
used by the International Association for the Properties of Water and Steam (IAPWS-95)
was selected for modelling the steam cycle.

7.4 Cycle Description
7.4.1 Brayton/Recuperator Cycle - Reactant Flows
The compositions of the reactants used in the Aspen simulation were very similar those
used in the Chapter 6 experimental campaign. Having been excluded in the experimental
campaigns, due to cost, ethene (C2H4) and ethane (C2H6) were reintroduced to the COG
composition. A comparison of the target composition of COG for the experimental
campaigns, versus the COG composition used in the Aspen Plus modelling, is given in
Table 7.1. The HA blend was 70%vol NH3 with 30%vol H2O and air was modelled as 78%vol
N2, 21%vol O2 and 1%vol argon.
Table 7.1 Compositions of COG used in experimental work versus Aspen Plus modelling

The fuel and air material streams are introduced to the cycle at an ambient temperature
of 284 K, the average temperature of the South Wales region in the UK where the largest
UK steelworks is situated. Liquid NH3 is pumped from the bottom of its storage container
at a pressure of 20 bara to a letdown valve, reducing the pressure to the operating
pressure of the gas turbine. The COG is taken from the steelworks’ COG line and
compressed up to operating pressure of the turbine in a dedicated compressor. The air
is compressed to the same operating pressure before being split between the primary
and secondary stages.
Fuel and primary air mass flows into the Brayton cycle were calculated in the Excel
interactive workbook, with calculations scaled to an NH3 availability of 10 tonnes/day,
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approximately equivalent to the by-product NH3 of a modest-sized steelworks site with
a crude steel output of 2 Mt per annum (see Section 2.4.2). Storage of one day’s
recovered NH3 (in the event of temporary shutdowns) would therefore require ~ 7 m3
of storage capacity for the AA (see Table 2.2). With NH3 representing 69% of the mass
of HA, storage of the additional 4.5 tonnes of H2O brings the total storage requirement
of HA to ~ 11.5 m3/day at 288 K.
The NH3 and COG flows are brought together in a stream labelled FUELMIX. The results
for the FUELMIX stream show the gross (HHV) and net (LHV) calorific values and mass
flowrates of the fuel blends which are used to calculate the gross (HHV) and net (LHV)
power into the cycle, according to Equation 7.1. In reality, these streams could be
injected into the primary air separately.
𝑘𝐽
𝑘𝑔
𝑃𝑖𝑛 (𝑘𝑊) = 𝑐𝑎𝑙𝑜𝑟𝑖𝑓𝑖𝑐 𝑣𝑎𝑙𝑢𝑒 ( ) × 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 ( )
𝑘𝑔
𝑠

Equation 7.1

Gross and net power for the two fuel blends into the cycle are summarised in Table 7.2.
Table 7.2 Calculating power into the cycle for the AA and HA fuel blends

Thus, as the HA fuel is a combination of 10 tonnes/day NH3 plus H2O (representing 85%vol
of the fuel), the 15%vol COG in the HA blend has a higher mass flowrate than for the AA
blend. Gross power entering the cycle is over 3 MW, for both blends. The greater
recruitment of COG when using the HA blend leads to 7.6% higher flows of energy into
the cycle as shown in Table 7.2.

7.4.2 Brayton/Recuperator Cycle – Operating Conditions
In response to the Chapter 6 findings, the target premix temperature into the combustor
(HOTMIX) is 500 K. The exhaust temperatures out of ‘FLUE-1’ (the recuperator) and
‘FLUE-2’ (the HRSG) are set to a minimum of 393 K, to achieve a temperature well above
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the dew point of water, enabling effective dispersal of all the combustion products. The
recuperator is of counter-current design and has an approach temperature of 25 K [150],
so on occasions where the cold reactants enter the recuperator with a temperature
within 25 K of 393 K, the hot exhaust feed into the recuperator is increased to maintain
the 25 K temperature difference, so increasing the flue exit temperature. The proportion
of the gas turbine exhaust mass flows directed to the recuperator (TO-HX) rather than
the HRSG is manipulated manually in the ‘EX-SPLIT’ block to the minimum required to
reach the 500 K needed for the cold-side outlet (i.e. primary reactor inlet). This
proportion (TO-HX) reflects the proportion of the heat transfer required from the entire
exhaust, rather than a physical split of the exhaust flows. In reality, the recuperator
would be located within the single exhaust stream, after the turbine exit and before the
HRSG. Therefore, the two flue exit temperatures are kept equivalent.
While primary air mass flows are known (calculated in the Excel workbook), secondary
air flows are dependent on the cooling required to obtain the necessary turbine entry
temperature (TET). The block ‘AIRSPLIT’ splits the air compressor outlet sending a
specified primary air mass flow ‘COMBAIR’ to the primary reactor, while the remaining
air ‘COOLAIR’ is sent to the second reactor. Hence, the air mass flow entering the air
compressor (i.e. LP_AIR) is manipulated, until the correct TET is achieved.
A TET of 1273 K (1000 °C) was used. This is lower than in similar studies 1328 to 1425 K
[150, 152–154] to reflect the smaller size gas turbine and the less technologically
advanced turbine blade materials and design likely for such a unit. It is also the optimum
temperature for NOx reduction via the SNCR process [95, 158]. Therefore, if the SNCR
process was applied just before the turbine inlet, reductions in NOx emissions of 30 to
75% could be achieved [48]. The air required to cool the combustion products to this
temperature (i.e. COOLAIR) is far in excess of that required for the combustion of the
unburned products from the primary stage, giving Φgl values well below 1.
The smallest gas turbines from the Siemens range were used to benchmark likely
pressure ratios for gas turbines used in cycles of a relevant scale. The SGT-100 industrial
gas turbine and SGT-A05 aeroderivative gas turbine have power outputs of 5.1 and 4
MWe and pressure ratios of 14:1 and 10.3:1 respectively [124]. Hence pressure ratios of
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8:1 and 12:1 were investigated to give the likely span of performance figures for this
scale of cycle. Gas turbine discharge pressure was set to 1 atm (1.013 bara).
The turbine exhaust heat not transferred via the recuperator is recovered via the HRSG
and transferred to the Rankine cycle (while allowing for the minimum flue gas
temperature of 393 K).

