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Abstract

Coal injection into the blast furnace is used as a means of reducingacusbt,
improving output and energy efficiencyfowever, the coals injected all contain
mineral matter which converts to haupon heating and has various effects in the

blast furnace.

Ash investigated in this thesis containgdartz, kaolinite, illite, calcite, dolomite,
apatite andgypsum. Theelements silicon, aluminium, iron, calcium, potassium,
sodium, sulphurtitanium and phosphoruswere identified in varying proportions
Thebehaviour of the ash and elemernits the blast furnace is dependent on their

relative amounts.

It was found that high fusion temperatuf€T)occured due to high levels of silicon
and aluminiumfound in quartz and claysyhereas low fusion temperatures were

related to highcalcium andnagnesium, found in calcite and dolomite.

A droptube furnace (DTF)was used to prepare chars from coals and it was
observed thathe fusion temperatureof the char ak increased withhemperature
and residence time This was attributed to mullite formation and amorphous
material formationin the DTFThe mullite and amorphous material were linked to

increased ash fusion temperature.

In the DTFalkali volatilisationgererallyincreased withtemperature and residence
time. Howeverin low FTash,it was observed that volatilisation decreasednigh

residence time fotwo lowFTashes, thus these ashes were able to retain alkalis.

Sulphur release from the ash was found iticrease with temperature and
residence time in the DTRECoals containingalcium inthe form of carbonate

minerals were able to figulphur into the ash in the form of anhydrite.

GCombustion reactivity of ash added to coalwas measured using Thermal
Gravinetric AnalysigTGA, andfound to act as diluentThe effect of ash on coke
gasification reactivity was catalytic. Ashes with higher calcium showed higher

catalytic behaviour.
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Chapter 1. Introduction

1.1The Usage ofdal

Coal is one of the most important energy sourcethéworld accounting for some

38% of gldnal electricity generationyith countries suctasSouth Arica, China and

Australia primarilyelying on coal for electricity. Coal is responsible for 71% of the

g2NI RQa adSsSt LINE RdzOGA2Y FyR A& |faz2z GKS
production of cenent, requiring around 200 kg to producetanne of cement.

Additionally, he waste material from the combustion of coal, namelyessklags

and flue gas treatmnt residues, is used to supplement Portland cement. Coal can

also be converted into liquid fue(8Vorld Coal Association, 2019)

Figurel shows historical energy usage, with a future projection, across all sources
of energy in the world. Looking at the mauve projection, it can be seen that coal
usage is ®pected to stabilise over the next few years. This is because the growth
of coal in India and China is offset by declining use of coal in North America and

Europe.

Historical

@ Other renewables
Hydro

® Nuclear
Bioenergy

@ Natural gas
Coal

® oil

Mtoe

Figurel: World energy usage, past and forecl&A, 2018)

The energy trilemma is a three way approach to enetgppl/and it encapsulates
cost, sustainability andecurity Only when all three can be met, does a particular
energy source satisfy the energy trilemma. For example, renewaidggy is
sustainable, but it may not be available on demand, and the cost may or may not
be acceptableCoal is araffordable and accessibleel (World Coal Association,

2015)however its high carbon content leads to it ernigy a large amount of GO



for the amount ofenergy producedEIA, 2019)hence the longerm future of coal

can be considerednsustainablgIEA, 2014)In light of growing energy demand,
where coals currently and forecasted to be used in greater amouats)stanable
future for coals lies ithe large scale deployment of Carbon Capture and Storage
(CCS)and in building high efficiency supercritical coal pla¥¥orld Co&
Association, 2015)

1.2 CoalFormation

Coal is a combustiblearbonaceousedimentaryrock thatpredominantlyformed
from deadorganicplant matterthat wasdepositedseveral hundrednillion years
ago. Successive generations of trees and vegetatiied and accumulated in
swampy areas, likely alongside shallow seas, lakes and.Mfeéssaccumulation of
organic material might take hundreds or thousands of years to buil&egiment
such as mud and sand, was washed in by water and built up on tolngdae
plant accumulationAs the coal is buried under ever greater amounts of sediment,
the temperature andpressure increases which causes tbarbon content to
increase volatile matter to decreaseand hydrogen and oxygen contents to
decreasgSpeight, 2005; Speight, 2013e extent of this procesteterminesthe
type of coal formedgoing from lignite, subbituminoudyituminous through to
anthracite which is the highest ranking coal with the most caraod thehighest
energy content, and is outlined ifablel. The volatile matter for specific types of
coals falls into set ranges, for example, fe@latile bituminous coal yields between
14 and 22% of volatile matter on a dry, minenadtter-free-basis. These volatile
matter yields helped with naming the coal samples used in this thesis on the basis
of their volatile matter a parameter that is typically used by blast furnace operators
and is further discussed in Sectidm.5 Pulverised Coal Injectioin addition,
should the reader wish t@omparethe coals used in this thesis to a standard

classification, they are able to do so using this table.



Tablel: Coal classification with carb@ontent, volatile matter and calorific value.
(Information reproduced from ASTM3B8. 2004)

Calorific
Fixed Carbon and | Value on a
Volatile Matter on a Moist,
Dry, MineralMatter- Minerat
FreeBasis Matter-
FreeBasis
Fixed Volatile Calorific
Class Group Carbon | Matter Value
&) &) (MJ/kg)
High Meta-anthracite | > 98 <2
Rank Anthracite | Anthracite 92¢ 98 2¢8
Semianthracite | 86¢ 92 8¢l4
Lowvolatile
bituminous 78¢ 86 14¢ 22
Medium-volatile
bituminous 69¢ 78 22¢31
Bituminous H_ighv_olatile
bituminousA <69 > 31 > 32.6
Highvolatile
bituminousB 30.3-32.6
Highvolatile
bituminousC 26.8-30.3
Subbituminous A 24.5-26.8
Subbituminous| Subbituminous B 22.1-24.5
Subbituminous C 19.3-22.1
Low Lignite Lignite A 14.7-19.3
Rank Lignite B <14.7

The organic materials formed of carbon, hydrogen, oxygen, and nitrogen
containing structures which are the coal macerals. The organic coal macerals are
analogous to the inorgaa mineral{Ward, 2002and there are three broad groups

of maceral, namely, vitriniteljptinite (also known agxinite) and inertinite,and

thesefurther divide into subcategorigSpeight, 2013)

1.3Challenges to th8teel Industry

Climate change poses a great threathe future of our planet, andvhile there is
rising awareness of the issuglobal emissions are still increasifidnistrend is set
to continue as demand for energy, materiafepd and transport rises and the

population further increases.

Iron and steel account for 7% of globali@®issions, and steelmaking is inherently
carbon intensive. However, looking at the bigger picture, steel has several
advantages over other materialk isinfinitely recyclable and widely recyclednd

is essential to the building @flow carbon infrastructur¢hus yielding a net carbon



saving over its initial productiof€iftci, 2017)Since the 1960s, the energy recedr

to make a tonne of steel has dropped by 6 Nénethelessironmakersare starting

to reach the limits of efficiency and although incremental increases in efficiency
yield a eduction in carbon emissions, Mitté2019)argues thatan energy source
other than coal, or else carbon capture, is required to actually tackle the problem.
If the steel industry is to respond to the problem of climatamhe, it needs to act

globally.

