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ABSTRACT

Despite efforts to curb global warming, the use of coal for power generation is projected

to increase. The impact of this on global warming could be negated by the proliferation of
carbon capture technologies, but their adoption is slow and inhibited biyrte@conomic

challenges. In the meantime, coal combustion is associated withelRfssions, which

cause a plethora of environmental problems, and economic uncertainties caused-by ash
related issues. The aim of this thesis is to minimise the negative idipa@ ¥ 02 | £ Qa 02
consumption, through aiding the development of clean coal power generation. This aim

was achieved by investigating two technologies.

The first was the use of loNG, burners during oxacoal combustion in order to minimise
NO formation and maximise destruction of recycled NO via reburning, using a 250 kW
combustion test facility that can be run in diring or oxyfiring mode. A range of burner
configurations were tested across two efel regimes with varying levels of NO recyglin
Measurements were taken at the flue, radially in the flame and axially down the centreline
of the flame. The profiles showed that burner staging aids in controlling the products of

NO reburning.

The second technology, an-based additive, was investiggl in two parts. The first route

was investigating the impact of this additive on selective-natalytic reduction, using a

100 kWh combustion test facility able to load the fuel with additive. The presence of the
Febased additive was shown to incread® reduction due to SNCR. This interaction was
then kinetically modelled and analysed for its sensitivity to process conditions. The second
route was investigating the impact of the additive on fireside corrosion, using the
equilibrium modelling softwarefFactSage. The investigated coal ash was not corrosive
enough to show any trends in FactSage, so three biomass fuel ashes were investigated and
the Febased additive was compared with two coal ashes and alumina to analyse the extent
of any inhibition withessed. The metrics used for analysis were the formation of various
corrosive compounds and kyroducts. The Fbased additive could inhibit corrosion but

not as well as either of the coal ashes, as it was key to increase the Al and Si content of the
deposis. The Fdased additive should not be used solely to inhibit corrosion but it is a

positive side effect if used for other applications.
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CHAPTER 1 INTRODUCTION
1.1 Thesis Overview

This thesis will attempt to present and discuss novel technologies, which aim to improve
coal comlustion, with respect to reducing N@missions and impeding fireside corrosion,

so that it is compatible for use in future power generation portfolibss split into seven
chapters, starting with the introduction, which aims to set the scene with regéwdhe

use of coal for power generation, the state of carbon capture technologies, the impact of
NOemissions on the environment and the cost of corrosion in coal boilers. Chapter 2 will
survey literature to determine how NQs formed, the state of tdmologies to reduce
formation, how NQ processes differ during oxgoal combustion, how fireside corrosion
occurs and the state of additive technologies that reduce corrosion. This will highlight two
technologies with the potential to significantly aid ttezhno-economic feasibility of clean

coal processes but requiring greater industrial confidence.

The first technology to be discussed is the implementation ofN@y burner technology
during oxycoal combustion, with particular attention on the impact different burner
staging environments on the reburning of NO from the recirculated flugQaapter 4 will
encompass this discussioithe second technology is to be discussed in two separate
contexts; the first being the use oh&ebased additive in agunction with selective non
catalytic reduction in order tamprove theNOreduction potential of the latter technology,

and the second being the impact af &ebased additive on reducing the rate of fireside
corrosion.The first of these investigationgll be presented in Chapter 5 with experimental
findings, techneeconomic analysis and kinetic modelling analysis. The second will be
presented in Chapter 6 using equilibrium modelling, comparing the impacts across a variety
of fuels with a variety of adtives. A description of the facilities, processes and software
used will be presented in Chapter 3. Chapter 7 will conclude the thesis with the major

findings and recommendations for future work.



1.2 Our Energy Landscape

1.2.1 The State of Power Generation

Since tle dawn of the Industrial Revolution, access to electricity has become so increasingly

vital to modern society that it is now widely regarded as a human right (Tully, 2006) and

key to the socieeconomic development of developing nations (Kanagawa and Nakata
2008). Over the course of the 2@entury, the expansion of the global economy and the
gFrad IANRPoOK 2F (GKS ¢g2NIRQA LIR2LJz | GA2y KIa f
has in turnunintentionally, been the root cause of a plethora of enuiraental crises. Two

of the most prominent of these crisese anthropogenic climate change caused by global
warming and the decrease of urban air quality caused by photochemical pollution. Both of

these issues are at least partly attributable to the uséostil fuels in power generation.

¢CKS ¢g2NIRQa LI2oSNI ISYSNIGAZ2Y LER2NITFT2112 LINRYy
and, despite an uptake in renewable and nuclear energy technologies, will continue to do

so for the foreseeable future. The share of individual fossil fuels, however, has changed

quite dramatically since 1971. The proportion of electricity generati@mfroil has

decreased radically (Figute?) as oil usage has been increasingly earmarked for transport

fuel and plastic production, while the use of natural gas has become far more popular due

to progress in the shale gas industry in the UAnarily driven by a desire for energy

security.
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Figurel.1l ¢ World electricity generation by fuel (TWh) (1192017) (IEA, 2019)
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The apparent constancy of the proportion of electricity generation from coal over the last
40 years does not accurately represent the actual transformation. In this time period, coal
use has remained relativesfablein OECD natioria terms of total prinary energy supply
(TPESJIEA,2019) but the rapid economic development experienced in China and India
required a great increase in energy demamdizL) G2 Yoo 2F GKS 62 NI F
(IEA, 2019))which was largely powered by cp&lence maintaining te status quo.
Together, India and China are responsible for over 8586wer generation from codlEA,

2019) Theproportional decrease in coal use in OECD nations is attributable to, at first,
concerns over deteriorating air quality in major cities, ethunfortunately culminated in
events such as the Great London Smafgl952claiming the lives of 8000 people (Stone,
2002), and, later following increased scientific consensus, anthropogenic climate change.
In recent years, this process has been helpgdthie improving economic qualities of

renewable energy options and, as mentioned, the falling cost of natural gas (IEA, 2019b).
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Figurel.3 ¢ The gowth in world energy demandby region(IEA, 2019)

Carbon dioxide is formed from the combustion of any carbased fuel, however, due to

its significantly greater carbon to hydrogen raticoal produces far more G@er unit
energywhen compared to oil and gas. As highlighted in Figu#e coal combustio is
responsible for 44.2% of G@missions, even though it contributes a meagre 27.1% of
global TPES (IEA, 2019). The Kyoto Protocol and Paris Climate Agreement have brought
nations together with the aim of decreasing £#Missions in order to minimiseiciate

change to only a 1.5 °C temperature rise. This drive will see the reduction in overall fossil
fuel use in particular the use of coalHowever, coal could still be used in an
environmentally acceptable wayadfcarbon capture and storage technologyitilised; this

is a desirable outcome given the vast quantities of coal reserves still present (Abas, 2015).

World! CO2 emissions from fuel combustion? from 1971 to 2017
by fuel (Mt of CO2)
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Figurel.4 ¢ Change in ontribution of individual fossil fuels to G@®missiondrom 1971 to
2017 (IEA, 2019)



This reduction in coal use, however, is not a definite outcome yet. Under the policies that
national governments have laid out, coal demand will remain relatively stable through to
Hann +a& [/ KAYlLF YR LYRAIFIQ& tDNBumpedh addyNortRS Y| y R
American attempts to move away from coal (Figure 1.5). Under a sustainable development
scenario, there must be greater effort to decrease coal use by all parties. Even the
European and North American nations must bring their coahaled to under 150 Mtce,

instead of the 600 Mtce that they are currently forecast to use. The greatest effort must

be made by the Asia Pacific group of nations that must agree to decreasing coal demand

by over 50%.
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Figure 1.5 ¢ The forecast demand for coal under business as usual and sustainable

development scenarios (IEA, 2019b)

In contrast, the progression of renewable technologies must be able to cover the drop in
coal demand and to be able to account or increase in total energy demand that will
accompany the aim of continuing global economic growth. These renewable technologies
will mainly be solar PV, wind turbines {shore and offshore), hydropower and
biomass/biogas, and different nations will lealimited capacity to install each of these
based on their geographical characteristics. Nevertheless, as seen in Figure 1.6, great
changes will need to be made to existing plans in order to meet sustainable development
goals by 2040. In particular, greateptake of renewable technologies in the Asia Pacific

region is required between 2030 and 2040. This is something that is becoming more and
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more feasible as technologies mature and innovations are made, leading to changing
associated economic landscapésa &SSy A GK 9 dzNR LISQ&hor®2f f SO
wind in the recent past (IEA, 2019b).
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Figure 1.6 ¢ The forecat renewable electricity capacity under business as usual and

sustainable development soarios (IEA, 2019b)

1.2.2 Solid Fuel Combustion

Coal combustion for power generation can occur in a number of different technologies,
namely: fixed bedfluidised bed or pulverised fuel systems, with the most common
technology being the K. In pulverised fuel boilers/furnaces (Figure), the coal, which

has been pulverised in a mill, is entrained in a portion of the overall excess air known as
the primary air and is carried to a burner; this mixture is then enveloped by a preheated
secondry portion of the oxidant to enable combustion. There are two common
classifications of burner: swirl burners and jet burners. Basic swirl burners introduce both
streams with significant angular momentum; this affects the mixing of the primary and
seconday oxidant and, hence, burnout of the fuel. Jet burners inject the fuel and portions
of oxidant with no angular momentum and are mainly utilised for ghisture fuels
(Toporov, 2014)The resulting combustion forms a flame, whose shape and length are
dictated by the fluid dynamics of the air. In an industrial furnace, there will be a series of

flames arranged either in the wdlled pattern, where burners appear only on one wall or



two opposing walls, or the tangentiaifired pattern, where the burnerare placed in the

corners of the furnace (Tillman, et al., 2012).
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Figurel.7 ¢ Two-Pass Bensomype 750MW Pulverised Coal Boiler for Supercritical Steam
Generation (with SQRTermuehlen and Emsperger, )0

When coal particles enter the flame, water is driven off and the coal undergoes
devolatilization, where the small chain hydrocarbons known as volatiles are released from
the coal particle and combusted. The heat from the combusted volatiles is them grea
enough to commence combustion and breakdown of the char, the remaining
heterogenous hydrocarbehased matrix forming the majority of the coal particle. The
heat from this combustion is radiated from the flames to the waterwall tubes and from the
flue gasinto the superheater and reheater tubes. The steam is heated to the designed

temperature and is used to generate electricity via turbines.

One method to reduce G@missions from coal combustion is to increase the designed
temperature of the steam by impwing efficiencies in the heat transfer surfaces and
combustion process, so less coal is needed to generate a unit of electricity. Most existing
coal power plants are designated as subcritical and have efficiencies of ~33%, but this

method to reduce C@&emissions can improve efficiencies to ~40% and ~46% by installing



supercritical and ultrasupercritical technologies (Kumar and Kumar, 20I8kese high
efficiencies were made attainable due to significant progress in the research of steel alloys
that are alde to withstand higher temperatures and pressures than previous stééis.
research has primarily been in increasing the high temperature strength of ferritic steels,
which, unlike austenitic steels, do not present thermal fatigue issues. Ferritic sltwis

for upper operating conditions of 62830 °C; while, above this temperature, nickesed
superalloys have been found to be promising (Holcomb, et al., 20@gjether, these
techniques, along with others, are known as high efficiency low emisditifLE)
technologies, as improvements in efficiency not only lead to a decrease-iafi€sions

but also a decrease in NGBQ and PM emissions.

Once the flue gas has passed the boiler arch, it is treated to minimise the conteng,of SO
NO and PM, beforeding released from a stack. Technologies to reduce NO emissions may
already be in service within the flame or pdktme regions of the boiler, but some of these
technologies camave the effect of decreasing the flame temperature, thus leading to an
increased carbon content in the ash, which can make the fly ash unsuitable for use as a

precursor in concrete productigreading to issues regarding disposidpof the fly ash

In an effort to meet Paris Climate Agreement targets, some power plant operatmes
switched to céfiring coal with biomass or even burning pure biomass; this will lead to a
reduction in lifecycle C@emissions in the former and a carbon neutral lifecycle in the
latter, due to the C@sequestered by the biomass when growing. Biomass is a-adltch
term, but, generally, currently utilised biomass fuels tend to have some major differences
to the previously used coals. Biomass fuels will have a higher water content and a greater
oxygen ad hydrogen content, therefore producing greater amounts of volatilhis will
result in low heating values and some flame stabigispes when utilising existing industrial
burners which, together with increased corrosion from greater chlorine andliatikatal
contents, can lead to economic problems (Werther, et al., 200Q)pically, the
sustainability of harvesting biomass fuels with low chlorine/alkali metal contents is
disputed (European Commission, 20IHdwever, biomass fuels also commonly hawe |
nitrogen and sulphur contents, often low enough to eliminate the need for costly

abatement processes.



1.2.3 Carbon Capture and Storage

Carbon capture and storage technologies are processes that aim to reduce or eliminate
carbon dioxide emissions from fossilef combustion through the chemical/physical
capture of C@ This C&is then to be transported to a storage site, most likely a retired oil
reservoir or saline aquifer, where it is sequestered using the geological formations present.
There are three majocarbon capture technologies: pr@mbustion capture (ulising
integrated gasification combined cyc{¢GCQ) postcombustion capture and oxyel

combustion.

Precombustion capture involves gasifying coal in order to create a syngas stream
constitutedof CO, C&and H, which can then be utilised as a fuel in a combined cycle gas
turbine. Alternatively, the syngas can be treatesing the watergas shift reactiorso that

the COsconvered to CQ, which can beeparated ready for transportation andosage

while the remaining pure stream is combusted in a turbine to produce only water as a
by-product This process is shown in Figure 1T#is process has favourable process
economics but is associated with disparaging capital costs and complex desigres
(Toftegaard, et al., 2010However, this may be a more desirable option in East Asian
countries, which typically have large coal stockpiles and little access to natural gas (Tillman,

2018).
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Postcombustion capture involves the conventional combustion of the coal in air, but,
rather than emitting the flue gas after some pollutant control, thec@3scrubbed ouof

the exhaust using, most commonly, monoethanolamine (MEAjs creates a rich GO
laden sorbent that is then pumped to a stripper, where the absorbent is regenerated and
the CQ is driven off, collected, and prepared for transportation and storageu{2dhra,

et al., 2016)This process is shown in Figure HBwever, this technology currently carries

a significant efficiency penalty for the plant and requires a flue gas stream effectively free
from SQ and NQ as these can permanently degrade the atigent (Toftegaard, et al.,
2010).Currently, there are two major postombustion capture plants being operated at

Petra Nova in Texas, USA and Boundary Dam in Saskatchewan, Canada.
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Figurel.9 ¢ Postcombustion capture process (Vattenfall, 2008)

Oxyfuel combustion of fuel in an LLLG, mixture, as opposed to ains usedin order to
produce a flue gas with a far greater &@ncentration, hence simplifying €@urification
processeso simply dehydration and the usual pollutant abatement units (desulphurisation
and SCR or acid gas compressidhe Q/CQO mixture is formed by recirculating a portion
of the flue gas back to the burner and mixing with @urified from air using an air

separation unit (ASUYhis process is shown in Figure 1.IBis technology can provide

10
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Further novel technologies are continuously being developed, an example being chemical
loopingcombustion. This involves solid fuel being fed into a fuel reactor, where it comes
into contact with a metal oxide known as an oxygen carrier. The fuel reactor is heated and
the fuel/oxygen carrier mixture is fluidised with steam or recirculated flue s causes

the fuel to devolatilise, the char to be gasified and the subsequent gaseous mixtuge of H
CO and volatiles are oxidised by the oxygen carrier. Following this, the reduced oxygen

carrier passes into the air reactor, where it ismadised byair (Adanez, et al., 2018).

Carbon capture and storage technologies can also be used to captuen@$3dions from

biomass combustion in order to create a negative emission technology (NET). These
G§SOKy2ft23ASa | NB 1VY20¥negcadiRl/S CdzYLaINIBNBE |1 YRS N
(BECCS) and are believed to be a key part of the effort to meet the Paris Climate Agreement
obligations by making up for industries that will not be able to decarbonise without

significant innovations, such as shipping and airdlain addition to BECCS, direct air

11



capture (DAC) is another collection of carbon negative technologies, whers €®ubbed

out of ambient air at atmospheric pressure. DAC is thought to require a large amount of
energy, up to 12% of electric energy a6@% of norelectric energy by 2100, but can
potentially be coupled with dedicated renewable power generation technologies to reduce

operating costs (Creutzig, et al., 2019).
1.3 Nitrogen Oxides: A Noxious Problem

1.3.1 Origins and Impact

Nitrogen oxides, N refers to a group of pollutants arising from the oxidation of fuel
bound nitrogen or nitrogen in air during high temperature combustion, and contributing
to a number of prominent environmental problems. Nitric oxide (NO) is likely to evolve
from any combustionwhere nitrogen is presengnd will eventually oxidise to nitrogen
dioxide (N@) when emitted to atmosphere. Nitrous oxide (D) is most relevant in
fluidised bed combustion systenakie to the lower temperature combustion zondsut

can be emitted from ay combustion process, as well as chemical processes (Skalska, et al.,
2010). In the UK, as of 2016, 34% of the totak Bi@issions came from road transport,
while power generation was responsible for 22% and domestic and industrial combustion
emitted 19%(DEFRA, 2019). From immediately after emission in the troposphere to
migration into the stratosphere, NQOs involved in complex processes of oxidation,
reduction and photolysis that leado the formation of transitionary highly reactive NO
compounds (sbrt-lived oxidised N©@compounds, such as N@nd NGs) (Figure 111).
Subsequently, NOcompounds play a role in all major air pollution crises, e.qg.
photochemical pollution (smog), acid rain, ozone depletion and, even, global warming,
leading to up to 4000 deaths per year and an economic cost of £20 billion per year in the

UK alone (Holgate, 2017).
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Figurel.11 ¢ Atmospheric N@chemistry (Atkinson, 2000)

The most notable NQassociated process is that of photochemical pollution/smog. This
process involves N@atalysing the production of ozone {OQwhich is highly toxic due to

its highly oxidising nature. In reaction-1}, NQ is photolysed by daylight, producing NO
and anoxygen radical that, subsequently, attacks an oxygen atom in reacti®). (1
Reaction (13) should complete the cycle, remove the &d return the N@and Q; but

the environments in which these processes occur also contains radicals originating from
the incomplete combustion of hydrocarbons, such as peroxy and hydroperoxyl radicals,

which can react with NO to reform NQhus competing with reaction (3).

66 @O G/ (1-1)
6 6 000 - (1-2)
60 6 0060 O (1-3)

During the night, reetion (1-1) cannot occur and reaction-@) continues rapidly, resulting
in virtually all N@being NQ; NG then starts to accumulate through reaction4). and the

lack of light to photolyse it after formation.
6o 0 900 O (1-4)

The NQ@ can hen react with N@to form NeOs, which will readily dissolve in water to form

nitric acid, hence contributing to acid rain.
0o 00900 (2-5)

66 "Of ©°c¢(0 (1-6)
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The formation of HN®is a chain termination reaction that leads to the consumption of
the majority of the tropospheric NO and N@ithin four days (Skalska, et al., 2010).
However, some NOwill migrate to the stratosphere, where it will catalyse the
decomposition of ozone, saseen with reactions {2) and (37) with reaction (18)

combining the two.

606 6 ©°006 0 (1-3)
66 6000 O (1-7)
6 0 O ch (1-8)

As mentioned, only a small amount of NO and: Ml reach the stratosphere; 0 can act
as a source of NO within the stratosphere as it is photolysed (reactie®jsafid (110)) or
attacked by an O radical (reactionsi1) and (112)).

6/ "®OO0 . (1-9)
6/ "®OO (1-10)
6/ 600 0 (1-11)
6/ 00 cho (1-12)

In addition to NO patrticipating in stratospheric ozone destruction, it is also known to be a

greenhouse gas that is 270 times more potent than carbon dioxide (Wright, 2003).

1.3.2 Legislativelimits

The discussetssue caused by N@as led to increasingly stringent legislation around the

world. The greatest users of coal for power generation are shown in Figlpdd. be the

t S2L) SQ& wSLlzt A0 2F [/ KAYlF 6tw/ 03X ! YAGSR {1
and Korea (IEA, 2019). The current legislative limits @felN@ssions for these nations will

be discussed.
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Figurel.12 ¢ Greatest users of coal for power generation

Starting with China, the N@mission Inits depend on the capacity of the boiler and the
location, with more stringent limits in conurbations. Being the largest user of coal, it is
important that China leads the way with significant standards. These limits can be seen in
Table 1.1.

Capacity (tanes/hour) NQ limit (mg/md)
>65 100
Existing boilers 400
10-65 New boilers 300
Boilers located in key region 200

Tablel.1 ¢ Emissiodimit values ihg/mq) for NQ from utility coalfired boilers in China (IEA
Clean Coal Centre, 2015)

In the US, the emission limits are more complicated and depend heavily on when the plant
was constructed or modified rather than the capacity of the plant. Further, the Clean Air
Act states that thesemission limits are merely a maximum level and that plants will be
assessed on a cafg-case basis with the specific limit being decided by the best available

control technology (BACT), which is decided from teebo@nomic analysis.
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Period of constructin/modification NO Limit (mg/MW)
1971-1978 300
19781997 210 (subbituminous), 260 (other coalg
19782005 200 (gross output), 65 (heat input)
20052011 Construction 130 (gross output)
20052011 Reconstruction 130 (gross output), 47 (heatput)
20052011 Modified 180 (gross output), 65 (heat input)
Post2011 | Construction/reconstructior 88 (gross output), 98 (net output)
Post2011 Modified 140 (gross output)

Tablel.2 ¢ Emissiordimit values (ng/MW) for NQ from utility coal plants in the USA (IEA

Clean Coal Centre, 2019d)

India, a nation with chronic and severe air pollution issues, has adopted stringent emission

limits for new coafired power plants, while older plants face some of thesnlax limits

of the major coal using nations.