7.4.3 Rankine Cycle – Operating Conditions
The steam circuit is a closed loop. The steam leaving the boiler is characterised as a
saturated vapour (i.e. no superheating). The amount of water circulating through the
steam loop is ultimately calculated by Aspen Plus, but, as with many other variables in
the loop, an initial value is entered from which to iterate. Thus, the condensate flow
entering the pump (and therefore leaving the condenser) is initially characterised as 1
kg/s of pure water at 293 K, with no vapour fraction.
The condensate pump operating pressure, and therefore the steam turbine inlet
pressure, is set at 100 bara, as per a similar study by Liu and Karimi (2018) [152]. The
steam turbine discharge pressure is initially unknown and is designated an arbitrary
value from which to iterate (i.e. 0.1 bara). Using the program’s ‘CALCULATOR’ operation,
FORTRAN coding feeds forward the vapour pressure of the stream CONDNSAT at 293 K,
calculated by Aspen Plus, assigning this value to the steam turbine discharge pressure
automatically. The CALCULATOR is shown in the process flow diagram (Figure 7.1) as
SET-P.
The thermal energy from the Brayton cycle is capable of heating a specific mass of water
in the steam cycle, at the specified pressure, with zero degrees of superheating. The
thermal energy available will vary by case (e.g. as percentage exhaust to the recuperator
is varied), so the water mass also varies to account for this. To automatically find the
correct mass of steam circulating the loop, a second CALCULATOR operation is required.
The CALCULATOR is shown in the process flow diagram (Figure 7.1) as ADJ-WFLO. This
operation minimises the residual heat rejected by the boiler to calculate the maximum
steam mass flow for the Rankine cycle.
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7.4.4 Equipment Efficiencies
Although the operating conditions are assumed to be mostly ideal, some important and
predictable efficiencies were considered. These efficiencies are given in Table 7.3
together with their referenced sources. Being a hypothetical cycle, there are no pressure
drops modelled, as pressure drops would be system specific. However, the potential
implications of this are not ignored and are addressed later in Section 7.7.
Table 7.3 Modelled equipment efficiencies
Isentropic Efficiency (%)

Mechanical Efficiency (%)

[Ref]

[Ref]

Compressors

88 [150, 152, 154]

99 [152]

Gas Turbine

90 [150, 153, 154]

99 [153]

Steam Turbine

75 [151–153]

97 [151, 153]

Condensate Pump

80 [151, 159]

95 [153]

Equipment

7.5 Data Processing Method.
The tables of results for the material, heat and work streams were copied into excel
workbooks, making three tables (data sheets) for each case. A summary worksheet was
designed and added to each workbook, its function being to retrieve the relevant values
from the streams tables and use them to calculate several important results. These
results include power into the cycle, Φgl and efficiency values for the Brayton cycle, the
steam cycle and the combined cycle. The summary sheets for the two blends, at the two
pressures investigated, are provided in Appendix E.
The formulae used to calculate the efficiencies of the gas turbine cycle (i.e. including
boiler duty), a standalone Brayton cycle, the steam cycle, the combined cycle net power
and the overall efficiency of the combined cycle are given in Equations 7.2 to 7.6
respectively. The derivation of Pin which features in these equations, was described
earlier in Equation 7.1.
Gas turbine cycle
efficiency (%)

=

𝐺𝑇 + 𝐵𝑜𝑖𝑙𝑒𝑟 − 𝐴𝐼𝑅 − 𝐶𝑂𝐺
× 100
𝑃𝑖𝑛
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Brayton cycle

=

efficiency (%)
Steam cycle

net power (kW)
Combined cycle
efficiency (%)

Equation 7.3

𝑆𝑇 − 𝑃𝑢𝑚𝑝
× 100
𝐵𝑜𝑖𝑙𝑒𝑟

Equation 7.4

=

efficiency (%)
Combined cycle

𝐺𝑇 − 𝐴𝐼𝑅 − 𝐶𝑂𝐺
× 100
𝑃𝑖𝑛

= 𝐺𝑇 + 𝑆𝑇 − 𝑃𝑢𝑚𝑝 − 𝐴𝐼𝑅 − 𝐶𝑂𝐺

=

𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝑐𝑦𝑐𝑙𝑒 𝑛𝑒𝑡 𝑝𝑜𝑤𝑒𝑟
× 100
𝑃𝑖𝑛

Equation 7.5

Equation 7.6

Where GT = power from the gas turbine, ST = power from the steam turbine, Boiler =
boiler duty, AIR = power to the air compressor, COG = power to the COG compressor
and Pump = power to the condensate pump.
The Φgl values for the AA cases and HA cases were calculated according to Equation 7.7a
and 7.7b respectively (to reflect the different Φprim in the primary reactor).
Φgl for the AA
blend

=

𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑎𝑖𝑟 𝑓𝑙𝑜𝑤
× 1.2
𝑇𝑜𝑡𝑎𝑙 𝑎𝑖𝑟 𝑓𝑙𝑜𝑤

Equation 7.7a

Φgl for the HA
blend

=

𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑎𝑖𝑟 𝑓𝑙𝑜𝑤
× 1.15
𝑇𝑜𝑡𝑎𝑙 𝑎𝑖𝑟 𝑓𝑙𝑜𝑤

Equation 7.7b

7.6 Cycle Results and Discussion
7.6.1 Premix Recuperator Preheat – Air/Fuel Delivery Configuration 1
The first part of the Brayton cycle, the fuel/air delivery system as described in Figure 7.1,
is expanded in Figure 7.2, for ease of reference. The results for this arrangement are
summarised in Table 7.4 for the two fuels 15% COG/AA and 15% COG/HA at 8 and 12
atm pressure.
As anticipated, the heat from the compressed primary air alone is insufficient to heat
the fuel/air mix to the required inlet temperature of 500 K (see COOLMIX), achieving a
maximum of 386 K for the AA blend premix at 12 atm.
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At 8 and 12 atm compression, the HP-COG stream reached temperatures of 510 and 565
K respectively (not included in Table 7.4). However, being such a minor component, the
compressed COG does nothing to raise the temperature of the LP-NH3 stream from its
starting temperature of 284 K (the same temperature as HP-NH3, as LP-NH3 is still in the
liquid phase).

Figure 7.2 Process flow diagram for the fuel/air delivery system
Table 7.4 Fuel/air delivery results – premix through the recuperator.