Reducing energy consumption is important for #re/ironment and costs but Tata
Steel IImuiden describes how, in Europe, they are already reaching the limits with
current technologyand onlythrough creating new innovative technologies, can
they expect to make further significant reductions iniC@/ith current blast
furnace technologyTata Steel producek7 tonnes of carbon dioxide emissions for
every tonne of steel producedvhich is around the loest in the world However,
work is being carried out on an alternative to the blast furnace and known as
Hlsarna, which is currently in its pilot stagéhe Hisarna reactor is essentially a
turbulent melting pot reactor into whicloxygen,coal and iron ore is directly
injeded, yielding hot metal and slag, that is tapped off from the bottom haf t
reactor. Hisarna emits around 20% less carbon than the blast furnace because it
eliminates the need to create coke, sinter and pellets, all of which are energy
intensive processes in themselves. In addition, there is great potential for carbon

capture and storage because the off gas is almost 100%(T&da Steel, 2017)

Over the last decadihe UKsteel industry hagacedserious pressuréor a number
of reasons including high energy costs, being undercut by Chinese imguats,
steel market running in overcapacity thus lowering the pridesthe UK, tis

resulted in the closure of SSI Redcar steelworkautumn 2015and job losses in
Scunthorpe and Scotlar(@Villiamson, 2018)

China is thedrgest consumer, producer and exportdrsteel and increaseits steel
production to meet domestic consumption. As a result, Chias beerproducing

more steel than itan usewhich hascreateda glut that has been exporteat low

prices to the rest othe world such as Europe and the United Statkss not a
simple case of just producing less steel, because blast furnaces run continuously at
predetermined rates with high fixetunning costs. Running the furnaces at less
than 80% output reduces raw neial efficiency, and this is not even taking into
account the capital cost of the steelmaking infrastructitself. The result of this

overcapacity is thaChina hadeen able to undercut European production costs



where companies have described how emrimental taxes and higklectricity

costs hampertheir competitivenessAt the point in time whenTata Steel UK
became unprofitableUS Steelmakinglso experienced job loss€Booler, 2015)
Authorities in the US and EU resplea by imposing tariffs on steel that is seen to

be dumped (sold for less than it cost to produce) from a number of countries. The
problem has lessened and China has since taken steps to reduce overcapacity
(Pooler & Feng, 2017)

Highvalueproducts have a part to play reducing insecurity in an unpredictable

market because, on the other handiezlmaking in South Korea and Japan was

largely unaffectedy the reduction in priceslue toa large proportion of higlend

steel in heir sales. Hig Yy R aiSSta AyOf dzZRS GaRAFFSNBYGALF (GSF
strength and alloyed steels that are used in the automotive and aerospace sectors.

Sales oftiese are low volume, high value products have helped to protect these

countriesfrom thewholesale downturn in the markéPooler, 2015)

There is likely to be a shift towards highd steel in the forthcoming year€hanges

in the way that steel is used will affect the kind of steel that is produced. It ig likel
that higher strength steslwill be used more efficiently tharequiring less material.
Additive manufacturing means that complicated shapes can be manufactured and
there is scope for reducing weight. Currently Siemens uses additive manufacturing
to makegas turbine blades and GE makes aircraft seat buckles and engine fuel
nozzles (Williamson, 2018)Technology is essential to developing ways in which
higher value products can be used which offer more to the customer, lagefo

and use less material. For example, British Steel has developed a new grade of train
rail material HP335which does norequire heat treatment to produce higher wear
resistance, and has a better rolling contact fatigue life. Both of these pointesnak
the rail last longer and saves money in the long term for the operators. Additionally,
British Steel has developed thermally sprayed zinc alloy coated rail which

significantly increases rail life in corrosive environmémgdliamson, 2018)

The price of iron ore hit a 5 year high of $126 per tonne ¥njaly 2019 having
risen by more than 70% in one yedihis has beerdue to increased Chinese
demand coupled with reducddon ore supply fromAustraliaand Brazi{Sanderson,
2019) Nonetheless, the most expensive feedstock into the blast furnace is coke,
with coking coal costing more than $200 per tonne in 2@E8cusEconomics,
2019a)and this does not include the priad converting the coal into coke. It is

forecasted that the demand for metallurgical coke will increase by a compound



annual growth rate of 2.9% until 2027. This is broadly due to an increase in steel
demand which will arise from growing building of irdficture and construction;
as of 2017, iron and steel accounted for 87% of metallurgical coke demand. In the
future, India andsouth EastAsan countries are likelyo increase home production

of steel which will drive up coke demafi@doker, 2019)

The use of coal injection in a blast furnace reduces the amount of coke required
which has significant cost benefits. It also increases the quality of iron produced,;
increases furnace throughput; and reduces the harmful emissiorx@sed with

coke makindCarpenter, 2006)it also should be taken into account that during the
process of coke making, the amount of coke created will always be less than the
parent coal (around0%) because volatile mattes evolved from the parent coal

and some is lost as gaséSeerdes, et al., 2009However,when injecting coal
directly into the blast furnace, theotigally, all of the organimaterial can be put

to use.Currently the price bthermal coal is around half of the price of metallurgical
coal(FocusEconomics, 2019Isp it isclear thatthe price of coke is a major driver

for coal injection in the blast furnace

Figure2 shows thehistorical and future projectionfahe availability of scrap steel

in the world. It can be seen that there is set to be a large increase that will be
brought about mainly from obsolete products. This is going to play a role in the
future of steelmaking ware the predominahmeans of processing scrap stézl

via the electric arc furnacgEAF)As of 2015, 1.2 Gt of steel was produced via the
blast furnace basic oxygen furnace routand 405 Mtwwasfrom EAF$Ciftci, 2017)
However, it should be noted that a proportion of the feed to an EAF is in the form
of pig iron from the blast furnageand this is in order to dilute undesirable
elements, such as copper, that are present in scrap mitdhe future, there will

be a largancrease in the availability of scrap steel which gaeopportunityfor

the UK to focus on steel recycling instead of making steel fromdrenThis is
associated with a 50% reduction in greenhouse gassions and it also makes
sensein the UK wheresnergy prices are highGlobal demand of steel is set to
increase, but much scrap steel will arise from end of life goods, so it is feasible that
future steel demand could be met by recycling alone as the global stock of steel
reaches a point where therés enough for the requirements of each person
(Allwood, 2016)
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Figure2: Historic and future projection of steel scrap availab{l@iftci, 2017)

It is clear that the stel industry is unpredictable and dominated by market forces
that are challenging to control. Steel has an incredibly important role to play in
providing the material for the infrastructure of developing countries and for the
future of a lowcarbon economyLooking froma UK perspective and from the
situation discussed, aite such aJata Steel in Port Talbd/ales cannot expect to
compete with Chinaor Indiain terms of cost and productiorolume on bulk
commodity steelAccording to Naitg2006) reduction of pig iron production costs
will reach a limit with present technology. In addition the pressure of global coke
scarcity and ever more demanding environmental regulations will place pressure

on the steel industry.

Tatamustincorporate morehigh-end steeldnto its business model. Drawing upon
research expertise, it can be expected to develop and produce high technology,
value added products that require less material to produmé&t command much

high prices, and are lssffected by changes in the pricebofik steel. Currently the

sites in [IJmuiden and Port Talbot produce slab, hot and odlielrcoil,galvanised

coil, with 1IJmuiden also producing some coated strip prod(€tta Steel, 2019)

Regarding steel recyclinghanges in the supply chain could mean that scrap
created in the UK is reprocessed in thé, which would reduce imports and
exports, leading to lower carbon emissiofi$ie Hlsarna process focussed on
providinga 20% redugbn on current best practice technologies in IJmuiden with
the potential to sequester an almost 100% iGRhaust gas strear(Tata Steel,
2017)

Having been the backbone of global development for over auwcgntoal has lately

received attentionfor its high carbon dioxide emissisnompared to other fossil



fuels hence ibecoming out of favour in Europe, but it still represents one of the
few ways in which to extradgton from iron ore Iron ore (composed primarily of
iron oxide) reacts with carbon to yield liquid iron and carbon dioxide, andryg

as the demand for steel out#ps the supply of scrajit,will be necessary to perform

this task. Alternatively, there is the possibility of using hydrogen or biochar to
reduce iron orgFelicianeBruzual, 2014; Ahman, et al., 2018; ThgiEeer, 2019)

and in principal these methods do woikyt the reality of being able to create the
amount of renewable hydrogen necessary, or being able to plant and process the

number of trees required for biochar, should be the subject for another PhD.