Period of construction NO Limit (mg/n¥)
Pre2004 600
20042017 300
Post2017 100

Tablel.3 ¢ Emission limit values (mgfnfor NQ from coal and lignite fired power plants

in India (IEA Clean Coal Centre, 2019a)

The9 dzN2 LIS Y ! yA2Y Q&

L vy ROz&ofivid ROL.CY75/B)ds nandagey” a

the following emission limits of N@ mg/Nn¥ (6% Q) for solid fuels:
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NQO Limit (mg/Nn¥)

Totalrated thermal input (MW)
Coal(exceptlignite) Lignite Biomass

50-100 300 400 250
100-300 200 200 200
>300 150 200 150

Tablel.4 ¢ Emissionlimit values (mg/Nrf) for NQ from large combustion plants using
solid fuelsn the EU

These values come with some caveats. Combustion plants of a thermal rating <500 MW
built before 2003 are allowed to emit up to 450 mg/Rims long as they do not operate

for more than 1500 hours per yea&imilarly, combustion plants of a thermal rating >500
MW built before 1987 are subject to the same conditions. This is most likely to provide
flexibility in extreme scenarios. The EU also legislated for medium combustion pltts (1
MW) Directive (EU) @15/2193, with the following emission limits of N@ mg/Nn? (6%

Q) for solid fuels:

NO Limit (mg/NnF)
Total rated thermal input (MW)
Coal Biomass
1-50 Existing plants 650 650
1-5 New plants 500 500
5-50 New Plants 300 300

Tablel.5 ¢ Emissiorimit values (mg/Nr#) for NQ from mediumcombustion plants using
solid fueldn the EU

Japan sets limits based on steam generation, rather than thermal rating, and, when
converted to mg/mi using a simplistic conversion factor of ppm x 2.05, is rather more lax
than the EU for the higher capacity units. That being said, individual prefectures in Japan

regularly set stricter standards for emissions than the national limits.
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Capacity (rerhr) NGO Limit (ppm)
>700,000 200

400,006700,000 250
<400,000 300

Tablel.6 ¢ Emissiorimit values ppm) for NQ from coal combustion boilers in Japan (IEA
Clean Coal Centre, 2019b)

Korea leads the way withhé most stringent NOQemission limits of this group. The
legislation is clear, concise and is likely to promote innovation and eliminate the
contribution of power plants to the NQelated issues raised in section 1.3.1. However, it
will likely have beenncredibly expensive to achieve these limits, which may have a
negative impact on the plant economics, as well as the consuamer could be used as a

political tool to indirectly close coal power plants

NO Limit (ppm)
Capacity (MW)
Pre-July 1996 July 19962014 Post2014
<100 90 60 30
>100 70 50 15

Tablel.7 ¢ Emissiorlimit values ppm) for NQ from coal power plants in Korea (IEA Clean
Coal Centre, 2019c)

The emission limits displayed in this section are likely to be the principal drivers behind
innovations leading to theesearch and development of new and improvedJdatement
technologies.The result of these innovations may be that the rising consuméial,

such as South Africa, Indonesia and Poland, will not face the same economioffrade

between air quality and affordable power as their predecessors.

1.4 Fireside Corrosion: Eating Away at Profitability

Solid fuels contain many impurities in additiannitrogen; in particular, sulphur, chlorine
and mineral matter, known as ash, interact around the boiler to degrade components,

reduce efficiencies, increase costs and, ultimately, cause outages. The principle ash related
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problems are fireside corrosioslagging and fouling. Fireside corrosion is the process of
chemical attack reducing wall thickness of the heat transfer surfaces by acidic gases in the
flue. Slagging refers to ash deposition on a heat transfer surface or the refractory, resulting
from the sintering of molten ash components (Magrem and Riley, 2012). Fouling refers

to deposits on a heat transfer surface by condensed volatile salts and fly ash at a
temperature below its melting point (Bryers, 1996). Both slagging and fouling reduce the
rate of heat transfer through the tube wall, resulting in reduced plant efficiencies and
higher C@Qemissions per unit of power, while also providing a reservoir of corrosive species

to accelerate fireside corrosion.

Figurel.13 ¢ Extreme slagging on superheater tubes (Niu, et al., 2010)

In a 2001 report, the IEctric Power Researchinstitute (EPRIestimated the cost of
corrosion in American power plants during 1998 as $17.3 billion, which represents 7.9% of
the cost of electricity to the US and 0.2% of the 1998 GDP (EPRI, 2001). They also estimated
that 22% of this cost is avoidable through affordable measures (EPRI, 2001). Subsequently,
some power generators have looked towards fuel additives to relieve #s#irrelated
problems; this is in conflict to reports suggesting that most commercial additives, other
than kaolin and calcium based additives (for &dnoval in fluidised bed combustion) are
ineffective (Minchener and McMullan, 2007, and European Comomssil994).
Nevertheless, Drax Power Ltd. filed a patent describing the use of a mitigant in order to

reduce slagging, fouling and corrosion problems (Drax Power Ltd, 2014). Other additives,
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such as one investigated by Daood, et al., (2017), have alsodmeginically shown to be

able to mitigate corrosion, as well as reduce NO emissions and improve combustion.

1.5 Summary, Aims and Objectives

LG KIFIa 0SSy RAaOdzAa&aSR GKFG O21t O2YodzAadGA 2\
generation portfolio and, under cugnt strategies, will remain so unless there is a dramatic
change. This dramatic change is thought to be necessary in order to meet Paris Climate
Agreement obligations, but the progression of carbon capture and storage technologies
may open alternative ro@s to meeting these obligations. Nevertheless, coal combustion

is responsible for much of the global N@missions that can cause devastating
environmental and health problems. In light of this, the principal users of coal for power
generation have enactedtringent legislation, which will require significant uptake of
effective NQ abatement technologies or the closure of coal power plants. Fireside
corrosion and other ashelated problems also significantly affect the life and economics

of coal power plats and may be aggravated by the adoption of certairn Bi@atement

technologies/strategies.

Thus, the aim of this thesis is to improve the confidence of clean coal power generation
technologies so that the detrimental effects of the continued use of caabeaas little as
possibleThe following section will conduct a literature revigoutlining the current status

of, and gaps in, knowledge of the impact of important parameters foyab@tement in a

variety of coal combustion configuratioasd, throughthis action, will identifyi KS G KS & A & C

objectives.

20



CHAPTER 2 LITERATURE REVIEW
2.1 Introduction

This literature review will first describe the fundamentals of nitrogen chemistry within
combustion, then discuss and critique primary NBatement techniques along with a
detailed analysis of the state of N@batement within oxycoal combustion. This will be
followed by a review of secondary N&batement techniques, namely SNCR and SCR, and
an introduction to Febased additives. The impaof Febased additives on fireside
corrosion will then require an understanding of the fundamentals of fireside corrosion and
its precursors. Each of these sections will be concluded with a summary of the identified

research gaps.
2.2 NO: Production in PF Gubustion and Primary N©O Abatement

Technologies

2.2.1 NO Production in PF Combustion

NO formation during combustion has been researched extensively, with three major

mechanisms taking precedence:
1 Thermal NO formation
1 Prompt NO formation
1 Fuel NO formation

ThermalNO formation, also known as the Zeldovich mechanism (Zeldovich, 1946), involves
elemental nitrogen being oxidised by oxygen in the combustion flame. This mechanism

occurs primarily through this sequence:
0O 0POO O (2-1)
06 0P OO U (2-2)

During fuelrich conditions, reaction €3) becomes dominant and, together with the

previous reactions, the entire mechanism is known as the extended Zeldovich mechanism.

O 0 00 O (2-3)
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Due to the high activation energy of the first reactionl{2the mechanism only becomes
significant at temperatures above 1800 K (van der Lans, et al., 1997ZNQdwurners are
now widely used in commercial power plangseatly reducing NO formation through the
Zeldovich mechanism by lowering the flame tempgara. However, thermal NO remains
the greatest contributor to NO formation from natural gas combustion (Winning and

Winning, 1997).

Prompt NO formation, also known as the Fenimore mechanism (Fenimore, 1971), was
discovered when recorded NO formation rafesm a hydrocarbon flame exceeded those
predicted from thermal NO formation. This extra NO formation was found to be initiated

through rapid attack of elemental nitrogen from CH radicals:
600 P 060 0 (2-4)

The HCN is then oxidised to produce N@is mechanism can be dominant in fuieh
hydrocarbon flames (Glarborg, et al., 1986), but is negligible in solid fuel systems; even

when the solid fuel contains a large lé\vvolatile component (Glarborg, et al., 2003).

The most important source of N@fm pulverisectoalis that produced from fuel nitrogen;
roughly 80% of NO produced from solid fuels is produced via conversion of fuel nitrogen
to NO (Glarborg, et al, 2003). The dominance of-N@l production can lead to a drop in
thermalNO productiordue to the reversibility of the reaction{) (Glarborg, et al., 2003).

On initiation of pulverised coal combustion, devolatilisation of the coal particle occurs and
the fuel nitrogen is partitioned into volati#Bl and chai, the distribution of which can be
dependent upon the fuel structure, temperature and the rank of the coal (Bassilakis, et al.,

1993). Theelative convermn of volatileN and chalN to NO is vastly different.

CharN, nitrogen bound inside/to the fuel mat; has been found to exclusively convert to
NO during combustion within a temperature range of 143%0 °C, while only 65% of
charN converts to NO at &5°C this lower net NO formation was found to be due to
reduction of NO by reaction with char (Jenset al., 2000). However, Pohl and Sarofim
(1977) found that at 1500 K 60-80% of NO is formed from oxidation of volatiie
Therefore, it is imperative to have an understanding of the complexities of vehitile

oxidation.
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VolatileN consists of taN andlight gaseous compounds, such as HCN and Ni¢ tarN,
produced during primary devolatilisation, consists of fragments of the coal matrix that have
G LR2NARESR RdAzZNAYy3 AYyAlGAlLE KSIFIGAY3 YR Aa RS
releasedth &G O2y RSy aS 4 NR2Y GSYLISNI G§dZNBEQT GKAa&
released (Zhang and Fletcher, 2001). While secondary devolatilisation leads to the release

of the light gaseous compounds from decomposing char andthar remaining tai is
incorporated into soot (Chen, et al., 1992), this sbbis further oxidised to NO (Rigby, et

al, 2001).

The most important volatikN constituents are HCN and BJHboth of which have been
found to undergo complex reaction pathways oxidising selectit@lyards N or NO
depending on oxygen availability and fuedrogen levels (Glarborg, et al., 2003). The
reaction pathways have been extensively investigated and overview of the reactions are

shown in Figur@.1below:

CH M i
F W0 "?,:,,_ {
B R +(] +HO
+0H.+0g HHE__:DH..H.+O NH, _=HoO N ES HaOR oy
+H
3,

Figure2.1 ¢ HCN and N#evolution pathways (Miller, et al., 1985)

These pathways give the opportunity for engineers to design modifications to the

combustion conditions to favour the pathways leading tddtmation.

2.2.2 LowNOx Burners and Other Primary N@\batement Technologies

LowNO, burners (LNBs) are a combustion modification technique that involves staging of
the combustion; LNBs can be either-giaged or fuektaged. Aikstaged LNBs operate to
maximise volate release, provide an initial@eficient zone, maximise char residence
time in this zone and then provide a fdeln zone to maximise burnout. The lack of oxygen
in the fuelrich zone favours the Normation pathways for volatikN (Figure2.1) and ges

further to reduce NO formed elsewhere to KHill and Smoot, 2000). The control of-air
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fuel mixing patterns is achieved by swirling secondary and tertiary air to stabilise the fuel
rich zone and complete combustion in a cooler environment (due tstiestoichiometric
conditions); this also enables a lower flame temperature and, therefore, limited thermal
NO production (Muzio and Quartucy, 1997). The structure of zones within th&@w

burner is shown in Figur2 2
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Figure2.2 ¢ Low-NQ: burner concept (Ochi, et al., 2009)

Doosan Power Systenmmshad success with the Mk Il burn@oosan Babcock, 2020)
which involves staging the oxidaftisually air)input into three streams. The primary
stream entains the fuel and provides the initial oxygen, the secondary stream is heavily
swirled in order to create an inner recirculation zone at the centre of the flame and the
tertiary zone enters with comparatively less swirl to complete char combustion antecrea
an external recirculation zone at the edge of the flame. The inner recirculation zone (IRZ)
has the effect of maintaining théevolatilization procesand primary combustion products

in an oxygen deficient environment for as long as possdsenell agecirculating these
products and heatThis results imaximising devolatilisation and the activity of volaile

to N2 formation pathways (Szuhanszki, 2014hile the external recirculation zone (ERZ)
helps stabilise the flame by recycling hot combustgas back into the flame root (Smart
and Morgan, 1992). The shear boundary layer between the IRZ and the secondary stream

acts to introduce oxygen in the IRZ to initiate the completion of combustion.
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Figure2.3 ¢ Doosan MK Il Burner (Doosan Babcock, 2015)

The above burner will most likely create a tygdlame. The IFRF (2006) defined four types
of flame. A type0D flame is essentially a swirled jet flame with just external recirculation
zones that is onlgeen with gaseous and liquid fuels. A typ#ame contains greater swirl

and is accompanied by the formation of internal recirculation zones but it is still penetrated
by a jet; this can be achieved with any fuel. A tgolame contains an even strongewirl

and the internal recirculation zones are more protected due to the lack of jet penetration.
A type3 flame is considered unusual; it contains the most swirl and has two sets of inner

recirculation zones.

recirculation

recirculation

Figure2.4 ¢ Flame types as defined by the IFRF (IFRF, 2006)

Another popular air staging method is known as overfire air (OFA). Similar to LNBs, OFA

involves creating a fuelch primary combustion zone and a fdeln lower temperatue
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secondary combustion zone (Javed, et al., 2007); but OFA involves injecting a portion of
the combustion air (125%) above the upper most burner (Skalska, et al., 2010). This can
lead to 1030% reduction in NO emissions (with an average reduction of aB&bgost of

5-15 $/kW (with an average cost of 8.2 $/kW) (Nelson, et al., 1994). Unfortunately, like
LNBs, OFA has been found to lead to a diminished combustion efficiency (Smart, et al.,
1989) due to the decreased stoichiometry in the primary combustimme. This can also

lead to an extreme reducing atmosphere, which will lead to increased corrosion (USEPA,
1994). Further to thisthe primary zone created during air staging is highly reducing and
can lead to high temperature corrosion and slagging en\teinity of the burner (Ma, et

al., 2017).

The moststudiedfuel staging technique is reburning; this involves burningd8% of the
fuel under fuellean conditions in the primary combustion zone and introducing the
remaining fuel in a fualich zone knwn as the reburn zone. This reburn zone is heavily
reducing due to incomplete combustion generating hydrocarbon radiedigch reduce

NO formed in the primary zone (Nimmo and Liu, 2010).

Fuel-N
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| +CH,
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oxidation

—> NO

+0
v

> Char-N g3 Vol-N <«
£lS N
+NO
— il
| Prompt formation

+CH

Figure2.5 ¢ Rebuning mechanism (Toftegaard, et al., 2010)

A third zone called the burnout zone then introduces the remaining air to complete
burnout of hydrocarbonandchar. Liu, et al., (1997) reported that, when testing a variety
of coals, up to 60% N@eduction cold be achieved when there is a high NO concentration
in the primary zone, high carbon burnout in the reburn zone and high veldtiielease in

the reburn zone. However, it can prove beneficial toxKgduction to use a different fuel

for reburning, for eample, Mereb and Wendt (1994) compared the use of natural gas and
bituminous coal as reburn fuels to find that natural gas offered ~80% risidction

compared to ~60% for bituminous coal.
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In order to increase NQreduction from reburning, research has beandertaken into
variation of reburning known as advanced reburning. This hybrid technology combines
reburning and selective necatalytic reduction (SNCRJiscussed further in 2.4.%p that
ammonia/urea is added in the fueich reburning zone or the evfire air (Maly, et al.,
1999) to provide up to 8@0% NQreduction compared to classic reburning, which can
provide 4565% (Zamansky, et al., 1996). Maly, et al., (1999) achieved a 95%dNQion

when the reducing agent was combined wélsodium comaining additive; they went on

to claim that this technology was in the same categoryedsctive catalytic reductio(6CIR
(discussed further in Section 2.4.8)r effectiveness but with a far lower cost. The
operating temperature for this technology winlinot be optimal for conventional SNCR,
but, due to the sukstoichiometric conditions upstream, there is a large concentration of
CO, which expands the operating temperature window for reduction (Hampartsoumian, et
al., 2003). Major complications due telurning are avoided with advanced reburning.
Hampartsoumian, et al., (2003) found that with advanced reburning, lower reburn fuel
fractions can be used. This means that the reburn zone can be operated closer to
stoichiometric conditionsand thus practical consequences of a feéth zone can be

avoided.

2.2.3 Flue Gas Recirculation and Oggal Combustion

Flue gas recirculation (FGR) involves redirecting a small portion of flue gas into the
combustion zone; the high concentration of inerts in the haes has the effect of lowering

the adiabatic flame temperature, which in turn helps reduce therid@l formation but

has been said to have little effect on fudD (Muzio and Quartucy, 1997). The lower
temperature flue gas leads to a decreased furnace terapge; this can cause less stable
combustion and lower combustion efficiency (Zhang, et al., 2015). Muzio and Quartucy
(1997) describe tests on boilers using combinations of B@@SBers out of service OFA

and FGR. These tests found that FGR can prd\Wd reductions of up to 45%; but they
comment that this is a technique more applicable to natural gas configurations. Baltasar,
et al., (1997) found that FGR is especially good at disrupting the prompt NO formation
mechanism; since these mechanisms ayedaiA Ay AFA Ol yi Ay 021t X

recommendation is appropriate.
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However, thigorocesscan be consideredperationally inherent in oxjuel combustion; a
process that is cited as being one of the most promising carbon capture techniques. Oxy
fuel combustion involves combusting fuel using aglflde gasmixture instead of air,
creating a flue gas in which there is a far larges €@centrationthan airfired combustion
(14% vol/vol dry) The flue gas is scrubbed to remove,N&D and particulatesand then
cooledto remove water vapour (Toftegaard, et al., 2010). Further purification of the flue
gas to remove € N and Ar creates a 988% pure C@®stream that is ready for
sequestration (Li, et al., PQ); this amounts to a capture of 9b% of thecarbon dioxide
produced from combustion (Pehnt and Henkel, 2009).-fDry combustion provides a
carbon capture process with simpler and cheapes QWification compared to the other
conventional capture processds also providesigher boiler efficieny due to smaller flue
gas volumes and less required Nabatemen{ due to reduced thermaNO formation

(Varagani, et al., 2005).

Initial

Compression Dehydration

Intercooling

|Exhaust Gas CO; Purification

I
> ! |
! External
Small Tank I Refrigeration  Intercooling i
COz | |
|
Large Tank !
arge fan ! Further |
_—_@_ ! Purification/ Compression
| Liguefaction

I
Pipeline Pump i |
_

Storage Reservair
Figure2.6 ¢ Typical oxyfuel combustion plant design (Li, et al., 2009)

However, a major complication with ofyel combustion involves the value of the
adiabatic flame temperature when compared to-fired combustion. The £CQO, mixture

has a higher specific heat capacity compared to air; this results in a decreased adiabati
flame temperature and a destabilised flame if the oxygen concentration is 21% (analogous
to air) (Liu, et al., 2005a). In order to mimic the flame temperature observed during air
fired combustion and therefore operate using developed burners, the oxygen
concentration must be around or above 30% (Liu, et al., 2005a). Although, this high level

of oxygen is thought to enhance the fuel Nformation mechanisms (Tan, et al., 2006).
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One would expect that N@missions from oxjuel combustion to be comparabl® the
air case flue gas recirculation scenario without any theriwal or promptNO formation,
due to the lack of nitrogen, and with the extra ftlO, but this is not the case. Andersson,
et al., (2008) found that when run with an ekyel configuration NO emissiongmg/MW)

were reduced to less than 30% of emissions frorigirg.

One could expect the impact of recirculating a flue gas with a significant level of NO to
initiate processes similar to the reburning mechanismpscesses which reduce NO
through the use of fuel fragments as reducing agents. Toftegaard, et al., (2010) defined

three types of reaction that contribute to the reduction of NO through reburning:
The eaction with volatileC, released during devolatilisan of the coal, to form volatile
N.

60 (00060 Ni €' Q6 WO i (2-5)

The eaction with volatileN, released during devolatilisation of the coal, to form N
00 0090 Al €Qowoi (2-6)

The eaction with coal char, in the presenoéCO, to form &

600 6 900 O (2-7)

00 6 90 -0 (2-8)

Where (o) represents oxygen chemisorbed to char anglr€presents an activated

carbon site on the char (Chan, et al, 1983).

Okazaki and Ando (1997) investigated timpact of each of these mechanisms as well as
the increased C£xoncentration on the final NZoncentration. The effect of the increased
CQ concentration is used to test NO reduction on char under the assumption that at high
CQ concentrations, the CO concentration will be increased and this will enhange NO
reduction on char. They found that the increased&@ char reactions accounted flass

than 10% of the N&reduction while NO reactions with volatifé account for 580% of

NO reduction and the remaining 180% is caused by NO reactions with voldatle
Andersson, et al., (2008) show that at high temperatures (8150 during oxyfuel

combustion it is possible for the Zeldovich mechanism to be reversed due to the lack of
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nitrogen. However, Normann, et al., (2008) show that for the reverse Zeldovich mechanism
to be dominant, there must be negligible air ingress, high oxygen purltystichiometric
combustion conditions, long residence time and high temperatures (280 although

the temperature must also decrease with Nédncentration through the flame.

Operation of an oxyuel burner will present inevitable variations in tharfie structure

and mixing of the fuel and oxidiser (Toftegaard, et al., 2018¢ comparable lack of
secondary oxidiser flow leads to limited, @vailability anda higher adiabatic flame
temperature, promoting conversion of volatilN to N and aiding NO: reduction
(Mackrory, et al., 2007). The lack of secondary oxidiser, however, is an issue and arises
from the requirement for an @concentration of ~30% as this leads to a smaller volumetric
flow rate through the burner. If future oxfuel plants are to beommissioned from old air

fired plants, then the coal feed rate must remain constant; this requires the same primary
oxidant velocity in order to keep the coal in suspension (Zanganeh and Shafeen, 2007).
Since the density of the LG, mixture is greatethanthat of air, the mass flow rate of

the primary flow for oxyfuel is higher and the secondary mass flow rate is reduced; this
leads to a reduced velocity for the secondary flow (Khare, et al., 2008). In the average
burner, the secondary flow is swirldd aid stability of the flame; if there is a slower
secondary flow, there is less swirl and therefore the flame is less stable. In order to correct
issues regarding stability of okyel flames in burners designed for dired use, NQ@

reduction may havéo be compromised.