In fact, as the NH3 and COG combine (FUELMIX), the temperature is lowered to below
284 K, in all cases, due to the vapourisation of the NH3 (e.g. ~11% for the higher pressure
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AA blend). The blended fuel is in two phases (liquid phase ~75-80%mol), so it is
recommended that the COG and NH3 are injected independently in their own phase.
The heat of the compressed air is sufficient to enable the AA/COG premix to become
vapour upstream of the recuperator (at both pressures). This is not the case for the
HA/COG blend where ~6 to 8%mol of the blend still remains in the liquid phase. Hence,
unless the HA fuel is injected into the air within the recuperator itself, there is the
potential for a build-up of liquid fuel in the lines upstream of the recuperator.
Reaching 500 K after the recuperator (HOTMIX), all cases are 100% vapour before
entering the combustor. The 25 K temperature approach for the recuperator
necessitated a higher outlet temperature (411 K versus 393 K) for the AA/COG blend at
12 atm. A higher flue temperature will naturally lower the cycle efficiency.

7.6.2 Fuel Only Recuperator Preheat – Air/Fuel Configuration 2.
To address the issue of approach temperature and to investigate other potential
benefits, an alternative configuration, where only the NH3 fuel is heated in the
recuperator (effectively using the recuperator as a boiler), was investigated. The process
flow diagram for the reconfigured system is shown in Figure 7.3.

Figure 7.3 Alternative recuperator configuration - NH3 fuel heat only
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Without the heat gains from the compressed air, the approach temperature within the
recuperator is consistently greater than the set minimum of 25 K for all cases, avoiding
the need to raise the flue temperature for the AA, 12 atm case.
Table 7.5 shows the results when reconfiguring for an NH3 (or NH3/H2O) only
recuperator preheat, using the same exhaust return percentages (see Table 7.4) and
therefore maintaining a premix inlet temperature of 500 K. Flue temperatures are now
393 K for all cases.
Table 7.5 Fuel stream results for NH3 (or NH3/H2O) only through recuperator.

The AA blend at 8 atm can be completely vapourised and superheated at the point of
injection (this time within the recuperator), using the same exhaust percentages as
before. This configuration has also enabled complete vapourisation and superheat of
the HA blend at 8 atm, due to the high percentage of exhaust recuperation (~23%).
Therefore, this is a simpler arrangement for the HA blend at 8 atm as it completely
avoids the potential for a build-up of fuel in the air line, that necessitated injection into
the air within the recuperator in the previous configuration.
At 12 atm pressure, both blends have a ~20%mol liquid component leaving the
recuperator. This mix of phases could present operational issues related to uneven fuel
delivery and build-up in the recuperator. Considering the AA at 12 atm was fully
vapourised with the previous configuration, it is clearly more reliant on heat from the
compressed air than on the returned exhaust heat for its vapourisation. The potential
for build-up of liquid fuel in the lines thus negates any potential benefit from a small
increase in cycle efficiency (i.e. 0.7%). Between the two configurations, and under the
set inlet temperature constraints, the first is preferred for the AA blend at 12 atm.

188

Cycle Analyses
One is bound to consider the implications of adopting the approach of complete
vapourisation of the NH3 fuel at 12 atm, within the recuperator (before combining with
the air). This approach would require an increase in minimum exhaust return to 11.89%
for AA (+1.7%) and 25.65% for HA (+4%), that would in turn result in higher combustor
inlet temperatures (527 K for AA and 547 K for HA), increasing the potential for thermal
NOx. Whilst this increase in inlet temperature is only marginal for the AA blend, so was
the elevation in flue temperature for the previous configuration, and as this study seeks
to prioritise the minimisation of emissions, the first configuration is preferred for the
AA/COG blend at 12 atm. Injection of HA into air, within the recuperator remains the
best option for that blend at 12 atm when maintaining the 500 K inlet to the combustor.
Therefore, the suggested configurations for each of the four cases investigated, in light
of the low emissions priority and in consideration of operating an even rate of fuel
delivery, can be summarised as follows:


Both configurations are suitable for the AA/COG blend at 8 atm.



At 8 atm, the HA alone should be heated in the recuperator, prior to mixing with
COG and air.



At 12 atm the liquid AA and gaseous COG should be injected separately into the
compressed air upstream of the recuperator (giving a flue temperature of 411
K).



At 12 atm, the liquid HA should be injected into the compressed air within the
recuperator (COG injection can take place anywhere upstream of the
combustor).

The subsequent cycle results are therefore based on these suggested arrangements,
assuming their operational feasibility. In essence, this statement is only relevant to the
AA/COG blend at the higher pressure, because, as the inlet and flue temperatures are
maintained at 500 and 393 K for the other three cases, the cycle efficiencies, etc. are the
same whichever configuration is chosen.

7.6.3 Combustor/Recuperator Results
Figure 7.4 shows the combustor, gas turbine and HRSG process flows. Table 7.6
summarises the important results from this part of the cycle. Adiabatic flame
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temperatures of the blends in the primary zone (RICHZONE) were 2149 and 2070 K for
the AA and HA blends respectively. Modelling these blends in Gaseq at 500 K inlet and
elevated pressure (which also models equilibrium by minimising Gibbs free energy) gives
AFTs of 2144 and 2067 K, showing consistency between the programs and robustness in
the data.

Figure 7.4 Process flow diagram for the combustor and gas turbine.
Table 7.6 Combustor and gas turbine results.

The Φgl varies little between cases (0.305 ± 0.015), with secondary air accounting for
74.3 ± 1.8% of total air. The mole fraction of O2 in the exhaust was ~13%. Although the
exhaust percentages needed for the recuperator, for the HA blend, are double those of
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the AA blend, the heat energy transferred to the Rankine cycle is very similar for the
same pressure. This is explained by the higher recruitment of COG for the HA blends
making more energy available for the combined cycle.

7.6.4 Cycle Efficiencies, Power Availability and Matching Demand
Table 7.7 gives the cycle efficiencies, net power and the specific gas turbine power for
several cycle configurations, to enable a comparison of the NH3/COG cycle under a range
of scenarios:


Brayton cycle with recuperator (i.e. no turbine exhaust heat utilisation).



Brayton cycle with turbine direct exhaust heat utilisation (i.e. combined heat
and power (CHP)).



A combined Brayton/Rankine cycle (with recuperator).

The net power is also detailed for the combined cycle, to enable comparison with natural
gas combined cycles. Lastly, the gas turbine power output is given, to indicate the scale
of gas turbine which would be required in any of the above configurations (the Brayton
cycle being a common element to all three scenarios).
Table 7.7 Cycle efficiencies (LHV basis), net power and gas turbine output results.