1.4 Ironmaking and the Blast Furnace

1.4.1 Blast Furnace Operating Principle

Currently, he two main routes to produce steate the blast furace and the EAF

TheEAFuses electricity to melt scrap stee$o it does not creatgon from mined

raw materids, although it should be noted that a proportion of blast furnace pig

iron is used as a feedstock for the EAF2 6 SOSNE T1x: 2F (GKS 62NIF
production occurs via the blast furnace route which converts mined iron ore into

hot metal It is the preferrd method in areas of high steel demand and where iron

ore and coal are easily obtainak{f@sborne, 2013)

The blast furnace is a refractory lined shaft that operates continuously. It is a
countercurrent reactor with coke, limé&mne flux, and iron ore (sinter and pelletised
material) being fed into the top of the furnace in alternating layers, meanwhile,
pulverised coal entrained in hot 1200°C oxy@emiched air is injected at equally
spaced zones around the lower part of therface (Geerdes, et al., 2009The
partial combustion of coal at the lower half of the furnace provides heat to the
furnace and creates the reducing gases necessary to convert the iron ore into iron.

A schematic is shown Figure3.
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Figure3: Blast Furnace Schematic with regions and temperature zones [reproduced from
(Geerdes, et al., 200P)

The body of the furnace is a steel shell that is lindl vafractory bricks. The hearth

is the area at the base of the furnace where the molten iron and molten slag collect.
Above this area is the bosh which is an inverted truncated cone, after which there
is a short vertical section called the belly. Abovis ik a truncated cone that ends

in a short verticle section at the top, known as the throat, through which the raw
materials of coke and iron ore are fed in layers. In addition to the coke and iron ore,
limestone is added. These solid materials are ctilely known as the burden. As
the material in the furnace moves downwards, it maintains the layered structure
as shown irlFigure3. Hot blast air enriched in oxygen is fed into the blast furnace
at the junction between the hearttand belly and this is essential for the
combustion of coke and any auxilary reductants. The energy for the hot blast comes
from the combustible gases leaving the blast furnace that are dximm stoves to

heat the blast air to around 1100°C to 1300°C befbenters into the blast furnace.
There is a large toroidal pipe (marked @-igure3) that circumferentially surrounds

the blast furnace. This is known as the bustle pipe and is essentially a manifold for
a number of tubes, cld tuyeres that branch from this pipe and provide the hot
blast air into the base of the furnace axially at set intervals, as illustratEgyiune

4. In addition to hot blast, pulverised or granular coalnsoduced near the
opening of the tuyeres via coal injection lances, hence this enters with the blast air.
The injection of this hot blast and coal plume creates a void at each tugeogn

as the raceway, which is discussed in more detail in Section. Hét3reducing
gasesuch as CO and Hormed from reaction of the air with the coke and coal rise

up the furnace and reduce the iron ore to form iron. As coke is consumed in the



raceway area, the burden descends. Molten iron flows down to the hearth, and
molten slag formedrom coke and coal ash, iron ore gangue, and limestone, floats
on top of the molten iron(Hill, et al., 2004; Geerdes, et al., 200Biis thesis is
particularly concerned with how the mineral matter from pulverisedldajection

effectsthe racewayand surrounding areas.

Figured: Axial arrangement of tuyere raceways in a blast furn@eerdes, et al., 2009)

Ironmaking in the blast furnace requires carbonacemaderial such as coke, coal

and other hydrocarbons, in order to reduce the iron gteK S YSGNR O ali2yyS 27
YSilrté¢ Aad Iy AYyRddZAGNE GSNY dzaSR & I NBfFIGAD
that enter and leave the blast furnace, with respect to #maount involved in the

production of 1 tonne ohot mtal. A typical blast ftnace requires around 500

kg/tHM (kilograms per tone of hot metal) of reductant, such as coke and coal

(Babich, et al., 2002}his is also known ahé fuel rate With the aim being to

reduce coke inputthe coke rate may be 300 kg/tHM with 200 kg/tHMing coal

injection(Carpenter, 2006; Geerdes, et al., 2Q@9) modern blast furnace use coal

injectionas a reslt of scarcity of coking coal; environmental concerns about coke

making; and cost of coke leading to an increase in the price of hot (8=ta| et al.,

2018)

1.4.2 Chemical Reactions
Reducing Gases
The two reducing gasestine blast furnace are carbon monoxide and hydrodan.
the raceway, oxygen reacts with coal carbon and coke carbon as follows:
/I bA G0

Equationl: Char combustion reaction.

10



Injected coal contains hydrogen and water whiclReéa (G2 G KS FT2NXI GAZ2Yy 2F

reducing gas. Also, water can react with carbon to create carbon monoxide and
hydrogen:
l i h AW b b |
Equation2

As the reducing gases react with the iron ore, they produce carbon dioxide and
water. At furnace temperatures exceeding 1000°C, the carbon dioridets with
the coke to form CO:

/I hi 1b2CO

Equation3: ReverséBoudouard / solution loss reaction

And thisCOcan be usedgain for reduction of iron ore.

Reduwtion in the Blast Furnace
As the CO rises up the blast furnace, it reduces the iron ore. The states of reduction
throughout the furnace are shown Figure5. Iron oxides can be reduced to iron
via directreductionor indirect rediction. Indirect reduction occurs at the top of the
furnace between iron ore and the reducing gases carbon monoxide and hydrogen,
with the products being carbon dioxide and water. Direct reduction occurs in the
bottom of the furnace between coke carbon aRdO leading to the formation of
carbon monoxide(Babich, et al., 2008)The following reactions are reactions
between a gas and the iron ore, hence they tesmed Yhdirect reductioThe
first stage of reduction to occur td KS A NBY 2NB A& FTNRY
YI3IySGAGS o6CSihjoy
0CSi higutcS/ihj b [/ hi

Equation4
Further down as the furnace becomes hotter, the magnetite is converted to wustite
(FeO):

CSihjA®CEM b [/ hi

Equation5

In the cohesive zone, the wustite is converted to iron:
FEO+C@ CS b [/ hi
Equation6

Substituting hydrogen for carbon monoxide in the iron reduction reactions above
LINE RdzOS&a 41 6SNI AYyaGdSIR 2F [/ hi o
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Not all d the reducing gases are fully utilised, so they leave the top of the blast
furnace and are used as fuel gas for heating the blast air, and othe(Hidlest al.,
2004)
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Figure5: The successivedection states of iron ore in the blast furnaeerdes, et al.,
2009)

Summary of Slag Formation

The purpose of adding the limestone is to help form the slag. Slag forms from all
the impurities in the blast furnace such agtboal and coke ash, iron ore gangue
and limestone itself. The limestone (calcium carbonate) decomposes upon heating

to produce calcium oxide:

' 1T ATl h b [ hi

Equation7
The calciunoxidereacts with the alumina and silica tequuce an aluminosilicate
slag as follows:

H/ Fh b I @Qi/Ri T8 i { Mhih

Equation8
Moreover, some of the sulphur in the feed materials that converts to iron sulphide
can be removed by the slag as calcium sulphide:

CS{i #CAHICAS+FeO +CO
Equation9

The slag composition is much more complicated than this as there are many other
elements that can be contained within it and these include Na, K, Fe, Mg, Ti and

other trace metals.

12



Carburisationof the molten iron occurs as it drops through the active coke zone
and deadman to reach 4.5% carbon; this lowers the liquidus temperature of the

molten metal(Geerdes, et al., 2009)

Charge materials contain numerous elemeheside iron and these have various
destinations during the blast furnace process. They can be: dissolved into the hot
metal; leave via the slag; be emitted in the top gas, or even absorbed into the blast

furnace refractory.