In order to maximise NO reduction without significantly affecting the flow dynamics, Liu,
et al., (2005b) studied the impact of staging recycledi MQxyfuel flames. This study
showed that injecting recycled NO in either the primanythe secondary stream will
provide high reduction (~90%); however, if the NO is recycled in the tertiary stream then
the reduction is severely reduced (~45%). This is due to the lack efidhetones, to
initiate the reburning mechanisms, in the temyazone. Staging Nntroduction into an
oxy-fuel flame may not be feasible, since commercial plants will likely not split the
recirculated flue gas into its constituent parts due to cost impacts; therefore, attention
must be paid instead, to burner cogtiration. Chui, et al., (2003) showed that increasing
the swirl number of the secondary stream in an-bugl burner leads to a reduction in NO

production (~37% reduction); theyidahat the swirl has the ability of retaining the full

30



within the fuetrich zone to maximise Normation, therefore preventing fuelN oxidation

in the burnout zone. This study, howeveouhd that more NQ is produced when their
burnerwas run on an oxjuel configuration. An enhanced burner was tested in Chui, et
al., (2004)and notable N@ reductions were achieved; howevethe trends and
configurations used to achieve these reductions were said to be very explicit to the burners

tested and general recommendations are lacking (Toftegaard, et al., 2010).

In Spinti and PershthQ& H 1o aNiodialion B difirgd Kidmig, they identify

four factors that influence overall NO emissioiifiese arg¢he volatileN oxidation, char

N/volatile-N split, chaiN oxidation and reduction of volatdd during char oxidation. A

burner designed for low NE@emissions must manipulate these factors; this can be done by
providing a fuekich core to minimise volati®l oxidation, high temperatures during
devolatilisation for maximum volatile formation and a low temperature char oxidation

zone with a low oxygeoconcentration (Spinti and Pershing, 2003). These assertions concur
GAOUK | SaasStyYlryy FyR alNIilFQa 6unnmd NBO2YYS
oxygenlean/fuetrich zone early in the flame, maximising volatile yield within this zone,
optimising the residence time in this zone, maximigcharN residence time in this zone

and avoidng high temperature peaks.

In contrast to the established belief that crpal combustion requires an oxygen
concentration of 30%, Toporov, et al., (2008) investigatedxyfuel burner designed to

run at 21% @ They found that the flame could be stabilised in both air andfogl
regimes using swirl to recirculate hot combustion products (€120 back to the burner

in order to compensate for higher specific heaapacity of the oxidant. The NO
concentration was measured axially across the flame and compared to predictions from a
numerical model but no optimisation took place to maximise xN€duction The
experimental results also deviated from the predictions @ading issues with the models
used. Becher, et al., (2007) also tested a burner working away from the 30%
recommendation; this burner was run using 50%with the aim to reduce the required

flue gas recirculation in order to reduce energy and cost intgnshe flame temperature

was then controlled by staging fuel input, either using estichiometric and then under
stoichiometric burners or vice versa. This shows promise in NO reduction by creating strong

reducing atmospheres; however, NO reduction was investigated. Tan, et al., (2006)
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recommended that in order to maximise Nf@duction in oxyfuel processes, the burner
should be specifically designed fop &nd recirculated flue gas. Doosan Power Systems
successfully demonstrated an eggal burnerachieving low NQ(250 mg/Nnd) flue gas
concentrations in air and flame stability during eigl configuration; but unfortunately

the NG and CO emissions were twice as high (Sturgeon, et al., 2013). However, installing
an oxycoal burner may not be ecamically feasible for those looking to retrofit to oxy

fuel due to the cost of the burner and costs associated with installing SCR to mget NO

limits.

In lightof this, Fry, et al., (2011) established some principles for retrofittinrgaat burners

for use during oxycoal combustion. They found that maintaining primary mass -flate

or momentum when switching from afiring to oxyfiring would maintain a stable flame,
whereas, maintaining primary velocity would lead to slight detachment. Interestitigsy,
study also found that the primary stream could consist of purely recirculated flue gas and
still achieve a stable flame, which could greatly impact the char/volatile split in the fuel
rich zone. However, this analysis was performed merely in ternehariges in the visual
structure and radiation intensity along the flame length, and no principles in terms of

minimising N@emissions were presented.

Correa da Silva, et al., (2014) investigated an industrial burner forming altfipene
finding that svirl and secondary/tertiary flow ratio were the key attributes to stabilising an
oxy-fired flame and that limits to stability were similar for both -fired and oxyfired
flames. Further studies of this burner go on to show that high swirl and seconddigtye
ratio also result in substantial NO reduction (Correa da Silva and Krautz, 20fldnén
measurements showed that NO formation was axially delayed ifieed flames due to
reduced mixing of oxygen into the penetrating jet and the presence d&f temperature
oxygenlean regions (Correa da Silva and Krautz, 2018). Detailed emission analysis was also
performed on another burner a1 vol% and 25 vol%.@nd a fixed swirl highlighting
trends between increasingtilisation and decreased NO formaiti (Hees, et al., 2016).
Although these studies perform detailed analysis of swirling flames camdirm the
significant impact of increasing swirl on a reduction in NO formatioere isvery little
discussion of any impact on the destruction rates afyided NQor reburning. It should

also be mentioned that the investigation into altering the secondary/tertiary ratio showed
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that type-1l oxyfired flames are less impacted by this than-faied flames, perhaps
highlighting that typel flames are not as edy optimised and typ2 oxyfired flames

should have the same level of scrutiny.

In-furnace staging was previously discussed in the context of overfire air, creating a
reducing (fuelrich) zone initially around the burner and then introducing overfirdraan
oxidising zone to complete combustion. This concept has been studied for usecéoaixy
combustion to show that the fueich zones cause far greater NO reduction in-oxy
combustion than in air and the NO concentration in the flue gas shows lasgigity to

the reducing zone stoichiometry than air (Mackranyd Tree 2012) Further to this, it is
believed that staged combustion in arn/OQ: environment would lead to a significant
reduction in NQemissions (Wantanabe, et al., 2011). However, the issue witlrinace
staging is that N from the recirculated flue gas, would be present in all streams and
injecting a portion of it downstreanwould potentially decrease NQeduction rate
(Toftegaard, et al., 2012).
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Figure2.7 ¢ Diagrams of (a) Hurnace staging and (b) burner staging (adapted from

Normann, et al., 2009)

2.2.4 Summary of Gaps in thedRearch

Section 2.2.1 introduced how NO evolves during pulverised coal combustion, with
particular attention to the processes involved with fidO. It was then discussed how
these processes can be manipulated towards the nitrogen production pathwayshgrpr
NOabatement technologies. Finally, the carbon capture procesduelycombustion was
discussed due to its inherent use of flue gas recirculation and the attributed phenomena
of NO reburning that only significantly occurs during-ogsil combustionThere is great
discussion around oxgoal flame stability, but sometimes this leads to a compromise with

regards to NO emissions.
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However, there appears to be an opportunity with eogal flames with regards to
minimising NO formation and maximising Ngburning in that, due to the lack of nitrogen,

the reducing zones are far more reducing and, due to the comparably reduced mass flow
rates,anoxy02 F f Fif I YSQa &agANI Aa RAFFSNByd G2 GK
is not often a primary objecte, while maximising NO reburning is seldom discussed. An

effort should be made to marry the two concepts whilst maintaining flame stability, so that

a flame is visibly still rooted and burnout is not compromised. This could prove important

in that an opeator could minimise the NO concentration at the input of a SCR unit, thus
minimising the operational capacity and hence, the cost of the unit, which would aid the

appearance of financial feasibility for this technology.

2.3 Fe Interactions with NO

| F@KdzNB G |y R [(19%)NEoyed Shatithe fpréseriRe of iron oxides in a
fluidised bed led to an 80% reduction in NO emissions. The mechanism was initiated by the
reduction of FeOz by CO. The subsequent Fe ions were then oxidised by NO to prhguce
and regenerate the B@s. Therefore, the iron catalyses and increases the selectivity of the
reduction of NO by CO.

a6 6 O © 0ds  OQ (2-9)
¢0Q o 6O -G "OQ (2-10)

Lissianski, et al., (2001a) investigated the techniquénjefcting iron additives into the
combustion zone and reburning zone of a defwed burner. The iron additives of interest
were described as Fe metal, Fe waste;dseand FeOs. When the additives were €o
injected with the reburning fuel, each additivecshked the tendency to increase the NO
reduction compared to reburning without any additives. The order of increasing
effectivenesswhen reburning was set at 18%as FesOs (4% increase), Fe metal (6%), Fe
waste (13%) then E6s (16%) Whereas, when reburing was set at 35%, the order of
increasing effectiveness waBe metal (6% increase), &2 (9%), Fe waste (19%) then
Fe(Os (20%). Fg€Os was tested in a variety of injection locations, includingirgection with
the main fuel, canjection with the relurning fuel and injection into the reburning zone.
The highest N@eduction was observed when & was injected with the reburning fuel;

whereas the smallest increase in N€@duction was observed when & was injected into
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the reburning zone. The ladt is probably due to the greater degree of mixing that is
achieved when injected with the fuel; while the former is probably due to the- sub
stoichiometric conditions caused by the reburning fuel in the reburning Zieagling to
higher concentrations of @ than in the main combustion zone. This is confirmed in Lasek
(2014), where they investigate Ferelated NQ reduction in fuellean and fuekich
environments It was foundthat NQ, reduction is far higher in fugich atmospheres and

the presence of oxyan slightly inhibits Fe N@duction mechanisms. The presence of high
levels of C@in the fuetrich zones has been found to have no effect on the rate of NO

destruction (Gradon and Lasek, 2010).

In a separate study, Lissianski, et al., (2001b) studied the effect of injecting Na, K and Ca
containing additives and fly ash on N@ductionand combustion when injected into the
main fuel,the reburning fuel or the reburning zone. They found that when the additives
were injected into the main fuel, there was a reduction inxN@issions regardless of
whether reburning was also used; the ordef effectiveness being Na, K then Ca. When
the additives were injected into the reburning fuel, there was stilk N&duction but this

was smaller; a similar effect was noted for fly ash addition to the reburning fuel. The Ca
additives also had the notdd effect of reducing the S@missions by 50% when included

in the main fuel. Modelling showed that the N@duction observed when using MNesed
additives was due to inhibition of the local combustion environment. The authors,
however, concluded that an containing additives provided far more effective \NO

reduction.

Fennell and Hayhurst (2002) studied the kinetics of the NO reduction reaction in the
presence of iron. Using their detailed rate expressions, they described a possible
mechanism involvinglO dissociating while adsorbed onto,8e The adsorbed N atoms
either re-associate with O atoms or combine with other adsorbed N atoms to prodece N
leaving the O atoms to diffuse into the &8 matrix. However, Reddy and Khanna (2004)
detailed a differat mechanism, where the initial step involves a CO or NO adsggio the

FeOs. This process weakens theR@ bonds leading to a CO being oxidised at one of the O
atoms; this reduces the E& to FeO,. NO then oxidises the reduced:Bg, forming N in

the process.
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Fe has also been found to have a significant effect on coal pyrolysis. In Yan, et al., (2005),
they investigated the effect of inherent minerals on coal pyrolysis. Demineralisation of the
coal was found to inhibit conversion of char to volatilédserefore decreasing nitrogen
formation. Fe was found to be the most important mineral for sNIrmation and
decreasing chaN yield, therefore promoting Nformation instead of NO. Tsubouchi and
Ohtsuka (2008) confirm that Fe has a catalytic role inombg NH formation, but also the
secondary decomposition of tad, Ni and HCN to plas well as the conversion of chidr

to No.

Sowa and Fletcher (2011) attempted to take advantage of the effect of Fe on coal pyrolysis
by investigating the effect ofraFe-based additive in a pulverised coal burner. A coal was
treated with two different loadings of the Heased catalyst to produce the treated coals

KYT1 and KYT2; KYT2 has roughly twice as much catalyst loading as KYT1. Both of the
treated coals were fountb lead to a substantially increased volatile yield compared to the
untreated coal; precisely a 37% and 49% increase in volatile yield for KYT1 and KYT2
respectively. When char oxidation was observed, KYT2 was found to display a 47% increase

in char reactrity, while KYT1 only displayed an increase of 5% compared to untreated coal.

Daood, et al., (2014a) investigated a commercialised fuel additive technology consisting of

iron, aluminium, calcium and silicon on both a pilot scale 106 Kdwn-fired combusion

test facility and a fulscale commercial 260 tons/hr boiler. The effect of this additive on

coal pyrolysis led to an increase in flame temperature 6822C which led to a £%

increase in combustion efficiency. This, in turn, led to a decreate inarbon content of

GKS Fteée aKed LYy 5F22R>X SG Ffodx onwnmnoovs (K
particle size and greater heat transfer propertieausing heavy hydrocarbons in the coal

matrix to break down into lighter hydrocarbon$his is shown in Figuges:

CnHm o ‘:} CxHy
3 : )
Heating 0 »* Combustion Char formation
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Softening » » Catim
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Coal particles with Fuel improver enters Heavier hydrocarbons cracking Coal char combustion with less char-

Fuel improver on matrix of coal and release lighter hydrocarbons nitrogen proceading towards formation of
surface with ignition and flaming ash with improved loss on ignition
combustion. Fuel improver
enhances HCN production.

Figure2.8 ¢ Effect of additive on coal pyrolysis and char/volatile split (Daood, et al., 2014b)
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This impact on coal pyrolysis has the same effect withfueVolution; greater volatileN
release increases the rate of formation over NO formation. The increased volaiile
formation and the interaction between NO and Fe led to an observed 25% NO reduction

(Daood, et al., 2014a).
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Figure2.9 ¢ Effect of additive on fuelN evolution (Daood, et al., 2014a)
2.4 PostCombustion NQAbatement

2.4.1 Selective NorCatalytic Reduction

Alternative approaches to reduce N@missions involve installing technologies post
combustion. Th two most common postombustion techniques are selective ron
catalytic reduction (SNCR) and selective catalytic reduction (SCR). Selectoatatyptic
reduction involves the addition of typically ammonia, urea or cyanuric acid at a suitable
temperaturewhere NH will selectively react with NO. In the mi®70s, first tests showed
that ammonia or urea would react with NO to produce (Nyon and Longwell, 1976)
(Muzio, et al., 1977). However, if the temperature was too high (82@then the reagent
would be oxidised by £and NO emissions would increaset if the temperature was too

low (<8® °Q, then the reagent would not react at allesulting in ammonia slippageyon

and Longwell, 1976). Javed, et al., (2007) gives a summary of the mecharastigated

in detail by several researchers. The mechanism is initiated by ammonia reacting with

hydroxyl radicals:
00 0ULOP 00O 0D (2-11)

Alternatively, if there is a lack of OH radicals (possibly due to a lack of water vapour), the

amidogen (NB) radical can be formed by ammonia reacting with an oxygen atom:

50 6P 5O 0O (2-12)
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The creation of amidogen radicals is critical as they selectively react with NO:

00 O0O0P O OO0 (2-13

00 OLUOP OOOU0UO (2-14)

However, the creation of amidogen radicals depends on OH and O concentrations.
Therefore, for this mechanism to be sslistaining, OH and O must be regenerated

through chain reactions. The NNH radical from reactig:@i4) is key to making this

mechanism elf-sustaining through chain branching reactions:

ODOO00UP O OO0 (2-15)

OO0 OP O OO O (2-16)

The H atom then reacts with oxygen:

O 0PJOVU (2-17)

The O atom produced can then be used in reactibh?) or can react with water:
O O0P UO U (2-18)

Therefore, assuming water vapour is present, reactigrlk) will be dominant over
reaction @-12), reactions 2-13) and g-14) proceedand four hydroxyl radicals will be

produced for every two consumed and theechanism is selustaining.

Javed, et al., (2007) then goes on to explain the vital effect of the previously mentioned
temperature variation on the reaction mechanism and how the optimal temperature range
is where we see a balance between chain branchang termination reactions. At
temperatures below the optimal rangereactions 2-17) and g-18) slow down, HNO
radicals stop being consumed as the concentration of H atoms increases and chain
termination reactions Z-13), -19) and R-20) start to compeg¢ with the chain branching
reactions. This has the effect of consuming amidogen and hydroxyl radicals and creating
further NO.

60 06 P 66 GO (2-19)

60 00 & 06 b0 (2-20)
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As the hydroxyl radicals are ultimately depleted, ammoniastélit to pass through the
reactor unreacted and the ammonia slip that is inherent below the optimal temperature

window will be observed.

During the optimal temperature window, the selective amidogen oxidation reactidns (

13) and 2-14) are dominant ovethe non-selective amidogen reactiong-21) and 2-22).
00 0ULOP 00 00 (2-21)
00 0OP OO 0O (2-22)

The aforementioned balance of chain branching and chain termination reactions is active
so that enough hydroxyl radicals are createdsustain the chain reaction. This is in part
due to reaction 2-16) becoming dominant over reactio®-0), leading to hydrogen atoms

to react in reactions2-17) or @-23).
'O OuLP OO O (2-23)

Above the temperature window, the rate biydroxyl formation reaction2(17) and(2-18)
increasesleading to an increase in the concentration of hydroxyl radicals, hisirn,
leads to increased reaction rate for reactid?iql) leading to NH formation, whickwhen
oxidised leads to NO form@on. The HNO formed in reaction2-24) and R-25) is
converted to NO by reactior2{20).

600 P OG0 © (2-24)
60 6'C 086 O (2-25)
600 P 5000 (2-26)

The amount of NO formed through this sequence will equal the amount destrayad

temperature of around 123 °C(Javed, et al., 2007).

The kinetic modelling of ammonia based SNCR is well developed and reported (Glarborg,
et al.,, 2018), largely due to the reliance on H/N/O chemistry developed for larger
combustion modelling needs’he greatest developments, and also uncertainty, in the
model comes from the role of NNH in nitrogen chemistry, with Klippenstein, et al., (2011)
recently decreasing the NNH lifetime significantly compared to the established works of
Miller and Bowman (198 and Konnov, et al., (2000).
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during SNCR. It could be assumed that increasing the ammonia input would lead to more
NOx reduction by pushing reactior2{11) in the forwad direction. However, early studies

by Muzio, et al., (1977) revealed that at a temperature of ~1240 K the maximum NO
reduction is achieved when the ratio between added ammonia and initial NO
concentration reaches 2 and when further ammonia is added, aninslip increases
dramatically (Lodder and Lefers, 1985) and the NO reduction remains constant. They also
found that the initial NO concentration has a great effect on the NO reduction; when the
initial NO concentration is 1050 ppm, an 80% reduction ind\&@en at a N¢NO ratio of

1, compared to only 40% when the initial NO concentration is 100 ppm. Th&RHatio

can be compared to urea usage by using a normalised stoichiometric ratio (NSR) which
takes into account the number of amidoggm®duced by the reagent, i.e. a urea/NO ratio

of 0.5 is equivalent to an NSR of 1 and &/NB ratio of 1 (Javed, et al., 2007).

Lyon and Hardy (1986) discuss a phenomenon, discovered by Lyon and Benn (1979), named
the seltinhibition effect that leads tdimited NO reduction at high ammonia input levels.
They state that the process described by reactidi$l()-(2-18) produces 1.6 NHadicals

per NH consumed. When the ammonia input is high enough that the ammonia
concentration in the reaction zone is agng the oxygen concentration, then the following

reaction becomes active:
O 0OP VO O (2-27)

Lyon and Hardy (1986) state that reacti@®2(7) will start to compete with reactior2¢17),
reducing the number of hydroxyl radicals and oxygen ationtise system and causing only
0.8 NH radicals to be produced for every one consumed. In this casgid\#oduced in

alternative slower reactions:

00O 0P OO @ (2-28)

AW ™OP 0O U O (2-29)

This results in the NO reduction beidglayed and a longer than usual residence time being
required. Lyon and Benn (1979) claim that thesNbBincentration required for the sel

inhibition effect increases with @content in the flue gas, temperature and reduction time.

In Muzio, et al., (197), they bundthat the reaction sequencevas completed in 200 ms,
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therefore measurements in a standard highd$tudy are likely to find disparaging results.
However, this is of little concern as the cost of running a highSNCR system would be

infeasble to many operators.

Among published results for maximum NO reduction through SNCR, there is a distinct
discrepancy between tests depending on the system in which the tests were taking place.
In Muzio, et al., (1977 ¥or exampletests wereconducted using a plug flow combustion
tunnel fired with natural gas with a flue gas containing 300 ppm NO tlaeylachieved
~80% NO reduction at 1240 K andsNND ratio of 1 However,n Muzio, et al., (1979) a
larger combustion facility was used prodogia flue gas containing 500 ppm. When gas
fired, this led to a decreased NO reduction of ~65% at a similar temperature (~1200 K) and
the same ratio NEINO. In Muzio, et al., (1977), they report that a higher initial NO
concentration leads to a greater N€duction; therefore, the NO reduction in the later test
should be greater. This situation highlights how engineering parameters, such as the
dimensions of the reactor vessel and reagent flowrate, can lead to changes in mixing

conditions and therefore dirent SNCR performances.

In Lee, et al., (2008), they state the lack of information on effects of mixing conditions to
SNCR performance as motive for their research. They find that to achieve the highest NO
reduction, the NH must be premixed with the NOoataining gas prior to entry to the
reactor; this leads to a uniformly distributed mixture of NO ands.NHis is simply na
feasible situation in an operational environment and so theszNkust be injected
downstream of the burner. Lee, et al., (2008gthtested a range of injection flow rates
(10-500 nm/min) with four NSRs (4) and three initial NO conditions (100, 300, 500 ppm).
The conditions of interest are NSRs 1 and 2 at an initial NO of 500 ppm. At a NSR of 1, the
increasing injection flow rateeads to an increased NO reduction (up to 20%). However, at

a NSR of 2, the NO reduction increases (from 35% to 50%) with injection flow rate until the
optimum is reached at 100 ldmin; past this point, NO reduction decreases slightly to 45%.
This was causkby the higher injection flow rate allowing some of theaNdlescape the
reactor before reacting. Nevertheless, this study highlights the importance of a degree of
turbulence in the reacting section of a furnace to improve reduction efficiency. Thig stud
also attempted to gain some insigrggardingthe influence of momentum ratio (J), which

they describe as a correlation between injected fluid and bulk gas (Lee, et al., 2008). They
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found an ideal range of-830. This is in contrast to an earlier studymixing by @stberg,

et al., (1997) that says the ideal range is320

In this study by @stberg, et al., (1997), they also contrast the use of air and nitrogen as
carriers for the ammonia. They conclude that the absence of oxygen from the carrier gas
hasa negligible effect on NO reduction, but that the presence pinQhe flue gas is vital

to SNCR performance. In a study by Irons, et al., (1991), oxygen content in the flue gas was
varied between 15 % for tests at 908C and 100 °C They showed that at000 °Cthere

is little change in SNCR performance when oxygen is varied but at®@Bere is a
substantial variation; however, between436, which is the standard oxygen content in a
coakired flue gas, there is very little change in SNCR performdihae.operator were to
consider altering the process so that there is more oxygen in the flue gas, this would

negatively affect the plant efficiency due to a cooler flue gas.