The steam cycle efficiency was calculated to be 29.5% and the mass of water circulating
in the Rankine cycle ranged from 0.4 to 0.47 kg/s. Turbine power output ranged from
1.6 to 2.1 MW.
The results in Table 7.7 show that the blend and operating pressure with the highest
efficiency varies with the cycle configuration adopted. The energy flow into the Brayton
cycle was lower for the AA blend than the HA blend (see Table 7.2) and yet the energy
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leaving the Brayton cycle and entering the Rankine cycle is greater for the AA blend (see
Table 7.6). Therefore, the energy leaving the Brayton cycle is a greater proportion of the
energy input into the cycle for the AA blend. This has negative consequences for the
efficiency of using the AA blend in a stand-alone Brayton cycle, when compared with the
HA blend. Thus, in the absence of a use for the exhaust waste heat (other than
preheating the fuel), the HA blend at the higher pressure is the most efficient (37%),
0.5% higher than for the AA blend at the same pressure. The HA blend at 12 atm also
offers greatest power output from the gas turbine, which may serve demand better, and
reduces the energy needs of the Phosam process (as discussed in Section 4.2.2).
However, there are disadvantages which need to be weighed against these benefits.
Fully vapourising this fuel at 12 atm, was not as simple as for the other cases, in either
of the preheat configurations. When using the humidified blend, the need for additional
COG is also a factor for consideration, i.e. whether the COG has an alternative use, as is
the larger storage volume of HA versus AA during shutdowns. Last, but not least, the
HA blend has also been shown to produce higher NOx although delays in secondary
staging have been shown to potentially overcome this issue. Hence, for a stand-alone
Brayton cycle, the AA blend at 12 atm could offer a better solution than the HA blend at
12 atm, depending on the perceived relative importance of all these factors. A typical
reported value for the thermal efficiency of existing natural gas, stand-alone Brayton
cycle systems, at a pressure ratio of 20 and with a TET of 1400 K, is 36% [160].
The second scenario results (as shown in Table 7.7), describe the comparative
efficiencies when there is the opportunity for utilisation of the waste heat exiting the
gas turbine, such as when raising steam for contaminants stripping in the COG byproduct plant. Thus, when the cycle favours the direct use of waste heat over maximum
power generation, the AA blend at 8 atm is the most efficient, accounting for 80.3% of
the LHV. The high efficiency of this CHP cycle make this case very attractive, especially
when one considers the ease with which either recuperator configuration was able to
vapourise the fuel.
For a combined cycle (Brayton and Rankine), the AA blend at the higher pressure
commanded the highest efficiency, at > 48%. This compares with a reported figure of 45
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to 57% for a natural gas combined cycle plant [161]. Hence, the efficiencies of the cycles
modelled here are reasonably typical when compared with existing systems.

7.7 Greenhouse Gas Emissions – Cycle Evaluation
The Intergovernmental Panel on Climate Change have introduced international
guidelines for compiling GHG inventories [162]. These guidelines suggest tiers of
increasingly accurate default GHG emissions factors (EF) based on fuel (LHV basis),
country and technology, in that order. Carbon dioxide emissions can be satisfactorily
calculated via amounts of a fuel consumed. Natural gas combustion is therefore
assigned a 56,100 kg CO2 per TJ default emissions factor, irrespective of technology
used. However, when using the same fuel in differing technologies, N 2O and CH4
emissions can vary considerably, so EF is best derived using the tier 3 technology default.
As NH3 is not yet commercially exploited as a fuel, no EF values are presented in the
guidelines to enable inclusion in a GHG inventory, hence the need for kinetic modelling
for the N2O and CH4 emissions as performed in Chapter 5, where these emissions were
found to be practically insignificant to the global warming potential of these fuels.
However, this modelling was for the fuel-rich primary stage only. There is the potential
for increased N2O resulting from NH3 and HCN oxidation in a lean burnout stage.
However, concentrations of these two species exiting the primary stage are already
minimised and turbine entry temperatures are ~ 1300 K, the approximate minimum
temperature for effective N2O decomposition [119]. It is possible that turbine entry
temperatures could be marginally raised if desired (~100 K) and still be within the range
of other similar studies [150, 152–154]. Maximum turbine entry temperatures have
increased significantly in recent years with advances in materials science and blade
cooling technologies, as shown in Figure 7.5. It is not clear how this trend applies across
the full range of machines of varying scale.
The default values for N2O and CH4 in natural gas combustion in the energy industry are
1 kg and 0.1 kg CO2e respectively, to include not only the combustion, but also the
fugitive releases of fuels [162]. Being only minor contributors to GHG emissions (as
discussed in Section 5.2.2.3) and because this study has not considered fugitive
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emissions in the NH3(H2O)/COG cycle, comparison of the global warming potential of
the cycles is limited to the CO2 emissions.

Figure 7.5 Trends in high temperature material technology for turbine blades
(reproduced from [160])
The CO2 emissions from the Aspen Plus simulations were 1.98 x 10-2 kg/s for the AA
blend and 2.83 x 10-2 kg/s for the HA blend, with inputs of 2622 and 2822 kJ/s for the AA
and HA blends (LHV basis) respectively (see Table 7.2). Therefore, for 1 TJ (1012 J) of
energy input, the CO2 emissions are 7,551 kg for the AA blend and 10,028 kg for the HA
blend. This is 13.5% and 17.9% of the CO2 emissions of natural gas combustion.
Assuming the simple gas turbine (i.e. Brayton) cycle has been modelled accurately (e.g.
equipment efficiencies and other operating parameters) and that ~36% is a typical cycle
efficiency for natural gas, gas turbine combustion, the 15% COG/HA and 15% COG/AA
cycles could reduce the global warming potential of the power produced by
approximately 82 to 86% when compared with natural gas. Updating the model to
include case study specific factors, such as pressure losses, would naturally decrease the
CO2 mitigation percentages, although not significantly, as combustion pressure losses
vary from about 1% of the compressor discharge pressure for an industrial gas turbine
to about 5% for an aeroderived gas turbine [160], the higher pressure losses being
associated with higher flow velocities [99]. Flow velocities are likely to be relatively low
for NH3 combustion as comparatively long residence times are needed due to low
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burning velocities and the time taken to chemically complete NOx reduction in primary
combustion.
In a final consideration about potential losses, heat losses from the combustor have not
been investigated here. These are generally ignored in gas turbine literature,
presumably as they are relatively low and dependent on operating conditions (e.g. load).
However, it is worth noting that, as the blend proposed here is low carbon, radiative
heat transfer from the flame to the combustor liner (which is unlikely to be significant
feature of NH3 or H2 combustion) is predicted to be generally lower than that of natural
gas combustion [95].

7.8 Chapter Summary


A combined cycle (with recuperator in the Brayton cycle) was successfully
modelled for 15% COG/AA and 15% COG/HA blends using relevant equipment
efficiencies and a TET of 1273 K (to enable both the use of SNCR and to facilitate
rapid N2O decomposition). Two different configurations for preheating the
air/fuel (using the recuperator) were investigated, at 8 atm and 12 atm.