1.4.3 Raceway

The blast furnaceaceway is formed when high velocity gas is injected axially into

a packed coke be(5uo, et al., 2013; Wu, et al., 201%he momentum of the high

velocity blast pushes coke away from the tuyere nose to create theawayg(Sau,

et al., 2018) A diagram of the raceway is shownHRigure6. The nozzle through

which blast air and injection coal enters is known as a tuyere. Injection coal is fed

into the tuyere via amijection lance. The temperature in the blowpipe is the same

as he blast air at around 1100°C 1800°Q(Hill, et al., 2004; Naito, 2006; Geerdes,

et al., 2009)and this is where coal devolatilisation begiasdccur(Zhang, et al.,

20100 ¢ KS O0ANRQA ySaid Aa GKS NB3IAZ2Y |G GKS

partially burnedchar accumulates.

Tuyere

| Raceway -

o b
Injection
lance

Blowpipe

. Char particles
Pulverized coal

Figure6: Crosssection of the raceway. Taken frddihen, eal. (2007)

Reaction of coke in the raceway with oxygen modifies the raceway shape and size
and helps to maintain stabilitfGuo, et al., 2013Raceway dimensions vary based
upon a combinatiomf the kinetic energy of the blast and injectant, and on the coke
properties(Babich, et al., 2002 he raceway is larger when operating under coke
only conditions, and increasing the blast temperature slightly increasestesvay

depth, however, according to Babich, et(@002) the effect of oyxgen content and

13
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moisture content has not been shown to have an effect thusTiae main reactions
occurring in the raceway a@ + @A CO;C+H W Hi b C+ @OA 2CCand
H +%0i A Hi tand this is where the bulk of the hot reducing gases @eated
(Sau, et al., 2018)

Regarding coal injection particle size, Wu et(2019)found that small particles
follow the gas streamline and recirculate for a long time in the raceway. However,
with larger particles exceeding 180, more than half of them will continue in the
direction in which they are travelling and land in the coke bethatback of the
raceway. Similar findings were made by Guo, e{2005) who found that large
particles of around 20Qm tend to maintain their axial direction of travel through
the raceway, whereas small particles becoemrained in the flow fields and
remain for longer residence times and are more affected by turbulence. This led to

a broad range in particle residence times of 25 ms to 1000 ms.

The raceway depth is about a metre from the lance(@uo, et al., 2005; Sau, et
al., 2018) According to Bortz and Flam€1983) with racewd depths of around 1

to 1.5 metes, and blast velocities of 200 m/s, this gives a theoretical raceway
residence timeof 5- 7.5 ms which is much lower than reported by Guo e(2005)
however it should be borne in mind that this was a theoretical approximation.
Direct measurement of the raceway in a furnace is highly challenging owihg t
high temperature and pressure, and toxic gaégau, et al., 2018According to
mathematical modelling by Zhang, et @2010)residence time of particles within
the racewaymay be 30 m$o 50 ms, with peak temperatures of 2150°C. From this
literature, it can be seen that there are widely varying estimates of raceway
residence time. Given the turbulent nature of the raceway, it is likely that some
particles remain in the raceway for queme time, but one must take into account
that coal reactivity, particle size, and raceway conditions have a large part to play

in this discussion.

Zhang et al.(2006) performed digital image processing of raceway flame
temperatures and found the kernel of the flame is about 2000°C when a mass of
coal powder ideing blown in, and around 1800°C2&00°C otherwise. Wu, et al.
(2019)state the temperature is higher at the outer surface of therpé where
oxygen content is higher, and lower in the centre of the plume. The heating rate in
the raceway is in the order of 38/s(Ishii, 2000; Chen, et al., 20G¥ith moisture
evaporation, devolatilisation, combustion of volatiles, and combustion of char

occurring as the coal particle combustion proceG&hang, et al., 2010)
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Devolatilisation occurs very quickly and is complete not long after leaving the
tuyere and char burnout occurs in the raceway, not tuy@tieang, et al., 2010\Vu
et al.(2019)found that most of the coal particles burn out in the raceway with the

remainder burning in the coke bed.

1.4.4 Coke

Heat from coke is required to melt the iron and slag, and drive the solution loss
reaction. The solution loss reaction is between coke @@ and it produces CO at
high temperatures(Geerdes, et al.,, 2009C0ke is central to the blast furnace
process a#t acts as an energy source, a reducing agent, and as structural support
for the burden(Gornostayev, et al., 2018)he porous nature of coke allows gases

to permeate up through the blast furnace sta@karpenter, 2006)The iron ore is

not permeable, and becomes cohesive and molten in the lower paheofurnace.

The presence of coke that remains solid at high temperatatlsvs molten iron

and molten slag to drip downwards into the heaftheerdes, et al., 2009Dil, gas,
plastics and coal can provide energy and redygases, but only coke possesses
the strength and porosity to support the wggit of burden and allow gases and
liquidsto permeate. As coal injection has become widedspread, the usage of coke
has reduced which means that its layers within the stack hacerbe thinner and
residence time within the furnace has increased. In coke production, the amount
of moisture, sulphur, ash and alkali metals are tightly controlled, and lower is
better. The Coke Reactivty Index (CRI) and Coke Strength after Reactiole¢CSR)
are both used to determine coke quality. If the coke is too reactive in the furnace,
it will break down into finer material and this reduces the permeability. Hence, the
coke must maintain a good strength after reaction so as to retain a permeable siz
having reached the lower part of the furnad&®i il {®H+nHO Coke degradation

and fines generation occur due to mechanical stresses, solution loss reaction,

thermo-mechanical impact, and chemical attack from alk@iapta, et al., 2008)

Coke making involves heating coal at 1000 1200°C in an oxygen deficient
atmosphere with the aim &ng to concentrate the carbofivasko, et al., 2005;
Osborne, 2013)Depending on the volatile matter, it takes mghly 1.4tonnesof

coal to make tonneof coke(Carpenter, 2006 During the coking process, coal ash
reports directly to the coke, while the sulphur present in the parent coal is found
partially in the resulting coke. Coketire slag helps to reduce Si&nd MnO. Coke

should have high carbon, low sulphur, low ash, low alk@&borne, 2013)
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Coking coals are expensive owing to their unique plastic properties and limited
supply (Bennett & Fukushima, 20Q3Bcarcity and cost of coking coals, and
environmeral concerns about coke making lexan increase in the price of hot
metal (Sau, et al., 2018)Coke is the most expensive feed matendb the blast
furnace(Gupta, et al., 2008; Hill, et al., 200dyving to the stringent environmental
regulations surrounding its production, so there has been a lot of attention to
reduce its use, and coal injectie®one of the alternatives that has been employed

(Hill, et al., 2004)and is discussed in detail in the next section.

1.4.5 Pulverised Coal Injection

In the late 1950s and early 1960s oil and gas injection through the tsiyeas
common. The oil crisis in the 1970s caused the revival of coal injection and it has
been increasing ever sin€Bennett & Fukushima, 2003; Mathieson, et al., 2005)
greater than 200 kg/tHMypically used at preent, which makes up around 40% of
the total reductant supply to a blast furnag®sborne, 2013)Increasing the
amount of coal injection means that less coke needs to be used in the blast furnace
(Capenter, 2006) The endothermic chilling effect of large volumes of fossil fuels
limits their injection rate into the blast furnace, and this effect increases with
hydrogen content. In addition, at higher injection rates, increasingly limited oxygen
avalable for combustion has the same chilling effécsignificant advantage of coal
over oil and gas is that it has a much lower chilling effect on the combustion zone

thus it can be injected at higher ratéBabich, et al., 2002

The use of pulverised coal is advantageous to the ironmaking process for a number
of reasons which are as followBennett & Fukushima, 2003; Carpenter, 2006;
Osborne, 2013)

1. Money is saved due to reducecbnsumption of expensive coke, and
pulverised coal injection (PCI) allows the blast furnace operator to choose
cheaper coals than the coking variety. Moreover, one tonne of coke can be
replaced by one tonne of PCI which reduces the overall consumptiamabf
since volatile mass is lost during the coke making process.