Wenli, et al., (1989) investigated the impact of varied water vapour addititreiflue gas.

Three addition concentrations were investigated: 0%, 2.7% and 10%. When 2.7% was
added, SNCR performance was increased and the optimum temperature range was
widened. When 10% was added, SNCR performance was increased compared to the 0%
condtion but had decreased compared to 2.7%; also, the optimum temperature range had
shifted up slightly. Therefore, it may prove worthwhile to consider adding water vapour if

an operator is working at the upper end of the temperature range.

Researchers haveied to influence the performance parameters of SNCR using process
additives; the majority of which are reducing agents that would theoretically reduce NO in
a nonselective process. This idea may have grown from early attempts to explain the
kinetics ofthe SNCR reactions such as in Wendt, et al., (1973). In this study, methane and
ammonia are compared as reburning fuels for the reduction of sulphur trioxide and nitric
oxide; they suggested that the high NO reduction seen with the addition of ammonia was
due to reduction from hydrogen produced by ammonia pyrolysing on the stainless steel
wall. Lyon (1975) debunked this and claimed they had merely achievedeatective
reduction; nevertheless, hydrogen was tested as a process additive in this patent and wa
said to reduce the optimum temperature range by 6T This is later proved in Lyon and
Hardy (1986), where they show that with an increasing addition of hydrogen decreases and
slightly narrows the optimum temperature range. This addition of hydrogereases the
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rate of temperature dependent reactior2{17) causing more hydroxyl radicals to be
produced and, therefore, more NHadicals to be produced. At temperatures below the
standard optimum range, enough hydroxyl radicals are created to proceddtgtSNCR
mechanism. At temperatures around the standard optimum, too many hydroxyl radicals

are being created and reactio-21) becomes competitive leading to NO formation.

Azuhata, et al., (1982) investigated another method to influence SNCR perfoeman
through increasing hydroxyl radical formation; this time through addition of hydrogen
peroxide. Hydrogen peroxide would decompose upon heating into two hydroxyl radicals.
Similar to the use of hydrogen, the primary impact of this additive is reducengghmum
temperature range by ~3D°C However, a secondary consequence was also noted; this
was the formation of N& which has an obvious negative effect on the overalk NO
reduction. Nitrogen dioxide is thought to be produced through the following raagm
(Azuhata, et al., 1982):

06 §'C 06 (2-30)
‘W GO 66 60 (2-31)

Azuhata, et al., (199 then hypothesised that the N@vould oxidise NEradicals to both
create more NO and inhibit the NO destruction mechanism. While Miller and Bowman

(1989) state that N&could be attacked by hydrogen or oxygen atoms to form NO.

Wenli, et al., (1991) tested a range of combustible additives, includinggeraf alkanes,
alcohols and amines, to find that every additive had the effect of reducing the optimum
temperature range. The amines, when used in conjunction with ammonia, also decreased
the width of the temperature range. When used alone, the two amihad drastically
different performances. GNlH produced a slightly less NO reduction with a lower
temperature range, when compared with ammonia. §8H). produced a greatly

decreased NO reduction with a much lower and wider compared to ammonia.

Banna andranch (1981) noticed that carbon monoxide levels increased when ammonia
was added in the SNCR configuration, indicating that the oxidation of CO is inhibited by
ammonia. While testing the effect of CO injection on SNCR performance, Lodder and Lefers
(198) confirmed this and found that CO injection reduced the optimum temperature

window by 156200 K. The presence of extra CO was also shown to accelerate both NO
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reduction and NO formation, through NHbxidation, reactions; hence, decreasing the
selectivityof ammonia. Lyon and Hardy (1986) provided an explanation for these effects.

The oxidation of CO involves the following reaction:
60 0'® 60 O (2-32)

The inhibited oxidation of CO was due to competition for OH radicals from ammonia. When
CO wasntroduced in large quantities, more H atommgere produced and, therefore,
reactions 2-17) and R-18) were acceleratedforming more OH radicals and O atoms.

However, a greater concentration of O atoms thed e a NH forming reaction:
00 0P 0O 0O (2-33)

Therefore, the introduction of COddo the acceleration of Nfformation but the decrease

in the selectivity of these radicals.

Further studies to improve SNCR performance involve the addition of metal additives that
simulate an increased comteé of a specific mineral in the combusted coal. Hao, et al.,
(2015) tested the effect of sodium (NaCl and®l@) and potassium (KCI) based additives,

as well as fly ash addition, on SNCR performance. They found that these additives slightly
increased NOeduction without the use of fly ash, but when fly ash is used in conjunction
with the additives then a more substantial reduction was achieved. When only fly ash is
used, there is a significant decrease in NO reduction. However, these tests were conducted
using a quartz reactor and fly ash from a circulating fluidised bed combustor; therefore,
any observations made from these tests are likely to differ substantially when tests are
done on a pilot or industrial scglas these would be conducted a steel firnace the
surface of which being able to catalyse ammonia reactiénsthermore, fly ash from
pulverised coal combustion would be formed at a higher temperature than during fluidised
bed combustion and so the phase composition of the ash could be suiadiardifferent.
Zamansky, et al., (1999) also studied the effect of sodium species on the SNCR process. By
adding small amounts of sodium containing salts to the reducing agent, the SNCR
temperature window was broadened afdlO reduction wagnproved. When the amount

of injected sodium was increased, there was a reduction in the observed promotion effect.
Han and Lu (2007) conducted a kinetic study on the use gE@aluring SNCRinding

that the increased performance was the net result of sodium species encouraging

44



conversion of BD and H@to OH radicals. A further study by Guo, et al., (2012) set up a
detailed model to investigate the effects of KOH and NaOH on the SNCR mechEmns
found that both these additives extended the temperature window by 100 K down by

providing an alternative source of OH radicals.

Li, et al., (2010) tested the effect of using of CaO on SNCR performance at low temperatures
(650850 °Q. They obserd a catalytic effect on Nd-tlecomposition, NEloxidation and

NO reduction, with an overall impact of increasing NO emissions througloiidtation.

They also tested the effect of using Ca®® maintaining a high G@oncentration in the
reaction vesselThis proved to lead to less Nbixidation but greater Nglddecomposition;
therefore, the overall impact was less NO produced than when using CaO but more than
without additives. Further confirmation of the inhibitory effect of Ca@@ SNCR was
published (H, et al., 2015) along with a mechanism and kinetic model detailing this
phenomeron. The impact of sulphated CaO on SNCR was also investigated in order to
design a process that combines SNCR with dry flue gas desulphurisation (Li, €tGal., 20
The resuls confirmed that sulphated CaO had a catalytic effect on NO reduction By NH
however the study does not consider the effect of2@OHO on the reaction mechanism

and concedes that the usulphated CaO will catalyse BNbBixidation, as is confirmed

elsewhee (Sun, et al., 2017).

Fu, et al., (2014) conducted a detailed study into the use of pus®sFauring SNCR,
including an experimental investigation and the construction of a kinetic model used to
discuss the relationships between-Be, N and NO. Totady the impact on the SNCR
mechanism, they measured NO and3d¥rhissions over temperatures ranging from 973 K
to 1373 K when they injected 500 ppm HBE00 ppm NO and 2%, (balanced with &)
through a fixed bed of 10 mg of £&. They found that Nfwasincreasingly catalytically
oxidised to NO until the temperature reached 1173 K (the start of the SNCR temperature
window), from this point Nkloxidation diminished but the presence of2Be was clearly
inhibitory. In the absence of NO op,ONH; was foundto be catalytically reduced toJ¥nd

H.. However, when @ was added and NO remained absent, the NO concentration rose,
displaying the catalytic oxidation of NHVhen Q was absent, there was a slight catalytic
activity increasing NO reduction by BIHThe kinetic model fit sufficiently with the

experimental reslis, although this model was heavily simplified so that a few reaction rate
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constants were used to represent the entire complicated H/N/O mechanism. It should also
be noted that the reacting atmosphere was chosen to mirror calcination and does not
includeCQ or water vapour, which could produce radicals that wogtdatlyimpact the

SNCR mechanism.

2.4.2 Selective Catalytic Reduction

The idea of attempting to catalyse NO reduction is matanel selective catalytic reduction

is an established technology. SCRagl to be the most popular N@duction technology

due to its applicability in both power stations and automobiles and higk rd@uction
potential (6085%) (Bosch and Janssen, 1988); however, SCR is accompanied by larger costs
than any other N@abaterrent technique due tdhe high costs of the catalysts involved
(McCahey, et al., 1999). SCR requires temperatures to be830K depending on the
catalyst used (Gome@arcia, et al., 2005) and so is usually situated between the boiler and
the electrostatic precipitator (removing dust and particulate matter). However, SCR
catalysts are liable to poisoning from dust and;3Rerefore, SCR can be situated in other
operational positions to prolong catalyst life. The other operational positions require the
temperature of the flue gas to be raisa&adl orderto increase SCR performandtkeerefore
requiring an increase in operational costs and power plant efficiency loss. FEldi0e

shows the potential operational positions of SCR in anfioggl coal power plant:

SNCR SCR SCR SCR SCR
NH3 High-Dust Low-Dust Tail-End Tail-End (vent)

FGD

Nllgl

NH3 NH3 NH;3

Figure2.10 ¢ Possible operational positions of SCR (Normann, et al., 2009)

In the presence of a catalyst, NSR~1 and T€@INO and N@arereduced in the following
reactions (Busca, et al., 1998, Paegdu, et al., 1998):

T00 00 U P 10 @00 (2-34)
100 @b 0P v0 @OOD (2-35)
100 ¢c00 O P ob @OOU (2-36)
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Wo @b P xo pdOO (2-37)
However, norselective reactions can become competitive upon unfavourablelitions,

such as temperatures above the temperature range of the catalyst:

¢c0V'0 -0 PO 000 (2-38)
¢c0O0 c¢O P OO 000 (2-39)
¢c00O -0 P ¢c00O 000D (2-40)

Reaction 2-38), although undesirable in the context of NO reduction, igntérest to
researchers due to the opportunity to reduce ammonia slip from SCR reactors; this has

been called selective catalytic oxidation of ammonia (SCO) (Busca, et al., 1998).

Catalysts for SCR can be broadly divided into three groups: supported orgtas, metal
ion exchanged zeolites or supported noble metal. FigRuEl shows the operational
variation between these groups of catalysts and the theoretical @Quction of each
group with respect to the operational temperature range. Fig@dl particularly

highlights that the noble metals are generally unfavourable due to their vast limitations.

Operating charactenstics of different SCR catalysts

Medium temperature — VNXT™ catalyst (V20s/Ti03)
S500-800°F (260-425°C)
most broadly used
10-15 years of experience 100

['JO, Conversion (%)

sulfur tolerant Zeolite catalyst
High temperature — ZNX™ catalysts (zeolite) 80 V:0.(TiO, catalyst

650-1100°F (345-590°C)

very high NO, conversion B0 - Pt type catalyst

very low NHjz slip
NHz destruction
sulfur tolerant above 8D0°F (425°C)

40 b

Low temperature — LT catalyst {Pt-based) 20 |
300-520°F (150-300C)
narrow temperature window

lump-ura_turc window shifts Uéﬂu 300 400 500 600
not sulfur tolerant Temperature {°C)

Figure2.11 ¢ Operating characteristics and ideal temperature ranges for popular SCR

catalysts for popular SCR catalysts (H&6R9)

Commercial catalysts are typically of the supported metal oxide group consisting of an
active component, usually2@s-W0O;s or V.0s-M0O3, layered on a support, usually Bidhe
vanadium oxide provides the majority of the active sites for ammonia sorption, while

tungsten oxide and molybdenum oxide increase the selectivity and activity of the catalyst.
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The popularity of titanium oxide abe support is due to its resistance to sulfation and the
effect of increasing catalyst activity (Busca, et al., 1998). Topsge, et al., (1998) described
the SCR mechanism as starting withs/dtsorption to a Brgnsted acid site on the~@QH.
Thisammoniaid KSy WI OGAGF GSRQ ¢KSy St=¢sitt. NOistRer A a
reduced forming nitrogen and water and reforming the vanadibased active sites. This

is shown graphically in Figuel2

DeNO y Catalytic Cycle

vSt.o-H-N* “3 / o=V
5+ + 4+
; va7.o'-- H,N “H-0-V H,0

v5*.0-H
v5*.0™- I13II Neo- H-ov 4
\ 02
v5+.07-*HaN-N=O H-0-v4+
N3 + H20
Acid Redox

Figure2.12 ¢ DeNQ catalytic cycle (Topsge, et al., 1995)

Due to concerns regarding the toxicity and low melting point of vanadium oxide, as well as
the tendency to oxidise SQwhich can be less easy to remove by flue gas desulphurisation,
and produce MO at hgh temperatures, researchers have continued to develop and
investigate new catalysts. Researching for high temperature SCR, zeolite based catalysts
have been investigated. Zeolites are aluminosilicate lattices consisting of channels
containing cations; tese are activated through ion exchange with a solution whose cation

is required for catalysis (Weitkamp, 2000). Preparation of a zeolite remains to be
optimised; for example, Qi and Yang (2005) found that th& &®l5 prepared by incipient
wetness impregnion showed higher NO reduction (up to ~95%) than traditionaZ &4

5 prepared by ion exchange (up to 90%). This catalyst also showed higher NO reduction
when compared to a XDs-WGQO;s catalyst across the tested temperature range (S0 °Q,
asopposed to the F&ZSM5 prepared though aqueous ion exchangsich only showed a
higher NO reduction at temperatures above3%C The preparation method to produce

higher catalyst activity was shown to be the two step method. They suggested that this
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wasbecause the ion exchange was incomplete from the one step method and some of the
FeC was oxidised to BE©s during the calcination in giwhereas the two step method
used helium firstwhich inhibited any oxidation. However, they concluded that the(ge

also contributed to the high activity of the catalyst.

Apostlescu, et al., (2005) tested a catalyst comprising of @s&ted with FeOs and WQ,
developed to reduce NCrom the exhaust of diesel engingsom which they found a
100% reduction in NO &80 °C They concluded that the zirconium oxide support is a more
effective support than those previously tested. The use of tungsten wit@sFecreased

both the catalyst activity and the thermal stability. They reported that the active sites were
mainly found on FeOs, where an Eleyrideal mechanism is initiated when the ammonia
partially reduces the iron to form an amide species. These amides are highly reactive and
react with the NO to form nitrogen and water. The partially reduced iron is then oglidise

by oxygen to reactivate them. This ERyeal mechanism can be seen in Fidlie3

2 NH, 2 Fe*®
r H,0
2 Fe22 NH, + 2 H®

2 e 0.50,

2Fe?® 42 H®
2N2+2H20

Figure2.13 ¢ Catalytic NO reduction mechanism for iron oxide (Apostolescu, et al., 2005)

In an effort to reducecosts associated with SCR, Gullett, et al., (1994) presented a pilot
scale test combining the use SNCR with SCR in a hybrid technology. This hybrid technology
involved injecting urea at an appropriate position within the furnace to achieve the primary
NC reduction, then the remaining N@ind ammonia slip would pass downstream to a
vanadiumtitanium SCR, where ammonia slip was reduced to >3 ppm and total NO
reduction was increased to 85%. This study showed the opportunity to use higher NSRs
during SNCR thiout fear of an unsuitable ammonia slip and to reduce the size (and,
therefore, cost) of the SCR catalyst without compromisingfd@uction. Urbas and Boyle
(1998) performed tests on a utility boiler using a commercial hybrid SNCR/SCR technology;
they increased reducing agent addition to the existing SNCR above normal operating

conditions to induce an ammonia slip, which was then reduced in the new SCR. They
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modelled the reduction in SCR catalyst volume based on desired overall reduction and

maximum posdile reduction from the SNCR in Fig@ré4
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Figure2.14 ¢ Optimisation of hybrid SNCR/SCR (Urbas and Boyle, 1998)

Further successful experimentation and modelling of hybrid SNCR/SCR was atlyieved
Wendt, & al., (2001). However, this study found that this technology may not be as
economically viable as previously claimed. Indications from their coal utility environmental
cost model showed thathe hybrid technologynly becomes economicathen SCNR is
ableto achieve over 60% N@eduction, which is highly difficult to achieve in practice due
to mixing limitations. Therefore, for a system in which both high ld@uction (>95 %) and

low ammonia slip (<5 ppm) is required, there was found to be little econbemefit in

installing the hybrid technology over just SCR.

2.4.3 Summary of Gaps in the Research

As shown in section 2.3, there is a wealth of research into thiéaime benefits of utilising

iron derivatives during pulverised combustion that gives some legitimacy to the idea of
using them in industry, provided it is economically feasible for individpalications.
Section 2.4.1 discussed the technology selective-caialytic reduction as a post
combustion N@abatement technology. It was shown how the trend in research of this
technology is surrounding a desire to improve NO reduction, shift/expaatemperature
window and improve ammonia utilisation efficiency (to minimise ammonia slip/emissions),

although not much progress to this intent has been made.

Instead, the focus has been on making selective catalytic reduction, the alternative

technology,more economical and resilient. To this purpose, novel catalysts and a wide
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range of catalyst supports were investigated. A common thread in these studies was the
ability of iron to interact with ammonia, either in a zeolite structure or in addition to
vamadia. This raises a question about whether an iron additive, used for -ftanme
benefits, would interact with ammonia within the furnace, if selective {tatalytic
reduction were to be used. One study explored this possibility to find a slight negative
impact, however, as discussed, several concerns about the methodology and the
accompanying kinetic modelling can be raised and the applicability of the results to
pulverised coal furnace can be significantly doubted. Therefore, this remains an avenue

that requires pilotscale investigation and comprehensive kinetic modelling.
2.5 Fireside Corrosion in PF boilers

2.5.1 Fireside Corrosion Processes

Impurities in coal and high operating temperatures within PF boilers lead to mechanisms

such as fireside corrosion, slagg and fouling, all of which shorten the lifespan of boiler

GdzoS gL tftad CANBAARS O2NNRaAz2y Aa RSTFAYSR
occurring on the furnace or fireside of heat exchanging surfaces in fossi ueNB R F dzNJ/ | O
(Harb and &ith, 1990). While slagging and fouling are phenomena that involve ash
deposition on tube walls. These processes are caused by the presence in significant

quantity of the inorganic elements shown in Fig@ré5(Bryers, 1996):

Element Bituminous Subbituminous Lignite Oil and Pet Refuse
Coke

Si S S
» Al 5 5
i) Fe 5 S Contribute to Fouling
H e s — e — o — — — — — — S — — — — — — — — — — — — —— —
8 r Mg 5 S 1
; 2 | Ca ] S, F S, F Corrosive elements |
£2 l mrm T T T T T T T T T T T T T ST T T T TS I
ER- Na F,C F S.F C.F C,F
<f (! K s CFll
£3 Pb - - GF
E TIn - C.F
& Ni - - - F C,F
= v - C,F C.F
w

Cl C C.F

S C S, F F C.F C.F

C = corrosion—by Cl or § of metal surfaces in excess of 600°F under reducing conditions and 330°F under oxidizing
conditions, by V above 950°F.

§ = slagging—Dby partial or fully formed melts due to fluxing of quartz by heavy metals at flue gas temperature >1065°F.

F = fouling—~fused or sintered ash due to condensation of volatile species, solid-gas reactions with 50y or Cl, solid-state
reaction at fluc gas temperatures from 648-1037°C between sulfates and oxides, and molten sulfates.

Figure2.15 ¢ Effect of coal impurities on corrosion, slagging and fouling (Bryers, 1996)

The inorganic components evolve from mineral matter in the coal that is either inherent

or extraneous. Inherent mineral mattés closely associated with the pulverised coal, while

extraneous mineral matter is separated from the coal during milling (Wall, 1992). During
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coal devolatilisation, mineral matter is released and reducing environments are formed,
within these areas, asfusion temperatures are lower and mineral deposition increases
(Harb and Smith, 1990). These reducing environments are characterised by high CO, low
O, and moderate BES concentrations and the presence of only partially combusted coal
particles; therefore,corrosion problems are exacerbated by N®@ductiontled air/fuel
staging. Reducing environments formed when burning a coal high in sulphur and iron were
found to be contributing to corrosion by Manny, et al., (1978); these corrosion processes
were reducedwhen the air flow was altered to increase oxygen concentration in these
reducing environments. Within these reducing environments, reacted pyrite (FeS) and fuel
S exist as % in the flue gas and can react with either the base metal iron or, due to the
high CO concentration, the protective iron oxide layer to form iron sulphide, which leads

to high metal wastage (Kung, 2006).

Ash deposition on boiler tubes leads to increased corrosion and decreased heat flux
through the walls. For plant operators, thisstgts in a reduction in plant efficiency as well

as an increase in operating coss boiler tubehave to be replaced. In hot areas near the
flame, ash deposition is due to ash melting on the tube wall. In cooler areas (such as on
superheater walls), theolatile alkali salts condense forming a sticky layer that solid ash
particles are able to attach to. As the fly ash particles collide with the sticky layer, the
deposited ash thickens at an uneven rate around the tube. The temperature of this
depositionwill increase and the saturation temperature of the volatiles will be met; this
results in the condensation rate falling to zero and, subsequently, no more ash deposition

6¢2YSOT ST FYR 2 00F6AIFI1T HnAWOP ¢KAA LINROSA
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Once ash has deposited on the tube walls, many new avenues for fireside corrosion
become available. Significant corrosion rates can be caused byration of alkaliron
trisulphates through either pyrosulphates as intermediates or the mechanism described by
Corey, et al., (Harb and Smith, 1990). The alkaii trisulphate mechanism devised by
Corey, et al., and described in Harb and Smith (199jtiated by deposition of alkali
sulphates, formed from reaction between alkali metals in the fly ash anthSke flue gas

on the wall of the tubes. As this deposited layer thickens, it becomes sticky and traps ash,
which then sintersforming a molten slag and releasing $&Qis also formed through the
molten sulphates catalysing $@xidation during the diffusion of £and SQthrough the
molten slag (Hendry and Lees, 1980):

Yy T@6 P Y (2-41)

As oxygen diffuses through the moltsaolphates faster tha SQ, the base metal (iron) is
oxidised to form a protective oxide film. Thes3&n reacts with both the protective oxide

film and the alkali sulphate to initiate metal wastage, as such:
o0 OQ) dY¥ © ¢o 0QY (2-42)

As these reactions remove the iron oxide film, the base iron becomes oxidised and reaction
(2-42) repeas, creating a cycle. Additionally, the trisulphates react with the base metal in

a mechanism devised by Reid (1971):

BOQ ¢cd 'OQY © gd ™ TOQ  dOQR43)
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TOQYX0 © COQ TV (2-44)

ReactionsZ-41) and @-42) then repeat.
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Figure2.17 ¢ Alkaltiron trisulphates formation mechanism (Reid, 1971)

Alternatively,the trisulphates attack the base metal in the following fashion (Zeng, et al.,

2017):
p IOQ ¢co OQYY O gd Y @OQ) c0OQ"©»-45)
The alkali and iron sulphides will then be oxidised to reform alkali sulphat€3; &&l SG,

continuing the cycle ahetal wastage.