It was found that the best air/fuel preheat configuration was dependent on
blend and pressure, with a recommended configuration made for each case
investigated. Recommendations were based on effective vapourisation for even
fuel delivery, while controlling for thermal NOx (by limiting premix inlet
temperature to 500 K).



Global equivalence ratios and percentage exhaust returns to the recuperator
were calculated. The energy available from the exhaust heat greatly exceeds that
needed for the recuperator as the recuperator utilised a maximum of 23.2% of
the exhaust heat available. This was achieved whilst allowing for a 393 K (120
°C) dew point for effective products dispersal to the atmosphere.



Which blend and operating pressure was optimal, depended on a combination
of which cycle is best suited to the end use and the technical challenges
associated with vapourising the fuel. Cycle efficiencies ranged from a maximum
80.3% (combined heat and power) down to 33.5% (simple Brayton with
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recuperator) both for the AA blend at 8 atm. Therefore, in a combined heat and
power arrangement, the AA blend at 8 atm is recommended.


The best cycle efficiencies modelled were typical for existing natural gas plant.
At 12 atm both blends achieved efficiencies of 36% for Brayton with
recuperator and 48% for a combined cycle. Pressure losses are unlikely to have
a significant impact on these efficiencies.



For the simple Brayton cycle (with recuperator) the marginally higher efficiency,
greater gas turbine power output and greater energy savings of less distillation
in the Phosam process, makes the HA blend (at 12 atm) most attractive.
However, this has to be weighed against the more challenging fuel
vapourisation, higher modelled NOx emissions and the greater COG demand
(i.e. whether the COG has an alternative use). The choice must therefore be
made on a case by case basis.



Combined cycle efficiency is greatest for the AA blend at 12 atm, despite the
higher flue dew point temperature. Therefore, the AA blend at 12 atm is
preferred for the combined cycle arrangement.



Given that cycle efficiencies modelled here are within the range of those typical
in existing natural gas, gas turbine cycles, GHG emissions for the NH3(H2O)/COG
cycles can be compared directly with those of existing gas turbine plant. For the
AA blend, GHG emissions are lowest, modelled as 13.5% those of natural gas
combustion (17.9% for the HA blend).
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Chapter 8