2. The service life of coke ovens is increased because less coke needs to be
produced for blast furnaces. A reduction in coke consumption also delays
expensive maintenance of coke ovens, or tlding of new ones.

3. There is a increase in the productivity of the furnace, i.e. a furnace of a

given size can produce more hot metal than with coke only operation.
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4. PCI enables greater flexibility during operation because the injection
parameters can & altered much more quickly than the deposition and
location of solids into the top of the furnace; it takes 5.2 hours to travel
from the top of the furnace to tuyere levé€Geerdes, et al., 2009, p. 17)

5. Theconsistency irthe quality of the hot metal is improved due to lower
amounts of undesirable elements.

6. Carbon emissions are reducddfe Cycle Analysis by Tata Steel showed a
6.7% reduction in ACGemissions when the PCI rate incredsfrom 16
kg/tHM to 116 kg/tHM(Sripriya, et al., 2000)

The objective of PCI is to maximise its rate in order to maximise the benefits
described above. In the early period of PCI, the focus was on increasing the
combustibility, but once high PCI rates had beehiegd, the focus turned to
problems with permeability and heat loss in the lower part of the blast furnace. A
selection of pulverised coal rates around the world shows that they anesilall

in excess of 200 kg/tHMn Europe, lower fuel rates are prefed with highest
possible productivity, for examplentliiden 7BF running at 216 kg/tHNbut in
Japan the fuel rates are higher with the excess converting to a gas that is used in
the integrated steelworks, for example Fylama 1BF running at 265.5 kg/tHM
(Naito, 2006) Baosteel in China has been rurmat PCI rates of 22@/tHM to 260
kg/tHM in 2005(Baosteel, n.d.)Thus, it is possible for the injectant rate to reach
up to and in excess of 25@4&HM with a 50:50 ratio of coal tooke but incomplete
combustion within the raceway, gas permeability within the shaft, and dirtying of

the deadman make this difficult in practi¢@abich, et al., 2002)

There are limited pammeters used in industry to assess the suitability of a coal as a
pulverised injection fuel. Fuel ratio, defined as the ratio of fixed carbon to volatile
matter, is a commonly used metric to try and predict the combustion behaviour of
different coals(Gupta, et al., 2006and has been used iseveralpapers as a
parameter of interes{Bortz & Flamert, 1983; Du, et al., 2010; Kurose, et al., 2001)
Coal combustibility increasegth volatile matter(Barranco, et al., 2006; Du, et al.,
2010; Suzuki, et al., 1984ut a higher carbon content coal is able to replace more
coke(Hill, et al., 2004)which is benétial to reducing the coke input. According to
Ozer et al(2017)coal reactivity increases with decreasing rank because lower rank
coals have higher volatile matter, are more porous and have more oxygen

containing functionagroups.
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based upon the carbon content of the coal / blend being inje¢@derdes, et al.,

2009) hence low volatile coals offer a betteeplacement ratio(Bennett &

Fukushima, 2003)n the past, high volatile coals have been the preferred choice,

but more recently the use of lower volatile coals has become more widespread

(Ishii, 2009 as understanding of PCI has improyBeénnett & Fukushima, 20Q03)

According to Bennett and Fukushir(2003) at high PCI rates (>160 kg/thilthe
following changes were observed in the blastrniace: changing raceway size;
reduced permeability of coke surrounding the raceway; changes in raceway
temperature profile; mechanical degradation of raceway coke; decrease in the
deadman temperature. In the blast furnace, coal reactivity in the racewani
important factor to consider since as the amount of coal injected increases, this
leads to problems of increased amountgattially burred char which reduces the
permeability in the furnace, leading to sub optimal gas flow resulting in uneven
temperature distribution. Coke erosion is also responsible for reducing

permeability in the furnacélshii, 2000)

Partially burred char that does not undergo solution loss, either becomes trapped
in the furnace or exits as a dudennett & Fukushima, 20Q3%au, et al(2018)
state that partially burred char tends to accumulate in the lower part of the
furnace. The properties and effectiveness of the diminishing masseslaf
compound the situation, since, with increasing coal injection rate, the coke rate is
reduced to compensate, resulting in thinner coke slits thus affecting permeability,
especially in the cohesive zone. A decrease in central gas flow results ineaséncr

in peripheral gas flow, thus there is greater heat loss from the furnace walls, and
an increase in top gas temperatures as a result. Moreover, this diversion of reducing
gases results in less araction with the burdenjesening heat exchangm the
centre of the furnace, antbading toinsufficient ore reduction. The flow of FeO
rich slag resulting from incomplete reduction also serves to lower temperatures
(Naito, 2006) Thus, it is clear that stable operation of a blasnace is dependent

on an even flow of gas up the furnace and an unhindered flow of molten iron and

slag to the hearth of the furnag€arpenter, 2006)

Exceeding 200 kg/tHMhe replacement ratio starts to decrease; thisisaccount
of lower combustion efficiency. Thus, when working close to the limit,
proportionately more PC needs to be injected to maintain a linear replacement

ratio (Bennett & Fukushima, 20Q3jlence, there is a case of dinsining returns at
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high coal injection ratesand it is evident thapartially burnedchar may accumulate
if it is not consumedAdditionally, as stated by Nait{@006) the coke rate often

increases slightly which somewhaggates the benefits of the higher PCI rates.

Further research into the combustion kinetics of coals and blends is required to
create optimal blends at high PCI rat@ennett & Fukushima, 2003yhere are
some solutions to theabove mentioned problems; increasing the blast
temperature, oxygen enrichment, and improved injection lance design have helped
to alleviate some of the issues posed by increasing PCl(B¢esett & Fukushima,
2003; Oério, et al., 2006)Burden distribution such as central coke charging is a

useful technique to maintain a central gas flow up the furné¢aito, 2006)

1.4.6 Grinding

Blast furnace injection coals are ground prior to injgetin the blast furnace. There

are two types of coal grinding specification and these are pulverised and granular.
The majority of coal injection systems use PCI (pulverised coal injection) where 70
80% of the coal is ground to less than [, with fewerplants opting for GCI
(granular coal injection) where the top size of the coal is nominally 2 mm, with
around 2030% being less than 18n (Carpenter, 2006]Du, et al., 2010)Power
station millsare gecified to grind coal to 100%300um, 75% < 75 urBarranco,

et al., 2006) According to(Carpenter, 2006)the coarser specification reduces
grinding and drying costs, but at the expensédwiout in the raceway, where the
higher burnouts achieved by smaller particle sizes are preferable. PCl is favoured in
Germany and Japan, while GCI is used in Brif@amrpenter, 2006) namely
Scunthorpe and Port Talbot, anl & 2 o0& . SGKf SKSY {G4SSf Qa
Plant since 199fHill, et al., 2004)where grinding costs of granular coal are around

60% lower than for pulverised coal.

It is generally accepted that pulverised coal burnougieater than granular,
however, the performance difference between the two may be reduced by the
effect of fragmentation,(Dacombe, et al., 1999; Steer, et al., 2013agreasing
fineness of coal increases burnout amoarser grinds resulting from worn
pulveriser mills produced lower burnout, but the difference was less than expected
(Barranco, et al., 2006)n a trial by Hill, et a(2001)at Bethlehem Steeih the
United States, it was observed that the performance of granular coal was not
inferior to pulverised. A study by Du, et €010) showed decreasing the particle

size below 75um had little effect in increasing theubnout due to particle
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agglomeration taking place, thus negating the benefit of any further reduction in

particle size.