Tomeczek (2007) proposes a slightly different mechanism for trisulphate production and
subsequent metal wastage (Figugeld) states that the mechanism involves Sidst

reacting with iron oxide:

0% oY P T0Q"Y (2-46)
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Figure2.18 ¢ Alternative trisulphate initiation mechanism (Tomeczek, 2007)

Due to the low activity of this compound, it is believed to be consumed upon dissolution in

the molten sulphates:
c0 ™YW OQ™ O ¢0 "'0QY (2-47)

It is also possible for pyrosulphates to be stable on the walls of the tube, formed through

reaction of the molten sulphates with $eng, et al., 2017)
0™ "™ © 0 Y0 (2-48)

These pyrosulphates then react withe iron oxide film to produce another pathway
towards trisulphate productionvhen in the temperature range 67255 K(Srivastavaet
al., 1997)

od YO 0@ O ¢b "0QY (2-49)

Although this route is believed to be more unlikely due to the highs & alkali metal
concentration required (Hendry and Lees, 198@kernatively, the pyrosulphates can

attack the base metal as such, creating a cycle of degradation (Zeng, et al., 2017):
o0 YO cO® "0 "OQ"Y0 "V (2-50)

Fuels containing high levels of chlorine will emit substantial quantities of HCI on
combustion. In the 1950s, chlorine impacts on corrosion became evident due to the high
chlorine content in UK coals (Bryers969. It is believed that the chlorine based corrosion

mechanism is initiated through the oxidation of HGtabke, et al., 2004):

06 &-6 © 00 & 4 (2-51)
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The chlorine then diffuses through the protective oxide film to react with the iron or the

alloying metals:

6a "O®@ "0 da © 06 & (2-52)

Hydrogen chloride can also attack the protective metal oxide or the base metal directly
(Zeng, et al., 2017):

08 a'0Q0 06 a O (2-53)

¢O0 6'O®@ 06 a O (2-54)

Theevaporation and diffusion of FeG$ a steady process amslthe rate-controlling step
of the mechanism (Grabke, et al., 1995); the resulting gas diffuses through the scale and
slagging until it comes in contact with an oxidative atmosphere, in whiclchiteine gas

is reformed:
"0Q a -0 °0 "OQ) 0a (2-55)

These oxides do not form as a film and provide no protection to the base metal. A

diagrammatic representation is shown below:

KCI(g) =
flue gas 02(9) S02(q) Clx(g) + H20 => HCl(g)
\ Na&:l(g) + 2
ash layer 1) 2 NaCl + SO2(g).+.02(g) => Na» SOs + Cl(g)
{2 KCl(s) + SO2(g) = K2SOu(s)+ 012(9)7\
scale layer 2) 3 FeClz2 + 202(g) => FesOa (s) + 3Clx(g)
3) 2FeCl, + 1.5 O5(g) => Fe203 + 2 Cla(g)
4) FeCl2 + O2(g) + FesOs => 2 Fe203 + Clx(g)
corrosion front 7) FeCla(s, g) <= Fe(s) + Claf A

tube wall e

Figure2.19 ¢ Effect of chlorine attack on base metal (Reidl, et al., 1999)

Alternatively, alkali metal chlorides can be a source of chlorine and responsible for its
migration to the tube wall. Gaseous alkali metal chlorides can attazkhromium in the

tube metal alloy or facilitate the breakdown of the protective chromia layer, leaving the
base metal exposed and providing a source of chlorine adjacent to the base metal (Niu, et

al., 2016):
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CO0a O0i c0 ©cooi ¢Oa (2-56)
1060 O0i0 -0 ©9¢coob coa (2-57)

Deposited alkali metal chlorides are usually found on the innermost section of a deposit
(Niu, et al., 2010) and can melt with each other and alkali metal sulphates to form low
temperature eutectics (Niu, et al., 2016). Both deposited and molten alkali metal chlorides
can attack protective metal oxides, again leaving base metal exposed and creating a source
of molecular chlorine adjacent to the base metal (Antunes and de OIj\2@&3). The
molten phase alkali metal chlorides are particularly aggressive, with the highest reaction
rates and the formation of a conductive electrolyte that can lead to electrochemical attack
(Nielsen, et al., 2000).

00§ O -0 °0™WMH oa (2-58)
T00¢ Oi0 -0 ©9¢o0 ¢oa (2-59)
Alkali metal chlorides can release chlorine through conversion to sulphates:
coo6a™ 000" o« (2-60)
¢co6a™ -0 0O0°0™M cO0a (261

Reaction 2-60) tends to occur nearer the surface of the scaling, leading to chlorine being
lost through entrainment in the flue gas. Therefore, the presence efastally partially

mitigates the chlorine corrosion mechanism (Grabke, et al., 1995).

2.5.2 Inhibition Techiques

When burning biomass or daing with biomass and codifeside corrosion is drastically
intensified Biomass combustion produces higher levels of alkali content in the ash of
differing speciesttan coal (Antunes and de Oliveira, 2013), as welhigher levels of
chlorine during the combustion of stratype biomass (Baxter, et al., 1996). The higher
level of chlorine not only has an adverse effect on chlorine related corrosion but also leads
to the evolution of more volatile potassium species the fuel (Nielsen, et al., 200@or

this reason, there has been a focus to research and develop techniques for the inhibition
of all ashrelated problems but, in particular, slagging and corrosion. Traditionally, research

has surrounded novel materialer use as tubing but recently, the utilisation of fuel
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additives has become more popular. Fuel additives have the impact of changing the ash
chemistry through the addition of minerals. They are either blended with the fuel prior to
combustion, or delivereé into the combustion chamber through dedicated sprayers (Wang,

et al.,, 2012). Therare thought to be four ways in which additives can mitigate ash

problems:

1 Chemical absorption: the sequestering of alkali metals within compounds with high
melting temperaures.

1 Physical adsorption: the trapping of volatile and molten compounds within inert
compounds that are entrained in the flue gas.

1 Alteration of the ash melting behaviour through the introduction of inerts such as
SiQ and A}Os.

71 Dilution of the more prblematic compounds.

The latter three are universal to all additives, however the nature of chemical absorption
is individual to the type of additive being used. Wang, et al., (2012) defined four types of
additive: aluminesilicate based additives, sulphoased additives, calcium based additives

and phosphorus based additives.

Aluminosilicates are reportedly able to capture potassium and sodium from gaseous KCI
and NaCl (Dayton, et al., 1999), which, as shown in F@W& can contribute to ash
depositon; however, the capture of the alkali metals led to the liberation of gaseous HCI.
This has resulted in significant research, using experimental and equilibrium modelling
methods,both into the use ofalumino-silicate based additives, especially kacdnd into

the abatement of alkali metal based issues during biomass and cofired combustion (Coda,
et al., 2001 and Wei, et al., 2002), with findings suggesting the formation of®AISi
(leucite). Further study of the use of kaolin during coal combustiomdoadditional
benefits regarding the capture of volati€ KOH, produced during combustion, was
captured by aluminosilicates and transferred to coarse fly ash particles, which could then
be easily removed using an ESP (Zhou, et al., 2010). This resuftegéduction in PM1
generation, as well as a reduction in the K content of the PM1; the consequehwbsch

are beneficial to the environment and human health (Zhou, et al., 2010).
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Further study of KOH capture by kaolin and mullite was performed bygyéaal., (2018a),
including equilibrium modelling using FactSage; they found that kaolin was being
completely converted to faluminosilicates between 1180450 °C(including formation of
kaliophilite (KAISi£) above 130 °Cand amorphous #aluminosilicags below 130 °Q,

while the equilibrium calculations were accurate for low concentrations of KOH and
temperatures above 11M°C Mullite, formed when kaolin is heated above D1TC(Chen,

et al., 2000), was found to be less effective at capturing potasdaelow 110@ °C.
However, when the temperature is increased past IBOC the potassium capture rate
starts to mirror that of kaolin. This group went on to also investigate capture@BKKCI

and KSQ using kaolin (Wang, et al., 2018b). Almost compleapture of KCQ and KCI

was witnessed experimentally and numerically aboveQlL10Q however, below 100 °C

the predicted formation of these species at equilibriuras greater than witnessed
experimentally indicating kinetic limitations to thispotassium capture. Equilibrium
predictions for KSQ capture were inaccurate because FactSage assumed kaliophilite to be
the product as opposed to leucite, which was revealed to be the true product by XRD. The
study concludes by recommending the use ofghtti content (relative to Al) for chlorine

rich fuels, due to this prevalence for leucite formation.

In addition to conventional aluminsilicates, it has been found that silica and alumina
individually are able to capture alkali metals and mitigate samshrelated problems.
However, they have been found by Llorente, et al., (2008) to offer inferior performance
compared to aluminesilicates, in terms of reducing sintering. While, Kyi and Chadwick
(1999) found that only ~50% of sodium could be retaimden using alumina compared

to ~95% at the same loading of kaolin and Liu, et al., (2020) found that silica and alumina
could inhibit potassium emissions by a maximum of ~70%, compared to a maximum of

~90% for the aluminailicates.

Sulphur based additivemre used for the sole purpose of promoting reaction6(3 and

(2-61), converting KCI to.8Q. This reduces the chlorine content in the deposit, causes
more HCI to be carried out of the furnace in the flue gas and changes the nature of the
corrosive th6 I G2 A ®S® GKI G LRGFaaAdzy &adzf LIKFGS Aa
than potassium chloride (Brostrom, et al., 2007). Sulphur based additives can prove

unsuccessful in scenarios where a significant CaO content converts th&#o&0Othe
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additiveto calcium sulphate, and alkali hydroxides convert the liberated HCI back into alkali

chlorides (Aho, et al., 2008).

Calcium based additives and phosphorus based additives are used with the aim of
sequestering potassium within calcianch phosphates rathr than allowing the formation
of potassium silicates. The former has a higher melting temperature thus hindering ash

sintering and slagging (Wang, et al., 2012).

There may be yet another group of additives; Daood, et al., (2014a) noted that the
investigaed Febased additive would aid the mitigation of corrosion, slagging and fouling.
This was studied in greater detail in Daood, et al., (2017); in which, they exposed portions
of T22 boiler tube coated with an additive/coal fly ash mixture for 1000 houra to
simulated flue gas containing $@nd HCI gas at 833.15 K. The results indicated that the
boiler tubes would last up to 4.2 years, compared to 3.2 years when no additive is used.
Three reasons were cited for this improvement in life span: in the aedtbal fly ash
mixture there is a lower concentration of potassium oxide, iron oxide in the additive could
inhibit the direct chlorination of the base metal and chromia in the additive prevents metal

oxidation.

It was theorised that the lower concentrati@f potassium oxide leads to less potassium
sulphate being formed, which, in turn, leads to less alkali iron trisulphates being formed.
These molten compounds are unstable and will react with the base metal, leading to loss
of wall thickness. The highermeentration of FeOs could also prevent the chlorination of

the base iron by reacting with chlorine containing compounds prior to diffusion through
the deposits, leaving the protective oxide layer untouchiddt only is there are a larger
concentration ofFeQOs but also the chromia content in the additive/coal fly ash mixture is
approximately double the level in coal fly ash alone and the chromia protects the base
metal by forming a protective layeajthough it should be noted that the chromia content

in the additive is very low and the authors may be overstating any impact fromlithss
alsoimportantto note the appearance of alumirgilicates in the makep ofthe Febased
additive, with the alumina content being reported as 4.71% and the silica sbRri®
34.69% (Daood, et al., 2014a); this could lead to a sizeable amount of potassium being

sequestered.

60



2.5.3 Summary of Gaps in the Research

Section 2.5.1 discussed the processes responsible fobastd fireside corrosion in
pulverised fuel boilers, focusgj on the role of sulphur and chlorine and the alkali metals
that aid migration of the two. Section 2.5.2 then discussed the use of fuel additives to
depress the corrosive processes, with alumsgilicates being the most widely researched
and recognised aseneficial. However, the Heased additive that was discussed in section
2.3 was also shown to be beneficial when preliminary tests were carried out with coal ash,
however the explanation for the reduced corrosion rates withessed was weak. Additional
research to identify how this additive is actually impacting the corrosive processes would
be required, to enable a recommendation for using this technology in order to inhibit
corrosion. Further, a comparison to the impact of alumsil@cates on fireside coosion

would shed light on just how grourateaking the application of this technology is.

2.6 Conclusions and Summary of the Research Gaps

This chapter summarised the state of research with regards tq pN@duction and
abatement and fireside corrosion and its inhibition. After discussing the varying pathways
responsible for producing NO, the technologies that are designed to manipulate or depress
these pathways were discussed, with particular attentiondev NQ burners and their
control of fluid dynamics to stage species transf@xy-coal combustion was then
discussed, due to its importance as a developed carbon capture technology and the
presence of the NO reburning phenomenon. The emergence of loadialgwith iron
compounds to enhance combustion and reduce NO emissions was then discussed, along
with a detailed examination of the secondary Nbatement technologies, SNCR and SCR.
Finally, the processes responsible for fireside corrosion were analysedvere the

mitigation options, in the form of additives.

This review highlighted some research gaps that can be considered achievable avenues for
study. First was the use of IeNO, burners during oxjcoal combustion and the impact of
varying burner settings on both NO formation and NO destruction (through reburning). The
use of the Fébased additive raised two prominent routes for investigation: how the Fe

based additive would intexct with ammonia during SNCR and how it would impact fireside
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corrosion. There were studies that had started to investigate these factors but had raised

more questions than were answered, so further investigation is warranted.

Hence the aim stated at thelase of the introduction is to be achieved through the

following objectives:

1 Improving confidence and understanding in the performance of low IN@ners
during oxycoal combustiorffor intended carbon capture purposesyith particular
attention to maximsing the rate of reburning of recycled NO.

1 Improving the performance of selective neatalytic reduction using an Hemsed

additive, and investigating sensitivities of this new process.

1 Improving the confidence of the proposed ability of the-bésed addive to
mitigate fireside corrosion of superheater tubes through comparison with a variety

of established additives on a variety of fuels.
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CHAPTER 3 EXPERIMENTAL SETUP AND COMPUTATIONAL
SOFTWARE
3.1 Introduction

The following content of this chapter is a descriptajnthe facilities, software and methods
used to harvest the data presented in chapter6.4This is presented in the same order as
the analysis is presented and, due to the variety of facilities used, an effort has been made
to be concise in their desctipn. The 250 kWth combustion test facility discussed in this
section was used to study a variety of epgal flames and examine the impact of burner
configuration on flame stability, NO formation and NO reburning rates. The 100 kWth
combustion test facity was used to combust coal in air and study the impact of an Fe
based additive omMNO reduction by selective neratalytic reductionThis interaction was
then studied further using a kinetic model of a continuously stirred tank reactor in Cantera.
Finally the equilibrium modelling software FactSage was used to study the impact of
various fuel additives on the formation of corrosive species and th@rbglucts of

corrosion.

3.2 250 kWh Oxy-coal Combustion Test Facility

3.2.1 Description of the Combustion Test Fatyil

A large pilot scale50 kW combustion test facility (CTF) (FiguB€) at the UK carbon
capture and storage research cen@ilotscale advanced G@apture technology cengr
(UKCCSR®ACT) has been utilised for experimental data collection aixsgitoal flame.

The furnace of the 250 k\WVCTF measures approximately 4 m in height with an internal
diameter of 0.9 m and contains a total of eight modular sectidins first six of which are
water cooled and the first three contain viewing porfEachsection i90.5 m high and lined

with 100 mm thick light weight aluminsilicate refractory (Figurd.2). A high density 96%
alumina (thermally rated to 1850 °C) is used to cast the quarl section of the burner and the

section connected to the quarl.

Aninduced draft fan (IDRpaintains a negative pressure inside the CTFdrads out the
combustion productsffy ash and flue gas) from the bottom of the CTF; this then passes

through a cyclone separator and a candle filtration unit (for fine particulateoneal). This
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negative pressure is achieved by sealing the bottom of the furnace with a water tray, which
in turn, provides a safe containéo capture and quench falling bottom ash and slagd
allows for pressure release in the event that the IDF faiteaintain the negative pressure

The flybottom ash was collectedo be available for analysiafter each testfrom catch

pots located at the exhaust point and at the cyclofteis analysisvas executed externally

and involved heating to remove contamants and moisturg weight measurements
before and after the removal of moisturkeating in a muffle furnace to remove unburned
carbon and then a final weighing. These values were then used to determine the quantity

of unburned carbon in the sample und&0:11742010.
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Figure 3.1 ¢ Layout of UKCCSIRBCT oxy fuel combustion testing facility (250mkW
(Szuhanszki, et al., 2017)

3.2.2 Sample Collection and Analysis

¢ KSNB | NB v dzY S dlandrér altdg tNdicambasior whidhpesuld be used for
the measurement of process temperatuend inflame emissions and recordifigme

shape.The first three sections contain four sampling ports and a viewing port; the next

four sections each contain onlyne sampling port located at the centre point of the
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section. Each section has a thermocouple for measuring the process temperature at the
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Figure3.2 ¢ Furnacegeometry and position of measurement po(tl dimensions in mm)

Process thermocouples, along with continuous emission monitoring equipment (ixe. NO
CQ, CO, @ SQ, and THC), are utilised for data gatheringgmses for specific test runs.
The data collected during the testlogged every 5 seconds througbupervisory control
and data acquisition system connectedatnumanmachine interfacelMI) (Figure 3.3),

which displays past and present measurementsrawser preferred time periods
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Figure3.3 ¢ HMI for monitoring online data measurements

In-flame and flue gas samples are continuously drawn thraughwater jacketed probs

via a Drechsel bottlgo remove large particulatesand moisture and into a heated filter

kept at 180°C.From this heated filter, the sample passbsough aheatedline (191°C)

to prevent condensation, and tahather heatedfine filter element for further fine particle
removal The probes can only be used one at a time and a valve is used to switch between
the probes. Both probes are supplied with a compressed air line that can be opened in the
event of a blockage or deposit within the sample probe, usually recognised by an albnorma
oxygen reading on the HMIFollowing the fine particle filter, the gas is fed tacaoler
(cooled to 5°C) to remove any remaining moisture, and subsequently rehe&etd1°C
andfedto the individual C&Oz, NO/NQ, COand THG@nalyserst a rate of approximately

1 L/min, while any remaining sample is ejected along with the analysed sample

The primary @ analyser was &208MG Signgbaramagnetic analysdahat wasable to
evaluae the dry Q concentration. A secondai§ervomex 270, analyser was also used
to measure the wet @concentration when gas was not being pulled through the sampling
probes this was usedh case a problem occurratlringthis time. The NO/N@analyser
was aSignal 4000VMhemiluminescence analyser that utilsséhe reaction of NO with

ozone; 10% of the subsequent Nfdrmed is in an excited state and emits photons that
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are measured by the analyser, thus giving a measurement that is proportional to the NO
concentration in the gas. The €(208MG Signal Multas analyserand CO(Signal
7000FM)analysers utilise the gas filter correlation ndispersive infrared technique and

are able to present the concentrations of these compounds in various ranges from ppm to
percent, which are automatically changed duringasurement. The THC analy$8ignal
3000HM)utilises the principle of flame ionisation to measure VOCs in the gas, with the
output also being displayed in ppmv or percent. account for any drift in the instrument
related measurementzero and sparcalibrations are periodically performed before and

during each testising calibration gases permanently connected to the analyser rack

3 %
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Figure3.4 ¢ The gas analyser rack with preheater (top) and chiller (bottom)
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During data analysis, all NO measurements collected from the flue are corrected tg 6% O
whereas, all iflame NO measurements are reported as collected accompanied by the
local Q concentation. Instantaneous flame images were recorded using a wadeted
optical probe inserted into the upmost section of the furnace. This probe contains a wide
angle lens that focuses light onto a complementary metal oxide semiconductor (CMOS)
sensor of anndustrial camera. The CMOS sensor allows videos of the flame to be recorded
on a nearby laptop computer. Further informatiam the optical probecan be found in

Farias Moguel, et al., (2018).

3.2.3 Burner Description

The burner is a scaled down version ofaBan Babcock MK Il IelNG, burner, previously

discussed in section 2.2.this consists of a primary annulus through which the coal is fed

with a portion of the oxidant and the swirling secondary and tertiary annuli through which

the remaining oxidant idelivered (Figur&.5). A sliding partitioning damper controls the

split between the secondary and tertiary oxidantdiis enabkes a change in the
stoichiometry in the near burner region and the overall swirl of the flame due to the larger

swirl angle othe secondary register. The swirling primary oxid@atrying coal particles

engages with the coal collectors for later mixing with swirling secondary and tertiary
oxidant registers! G SNXZ &aSO2yRINE 2EARIY({d LINRLR2NIA?
setting and represents the proportion of excess oxidant that is flowing through the

secondary register.

Tertiary
Secondary
Primary
Primary
Secondary
Tertiary

=
J

/ 50
L 230 S

Figure3.5 ¢ CAD drawing of the investigated burner (all dimsions in mmjAdapted from
Clements, etl., 2015)
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3.2.4 Oxidant Supply and Operational Method

The combustion air is sent from the -site compressor to mass flow controllers controlling
the primary and combined secondary/tertiary flowBhe oxy-fuel oxidant isnot contain
actual recycled flue gas buses pure @and CQto createa simulated drpxy-fuel oxidant.