Conclusions

This thesis has aimed to establish whether by-product NH3 from COG has the potential
to be utilised in gas turbine technology for power generation and, if so, how this may be
best achieved whilst simultaneously minimising pollutant emissions and maximising
power.
This study has established that the Phosam process, which has been commercially
exploited on steelworks sites, offers the pre-treatment required to convert
concentrated by-product NH3 (a potential waste stream from any coking plant) into a
form which, with the minority support of an indigenous process gas (i.e. COG), can
achieve stable combustion in a representative gas turbine combustor swirl burner.
With near complete combustion, in two novel air-staged combustors, lowest NOx
emissions experimentally achieved (172 ppm as dry, 15% O2) were far above regulatory
limits. However, these measurements were obtained at atmospheric pressure and
modelling suggests substantial decreases in NOx of approximately 60 to 80% at relevant
operating pressures (of 6 to 12 atm). These modelling predictions are supported by the
experimental work (i.e. a 25% reduction in NOx with a 17% pressure elevation) and also
by the experimental work of others [81, 92, 93, 114]. However, this prediction and the
question of continued flame stability at industrially relevant pressures, will only be
properly investigated when the issue of NH3 flow restrictions is addressed to enable the
required upscaling of flows. If predictions are approximately accurate and a 70%
reduction in NOx is achievable at these elevated pressures, NOx emissions for the best
case investigated here could reduce to ~50 ppm (dry, 15% O2). According to this study’s
findings, other emissions should remain at acceptable levels. However, there is some
evidence in the literature for a potential for increases in NH3 at elevated pressure [93].
This study has highlighted inconsistencies in the literature in the approach to reporting
emissions (e.g. wet or dry and percentage O2 in exhaust). If the effectiveness of NOx
reduction strategies are to be effectively compared, to advance this important aspect of
NH3 combustion, a universal approach must be adopted. There are many examples of
studies reporting NOx emissions in isolation, this study has shown that reporting NH3
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emissions alongside those of NOx is crucial, as conditions capable of lowest NOx
emissions (fuel-rich) are often associated with unacceptable levels of unburned NH3.
Aside from pressure elevation, other strategies for limiting NOx, suggested by this
study’s findings, are to restrict inlet temperatures to 500 K or below (to reduce thermal
NOx formation) and to alter the Φgl via the partial substitution of air in favour of N2 in
the second stage (leading to ~10% NOx reduction). Both these strategies warrant further
investigation. The addition of steam was also found to lower NOx, but only where the Φ
was fixed. Where Φ was varied, anhydrous blends offered lowest NOx across the range
of Φ and the lowest overall emissions (i.e. NOx and NH3 combined).
Post combustion NOx reduction technique SNCR, is also considered in the cycle design,
by ensuring appropriate temperatures for its administration. SNCR has the potential to
more than halve NOx exhaust concentrations [48]. This was demonstrated in a study by
Kurata et al. (2017) [78] where the addition of 800 ppm NH3 using SNCR reduced 600
ppm of NOx down to 10 ppm. They found that the low requirement of NH3, in an
approximate ratio of 1:1 NH3 to NO made little impact on efficiency. In consideration of
all the above findings and suggested measures, an NH3/COG cycle appears to have the
potential for legally acceptable NOx and unburned fuel emissions.
In consideration of GHG emissions, rich, primary stage modelled N2O emissions were
shown to be negligible. Whether they remain negligible for complete, staged
combustion requires further investigation, beyond the capabilities of the facilities used
in this study. However, maintaining the TET >1300 K supports the assumption that N2O
emissions would remain negligible and that GHG emissions are limited to an evaluation
of the CO2 produced. When compared with a natural gas Brayton cycle, CO2 was reduced
by >80% when utilising recovered by-product NH3 with 15%vol COG support.
Having demonstrated how pollutant emissions can be minimised, the maximisation of
power (and potentially heat) was investigated. A recuperator, to efficiently utilise gas
turbine exhaust heat, was an obvious solution for overcoming the chilling effects of NH3
vapourisation upstream of the combustor (i.e. due to liquid phase storage) and was thus
proposed for all cycle scenarios. Of all cycles modelled, maximum net power of 1.35
MWe was simulated for the HA blend in a combined cycle operating at 12 atm. However,
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this cycle efficiency (47.9% of LHV) is lower than that for the AA blend, in the same cycle
(48.4%), because the HA blend utilises more COG (i.e. fuel flows are based on the fixed
NH3 availability of 10 tonnes per day), raising questions about the alternative uses the
additional COG might otherwise be put to. Additionally, a decision about whether HA or
AA is preferred necessitates a decision about the relative importance of greater power
production versus predicted inferior emissions. In any event, the question of how best
to maximise power is primarily dependant on cycle scenario, which will be dictated by
the existing site infrastructure (e.g. the presence of a steam turbine to export heat to)
and local demands for power and heat. Thus, this study has modelled and evaluated a
number of anticipated scenarios to answer this question.
As pressure to reduce carbon emissions increases, steelworks will need to innovate. A
pilot plant operating on recovered by-product NH3 and COG could have the potential to
reduce the carbon emissions for over 1 MW of its power usage by >80%, which may
seem insignificant for a steelworks site. However, steelworks offer an interesting
proposition. COG is a rich source of H2 and the economic separation of H2 from COG (e.g.
membrane technologies and cryogenics) is an active field of research [57, 163].
Separation of H2 from COG before the COG combustion also offers a more concentrated
CO2 exhaust, facilitating more efficient CO2 capture and storage. Air separation, to
provide O2 to the basic oxygen furnace, produces by-product N2, which is of course the
other chief component required for NH3 manufacture. Thus, steelworks could become
manufacturers of NH3. This NH3, possibly with H2 support, could be used to provide
carbon free gas turbine power (albeit originally sourced from coal). Should this come to
pass, the experience gained from running a small-scale pilot plant could become
invaluable. Naturally, green NH3 could also be imported to steelworks sites and used to
augment the indigenous NH3 available, regardless of whether this indigenous NH3 is
recovered from the by-product stream or manufactured from the H2 in COG (as just
described). Additionally, the aqueous stream that would normally be fed to the bottom
of the fractionating tower in the Phosam process could be blended with anhydrous NH3
(green or manufactured from COG H2) to achieve the desired H2O%vol, negating the need
for the Phosam fractionating tower, saving the associated capital costs and the energy
required by the dehydrating process.
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To progress the research, a crucial next step is the investigation of the effect of pressure
elevation on NH3 emissions. Flow restrictions have thus far prevented significant
pressure elevation above atmospheric. Given the findings for 15%vol COG/AA at 8 atm
(Table 7.4), it is recommended that, for pressures approaching this compression ratio
(i.e. 8) and lower, a liquid NH3 spray be injected into hot compressed air (~540 K at a
compression ratio of 8) prior to COG vapour addition and that the premix (NH3/COG/air)
be further heated to an inlet temperature of ~500 K. This configuration should enable
even vapourisation, avoiding the potential for pulsing in the combustor and to provide
a homogenous premix. Results would thus be relevant to a practically relevant cycle,
utilising a recuperator.
Primary zone NOx emissions at inlet ~500 K were found to be significantly lower than for
~530 K. Therefore, inlet temperature versus NOx should be investigated, reducing inlet
temperatures below 500 K, while taking care to maintain flame stability. The results
could help mitigate for thermal NOx, resulting from unnecessarily high preheating of the
premix.
Further investigation is required to understand how significantly the configuration and
location of the confinements’ secondary air staging effects the structures of upstream
swirling flows (e.g. using particle image velocimetry), and particularly how impingement
of opposing air inlet flows may disrupt flame structure.
Partial secondary air substitution (using N2) showed decreases in NOx exhaust emissions.
This suggests a potential NOx mitigation strategy. However, data was extremely limited
so replication is required. Similarly, due to very few data points, repeat testing is
required to verify whether modest pressure elevation (~1.3 bara) does indeed lead to
the same NOx for both staging locations, as earlier staging facilitates shorter combustors.
As the HA blend emissions from later staging resembled those of AA with earlier staging,
it could be that higher pressures can improve HA emissions without the need for
significantly delayed staging.
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The discovered correlation between Φopt and laminar flame speed, across the full range
of blends investigated, proved useful in predicting an optimal operating Φ prior to
testing blends. This tool should be further validated on this and other equipment to
ascertain its general usefulness as it could potentially prove useful in similar studies and
ultimately to industry during commissioning of NH3 fuelled gas turbines.
The N2O and HCN emissions need to be measured experimentally. This will require gas
analysis equipment capable of these measurements such as a fourier-transform infrared
(FTIR) spectroscopy gas analyser, which would also facilitate H2O readings that have in
this study needed to be derived from equilibrium modelling. An FTIR analyser would also
enable simultaneous readings of NO, NO2 and NH3 at the same Φ, overcoming the issue
of negative readings due to decreases in NH3 flow (and consequently increasing lean Φ)
across test cases.
Given the individual nature of the by-product NH3 plant to each steelworks, a case study
is required for a techno-economic evaluation of the proposed ammonia cycles. Thus, a
willing industrial partner with a plant in need of updating (such as either of the UK sites)
needs to be sourced to assess the economic viability of the proposed cycle. While the
final assessment would be largely limited to that specific case, it would help to inform
others regarding any common aspects in the redesign of their own processes.
If Chemkin mechanism files can be modified to be compatible with Aspen Plus software
and if Aspen Plus is found capable of utilising such large mechanism files, it would mean
that cycles developed in Aspen Plus could simulate, not only cycle efficiencies and
power, but also generate emissions results which acknowledge the kinetic aspect of NOx
formation, dispensing with the need for separate Chemkin analyses.
Finally, a case needs to be made for the creation of NH3 and H2 specific NOx standards.
As was discussed in this thesis, the absence of CO2 in the exhaust (acting as an emissions
diluent) disadvantages these two fuels, when being held to the same regulations as
natural gas, in gas turbine technology. Lastly, a universal standard for the reporting of
NOx AND NH3 emissions needs to be established to enable proper comparison between
studies, thus generating competitive improvement in the development of emissions
limiting strategies.
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Appendix A.
Appendix A.1 Compositions of the selected blends - numerical modelling
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Appendices
Appendix A.2
Molar compositions of the Chapter 4 experimental blends.
a.) 15% COG blends

b.) 20% COG blends

c.) 10% COG blends
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Appendices
Appendix A.3
Target mass flows of the Chapter 4 experimental blends (25 kW th LHV).
a.) AA with COG