1.5Aims and Objectives of the Thesis
All coals contain mineral matter, which, when combusted, creates ash. Mineral
matter is highly vdable between different coals, both in terms of mineral and

elemental composition.

The aim of this thesis wa to use Xray diffraction mineral analysit identify
differences in the@mount of quartz, clays and carbonatexoal ashes anthake a
connecton withthe concertration of silicon, aluminium, iron, calcium, magnesium,
potassium, sodium and sulphur in the elemental analysth®fish. A relationship
betweenmineraland chemicalinformation, andthe ash fusion temperatureyas
soughtto inform upon effects that might occur in thelast furnace racewaylhis
involved determiningthe effect of heating environment on mineralogy, ohistry
and fusion temperature using muffle furnace and a drefube furnace irorder to

draw parallels between laboratg and blast furnace heating environments.

Theextent of volatilisatiorof potassium, sodium and sulphunder these heating
conditions wa also of interest Physical properties such as abrasiveness, particle
size and bulk density of ashes from charsre investigatedwith a view to relating
particle behaviour tahe blast furnace racewayinally, this thesis aiaa to identify
whether ashes we catalytic or inhibitory on the combustion of coal and

gasification of coke, by using a thermogravimetric arealys
Theobijectives of this thsis wee as follows:

1. To relate theash fusion temperaturavith the relative amounts of acidic
(silicon, aluminium and titanium) oxides, and basic (calcium, iron,
magnesium, potassium angdodium oxides).

2. To determine the effecdf heating environmenbn ash fusion temperature
and relate this tothe blast furnace.

3. To determine bw much of the alkalis potassium ansbdium are
volatilised and how muchsulphuious gases are releasex the mineral
matter undergoesigh temperature onditions.

4. To identify differences in thabrasivenessf coal ashes between different
coals ad underdifferent heating conditions, and to determine the extent
to whichabrasivenessgsrelated to physical properties obsesed under the

SEM and mineralogy.
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5. To investigate angatalyticor inhibitory effectof ashon the reaction of
coal and cokeand what impact this hai the racavay region of the blast
furnace?To relate the findings witlthe ash chemistry, for instanceon,

calcium and alkali content.

An improved understanding of ash in the blast furnace process can be used to
advise of any problems that may arise from using different coals. This information
will be useful to identifying problematic coals and adjusting blends to improve

behaviour in the kast furnace.

A droptube furnace (DTF) was used to simulate raceway environments as closely
as was possible in the scope of this thesis. Chars were prepared under different
reactions to relate to different areas and conditions in the raceway. The asimas fr

these chars were analysed samswer the following questions.

1.6 Thesis Structure

Chapter 1 introduced the reader the context ofcoalin the world, in steelmaking,
and inthis thesis. It summarised the aspects of climate change, and the current and
future challenges to the steel industryhe bast furnace process was described

The aims ad objectives of the thesis were laid out

Chapter 2 is the literature review that contains a strong focus on coal mineral
matter and how it affects blast furnacealdnjection.Areas considered includdar
combustion, ash melting behaviowlkalivolatilisation sulphur in the blast furnace
andthe abrasiveness of ash. The findings of the literature review are used to inform

the research hypothesis.

Chapter 3 detds the materials and methodsWhere appropriate, method
background is describedhe methods themselves are defined on a stgpsbep

basis. Aalysis techniques are explaindgikperimental error is also discussed.

Chapter 4 displays the results ofa§ dffraction and elemental analysis of the coal
minerals. It relates these findings to the ash fusion temperat(#ésl pbserved in
the different ashes. Particular attention is paid to how the temperature and
residence time in the drofube furnace(DTFgffects the fusion temperatureAFT

is related to blast furnace effects suchstag chemistryandraceway and deadman

permeability.

Chapter Ss a resulthapter focusinggn components of askolatilised or released

in the gas phasaamely potassium, soiim and sulphur. The relationship between
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drop-tube furnace temperature and residence time, and the degree of
devolatilisation'releasefor the elementsis investigatedThe results of this chapter

are used to informupon possible effects the blast furmace.

Chapter @s an analysis of physical properties shaThaesults of abrasion testing

of ashes are displayedshes from DTF chars were investigated to determine the
effect of heating environment oash physical propertiesTheabrasivenessf the
ashis related to the morphology of the ash, found using SEM. The patrticlefsize
the ashes wasmeasured to look for links between abrasion, DTF reaction
environment and ash morphology. THimdings of the experiments fronthis
chapter are relatd more speifically tothe tuyere regiorof the blast furnacevhere

abrasion is an issue.

Chapter 7 uses a Thermal Gravimetriaser (TGA) tmvestigate how ashes of
varying chemistries and properties affect the reactivity of coal combustion, and
coke gasificatin. The results in the chapter are used to inform how asimes/
effect coal combustion in the raceway, and the effect on coke gasification in the
0ANRQa ySald FYyR RSERYlIYy®

Chapter 8s the discussion of thiindings of the resultfrom this thesisEach othe
coals tested is evaluated in relation to the findings of the théldigre is a strong
focus on the industrial implications of the work from the thesi&is chapter

finishes with the conclusions of the thesis.
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Chapter 2. Literature Review

The literdure review performs fourkey purposes in this thesis. It informs the
research areas of the thesis identifies a knowledge gawhere further research
is required it validates the findings of the results chapters; and it provides insight

into how thesefindings might affect the blast furnace.

The study of mineral matter in the blast furnace is miatietted, thus requires the
exploration of a large body of literature in diverse areas. This chapter is intended

as a comprehensive reviest¥ the topics disassed in thehesis.

2.1 CoalParticleCombustion

The combustion of coal particles is dependent on the coal properties and reaction
conditions. It is a sequential process, but with partial overlap, occurring with:
heating of the particles and loss of watevolatile matter release; ignition and
combustion of the volatiles; ignition and combustion of the cf@arpenter &
Skorupska, 1993\ olatile burnout occurs very quickly, however char combustion
occurs much more slowly anitk rate is determined by physical and chemical
factorstherefore it determines the burout time of the coal in the furnac@ayanti,

et al., 2007) For example devolatilisation at a heating rate ofifl0 Y Kl&bLK/$ 2
might take 10 ms td 00 ms, whilst char combustion could take between 1 and 4
secondqLu, et al., 2001 Particle heating rates in the blast furnace are in the order
of 1P K/s (Chen et al., 2007)During the sequence of coal particle combustion,
different types of reaction occur. Combustion of gaseous volatiles is a
homogeneous gas/gas reaction, while that of liquid volatiles is a heterogeneous
liquid/gas reaction. The reaction ohar is a heterogeneous solid/gas reaction that

is influenced by its pore structure, size, shape, density and reactivity. Given more
time, a char will combust more fully. Like all reactions, the rate of char combustion
is determined by chemical kineticadimass transport limitations. Char combustion
can be described using an Arrhenius based expression, but given the heterogeneity
of coal as a fuel, it can be difficult to accurately predict the combustion process
(Carpenter & Skaipska, 1993)

The sequence of combustion in a pulverised fuel (PF) boiler occurs in the same way
as in the blast furnace raceway, however the operating conditions are very
different. The blast furnace raceway is hotter (~2200 °C vs. ~1500 °C), witkr shor

residence times (~20 ms vs. ~200 ms) and a pressure in the raceway of €ome 4
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bar compared to PF boilers. Moreover, the reaction atmosphere is far highei in CO
and Clshii, 2000)

Figure7 showsthe processes occurring duritegal devolatilisation.It can be seen

that moisture and volatiles are lost in the initial stages. Vaporisation of Na, K, S and
Cloccur simultaneously. The fragmentation of coal occurs and included minerals
are released dunig combustion.
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Figure7: Coal combustion and mineral relea$eken from Mann and Ludlo@997) cited
in Benson and Sondre@002, p. 13)

There are many paits discussed in the literature review which can relate to this
diagram. The formation of sodium, potassium and sulphur vapours, and the release
of included minerals are important factors whose effect in the blast furnace is

investigated in this thesis.