This issupplied from dedicated cryogenic storage tanks pf@d CQthrough a primary
compressor to a mass flow controlled manifaldth Coriolis mass flow mets and
pneumatically actuated control valvebefore entering to the primary, secondary and
tertiary air registers. The desirar andO,/CO mass flow rates an@,/CCO; mass ratios

are inputted using the HMI connected to a SCADA system (Figurd Besgmperature of

all the oxidant streams can be maintained using bespoke electrical hedtegsprimary
stream is unheated and limited to containing 21% dde to being responsible for
entraining and transporting the coal to the burnand to avoid autegnition of the fuel.
¢tKA&a O2Ft A& f2FRSR Ayid2 | K2LIISN 2y GKS
passes into a lower hopper that is constantly vibrating in order to prevent bridging.
Following the lower hopper, the coal is fed throughcaesv valve onto a vibrating plate,
and finally into the primary line via a venturi. During air operation this venturi is open to
the atmosphere; howeverduring oxyfuel combustion, a small portion of the primary

oxidant is routed to the venturi to elimit@the need for aiyin order to prevent air ingress.
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Figure3.6 ¢ HMI for controlling oxyfuel oxidant mass flows

An issue in the operation of an air/oxyel furnace is the setting of the primary flow eat
during switchover from air to oxfuel. One method (as demonstrated in Smart, et al.,
(2010) and Zhang, et al., (2011)) is to maintain the primary flow rate, as this offers the most
simple operational philosophy and guarantees that coal particles wilhhe entrained in
suspension. This technique was found to delay flame ignition and lead to a lifted flame,
which was only corrected when the primary volumetric flow rate was decreased (Fry, et
al., 2011). Therefore, Gharebaghi, et al., (2011) instead aiaedthe primary volumetric

flow rate as a ratio of the total oxidant flow and achieved a stable flame without
jeopardising the entrainment of the coal. This same approach is used at the 26CK®/

in this study however, the ratio that is to based had to be investigatad order to find

the preferable option Four ratios16%, 18%, 20% or 22% of the total oxidardre tested

using air over a range of burner staging environments while the NO emissions and
unburned carbon in ash were monitoredialysed. Maintaining the primary flow rate at
20% of the total flow was found to be the most preferable option amd value was then
maintained for all aHfired and oxyfired tests henceforthThis is readdressed in full in
chapter 4.The operating conitions for the baseline 200 kand the core 170 kWtests

can be found in Tabl&.1, where OF is used as shdwdnd for oxyfuel.
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Primary Combined
Stream Secondary/Tertiary Strear
Air (kg/hr) 56 235
Air (200 kW) Temperature (°C) 20 260
Coal Feed Rate (kg/h 24.35
Oz (kg/hr) 9 56
CQ (kg/hr) 52 182
OF 28 (200 kW)
Temperature (°C) 20 260
Coal Feed Rate (kg/h 24.35
Oz (kg/hr) 8 44
CQ (kg/hr) 42 152
OF 27 (170 kW)
Temperature (°C) 20 260
Coal Feed Rate (kg/h 20.7
O (kg/hr) 7 44
CQ (kg/hr) 37 126
OF 30 (170 kW)
Temperature (°C) 20 260
Coal Feed Rate (kg/h 20.7

Table3.1 ¢ Operating conditions

Natural gas is primarily used to heat up the CTRdaghly 22.5 hoursuntil the furnace
temperature is greater than 100T. At this point, the fuel is switched to pulverised coal
but at a lower thermal rating than will be used for the teShe El Cerrejon coal analysis
was carried out externally anid given in Table8.2. This coal is a bituminous coal, well
known for its low sulphur and ash content and relatively high volatile content, which aids
ignition substantially. The thermal rating is gradually increased as desired as the
temperature of the furnae is increasedConventional aHired coal combustion takes
approximately 1 hour to stabilissnd reach thermal equilibriuniefore the measurements
can be recordedrhis point is determined by monitoring the temperatures recorded by the
thermocouples (2500 °C measured at the thermocouple in section 2) as well as NO
concentration in the flue gas:or the oxyfuel cases, this e pointwhen the switchover
from air to oxyfuel is then initiated; this takes another hour to stabilise before

measurements &n be taken within the scope of the test. Each test is completed by
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revertingback to aiffired combustion from oxyuel combustion in order to check the coal

feeding and sampling stability.

Ultimate Analysis (%) Proximate Analysis (%) Calorific

: Volatile | Fixed Value

C H N O S | Moisture Matter | Carbon Ash (MIkg)
74.50| 5.04| 1.58 | 18.50| 0.38 5.12 36.90 | 56.06 | 1.92| 29.57

Table3.2 ¢ EICerrejon Coal analysis (as received basis)

A separate 99.5% NO in iNjection manifold, with automatic sheaff safety valves, is used

to inject NO into the @CQ, blend in order to simulate dry recycled flue g&siring the

tests, a variety of levels of NO were injected and mixed into different streams to simulate
the recycled NO for both air and ostyel cases. The concentration of the simulated NO
injected was in the range of 12500 ppm, chosen from a review of available literature
(Stanmoreand Visona2000, AlAbbasand Naser2012, Backreedy, et al., 2005, Meij and

te Winkel, 2004, Cao, et al., 2010, Ling, et al., 2014), and the reported NO destruction rates

were calculated using({l):

0 0QQi 01 obbopOE E (3-1)

Where NQaseine are measurements taken without any recycled NO,N6q is the
concentration of NO in the oxidajdind NGheasured@re measurements taken when the NO

concentration in the oxidant is equal to the value N{ed

3.3 100 kWh Febased Additve Combustion Test Facilitwith Selective
Non-Catalytic Reduction Capability

3.3.1 Description of the Combustion Test Facility

This pulverised fuel (PFyombustion test facility was located at the former industrial
partner, International Innovative Technologietd, in Gateshead, UK. It wasdam tall
down-fired furnace consisting of 8 sections of 500 mm height and 65@®@uoter diameter,
with interior diameters of 400 mmand a quarl of 450 mm height and 500 nouter
diameter. The dimensions can be viewed inUfg 3.8.The burner arrangement is two
stage with the primary air entraining the coal and the-based additive and the secondary
air completing burnoutThe CTF is designed up to 100tkMput of coal ranging from 15

20 kg/hr based on the calorific v&wf the fuel. The coal is fed onto a vibratory tray feeder
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using a Rospen twiscrew feedeyrwith anominaluncertainty of £0.5%while the Febased
additive (if in use) is also fed onto this tray usingirgle fine pitchscrew feeder.This
smaller feede can be calibrated to feed the Fmsed additive from 0.27 kg/hr to 1 kg/hr;
a 3 point calibration is done on this feeder to give repeatability confideflke.vibratory
tray feeds this mixture into the primary air where it is entrained and, due to thHeulence
of the primary air flow and the distance to the burnerX9 m), it can be assumed to be
fully mixed when it arrives at the burnelhe majority of the combustion air is split
between the primary (carrier) air and secondary air, which is supfiliedigh a dedicated

compressor and a blower fan. The configuration is shown in Figure 3.7:
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Figure3.7 ¢ A: Broad view of the 100kMCTF, B: Additive feeding system, C: Coal feeding
system, D: Burner and quarl (Daood, et al., 2014a)

A watercooled probe is used to sample the gaseous constituents of the flue gas at a sample
point in the eighth section. The sample is fed through a sefi@rechsel flasks and filters
to remove moisture and large particulates to a series of gas analyd€svas measured
using a chemiluminescendmsed Signal series 440 analyse® was measured using a

non-dispersive infraedbased Signal 7000FM GF@lgeer.COwas measured usingreon-
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dispersive infraed based Analytical Development Compaaryd O, was be measured
using paramagnetibased Servomex 570A analysefhe sampling probe is periodically
purged using compressed air to remove condensed watdrdeposited fly ash, which may
block the probe or influence measuremenihermocouples are installed in each of the
top seven sections to measure the temperature at the yaald there are viewing ports in

the top four sections for visual inspection bietflame.

The arrangement for the injection of ammonidne reagent in use for selective non
catalytic reduction consisted of a specialized mixing skid with calibrated flowmeters for
the measurement of both pure ammonia and nitrogen used as a carriernidmentum
induced by the entraining nitrogen helps induce thorough mixing of the injected ammonia
into the hot gas mixture inside the furnace. The ammonia and nitrogen mixture, through a
water-cooled injection probe, is introduced at the module that pd®s a compromise
between highest possible NO reduction and lowest possible ammonjaslgiscussed in
Section 3.3.2. This arrangement benefits in the maximum reactivity of the reducing amides
with the oxides of nitrogen within the optimum temperaturendiow (8® °Cto 1100 °Q.

The appropriate ammonia flow rate (AFR) is calculated using:
6 0Y 00 pmm 0 0°YY (3-2)

Where Q is the volumetric flow rate of air f'min) and NQGiiial is the concentration of NO

in the flue gas prior tammonia injection (ppm)lhe NSR is a term used to standardise the

desired NO reduction between different reagents, e.g. a NSR of 1 will theoretically reduce

1 mole of NO and requires 1 mole of ammonia or 0.5 moles of urea. The calculated
ammonia flow rateA & O2y @SNISR G2 |y FTNDBAGNI NEB Ff2¢6

calibration chart.

A general arrangement drawing with accurate dimensions with respect to the furnace, port
locations and thermocouple locations is presented in Figure 3.8;diheensions and

locations of pipes and other equipment is not exact.
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Primary Air / Coal

Distance from
the Quarl/ mm |Diameter/ mm
Propane Thermocouple 1 240 20
. Port 1 355 20
Secondary Air Thermocouple 2 740 20
Port 2 855 20
‘ — 650 — Thermocouple 3 1240 20
Port 3 1240 20
Thermocouple 4 1860 20
450 Port 4 1740 20
Thermocouple 5 2360 20
| Port 5 2240 20
‘ Thermocouple 6 2860 20
Port 6 2740 20
| | | | Thermocouple 7 3360 20
500 Sampling Port 3600 20
et 400 I—
Ammonia
' Injection
‘ I Point
500
!
Sampling
OFA Point

Figure3.8 ¢ General arrangement drawing of the 100 K\ETF
3.3.2 SNCR Optimisation

The injection point and the flow rate of th@trogen was investigated in order to optimise

the SNCR. Four injection points (four different axial locationthe intrusive probgwithin

the literature temperature range for SNCR were studied along with two nitrogen flow rates.
The NO reduction andnamonia slip were measured for each of these axial locataires

NSR of 2.50 find that ammonia slip decreased as the temperature at the injection point
increased and as the nitrogen flow rate increased, while the NO reduction reaches a peak
at 103 °Cand 30L/min of nitrogen(as shown in Figure 3;3herefore, this axial location

was chosen as the ammonia injection site. The higher nitrogen flow rate is likely to aid the
penetration of the turbulent combustion gas; while at the higher temperatures, likely

that the ammonia to NO pathways are entivised therefore decreasing the ammonia

utilisation efficiency, and at the @5°Cinjection point, the flue gas point is too close in
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proximity and the reaction time is insufficient for a higher NO reduncor lower ammonia

slip.

50 25

—=— NO Reduction for 20 I'min N, flow rate
—— NO Reduction for 30 IYmin N, flow rate |
—m— NH, Slip for 20 I/'min N, flow rate
—O— NH, Slip for 30 I/min N, flow rate

N
o

40 -

T
-
(8

(48]
o
NH, Slip (mg/Nm?)

T
—_
o

NO Reduction (%)
N
o

10—- x

' 1 ' 1 4 1
900 1000 1100 1200 1300

Temperature (°C)

Figure3.9 ¢ SNCR performance at various axial injection positions

The radial position of the injection probe also has to be optimised for the highest possible
NO reduction. Fortte previous optimisation a radial position of 150 mm was used; for this
optimisation, the NO reduction was measured at every 50 mm of probe insertion (bar the
50 mm point) into the furnace until a maximum of 350 mm. The maximum NO reduction
was measured fo the 150 mm position; at this position, it is likely that the
ammonia/nitrogen mix is able to fully penetrate and mix with the turbulent combustion
gas. Past this 150 mm point, it is likely that the ammonia/nitrogen mix is overly penetrating
the combustim gas and so a portion of ammonia escapes at the far Waik. is displayed

in Figure 3.10:
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Figure3.10¢ SNCR performance at various radial positions

3.3.3 Operational Method

The actual commencement of the testiarts by using propane as the main fuel at around
50 kWh thermal input. Whenthe temperature of the modules near the burner reach
around 1000 C thenthe fuel is switched to pulverised coal. i$Hueltransition causes a
temperature ramp tlt continuesuntil the temperature near the burner stabilses at
around 1300 °C. The walls of the top section behind the refractory are wateoled to
avoid temperature creep and provide stable operating conditions. The combustion test
facility is operated under slight negative pressurel@mmHO) achieved with the help of

an indued draft fan and a water seal maintained at the lower section of the rig.

Once the aforementioned temperature ramp from the switch to coal from propane has
levelled off at ~1300 °C, steady state is assumed to be achieved and the NO concentration
in the flue gas is designated as the coal baseline level. Following the acquisition of sufficient
data points, approximately 16020 points (with one reading every ten seconds), at the
coal baseline, ammonia is added at a flow rate to give a desired NSR. ThenjSencer
investigation is between-3. This is because during preliminary tests, it was discovered
that above a NSRf 3 the selfinhibition effect is observed and NO reduction is greatly
decreased. After all the desired NSRs have been investigatedntime@aia addition ceases
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and there is a return to coal baseline. This confirms that no reduction in NO can be

attributed to a change in initial conditions. The-ba&sed additive is then added and the

steady state NO reduction is observed. Using the NO cdrat@n in the flue gas for the

Febased additive baseline as N, ammonia is rentroduced to the system at the same

NSRs as before. Each combination of NSR abdd$exl additive concentration is observed

and recorded for approximately ten minuteBhis gives a direct indication of the effect of

the Febased additive on the NO reduction by SNCR. A simplified infographic of the

experimental procedure can be seen in Figure 3.11:

Coal NO Baseline

\

Coal NO Baseline

MNSR = x Baseline f

Figure3.11 ¢ Operationd procedure

$Fe-based Additive Baseline

‘ Fe-based Additive +
NSR = x Baseline

The coal under investigation was Durrans grade 240 coal, and thecaised ultimate

analysis and calorific value is presented below.

Ultimate Analysis (%)

C

H

N O S Moisture

Ash

Calorific Value
(MJ/kg)

69.2

4.4

0.8 | 18.0 | 0.6

4.0

3.0

29.57

Table3.3 ¢ Ultimate analysis and net calorific value of Durrans grade 240 coal
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Cantera is an openource software package for use in the solution of problems regarding

chemical kinetics, thermodynamics and transport processes. Cantera can be used with

Python, Matlab or programs using C/C++ and Fortran 90v&idk done here Canteravas

used in the Python environment Spyder. It is essentially a package of functions allowing

the user to simply define species, phases and reactions and then use this information to

kinetically model reactors without having to resort to any complex mathesa

/L ydSNI Qa

O2y(Aydzdzat e

AGANNBR Gy
section of the 100 kW CTF into which the ammonia was addAdCSTR was chosen to be

NEBI O 2

modelled instead of a plug flow reactor (PFR) as this section of the furreceomsidered

to be well mixed both radially and axially, due to the injection of ammonia in a radial

direction as well as eddies present in this sectibhis CSTR is simply defined to have an
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inlet, an outlet, a constant volume and for the species (andrgy) to be homogeneously
distributed, with the governing equations for single reactors applying. The first step to
initiating a Cantera CSTR is to define a solution, which is the mixture that is flowing through
the reactor. The solution contains the lidtspecies and reactions, the thermodynamic and
transport properties of the species and the kinetic properties of the reactions. Then the
initial temperature, pressure and composition of the gas must be inputted and an
upstream reservoir must be createdmaining this gas. The reactor is then created with a
set volume (in this case the volume of the section under investigation). An environment is
created into which heat is lost from the reactor, along with the wall of the reactor through
which the heat idost. The wall has properties that must be defined: area (A) and heat
transfer coefficient (U). The area is inputted as the area of the wall surrounding the section.
The heat transfer coefficient was not changed from the example value for two reasans: thi
U led to an almost isothermal (x5 C) reactor, which was desired in order to assess the
impacts of the independent variables, and changing U had little impact on the finishing

temperature anyway.

The upstream reservoir is then connected to the reactootlgh asimulatedmass flow

controller set to a desired mass flow rate. The exhaust of the reactor is designated as a
downstream reservoir and a valve is created to connect the two.-é&ffadient, K, must be
SYGSNBR (2 RSaA3Iyl (S isWMds2dasigiateibasQ, asi K Bustde f &S
sufficiently large otherwise there will ba spike in the temperature and pressure, and

seeing as the next section in the CTF would have a similar temperature and pressure, this

is undesirable. A network is then createdmbining all the defined operations and, from

here, one is able to integrate with time. The model was run for a total time of 10 s with

calculations every B4 s.This is displayed in Appendix 2.

How Cantera was utilised and the specific inputs useddaseribed in detail in section
5.3.1.Appendix 1 contains the CTI file used to describe the thermodynamic, transport and
kinetic data for all the species and reactions that could be present in an N/H/O sy&tem.
ALISOASEAQ (KSN)Y2ReE ¢dedtibed ushig NABAGli@eNdpdlyindm@lia | NJ
parameterisation. This is used to compute the specific heat capacity, enthalpy and entropy

of a species between a specified temperature range. The transport characteristics for a

species is described by inpuig parameters relating to collision diameter, atomic
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geometry, well depth and polarity. Kinetic data is described using the stoichiometric
equation, Arrhenius cefficient, preexponential factor and the activation energy of the

reaction.
3.5 FactSage and pesit Model Design

3.5.1 FactSage Overview

The thermodynamic equilibrium modelling software FactSage was used to investigate
theoretical ash deposits. This proprietary software contains thermodynamic databases
with thousands of pure substance compounds and heddrof evaluated and optimised
metal oxide and molten and solid salt solutions, as well as many other saution
applicable in this case (Bale, et al., 2016), which are easily accessible due tdreendbr
GUILE KS CIFOG{ I 3S W9 lttusle akabaQes 16 tnddrtoplaizingtiases S 4
SljdzAif AONRLF dzaAy3d GKS DAooQa FTNBS SysNHE@
utilisation of the FactSageatabases have been well disssed by Becidan, et al., (2009)
These limitationsnclude: the lack of influence of kinetic constraints, residence times and
temperature/concentration gradients; a lack of consideration of physical processes; an
assumption of perfect mixing; and the results are completely dependent on the input
variablesand the selected databases. Measures to minimise the impact of these limitations
have also been digussed by Becidan, et al., (2008)t, simplified, any model requires
careful consideration and full disclosure of input conditions and solution selectmnalén

to grant the ability to compare and contrast with alternative and experimental results.

For predicting ash behaviour within real boilers, laboratory data can prove difficult to
collect and utilise; therefore, equilibrium modelling can be used irdtaa the full
composition of the ash and flue gas are taken into account (Rizvi, et al., 2015). This
technique has played a leading rote hasevenbeenthe sole basisin a multitude of
important studies covering fireside corrosion (Becidan, et al.920@baz, et al., 2017,
Paneru, et al., 2017hiomass ash challenges (Nordgren, et al., 2013, Zheng, et al., 2007)
and additives (Zhou, et al., 2015, Stam and Brem, 2019, Liao, et al., 2015).

3.5.2 Ash Deposit Model

This model is used to study the corrosivegrtial of ash deposits with varying loadings of

fuel additives on stainless steel tubing in the superheater region of a furnace. The corrosive
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potential of the ash deposits will be determined by the presence and yield of alkali
chlorides and sulphates. ik assumed that the alkali chlorides will be able to diffuse to the
metal wall and aid in th@roduction of metal chlorides, however, for simplification, the
condensation process is not taken into account. The results of the calculations are not
expected b give exact verifiable yields but rather provide trends and information regarding

the probability of these additives to impede corrosion under the investigated ash deposit.