b.) HA (70% NH3 : 30% H2O) with COG
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c.) AV with COG
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Appendix A.4 Averaged operating conditions, reactant flows and undiluted product concentrations for all Chapter 4 test cases.
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Appendix A.5 Chapter 5 Experimental and Chemkin-Pro Model Results (Tian and Okafor mechanisms) for NO and NH3, 15% COG blends (AA and
HA) at atmospheric and elevated pressure (wet, dry, and dry - 15% O2).
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Appendix B.
Appendix B.1a – Chapter 6 mass flowrates (g/s) of 15% COG/AA blend for staging at atmospheric pressure.
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Appendix B.1b – Chapter 6 mass flowrates (g/s) of 15% COG/HA blend for staging at atmospheric pressure.
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Appendix B.2
Chapter 6 staging tube design - Calculating approximate velocity flows along the
quartz tube and through the dilution holes.
The volumetric flowrates and velocities of the product gases from the primary stage compared
with those of the air entering the staging holes.
Exiting the primary stage:
Using 15% COG/AA at Φ = 1.2
Between approximately 15 and 25 cm from the burner face (assuming a post flame zone starting
at 10 cm from the burner face) the average molecular mass of the blend is modelled to be 24.096
± 0.0005. The mass flowrate is 8.056 g/s and therefore molar flow within the tube and prior to
staging is ~ 0.334 mol/s. For the modelled temperature of ~1800 K and assuming ideal gas
behaviour, each mole occupies ~ 0.137 m3, thus volumetric flow is calculated to be ~ 0.046 m3/s.
Using 15% COG/HA at Φ = 1.2
As for the above case: average molecular mass = 23.744, mass flowrate = 8.43 g/s, molar flow in
tube = ~ 0.355 mol/s. Temperature ~ 1700 K, ~ 0.130 m3/mol, thus volumetric flow ~ 0.046 m3/s.
Calculating velocity in the tube
The cross-sectional area of the quartz tube is 7,854 mm2 (0.007854 m2). Volumetric flow ~ 0.046
m3/s for both cases. Velocity = ~5.9 m/s.
Entering through the holes:
The mass flow of staged air/N2 across all blends totals ~5 g/s. The average molecular mass of air
is 28.963 g, so molar flow is ~ 0.173 mol/s. One mole of air at 550 K occupies 0.042 m 3, so
volumetric flow for the staged air/N2 through the staging holes is ~0.0073 m3/s.
Volumetric flows after the staging increase by ~ 16%.
With four Ø20 mm holes total area = 1,257 mm2 (0.001257 m2).
Velocity through holes = ~5.8 m/s.
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Appendix B.3
Composition of the COG cylinders used in Chapter 6 experimental campaign.