2.1.1 Devolatilisation

Temperature, heating rate and coal rank all influence the amount and composition
of volatile matter yielded from a coafYang, et al., 2014)Increasing the
temperature and residence time increases the ambuwf volatile release
(Kobayashi, et al., 197./yrolysis is the breaking of larger molecules into smaller
molecules due to thermal decomposition. If the temperature is high enough and
the molecule is small enough, it chandesm a solid to liquid to gas phase and
pressure build up within the particle causdegassing The process of chemical
bond breaking and volatile movement out of the particle is called devolatilisation
(Fletcher, 2017)Rfactor is the ratio of volatile release under rapid heating

conditions (such as in a DTF) to volatile release following proximate analysis. There
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can be significant variation between coals sda&or can be used to better
characterise fuels for industifsibbins, et al., 1993; Chen, et al., 20@@creasing
particle size and increasing reaction temperature cause an increase infutoR

and an increase in devolatilisation rate. The R factor is lower for largg4@dm)
particles than for (444 um) small ones. The reactivity of unburned material from
low volatile coal is lower than that of high volatile coal. Stefan flow, the release of
gas from the solid surface, can cause sticky particles to have more difficulty
agglomerating which can lead to a bimodal particle distribution of agglomerated
and noragglomerated particle§Chen, et al., 2007Bituminous coals soften and
enter a plastic phase where swelling occurs as coals are heatelingweffects are
more pronounced under higher heating ratésu, et al., 2003and lead to coal

agglomerationShampine, et al., 1995)

Small particles are quicker to heat up and devolatilise tlamge particles. They
combust more effectively owing to their higher surface area to volume ratio which
increases reaction with oxygen, but moreover, their increased tendency to circulate
in the raceway gives them more chance to encounter oxyiiEnzones for reaction

as well as increasing their residence time. Calculated and experimented burnouts
increase with volatile matterHigh volatile coals are less sensitive to particle size.
Burnout is rapid at first, due to volatilisation, but increases at aehsing rate
further into the raceway during char oxidation. As coal injection increases, burnout
decreases owing to lower oxygen concentration. Higher injection rates of high

volatile coal have less of an effect on burn¢@Guo,et al., 2005)

It has been found that blending coals can lead to burnout improvements exceeding
the sum of their parts, as the volatile matter in high volatile coals can promote the
combustion of the lower volatile coals in the blend owing to an in@eagparticle

temperature due to the volatile releag&teer, et al., 2015a)

2.1.2Kineticsof Char Combustion

There are lhiree regimes of reaction that can occur during coal char combustion.
Under Regime I, there is plentifukygen to the reacting particle and the oxygen
concentration at the particle surface is not much lower than that of the free stream,
so the reaction rate is limited by the particle size and temperature, and not by the
amount of oxidant present at the partee surface. Regime | is known as chemical
control. During Regime Ill, most oxygen is consumed before even reaching the
particle surface, hence the oxygen cannot diffuse fast enough to the particle surface

and pores so the concentration at these points asér than the free stream
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oxygen. Regime Il is known as diffusion controlled reaction; it is more likely to occur
at high temperatures, high reactivity coals and small particle sizes. Regime Il is a
combination of | and IIl and, is likely to be the caseadal world combustion
(Osborne, 2013)for instance during char combustion in a L&, et al., 2001)
However, according to Bai et £017)devolatilisation ancdhar combustion occurs
sequentially for large coal particles 15@12 um in size, and simultaneously for
small coal particles in the range of 2060um when analysed in a DTF with image
analysis. The coal tested was bituminous. Moreoever, for the seglniturning

large particles, there wertwo peaks of luminosity caused by the combustion of

volatiles and the combustion of char.

Since char combustion is exothermic, the particle temperature may be higher than
the surrounding gas by several hundred oEgs. The gas at the surface of the
particle may be more reducing than the bulk gas as the particle consumes oxygen
(Senior & Flagan, 198For a bituminous coal tested in a DTF, it was found that
char surface area was greatest around 4650% burnout due to the formation of
numerous mesopores and micropores, however the reactivity of the char was
reducing by this point because the reactive amorphous carbon had been
preferentially consumed leaving more ordered carbon as cortiduprogressed.
Surface area reduces after this point as pores merge. Preferential consumption of
amorphous char was found to be responsible for diminished reactivity as burnout

increasedLu, et al., 2001)

2.1.3 Particle Frgmentation

Fragmentation is an effect that can occur to coal particles depending on thé&ir ran
size, volatile matter yieldand the conditions in which they are heated. Following
DTF testing in nitrogen at 1400°C by Friedemann €Rall6) it was found that
anthracite particles disintegrated upon heating while brown coal gave a bright tail
due to devolatilisation and did not fragment under any of the investigated particle
sizes, temperatures, and residence times. HV bihous coal showed
fragmentation behaviour but less than anthracite. Anthracite fragmentation occurs
due to its propertiesln the case offiigh vitrinite content, this makes the coal brittle
therefore not resistance to thermal stresses. Brown coals havelaehiporosity
which leads to a higher resistance against thermally induced stresses. Increasing
temperature promoted internal thermal and mechanical stresses giving rise to
greater fragmentation (Friedemann, et al., 2016)In dher work, particle

fragmentation increased with increasing particle size and DTF temperature. It also
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was noted that the outer shell of a particle fragments into many pieces whilst the
core remains more stable and fragments into comparatively fewer pieces

(Dacombe, et al., 1999)

2.2Mineral Matter

Mineral matter is an integral part of the coal that needs to be accounted for. The
mineral matter in coal has a range of effects in the blast furnace which are
investigated and disssed in this thesis. The majority of processes that use coal
have defined limits to the amounts of particular minerals or elements in the
inorganic matter. Better understanding of the mineral matter allows for more
complete utilisation of available coatservesgRenton, 1982)Mineral matter is a
complex system owing to the various physical and chemical conditions under which
the coal formed Gluskoter, 1975)

2.2.1 Terminology and Coal Mineralngposition

¢CKSNBE Aada a42YS YAadzyRSNERGlIYRAY3IZ Ay GKS A
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residue formed from the mineral matter in coal after asbeen fully combusted.

Ash is different from mineral matter owing to the chemical and physical changes

that have occurred during combustigRaask, 1985; Ishii, 2000; Speight, 2005)

According tovassilev ad Vassilevg1996) the term mineral matter only applies to
materials that can be defined as minerals in a geological sense. That is, they are
naturally and inorganically formed solid structures with leagge geometrical
order, i.e. crystallinity, and can be represented by a chemical formula. Amorphous
structures such aglasses are termed mineraloifidefferan & O'Brien, 2010The
minerals found in coal are categorised as: silicates, carbsnasalphides,
sulphates, phosphates, metal oxides / hydrated oxides, and chlofiReston,
1986; Ward, 2002; Vassilev & Tascon, 2003; Speight, ,2805hown irnTable2.
Gluskoter(1975)and Ward (2016)give a broader definition to include the above
geological definition of mineral matter, plus all the additional inorganic
components that are congsed solely of elements from an inorganic source; that
is, they do not contain organically derived carbon, hydrogen, oxygen, nitrogen and
sulphur. So although, the mineral matter contains the above elements, for example,
carbonates contain carbon and oxygesulphides contain sulphur, and sulphates
contain sulphur and oxygen, these elements form part of the inorganic material,

therefore they are regarded as mineral matter or inorganic material, depending on
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the definition that one chooses. In this thesithe broader definitionof mineral
matter that includesther inorganic mattewill be used for two reasons, firstly, the
elemental analyses carried out on a bulk sample of ash are unable to determine the
precise source of the inorganic elementdesecondlythe focus of this thesis on

the effects of the mineral matter in the blast furnace, so it is leseonred with

the preciseorigin of any particular component, and more so with how it affects the

blast furnace.