A single coal and three biomass fuels (Rizvi, et al., 2015) were investigatduoifass
fuels represent a range of fuels with regard to the silica and potassium contents, with the
sunflower husk ash containing very little silica and almost 580% While the peanut shell

ash and miscanthus husk ash contain much greater silica caniteritretain considerable
potassium levelsThe ash ampositions, @tectedusing XRF analys#sge displayed in Table

3.4

El Cerrégn | Peanut Shell| Sunflower Husk Miscanthus Husk
(Carich) (Rizvi, et al.,| (Rizvi, et al., (Rizvi, etl.,

Coal 2015) 2015) 2015)

Ash (%R 2.00 3.20 2.69 3.61
SiQ (%) 31.87 35.51 3.21 49.55

TG (%) 0.50 0.83 0.03 0.01

ALO;s (%) 15.88 8.25 0.48 0.45
FeOs (%) 8.59 3.24 0.84 0.41
MgO (%) 2.20 5.16 15.24 2.86
CaO (%) 18.28 9.29 27.16 7.95

NaO (%) 2.00 1.33 0.21 2.39
KoO (%) 0.70 31.10 45.10 30.49

P.Os (%) 0.40 4.52 5.30 5.76

SQ (%) 19.58 0.78 2.43 0.13

Table3.4 ¢ Ashcontent of each fuel and the composition of each ash

The composition of the Feased additive (Daood, et al., 2014a, Daood, et al., 2014b,
Daood, et al., 2017) was derived from Daood, et al., (2014b) by taking an average of all the
individual components and then normalising the mixturee ash from the tesd coal was

used for comparisorwith the Febased additive and named @iah coal ash for its
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considerable calcium content; this was chosen for convenience and due to the relatively
high content of alumina and silica in the astaking it an appropriate calidate for use as
reuse in actual boilerg\nother coal ash (Aich coal ash), with a greater Si/Al content, was

tested as a comparison to highlight the impact of contaminants within the coal ash, along

GAOK WLIHZNBQ | f dzY Ayl ibddinfdstdbeireporied bifaciSR)& @0 S R
compositions of the additives used are presented below.
Febased Additive Carich Alrich Coal Ash Alumina
(Daood, et al, Coal Ash (Daood, et al., (Llorente, et al.,
2014) 2017) 2008)
SiQ (%) 38.04 31.87 56.28 0.87
TiO (%) 0.20 0.50 1.04 0.00
AbOs (%) 4.60 15.88 23.38 97.63
FeOs (%) 49.24 8.59 6.62 0.37
MgO (%) 1.44 2.20 2.10 0.35
CaO (%) 3.94 18.28 6.31 0.22
N&aO (%) 0.79 2.00 0.37 0.39
K20 (%) 0.64 0.70 2.19 0.02
P.Os (%) 0.44 0.40 0.58 0.02
SQ (%) 0.67 19.58 1.13 0.11

Table3.5 ¢ Composition of each additive

Reactants were inputted into the module so that each model contained flue gas from the
combustion of 1 kg of the respective fuel with an excess air of 18% (the compositions of

which are shown in Tab®&6), 5 g of T22 steel (the composition of which isvghan Table

3.7) and 100 gf accumulated ash deposit.
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Coal | Peanut Shel Sunflower Husk Miscanthus Husk
CQ(g) | 2786.96| 1555.40 1644.28 1597.20
HO (g) | 459.36 530.82 547.02 523.44
N2(g) |8954.09| 4518.06 4852.41 4565.29
Ox(g) | 415.36| 209.48 224.89 211.43
SQ(9) 8.00 3.32 2.19 1.86
HCt(g) | 1.19 1.08 1.44 1.4%

Table3.6 ¢ Composition of the flue gas for each fgBased on typical flue gas values
Kurkela 1996¢ PereaMoreno, et al., 2018 Jagustyn, et al., 20€Hallgren, et al., 1999

C Si Mn P S Cr Mo Fe
0.050.15 | XQ.50 | 0.30-:0.60 | XXn & j XXn ®j 1.902.60 | 0.87-1.13 | Bal.
Table3.7 ¢ Composition of T22 Steel (ThyssenKrupp Materials International, 2011)

T22

Six additive fuel loadings were investigated (0%, 1.50%0,3.5%, 6.6%, 8%); thatifour

being chosen due to their use {thapter 5, 0% being chosen in order to set a baseline
behaviour and 1.5% being chosen in order to investigateteamsitorybehaviour between

0% and 3%. Ash mixtures were calculated by combining the masses of the individual ash
components within 1 kg of each fuel with the masses of the individual additivp@oemts

needed to load the fuel to the specified loadifdne calculated compositions are presented

below:
Coal (%) Fe-based Additive
1.5% (%) | 3.0% (%) | 5.5% (%) | 6.6% (%) | 8.0% (%)

Sio2 31.87 32.67 33.29 34.06 34.32 34.61
Tio2 0.50 0.46 0.43 0.39 0.38 0.37
Al203 15.88 14.41 13.28 11.88 11.40 10.87
Fe203 8.59 13.89 17.97 23.01 24.74 26.65
MgO 2.20 2.10 2.02 1.93 1.90 1.86
Ca0 18.28 16.41 14.97 13.20 12.58 11.91
Na20 2.00 1.84 1.72 1.57 1.52 1.46
K20 0.70 0.69 0.69 0.68 0.68 0.67
P205 0.40 0.40 0.41 0.41 0.42 0.42
503 19.58 17.12 15.22 12.87 12.07 11.18

Table3.8 ¢ Calculated compositions of the coal cases
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Peanut Fe-Based Additive Ca-rich Coal Ash
Shell (%) | 1.5% (%) | 3.0% (%) | 5.5% (%) | 6.6% (%) | 8.0% (%) | 1.5% (%) | 3.0% (%) | 5.5% (%) | 6.6% (%) | 8.0% (%)
sio2 353.51 36.32 36.74 37.11 37.22 37.32 34.34 33.74 33.20 33.05 32.90
Tio2 0.83 0.63 0.52 0.43 0.41 0.38 0.72 0.67 0.62 0.61 0.59
Al203 8.25 7.08 6.48 5.93 5.78 5.64 10.70 11.96 13.09 13.40 13.71
Fe203 3.24 18.00 25.58 32.40 34.30 36.17 4,96 5.84 6.63 6.85 1.07
MgO 5.16 3.97 3.35 2.80 2.65 2.50 4.21 3.72 3.28 3.16 3.04
Ca0 9.29 7.57 6.69 5.590 5.68 5.46 12.17 13.65 14.99 15.36 15.72
Ma20 1.33 1.16 1.07 0.98 0.96 0.94 1.54 1.65 1.75 1.78 1.81
K20 31.10 21.33 16.31 11.79 10.54 9.30 21.35 16.34 11.83 10.58 9.34
P205 4.52 3.21 2.54 1.93 1.77 1.60 3.20 2.52 1.91 1.74 1.57
S03 0.78 0.74 0.72 0.71 0.70 0.70 6.81 9.91 12.69 13.47 14.23
Peanut Al-rich Coal Ash Alumina
Shell (%) | 1.5% (%) | 3.0% (%) | 5.5% (%) | 6.6% (%) | 8.0% (%) | 1.5% (%) | 3.0% (%) | 5.5% (%) | 6.6% (%) | 8.0% (%)
sio2 353.51 42.17 45.60 48.68 49.53 50.38 24.40 18.69 13.56 12.13 10.72
Tio2 0.83 0.89 0.93 0.96 0.97 0.98 0.56 0.42 0.30 0.27 0.23
Al203 8.25 13.10 15.60 17.84 18.46 19.08 36.91 51.66 64.91 68.59 72.23
Fe203 3.24 4.33 4,88 5.38 5.52 5.66 2.32 1.85 1.42 1.31 1.19
NMgO 5.16 4.17 3.67 3.22 3.09 2.97 3.62 2.82 2.11 1.91 1.72
Ca0 9.29 8.33 7.84 7.40 7.28 7.16 6.38 4.88 3.54 3.16 2.80
Ma20 1.33 1.02 0.86 0.72 0.68 0.64 1.03 0.88 0.74 0.70 0.66
K20 31.10 21.83 17.06 12.77 11.58 10.40 21.13 16.01 11.40 10.12 8.85
P205 4,52 3.26 2.61 2.02 1.86 1.70 3.08 2.34 1.67 1.48 1.30
S03 0.78 0.89 0.95 1.00 1.02 1.03 0.56 0.45 0.36 0.33 0.30

Table3.9 ¢ Calculated compositions of the peanut shell cases

Sunflower Fe-Based Additive Ca-rich Coal Ash

Husk (%) | 1.5% (%) | 3.00 (%) | 5.5% (%) | 6.6% (%) | 8.0% (%) | 1.5% (%) | 3.0% (%) | 5.5% (%) | 6.6% (%) | 8.0% (%)
Si02 3.21 15.68 21.57 26.60 27.95 29.27 13.47 18.32 22.46 23.57 24.66
Tio2 0.03 0.09 0.12 0.15 0.15 0.16 0.20 0.28 0.35 0.36 0.38
Al203 0.48 1.95 2.65 3.25 3.41 3.56 5.99 8.60 10.82 11.42 12.01
Fe203 0.84 18.17 26.36 33.35 35.23 37.06 3.61 4.93 6.05 6.35 6.64
MgO 15.24 10.30 7.97 5.98 5.44 4.92 10.57 8.36 6.48 5.97 5.48
CaQ 27.16 18.85 14.92 11.57 10.66 9.78 23.98 22,48 21.20 20.85 20.52
Ma20 0.21 0.42 0.51 0.60 0.62 0.64 0.85 1.15 1.41 1.48 1.55
K20 45.10 29.18 21.66 15.24 13.51 11.83 29.20 21.69 15.28 13.56 11.87
P205 3.30 3.56 2.74 2.04 1.85 1.66 3.53 2.72 2.01 1.82 1.63
S03 2.43 1.80 1.50 1.25 1.18 1.11 8.57 11.47 13.95 14.61 15.26

Sunflower Al-rich Coal Ash Alumina

Husk (%) | 1.5% (%) | 3.0% (%) | 5.5% (%) | 6.6% (%) | 8.0% (%) | 1.5% (%) | 3.0% (%) | 5.5% (%) | 6.6% (%) | 8.0% (%)
sio2 3.21 22.21 31.19 38.85 40.92 42,93 2.37 1.98 1.64 1.55 1.46
Tio2 0.03 0.39 0.56 0.71 0.75 0.79 0.02 0.01 0.01 0.01 0.01
Al203 0.48 8.68 12.55 15.86 16.75 17.62 35.26 51.70 65.72 69.50 73.19
Fe203 0.34 2.91 3.89 4,72 4.95 5.17 0.67 0.59 0.53 0.51 0.49
MgO 15.24 10.53 8.31 6.41 5.90 5.40 9.91 7.39 5.24 4.66 4.10
Ca0 27.16 19.70 16.17 13.16 12.35 11.56 17.51 12.96 9.07 8.02 7.00
Ma20 0.21 0.27 0.30 0.32 0.33 0.33 0.28 0.31 0.33 0.34 0.35
K20 45.10 29.74 22.47 16.28 14.61 12,98 28.96 21.33 14.82 13.07 11.36
P205 5.30 3.61 2.81 2.13 1.95 1.77 3.41 2.52 1.75 1.55 1.35
S03 2.43 1.97 1.75 1.56 1.51 1.46 1.60 1.21 0.87 0.78 0.70

Table3.10 ¢ Calculated compositions of the sunflower husk cases
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Miscanthus Fe-Based Additive Ca-rich Coal Ash

Husk (%) | 1.5% (%) | 3.0% (%) | 5.5% (%) | 6.6% (%) | 8.0% (%) | 1.5% (%) | 3.0% (%) | 5.5% (%) | 6.6% (%) | 8.0% (%)
Sin2 49.55 46.17 44,32 42.60 42.11 41.62 44,36 41.52 38.87 38.12 37.37
Tio2 0.01 0.07 0.10 0.13 0.13 0.14 0.15 0.23 0.31 0.33 0.35
Al203 0.45 1.67 2.33 295 3.13 3.31 4.98 7.45 9.77 10.43 11.09
Fe203 0.41 14.74 22,57 29.89 31.98 34.06 2.81 4,12 5.35 5.70 6.05
MgO 2.86 2.44 2.22 2.00 1.54 1.88 2.67 2.56 2.46 2.43 2.40
Ca0o 7.95 6.77 6.13 5.53 5.36 5.19 10.98 12.64 14.19 14.63 15.07
MNa20 2.39 1.92 1.66 1.42 1.35 1.28 2.27 2.21 2.15 2.14 2.12
K20 30.49 21.73 16.94 12.47 11.19 9.92 21.75 16.97 12.50 11.23 9.96
P205 3.76 4.20 3.35 2.55 2.32 2.09 4,19 3.33 2.52 2.29 2.07
503 0.13 0.29 0.37 0.46 0.48 0.50 5.84 8.96 11.87 12.70 13.53

Miscanthus Al-rich Coal Ash Alumina

Husk (%) [ 1.5% (%) | 2.0% (%) | 5.5% (%) | 6.6% (%) | 8.0% (%) | 1.5% (%) | 2.0% (%) | 5.5% (%) | 6.6% (%) | 8.0% (%)
Sio2 49.55 51.53 52.61 53.62 53.80 54.19 33.26 27.46 20.16 18.08 16.01
Tio2 0.01 0.31 0.48 0.63 0.68 0.72 0.01 0.01 0.00 0.00 0.00
Al203 0.45 7.18 10.86 14.29 15.27 16.25 28.98 44.56 558.12 63.27 67.42
Fe203 0.41 2.23 3.23 4.16 4.42 4.69 0.40 0.39 0.39 0.39 0.39
MgO 2.86 2.64 251 2.40 237 2.33 212 1.72 1.35 1.24 1.13
Ca0 7.95 147 7.21 6.96 6.89 6.82 5.68 4.44 3.28 2.95 2.62
Na20 2.39 1.80 1.47 1.17 1.09 1.00 1.80 1.48 1.19 1.10 1.02
K20 30.49 22.18 17.64 13.40 12.19 10.99 21.55 16.66 12.09 10.79 9.43%
P205 5.76 4.24 3.41 2.63 2.41 2.19 4.08 3.16 2.30 2.05 1.81
503 0.13 0.42 0.29 0.74 0.78 0.82 0.13 0.12 0.12 0.12 0.12

Table3.11 ¢ Calculated compositions of the miscanthus husk cases

A temperature range was chosen in order to simulate the possible temperature range
witnessed in an ash deposit, from@O0Cat the tube wall to 90 °Cin the flue gas in steps

of 10 °C(Figure3.12), while the step change was chosen so as not to omit any results that
may have a short but pivotal formative temperature window. This temperature range also

allows for analysis of superheaters of differing operating temperatures.

Flue Gas

Tube Wall

400 °C » 900 °C
Temperature

Figure3.12 ¢ The possible temperature gradient through an ash deposit
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This study utilises four databases within FactSage:

FactPS, a collection of data related to pure substances,

FToxid, a collection of pure oxsleand oxide solutions, including various slag
solutions,

FTsalt, a collection of pure salts and salt solutions,

FTpulp, a database designed for the paper and pulp industry but very applicable to
solid fuel combustion due to the collection of sodium andgssium compounds

(including chlorides, sulphates and pyrosulphates).

Four solutions are used combination

T

FTpulpMeltB, containing liquid phase alkali salts, hence simulating corrosive melt
formations,

FTpulpHexa, containing solid phase alkali sul@satcarbonates and sulphides (this
solution must be dilute in sulphides and high temperature to be valid),

FTpulpACI, containing solid phase alkali chlorides (with dissolved alkali
hydroxides),

FTpulpOrtB, a low temperature solid phase solution of alkaliphates and

carbonates requiring a high concentration oBK.

The selection of these solutions allows for the monitoring of the production of species that

are either responsible for the initiation of corrosive processes or arprbgiucts of this

corrosion. The yielglof these species act as metrics representing corrosive poteatial

any changes in these yields indicate an impact of the addition of additive to the tested ash

deposits.
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CHAPTER 4 THE IMPACT OBURNER STAGING ON NO
REDUCTION BREBURNING DURING GXYAL
COMBUSTION

4.1 Introduction

In pulverised fuel combustion systems for power generation, there are a number of
primary NQ abatement technologies employed, including @, burners, overfire air
staging and flue gas recirculation, ahey rely, to an extent, on reburn reactions, whereby
NO is reduced in the flame/boiler through reaction with fuel fragments. Many
investigations intaxy-coal combustion are either unstaged or utilise overfire air (furnace
staging). However, the rate ®fO reduction by reburning in the overfire stream would be
far lower than that of the tertiary stream of a staged flame, due to the crucial role of the
external recirculation zone returning oxidant from the tertiary stream to the root of the
flame. Not to nention, the primary zone during furnace staging (overfire air) is an
extremely corrosive location, therefore it is both preferable and necessary to minimise the
contact of this corrosive (fueich) atmosphere with the furnace walls. Thus, it would be
more desirable to utilise low Nburners as the primary N@batement technology of
choice and to optimise their operation, in order to reduce load on a selective catalytic

reduction (SCR) unit that would be required to achieve #mnission combustion.

Thischapter focuses on investigating the performance of a desaled model of a popular

industrial lowNQO, burner during oxycoal combustion with a simulated dry recirculated

flue gas. The loQ, burner will be optimised for the minimisation of NO formatiand

the greatest destruction of recycled NO, while maintaining combustion efficiency. This will

be assessed through measurements in the flame and the flue gas, as well as imaging, giving
insight into the changing conditions inside the furnace and struatfitbe flame. This work

aims to deliver a greater grasp on the impact of changes in flame structure and,
subsequently, local stoichiometry within regions of the flame on NO destruction, ultimately
improving confidence in this carbon capture technology aighlighting its inherent low

NOY I G§dzNBE® ¢KS o0dzNYySNJ aSGiAy3d Aa RSAONAROSR ¢
0{ 0 GKAOK NBLINBaSyida (GKS LINRPLERZ2NIA2Y 2F (GKS
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secondary register. The process for changfiregsecondary oxidant proportion is described

in Chapter 3This chapter has been published in its entirety in Energy and Fuels.

4.2 Commissioning

Before beginning the investigation, it must be determirrexiv the rig will be operated in
terms of two variableshat should be kept constant; these are the proportion of oxidant

to flow through the primary register and the registers through which NO should be
injected. The burner tested has 3 air registers; primary (containing fuel), secondary and
tertiary. To simiate oxycoal combustion NO can be injected into any of the burner flow
registers. Thé&O concentration in th@rimary streamcan bevariedindependently of the
secondary/tertiary lingo allow for NO staging in the flame and makingadssible to inject

NO into either only one line or both. Baseline tests were carried out at 20 tk\Viirst
determine the impact of varying the proportion of primary oxidant and to find an optimum,
which would remain constant for all future tests. This method of maintaining the primary
oxidant proportion when moving from afiring to oxyfiring is endorsed by literature as
promoting flame stability (Fry, et al., 2011 and Gharebaghi, et al., 20113 andpposition

to the method of maintaining a fixed primary velocity. The proportion of primary oxidant
was varied between 16% and 22% (using the input controls on the HMI) of the total air flow
for air-coal combustion across a range of secondary oxigaoportions (varied by
changing the position of the portioning sliding damper), this is presented in Figure 4.1. The
20% option for the proportion of primary oxidant weisuallyperceived as leading to the
most distinct and stable flames, as well as tmarginally lower NO concentration in the
flue gas and unburned carbon in the ash. From Figure 4.1, it can also be observed that a
secondary oxidant proportion of 0.3®39 leads to both optimal combustion efficiency and

adequate NO, when compared with tlo¢her cases.

The firing regime was then changed to 28%30Q) (OF 28), but the proportion of primary
oxidant was maintained at 20% due to the consensus regarding flame stability formed from
the air combustion case. Compared to the air case, the NO enssseported as ppm, at

OF 28 are expected to be greater than air due to lack of dilution2biddivever, due to a
possible greater CO and hydrocarbon concentration in therighlregion of the flame, a
greater destruction of initially produced NO is wessed, resulting in decreased NO
concentration in the flue gas. The trends from both the air and the OF 28 case indicate that
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by operating the burner in order to increase flow of the tertiary stream controls NO
formation, by creating a flame with less slvinence influencing the chasolatile split in

favour of volatileN formation.

W NO,, (Primary = 16%) [0 Unburned Carbon,, (Primary = 16%)

@ NO,, (Primary = 18%) O Unburned Carbon,; (Primary = 18%)

A NO,, (Primary=20%) /\ Unburned Carbon,, (Primary = 20%)

@ NO,, (Primary = 22%) <> Unburned Carbon,, (Primary = 22%)

X NOQgg 5 (Primary =20%) 3 Unburned Carbong; o, (Primary = 20%)
—— Air —---0F28

80— 7T 7T 77— 17— 720

Unburned Carbon (%)

E : T g T u T E T : T : T E T u 0
00 01 02 03 04 05 06 07 08 09
Secondary Oxidant Proportion (S)

Figure4.1 ¢ The impact of varying the secondary oxidgmbportion and the primary
oxidant proportion on NO concentration the flue gas and unburned carbon in the ash for

the air and OF 28 cases

In order to address the issue of differing flue gas volume between the air and OF 28 case,
the change in NE@emission rate with changing secondary oxidant proportion is presented

in Fgure 4.2. One highlight from this graph is that the OF 28 case produces only ~50% of
the NOper unit of thermal inputhat the air case produces when S: 0.35, which is a similar
observation to that made in Liu, et al., (2005b) where a staged OF 30 flasneongared

to air and found to cut the conversion of fullto NO in half. A lower secondary oxidant
proportion reduces the secondary flow rate causing less transfer.aft® the fuetrich

region and hence decreasing @vailability and causing less N@rhation. Furthermore,

this lack of @availability will also increase the CO concentration in the-fizhl region,
increasing the reduction of recently formed NO on char (Levy, et al., 1981). The lack of

nitrogen in the oxyfuel case would also lead tan@gligible thermaNO processalthough,
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on an industrial scale, it would be difficult to completely prevent air ingress and hence the
thermalNO processThese phenomena optimally combine with acceptable combustion
efficiency between an S: 0.30 and 010give the emission rate and unburned carbon in

ash seen in Figures 4.1 and 4.2.
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Figured.2 ¢ The impact of changing the secondary oxidant proportion on theed@ssion

rate, reported as Ng) for the airand OF 28 case

In order to simulate the presence of dry NO (recycled from the streamqmsienser in a
conventional air combustion plant) in the recycled flue gas,-1606 ppm NO (2800
mg/MJ NQreported as N@ was injected into the air stream whilesing an S: 0.36. The
injection of the recycled NO was varied between only the primary, only the secondary and
tertiary, and each stream proportionally, with the objective of studying the effect of each
injection method on eventual destruction of recycl®&D. The recycled NO seems to
undergo complete conversion to>Nvhen it was injected only in the primary stream,
resulting in 100% NO destruction being recorded and presented in Figure 4.3; this is
believed to be due to the strong fuelch zone in the rowd of the primary air, presenting a
greater concentration of volatik€ and volatileN which plays a critical role in reducing the

NO. Furthermore, there is even a slight decrease in the é&idssion rate when NO is

recycled into the primary stream; thiskssy’ F INBSYSy i GAGK {LIAYGA
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findings that the presence of NO in the initial combustion zone decreased\ctaiNO

conversion, due to the higher partial pressure of NO inside the pores of the coal particles.

When recycled NO was injecténto all the air streams to the burner (Figure 4.3 and Figure
4.4), over 80% of the recycled NO was destroyed. The total NO emissions measured in the
flue gas with this configuration ranged from 38@3 ppm (2458330 mg/MJ) for S: 0.36.

This drop in NO druction is most likely due to the comparative lack of reburning
reactions in the pathway of the secondary and tertiary streams, with a portion of these
streams being lost to the flue gas rather than being caught up in the external recirculation
zone. Tha is made evident by the lowest recorded NO destruction being observed when
NO is recycled into these streams only (Figure 4.3). Figure 4.3 compares the measured NO
values to a theoretical NOmeasurement where no reburning mechanisms are taking

place, ths theoretical value is calculated assuming the injected NO is oxidisedtmNO

60 60 N (4-1)
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Figure4.3 ¢ Theoretical and actual NOreported as Ng emissions for the air case when
NO is recycled into the oxidant either into the primary stream, the secondary and tertiary
streams or all streams
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Figure 4.4summarisesand compares the impact on N@estructim when both the
concentration ofrecycled NCfrom 1601016 ppm) and the secondary oxidant proportion
(from 0.00¢ 0.68) are altered. This shows that NO destruction remains high at around 80%
for a range of secondary oxidant proportions, while the greaStdestruction is seen for

the moderate secondary oxidant proportions0850.36 and 0.39 and the moderate NO
recycling regime (440 ppmirurthermore, the lowest recorded NO destruction rates are
always seen when the NO recycling is 160 ppm, with theesigbecondary oxidant

proportion presenting the worst set of NO destruction rates.