Uncertainty of ± 0.5%molar (relative) for all components except H2 (± 0.1%molar rel).
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Appendix B.4
Chapter 6: Primary zone optimisation at atmospheric P - averaged reactant flowrates, important operating conditions and emissions results.
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Appendix B.5
Chapter 6: 15% COG/AA - primary zone at elevated P (1.3 bara) - averaged reactant flowrates, important operating conditions and emissions
results.
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Appendices
Appendix B.6: Chapter 6 staged combustion at atmospheric pressure - staging holes 25 cm downstream of burner face.
Variation of Φgl (Φprim fixed) - averaged reactant flowrates, important operating conditions and emissions results.
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Appendices
Appendix B.7: Chapter 6 staged combustion at atmospheric pressure staging holes 15 cm downstream of burner face.
Variation of Φprim (Φgl fixed at 0.7) - averaged reactant flowrates, important operating conditions and emissions results.
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Appendix B.8: Chapter 6 staged combustion at 2 different locations for 15% COG/AA blend (COG cylinder 2684) at elevated pressure (~1.3 bara)
Φprim ~ 1.2, Φgl ~ 0.7 - averaged reactant flowrates, important operating conditions and emissions results.
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Appendix C.
Image Processing Code
C.1 Obtaining temporally averaged unfiltered background image
Program: BG_code.m
clear all
%Open a dialogue box for creating a cell 'FileList' containing all file names
[FileList, path] = uigetfile ('*.tif', 'Select your Background Images', 'MultiSelect', 'on');
%Picking the first file name 'Filename' from the 'FileList'
FileName = fullfile(path, FileList{1});
%Creating a matrix I from the 1st image file
[I, cmap] = imread(FileName);
%Finding the dimension variables for the new matrix I
[rows, columns] = size(I);
% Creating a zero matrix to hold average image data in later on
UHoldmat = zeros(rows,columns);
%Finding out how many files have been downloaded to 'FileList'
numfiles = length (FileList);
%Creating a cell into which the image data for each image can be written
ImageData = cell(1,numfiles);
%Creating a variable 'TifFilies' pointing to all tif files in the current
%directory
TifFiles = dir('*.tif');
%Filling the cell 'ImageData' with the data for each image
for k = 1:numfiles
ImageData{k}=imread(TifFiles(k).name);
end
%Sequentially processing the data from each image file to get an unfiltered
%image which is a sum of all entered images
for j = 1:numfiles
%Creating a matrix for the current file
A = ImageData{j};
%Converting the data to double format for mathmatical manipulation
Adoub = double(A);
%Adding each iteration of j to the previous data to give a sum of all
%images in matrix, unfiltered
UHoldmat = UHoldmat + Adoub;
end
%Finding the average intensity unfiltered background image
UAvBGImg = UHoldmat./numfiles;
%Displaying unfiltered background image
f1 = figure('name','Unfiltered');
imshow(UAvBGImg,cmap)
save('AvBGImg.mat','UAvBGImg')
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Appendix C.2 – Obtaining temporally averaged filtered test point image corrected for
background
Program: averaging_code.m
clear all
%Open a dialogue box for creating a cell 'FileList' containing all file names
[FileList, path] = uigetfile ('*.tif', 'Select your Test Images', 'MultiSelect', 'on');
%Picking the first file name 'Filename' from the 'FileList'
FileName = fullfile(path, FileList{1});
%Creating a matrix I from the 1st image file
[I, cmap] = imread(FileName);
%Finding the dimension variables for the new matrix I
[rows, columns] = size(I);
% Creating a zero matrix to hold average image data in later on
Holdmat = zeros(rows,columns);
%Loading matrix containing background image file from another folder
[BGImgFile,folder] = uigetfile('*.mat','Select your Background Image File');
UBGFileLoc = fullfile(folder, BGImgFile);
UBGFile = load(UBGFileLoc);
%Changing format of image file from struct to occupying cell 1, to a matrix
UBGFileCell = struct2cell(UBGFile);
UBGImgCell = UBGFileCell(1);
UBGImg = cell2mat(UBGImgCell);
%Finding out how many files have been downloaded to 'FileList'
numfiles = length (FileList);
%Creating a cell into which the image data for each image can be written
ImageData = cell(1,numfiles);
%Creating a variable 'TifFilies' pointing to all tif files in the current
%directory
TifFiles = dir('*.tif');
%Filling the cell ImageData with the data for each image
for k = 1:numfiles
ImageData{k}=imread(TifFiles(k).name);
end
%Sequentially processing the data from each image file
for j = 1:numfiles
%Creating a matrix for the current file
A = ImageData{j};
%Converting the data to double format for mathmatical manipulation
Adoub = double(A);
%Adding each iteration of j to the previous data to give a sum of all
%images matrix
Holdmat = Holdmat + Adoub;
end
%Finding the average unfiltered image and its sum intensity value.
AvImg = Holdmat./numfiles;
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%Correcting Average unfiltered image for background
AvUImgCorBG = AvImg - UBGImg;
%Filtering the above image, median 3x3 filter with symmetrical padding at
%border
AvFImgCorBG = medfilt2(AvUImgCorBG, 'symmetric');
imshow(AvFImgCorBG,cmap)
%Saving filtered average images corrected for background
save('AvTP6OH.mat','AvFImgCorBG','cmap')
Appendix C.3 – Abel inversion code for cropping and batch processing images
Program code: abeldeconv_bottom.m
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%R=mm? CentXPIX=?, WhichWay=? %
%Y direction refers to direction once image is rotated vertically as this
%is the normal orientation for Abel deconvolution image processing%
Y_in_mm=100.15
%
X_in_mm= 90.4
%
R=X_in_mm/2
%
%CentXPix is the pixel for the burner centreline AFTER image is cropped%
CentXPix=213
%
%WhichWay is 2 for top (i.e. LHS when vertical) and 1 for bottom (RHS)%
WhichWay=1
%
Numb_of_y_pixels=474
%
Numb_of_x_pixels=428
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
Y = linspace(Y_in_mm, 0, Numb_of_y_pixels)%
X = linspace(-R, R, Numb_of_x_pixels) %
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%load image .mat for each image in turn, rotate (anti-clockwise) to vertical, process %
%HalfAbel and then rotate anticlockwise 270degrees (3x90) back to original
orientation).%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
Av1crop=Av1(62:488,120:593);
Image=rot90(Av1crop)
%
[Abel1vert] = HalfAbel(Image, R, CentXPix, WhichWay) %
Abel1horz= rot90(Abel1vert,3); %
%%%%%%%%%%%%%%%%%%%%%%%%%%
Av2crop=Av2(62:488,120:593);
Image=rot90(Av2crop) ;
%
[Abel2vert] = HalfAbel(Image, R, CentXPix, WhichWay); %
Abel2horz= rot90(Abel2vert,3); %
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%Save all images post Abel processing to matrix AbelImgsHorz.mat)%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
save Abel_bottom_horz.mat
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Appendix D.
Appendix D.1 - A brief introduction to using Aspen Plus.
The Aspen Plus program has a number of templates from which to select. In this instance, the
‘gas processing’ template was selected (with metric units).
There are two main interface modes within the Aspen Plus program, ‘Properties’ and
‘Simulation’. The properties mode is where all the chemical species involved in the simulation
are searched and selected from within the program’s database, providing the simulation with
the relevant species properties from which to make its calculations. This includes all important
reactant and product species (e.g. NOx and argon). It is also where the property method,
describing the rules governing the behaviour of these species under specified conditions (e.g.
temperature and pressure) is selected. Selection of an appropriate property method is
facilitated by a decision tree in the Aspen help function.
The simulation mode is a window into which various ‘blocks’ and ‘streams’ can be placed and
connected, to represent the process flow diagram of the system being modelled. The blocks
represent the items of equipment and the streams represent the flows of material or energy
into and out of the blocks. The settings for each block or stream can be manually directed,
however, in a steady-state process, it is only the initial conditions for the cycle inlets (e.g.
ambient temperature), equipment specifications (e.g. compressor discharge pressure) and
necessary equipment performance variables (e.g. isentropic efficiency) which are set manually.
The software then calculates the temperatures achieved, vapour fractions, work done, etc.
FORTRAN coding is used to refer calculated variables automatically from one part of a cycle to
another to take account of inherent interdependency. For example, stoichiometric air
requirements are dictated by fuel composition, so if air to fuel values are coded for (using
FORTRAN), the mass flows of fuel can be referred to an air ‘CALCULATOR’, which updates the air
flow as required. If the simulation is designed correctly, in keeping with process engineering
principles, it is able to calculate all downstream variables and iterate to accurate steady-state
results.
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Appendix D.2 - The Peng-Robinson Equation of State.
The Peng-Robinson equation of state is defined as follows:
𝑃=

𝑅𝑇
𝑎𝛼
− 2
𝜐 − 𝑏 𝜐 + 2𝑏𝜐 − 𝑏 2

Where P = pressure, R = universal gas constant, T = absolute temperature, υ = molar volume.
Values ɑ (attraction parameter) and b (Van der Waals covolume) are substance specific
constants obtained using the universal gas constant, the critical temperature (Tc) and the critical
pressure (Pc) for the substance. Above the critical temperature, no amount of additional
pressure will liquefy the vapour. The α term is a scaling factor. The equations for ɑ, b and α are
shown below.
Attraction parameter (ɑ) equation:
0.45724 𝑅2 𝑇𝑐 2
𝑎=
𝑃𝑐
Van der Waals covolume (b) equation:
𝑏=

0.07780𝑅𝑇𝑐
𝑃𝑐

Scaling factor α equation:
2

𝛼 = (1 + 𝜅 (1 − 𝑇𝑟 0.5 ))
Where Tr = (T/Tc) and κ is defined as follows:

𝜅 = 0.37464 + 1.54226𝜔 + 0.26992𝜔2
The term ω is the acentric factor (measure of the non-sphericity of molecules). As it increases,
the vapour curve is "pulled" down, resulting in higher boiling points.
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Appendix E.
Aspen results - material, heat and work streams, Φgl and efficiency values for equipment, cycles
and the (overall) combined cycle.
Appendix E.1 - 15% COG/AA blend, operating pressure 8 atm.
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Appendix E.2 - 15% COG/AA blend, operating pressure 12 atm.
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Appendix E.3 - 15% COG/HA blend, operating pressure 8 atm.
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Appendix E.4 - 15% COG/HA blend, operating pressure 12 atm.
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