[ ]160 ppmin 2° and 3° Streams [___| 800 ppm in 2° and 3° Streams
[ 1440 ppmin 2°and 3° Streams [___] 1016 ppm in 2° and 3° Streams
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80 = — i —
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B
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000 024 036 039 068
Secondary Oxidant Proportion (S)

Figure4.4 ¢ The effect of varying secondary oxidant proportion (and recycling regime) on

the destruction of recycled NOrfthe air case

Figure 4.5 outlines the overall impact of a range of recycled NO injections into either just
the secondary and tertiary oxidant registers or all the oxidant registers for the OF 28 case.
The overall emissions of NO measured in the flue gaenwecycled NO was injected into
each oxidant stream ranged from 1283 mg/MJ resulting in ~80% of the recycled NO

being destroyed for S of 0.36; while when the injection was only into the secondary and
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tertiary streams, the rate of NO destruction decsed as more NO was recycled away from
ideal reburning conditions. The observed destruction of simulated recycled NO is most
likely caused by reactions similar to reburning, where the NO would be reduced in the fuel
rich zone by hydrocarbon radicals formgdm volatileC to generate amine and cyanide
intermediates, similar to volatil®l (Toftegaard, et al., 2010). This mechanism is believed
to account for 5880 % of the NO reduction with the remaining reduction-g0%) caused

by reaction with volatileN to form Ny, as well as contributions from reduction on char
(Toftegaard, et al., 2010). When the secondary oxidant proportion is decreased, the
secondary/tertiary oxidant partitioning is split in favour of the tertiary stream, enabling
limited initial NO érmation and greater hydrocarbon radical generation due to the reduced
oxygen present in the fuelch zone. This phenomenon, also reported by Mackrory and
Tree (2012, 2009) for oXuel combustion, supports greater rate of NO destructions due
to temperatue rise and faster conversion of full to volatileN. This results in an
increased probability of Nformation rather than NO formation, especially in the-O

starved fuelrich zones.
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Figure4.5 ¢ Theoretical and actual NOreported as N& emissions for the OF 28 case

when NO is recycled into the oxidant either into the secondary and tertiary streams or all

streams

The impact of changing th&econdary oxidant proportionon the destruction of recycled

NO during the OF 28 regimes displayed in Figurd.6. When NO is injected into the
secondary and tertiary streams only, there is a slight increase in NO destruction wit
decreasingSvalues. Whereas, when NO is injected into all the oxidant streams, the NO
destruction is greatest at the moderate values (0.36 and 0.8&hich coincide with the
optimum values seen in Figudel There is much greater stability in the N@stkuction

rate over the range of burner configurations when NO is injected into all streams, as
compared to solely the secondary and tertiary streamsoAparison of Figurd.4 and

Figure4.6 shows that there are only minor differences in the rate of N€struction
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between air and OF 28 casdaurther to this, regardless of the regime, the same trend is
witnessed, where the highest NO recycling case, when injected into solely the secondary
and tertiary streams, provides the lowest NO destruction rate whehigh secondary
oxidant proportion is used. Due to these observations and the logic that in an operating
oxy-fuel plant there would be recycled flue gas in each stream (and operating otherwise
would be complicated and expensive), it can be concludeditliginecessary to inject NO

into each stream during the posbmmissioning tests, in order to gather a comprehensive

understanding of the impact of burner configuration on NO reburning.
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[ 1440 ppmin 2° and 3° Streams  RA%] 1000 ppm in All Streams
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Figure4.6 ¢ The dfect of varying secondary oxidant proportion (and recycling regime) on

the destruction of recycled NO for the OF 28 case

Figure4.7 shows a plot depicting N@&mission rates at varying levels of NO recycling for a
single burner configuration during theraand OF 28 regimes. This highlights thia
difference inthe NQ emission rategor the air and OF 28gimes at the flugesults from
the difference in initiaNO production in the two flames, while the N@estruction rate

remains similar.
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Figure4.7 ¢ The effect of varying recycled NO on emissions of, Kéported as Ng for

the air and OF 28 cases at equivalent secondary oxidant proportion

As seen in Table 4.1, the data collected for the OF 28 ¢useesl far greater standard
deviations for the OF 28 case than the air case. To combat this, the burner output was
decreased 15% (from 200 Mo 170 kWh) in order to reach steady state more swiftly
each test day and, therefore, be able to collect a geeaimount of data; furthermore, the
oxygen concentration in the primary stream was increased from 18.5% to 21% in order to
increase flame stability thus reducing any variation in the data caused by an unstable flame.
Now at 170 kW, 27% QCQO was swappd for the 28% @CQ; in order to discourage
comparison between the data at 170 and 200 dkWvhich would have different O
concentrations in the primary stream. In addition, using a 27 Q case would also
provide greater variance between the two planned dugl cases, one high (OF 30) and

one low (now OF 27), highlighting conflicting trends.

O, (vol%, dry)
3.25+012
4,17 +0.90

NO (ppmv, dry)
329.80+7.81
281.94 + 27.00

CQ (vol%, dry)
Air (200 kW) 15.53 + 0.16
OF 28 (200 kw) 94.26 + 0.51

Table4.1 ¢ Rawflue gas composition when ratio of secondary to tertiary oxidant flow is

45:55
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4.3 Experimental Results

4.3.1 Recycling NO into OF 27 and OF 30 at 17 kW

Moving to 170 kW and OF 27, the proportion of the total oxidant flowing throuite
primary register was maintained at 20% and a variety of secondary oxidant proportions
and NO injection rates were investigat Figure 4.8 shows the NO concentration in the
flue gas and the unburned carbon in the ash at these different conditions, along with data
points from two OF 30 cases at secondary oxidant proportion values chosen for achieving
satisfactory NO concentratie and unburned carbon values at OF P7e trendlines in the

figure are for the OF 27 cases o seen in Figure 4.8, unburned carbon in particular is
significantly affected by the burner configuration, decreasing markedly with an increase in
secondaryoxidant proportion; the increased burnout can be attributed to better mixing of
oxygen into the fuetich region caused by both the increased flow of the secondary stream
YR GKS &adzoaSlidsSyd AyGSyYyaaxFAOLdAz2y 2F (GKS 7
The best performing burneronfiguration for the OF 27 case was found to be at S: 0.50;
however, when this configuration was used at OF 30, the NO concentration in the flue gas
was far greater than for the other tested OF 30 case at a S value of 0.36. The increase in
NO emissions diween these two OF 30 conditions can be attributed to the same
conditions that cause low unburned carbon at OF 27, better mixing of oxygen into the fuel
rich region caused by both the increased flow of the secondary stream and the subsequent
intensificatR y 2F GKS Tl YSQa -NaasNONbnvetiordzehis yhaactdmMB | G S
NO is not seen for the OF 27 case until a greater secondary oxidant proportion of S: 0.57;
this is due to the OF 30 case having a smaller overall gas volume and greater oxygen
concentrations in the secondary and tertiary streams, resulting in more efficiert\fuel
oxidation. When directly comparing the two S: 0.36 cases, one can conclude that the OF 30
regime leads to a lower NO concentration in the flue gas than the OF 27eaetii® can

be thought to be due to the oxidant, during the OF 30 regime, having a lower density and
mass flow, coupled with lower volumetric flow, thus forming a flame with less swirl
momentum. This would result in reduced mixing of oxygen into therfigkl region and

less fuelN oxidation.
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Figure4.8 ¢ The impact of varying the secondary oxidant proportion and NO recycling
regime on NO concentration in the flue gas and unburned carbon in the ash folRi2g O

and OF 30 cases

In addition, the variation in NO concentration between the OF 27 case and the OF 30 case
at S: 0.36 could be due to the greater temperature of the OF 30 flame as seen in Figure 4.9.
This would cause the char/volatile partitioning to le favour of volatile formation
(Kambara, et al., 1993) (Mackrory and Tree, 2009) and thehamMNO conversion rate to
decrease slightly. The combination of these phenomena has a greater impact than the
increase in chaN to NO conversion that would beaused by the elevated oxygen
concentration in the OF 30 flame (Spinti and Pershing, 2003), hence leading to net lower

NO formation.
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Figure4.9 ¢ Temperature readings at the wall of the upper section of the furnace for the

OF 27 case and OF 30 case at S: 0.36

Presented in Figure 4.10 are instantaneous flame images of the investigated OF 27 flames.
As the secondary oxidant proportion is increasttgre is a clear change in the flame
shape, which amplifies the analysis of Figure 4.8 as discussed prior. As the sliding
partitioning damper is adjusted in order to increase the secondary flow and reciprocally
decrease the tertiary flow, the swirl of thlame is improved due to the greater swirl angle

of the secondary register in comparison to the tertiary register. This increased swirl results
in a visibly shorter and broader flame and an increase of oxygen mixing into thectuel
region, which, as mdioned, increases fudll to NO conversigrtombustion efficiencand

flame stability

$:0.00 $:0.36 $:0.50 $:0.57

Figure4.10¢ Instantaneous flame images of OF 27 flames at 17@ kW

In Figure 4.11 are instantaneous flame images of the investigated OF 30 flames. The change

in flame shape between the two burner configurations can be viewed to be less
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pronounced than for the OF 27 flames. This is likely to be due to the OF 30 flamesg davi
lower volumetric flow through it and the secondary and tertiary oxidant having a decreased
density (due to the increased oxygen concentration), causing a weaker swirl and hence less

change in flame width.

$:0.36 S:2:0:50

Figure4.11 ¢ Instantaneous flame images of OF 30 flames at 17@ kW

Figure 4.12 presents a comparison of the destruction of recycled NO across the various
burner configurations tested and the two okyel regimes, therefore highlighting impact

of burner configuration on NO reburning. Across every tested case, NO destruction remains
high at over 80% destruction; while, across the OF 27 cases, only a minor sensitivity to
secondary oxidant proportion can be witnessed. The S: 0.00 and S: 0.57 casesoaulg the
ones to vary meaningfully from the 90% destruction mark. Curiously, the higher secondary
oxidant proportion of the two comes close to 100% destruction at the 300 ppm and 875
ppm recycling regimes; this could be caused by the increased flow of tlmnday
improving NO migration into the fueich zone. It should be mentioned that the growing
presence of NO in the fueich region caused by an increase in NO injection, would
increasingly inhibit NO formation from char (Spinti and Pershin@003, thus artificially
boosting the rate of NO destruction and misrepresenting the impact on NO reburning. It
can be noted that NO destruction remains relatively stable as the level of NO recycling is
increased; this suggests that NO destruction is limited bghieg a reduction/oxidation
equilibrium, where NO is reduced by volaileto form volatileN, which is then oxidised to
reform NO and so on. When comparing the two -txgl regimes, it can be seen that the

S: 0.36 case offers both lower NO formation anelater NO destruction when 30% @
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used. However, the same trend is not seen for the S: 0.50 case, which proved to perform

significantly worse with regard to both NO formation and destruction.
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Figure4.12 ¢ Impact of varying the secondary oxidant proportion and NO recycling regime
on NO destruction for the (A) OF 27 case and the (B) OF 30 case

This can be confirmed by Figure 4.13, through analysis of the change enli&3ion rate

with increasing NO reciing for the two common secondary oxidant proportions across
both oxyfuel regimes. For the S: 0.36 case, there is a growing difference between the NO
emission rate from both oxfuel regimes as NO recycling is increased, with the OF 30
regime being vastlsuperior. However, for the S: 0.50 case, the OF 3(eNi3sion rate is

only improved when there is no NO recycling, implying that when the gas volume is taken
into account, NO formation is actually improved; and when NO recycling is increased, the
NOx emission rate for the OF 30 regime becomes significantly greater than for the OF 27
regime. This could be due to the decreased total oxidant flow of the OF 30 case creating a
flame with a weaker swirl than the equivalent OF 27 flame and, thus, reducing the
residence time of recycled NO in the fugh region and reducing migration to recycled

NO from the secondary stream into the fuéth region when compared to the OF 27 flame.
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Figure4.13 ¢ Impact of varing the recycled NO in the emission rate of\N@ported as

NGO, for the OF 27 and OF 30 cases at equivalent burner configurations

4.3.2 In-Flame Analysis of NO Recycling into OF 27 and OF 30 at 140 kW

Figure 4.14 shows4flame radial profiles of key gas cdituents at 75 mm downstream of

the burner for the S: 0.36 case and OF 27 regime across a variety of NO recycling levels.
These represent the impact of the presence of recycled NO on processes within the flame
that contribute either passively or actively the production and destruction of NO. The
greatest variation can be witnessed in the NO radial profiles. When there is not any NO
being recycled, there exists a reducing zone between 0 and 25 mm, which leads to the
destruction of approximately half ohe NO; however, when the level of NO recycling is
increased, the decrease from 0 to 25 mm becomes less, until, at a recycling regime of 1500
ppm, there is an increase in NO. The more extreme the recycling regime, the greater the
volatile-N production fromthe reduction of excess NO; a portion of this volaNevill be
oxidised and, hence, this NO reformation grows with increasing NO recycling, resulting in

this trend seen between 0 and 25 mm.

Another interesting highlight of Figure 4.14 can be found atrird from the centreline,
where the impact of the shear boundary can be witnessed; there is a significant rise in NO
from 25 to 75 mm, as volatill is oxidised by oxygen rapidly diffusing into the -fueh
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region from the bulk secondary stream. This ris@yever, becomes less as the rate of NO
recycling is increased. This implies that there is less veldtpeesent for the 1500 ppm
case, highlighting the importance of the advanced reburn reactions (reducing NO with
specifically Nkland HCN), but couldsd be due the likelihood of there being reduced char

N to NO conversion due to the increasing presence of recycled NO (Spinti and Rershing
2003. When analysing the CO angdr@dial profiles, one can surmise that there is a lack of
consistent trends to imply any impact of the NO recycling on these constituents; however,
it is also possible that any effect on local CO concentration brought about by the reaction
with NO in the pesence of char is cancelled out by any impact on the increased presence

of NO on the combustion processes.

In contrast, there is a drastic change in THC (total hydrocarbon) concentration when
varying NO recycling regimes are used. When 1500 ppm NO yslaeéc the THC
concentration is far below that of the baseline case, showing that the recycled NO is
oxidising hydrocarbon fragments; this observation is in support of Okazaki and Ando
(1997), which states that the reactions of NO with vola@lend volate-N are far more

noteworthy than the reduction of NO on char.
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Figure4.14 ¢ Radial profiles from the centreline of the burner to the wall of key flame
constituents at 75 mm from the burner for the OF 2&e at S: 0.36 for a variety of NO

recycling regimes

Figure 4.15 shows radial profiles of key gas constituents at two burner configurations, S:
0.36 and S: 0.50, and two NO recycling regimes, 0 ppm and 300 ppm, for OF 27. It can be
observed that when therés no NO being recycled, there is less NO measured for the S:
0.36 case than the S: 0.50 across the entire profile, bar the 125 mm point, which is similar
due to dilution caused by the bulk secondary oxidant as shown by the extremely high O
concentrationat this point. The THC and CO concentrations are far higher for the S: 0.50
case at the points that can be considered within the inner recirculation zone (IRZ) (0 and
75 mm) than the S: 0.36, implying poorer combustion but also that this region is nedre fu

rich.

To analyse the impact on NO reburning in these graphs, one can consult the difference
between the values recorded with and without NO injection for the respective burner

107



configuration. At 0 mm, this difference is less for the S: 0.50 case tlea®: .36 case; this
indicates that there was greater NO reburning at this point, most likely a result of the
region being more fuelich. This is coming about due to the decreased tertiary flow of the
S: 0.50 case, creating an external recirculation Z&fZ) that is weaker and has a lower
O, concentration, as can be observed at the points between-4G6 mm. When this
weaker ERZ recirculates to the root of the flame, less oxygen will be transferred into the
IRZ, resulting in the lower>@nd higher THCrnal CO witnessed for the S: 0.50 case at 0

mm.

Furthermore, although there is more®eing transferred to the root via the ERZ for the S:
0.36 case, the rate of NO formation appears to be lower; this seems to indicate that the
rate of transfer of @ from the secondary stream into the IRZ is more critical to NO
formation than the rate of transfer of Orom the ERZ to the root of the flame. As opposed

to the case at S: 0.36, the presence of recycled NO for the S: 0.50 case results in a slightly
increased C@nd THC concentration and, therefore, lower combustion efficiency. During
the OF 27 regime and at a burner configuration of S: 0.50, although a monectuéRZ is
created and the rate of NO reburning appears to increase as a result, the increase in NO

formation is too substantial to make a significant improvement.
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Figure4.15 ¢ Radial profiles from the centreline of the burner to the wall of key flame
constituents at 75 mm from the burner for the OF Z&e at S: 0.36 and S: 0.50 with and
without NO recycling

Figure 4.16 displays a comparison of radial profiles of the same key gas constituents and
variables as in Figure 4.15 but during the OF 30 regime. When there is no NO being
recycled, the S: 0.36 caggoduces less NO in the area betweefv® mm from the
centreline of the burner than the S: 0.50 case. Furthermore, when there is NO being
recycled, the increase in measured NO, THC and CO concentrations of the S: 0.50 case at 0
mm is far greater than thadf the S: 0.36 case. This runs contrary to the trends found for

OF 27 regime and is most likely due to an anomalous deficiencyahtis point, which

can be caused by some compacted coal entering the flame, which in turn could be caused
by a bridgingollapse in the fuel hopper or simply from topping up the fuel hopper (uneven

coal feeding).
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The change in NO concentration in the flue gas between the dilution point at 125 mm and
the start of the ERZ at 175 mm differs depending on the injection reginezes a larger
increase for the 0 ppm case, implying that there is a greater amount of vel\jileesent

to be oxidised in the burnout oxidant. Whereas for the 300 ppm case, the recycled NO must
be undergoing advanced reburning, therefore depleting thalatileeN content and
reducing this increase in NO. For each burner configuration, the NO concentration in the
ERZ (past the 175 mm point) is largely similar and depends only on the NO recycling regime;
this suggests that the reduced tertiary flow ratetbé S: 0.50 case has a minimal impact

on the ERZ, which is in opposition to the observations of the OF 27 regime. This could be
attributed to the fact that the total mass flow rate of oxidant used at OF 30 is markedly less
than at the OF 27 regime, and agesult, the flame is of a smaller volume. This aspect
makes it likely that the flue gas recirculating in the ERZ originates from a location in the
furnace where the chemistry can be described as more resolved, compared to the OF 27
regime. This phenomem has the impact of decreasing the difference between the
measured concentrations of the different burner configurations at 0 mm for the OF 30
regime compared to OF 27 and, therefore, of showing that burner configurations can have

different impacts at diierent oxyfuel regimes.
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Figure4.16 ¢ Radial profiles from the centreline of the burner to the wall of key flame
constituents at 75 mm from the burner for the OF 30 case at S: 0.36 and S: 0.50 with and
without NO recycling

Figure 4.17 shows axial profiles down the centreline of the furnace of key gas constituents
at two burner configurations, S: 0.36 and S: 0.50, and two NO recycling regimes, 0 ppm and
300 ppm, for OF 30. At the 75 mm point (as with Figui&), it can be observed that NO
formation is higher for the S: 0.50 case compared to the S: 0.36 case. When the furnace is
descended to 375 mm, there is a peak in NO and the NO concentration for the S: 0.36 case
rises further than for the S: 0.50 casapiying that NO formation might actually be delayed

for the S: 0.36 case. However, this delay in NO formation seems not to have an impact on
NO reduction by reburning, as the cases with NO recycling are only marginally greater than
the cases without and sdestruction is high for both burner configurations. The minimum

NO concentration in the profile is found at 800 mm and coincides with a substantial drop

in the THC concentration from the peak at 375 mm, most likely caused by the reburning of

111



recently formed NO; the depleted £at this point would facilitate this NO destruction at
both burner configurations. There is a return of a considerableddcentration from 800

mm down and this coincides with a rise in NO, which can be attributed to oxidation of any
remaining volatileN either originating from the fuel or from the reaction of NO with

volatile-C.

These profiles can be broken down into three zones: the first zone encompasses the
evolution of the reducing species and is located a325 mm, thesecond zone involves

the destruction of these reducing species in an oxygen deficient environment and is located
at 325800 mm, while the third zone covers the oxidation of any remaining reducing
species and is located from 800 mm to the flue. This sireglfreakdown is complicated

by the introduction of recycled NO. This recycled NO is almost entirely destroyed within
the first zone and is likely to cause a great increase in voldtileompared to a flame
without recycled NO; this is then oxidised iretbxidation zone causing a greater increase

in NO concentration from 800 mm onwards for the cases with recycled NO. This
observation could also be due to the destruction rate of NO in the tertiary stream being
lower than the other streams; however, litexae shows that the destruction rate of NO

in the secondary and tertiary streams should remain significant (Liu, et al., 2005b).
Nevertheless, it is preferable and necessary to control this additional veltilsing the

second zone to minimise conversiback to NO.
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Figure4.17 ¢ Axial profiles down the centreline of the furnace of key flame constituents

for the OF 30 casat S: 0.36 and S: 0.50 with and without NO recycling

Figure 4.18 presents an illuation identifying the major aerodynamic zones within a
furnace utilising a single swirled flame. The relative size and intensity of these zones will
affect the chemistry within the fualich zone and, hence, the ability to minimise ,NO
formation and achie® the highest possible combustion efficiency. This study only
investigated a single burner furnace but the majority of practical industrial boilers will
utilise many burners in an array, and the flames they produce are likely to affect each other
aerodynanically and chemically. As this cannot be replicated in the CTF and it is outside of
the scope of this study to model, it is important to theoretically explore possible
divergences to the trends presented in this study. One apparent difference would be a
nominal change in the composition of the JEZ (jet expansion zone); this would be caused
by the invasion of flue gas from parallel or opposite flames. The impact of this would in

turn be a change in the composition of the ERZ, which is crucially returnée t@ot of
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the flame and has been shown to have an important impact on the flame properties in this
study; thus, any trends related to the ERZ from this study may be slightly compromised in
a boiler. There will also be a disruption of the eddies withinERZ, varying the speed at
which heat and species are recirculated to the root of the flame. It is likely, however, that
the IRZ and processes at the shear surfaces within the flame would be mostly protected
from the effects of flames in series, and, thkme, the described impacts of burner

configuration on NO reburning in particular would remain valid for asicdlle boiler.

B . Dsz

Figure4.18 ¢ Distinct zones within a furnace with a single swirled flame (Aethftom

Pedersen, et al., 1997)

4.4 Conclusions

This chapter studied the impact of varying burner configuration on NO formation and NO
reburning during oxycoal combustion. The burner configuration was varied by altering the
partitioning of the combined burndwxidant between the secondary and tertiary using a
sliding damper on the burner. This was considered to have the impact of altering the
stoichiometry within the fuefich zone by increasing/decreasing the swirl of the flame and,
hence, increasing/decreasy mixing of oxygen into the fuelch zone. Commissioning tests
were carried out prior to progression through the test matrix, in order to establish a
desirable proportion for the primary oxidant flow rate and to establish whether NO should
be injected mto solely the primary stream, just the secondary and tertiary streams, or all
streams. These attributes were established as 20% of the overall oxidant and the injection
of NO into all oxidant streams, but the commissioning tests highlighted issues with th
stability of the flame under the preonceived settings. In order to increase stability, the
thermal capacity was decreased from 200:kW 170 kWh and the oxygen content in the

primary oxidant was increased to 21%was theorised that reducing thén¢rmal rating
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