Another distinction that needs to be rde is betweeninherentand extraneous
minerals as this effects how minerals behave within the coal mathig. minerals
that are intimately associated with the organic matter are terni@terentmineral
matter. These minerals can possildgly be removed tiemically. Mineral matter
that comes from within or between the coal seams is knowaxdsaneougnineral
matter. It is possible to wash this type out to remov@itard, 2002) Included and
excluded minerals follow the same fitdtion as abovgGupta, et al., 1996)and
excludedmineralsmay be formed from included mineratkat are released from
the coal during crushing process@aylor, et al., 1998 he average diaater of
most mineral grains in coal is pfn, with few exceeding 100m, except in the case
of localised massive occurrences of pyrite or marcadenton, 1982)but this
illustrates that intensive grinding of a coal would dfgle to break up and release
inherent mineral matterWhether minerals are included and excludeay dfect
how they interact within the coal and with the blast furnace. For example, catalytic
interactions are more pronounced when the catalyst is intinhagssociated with
the organic materig{Levendis, 1989and excluded minerals are far more likely to

cause wear to grinding and coal injection equipm@®aask, 1985)

Table2 shows the more common minerals that are found in coal, and how they are
categorisedThe melting temperatures of individual minerals are useful for future
work in this thesis where ash fusion temperatures are investigathdre are many
additional uncommon minerals that are found in coal and thesedetailed in the
literature (Rao & Gluskoter, 1973; Gluskoter, 1975; Raask, 1985; Renton, 1986; Ishii,
2000; Ward, 209), along with the following informationThe majority component

of coal mineral matter is clay at 50D%, with quartz being the next greatest
contributor at around 1 to 20%. The clays found most commonly and in greatest
abundance are kaolinite, illitend mixed layer illitenontmorillonite. Sulphur is an
essential element required for plant life where it is found in proteins, hevcgit

is found in coal deposits. On average bituminous coals have a sulphur content of
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1% to 4.5%, with pyriteeing amore significant source of sulphtihan organically
bound sulphur, in a ratio of roughly 3(Raask, 1985 here is usually some form

of carbonate such as calcite and siderite, althowtgpending on the region,
ankerite and dolorite may bemore common. Sulphates are rare in fresh coals, and
generally occur in weathered coals where the pyrite decomposes to a form of
hydrated iron sulphate, of which there are a number of forms, with varying degrees
of hydration. Phosphates are sonmaes found in coals, the most common being
fluorapatite (calcium phosphate). Rutile (titanium dioxide) is often found, but the
presence of iron oxides is less common. Usually, iron oxides form in high
temperature ash from the decomposition products of ntals such as pyritéelhe
number of different minerals that can be present in coals is on account of the fact

that they carbe found anywhere in the world.
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Table2: Commonrcoal mineralswith melting or decomposition temperaturéRao &
Gluskoter, 1973; Gluskoter, 1975; Raask, 1985; Renton, 1986; Ishii, 2000; Ward, 2002)

Melting /
Mineral Formula Decomposition
Temperature
)
Kaolinite Pf£i { Ai hmohl| 1810 (Mullite)
lllite Ys®dm! £ ] 0{ Awdmp] 10001300
g Smectite bl ediio!fsdwhai
- § £ Muscovite YI'fi 6{AT ! f0h 10001300
T S E Montmorillonite | 6 b X/ | 0 e @i 7T 0! f T a
2l | 8 Chlorite (MgFS ! f UWO{ A! f 0
Mixed Layer / | Usually random layers of illite and montmorillonite @
Interstratified chlorite.
Silica Quartz {Ahi 1710
" 0 Orthoclase Y!' ft{ AT hk
Q 5 i
| 8 P'("‘/ﬂ'boitce"')"se b1 € {AihK
N ' Plagioclase : S
L (An%rth.te) I PV e {AQ hK
Calcite [/ hi 927*
Carbonates Dolom_ite o/ I a ?I 0o/ h i 0 777*
Ankerite /' 16CSXxXa3du/ h 727*
Siderite CS/ hi 527*
Pyrite CS{i 060dz A ( 802*
g Sulphides Marcasite CS{i 0 2 NI K 2 NJ 802*
s Pyrrhotite CS{ 1027
Gypsum /' {hj ®lih 1452
Sulfate Barite . F{hj 1582
Bassanite /' I {hj ®oyl i h
Phosphates Apatite /' mCo6t hj ot >1227
Anatase CAhi
Metal Rutile CAhi 1827
Oxides Hematite CSi hi 1567
Magnetite CSi hj 1592
. Halite NacCl 801
Chiorides Sylvite KCI 770
* Decaposition temperature
*x Dehydration temperature

There are several terms used to describe the way in which the coal minerals, found
in coal today, camento being in the first placeCoal mineralgan be classified as
biogenic, detrital orauthigenic. Authigenic is further split into syngenetic and
epigenetic. Biogenic minerals comprise less than 1% and account for the phases
formed from animal and plant remains. Detrital minerals were transported by wind
and water into the peat swamp. Autfenic minerals formed in the peat swamp or
coal seam. Syngenetic minerals formed at the same time as the coal was formed,
and epigenetic minerals formed after the coal had reached its final (drded,

2016)
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To summarise;od mineral matter can beomposed omany different mineralas
shown inTable2. In general testing, the most common minerals elays, quartz,
carbonates sulphidesand some form of metal oxide. terms of specifienineral
names theseare represented bkaolinite, illite, montmorillonite, quartz, calcite,

pyrite and possiblyutile (Gupta, et al., 2008)

Class

Clays form more than 50% of coal mineral matt€he classification of clays is
discussedn this sectionThere are five main groups of clay that are made up in two
different structuresas shown irFigure8. These structures are 1:1 clays and 2:1
clays. There is only one clay group with the 1:1 structure and this is kewolihie
remaining four groups are 2:1 clays and these are mica, chlorite, vermiculite and
smectite Mica and illite are used interchangeaplyut illite is a blanket term to
name theclay minerds that make up the mica grofRenon, 1986) The term illite

will be used in this thesis to avoid confusion as this is the most common term in the
literature. Kaolinite, illite and chlorite clays do not expand in water, whereas
vermiculite and smedte do expand The clays are made uj alternating layers of
tetrahedral SiO and octahedral alumin&liGi. In coal mineral matter, the two
commonest clays are kaolinite and illite, and they serve as a significant source of

aluminium to the asl{Filippidiset al., 1996; Tian, et al., 2011)

;Z,I-}Ml 2
e

e

Kaolinite Mica Chlorite Vermiculite Smectite
1:1 Clay mineral 2:1 2:1 Clay mineral 2:1 2:1
Non Expanding Expanding

N Tetrahedral sheet

B Octahedral sheet
=3 Hydroxide sheet
K~ cations
) Water & Mg?" cations

b )  Water & miscellaneous cations,

Figure8: Clay Structure Classification. Taken from Ghadiri €2@1.5)

Clay is predominantly formed from phyllosilicate minerals however there can be
assodated phases found in claykdividual ¢ay minerals are less thann but

typically less than gm in size(Guggenheim & Martin, 1995; McReynolds, et al.,

31



2008) RaasK1985)statesthat clay minerals are typically less than 2@ across,

but this is in the contexbf a coal where there iggglomeration of minerals.

The clays contain bound water within their lattices with kaolinite containing the
most at 14%. lllite contains 4.5% anmtbntmorillonite contains 4%. Mixed layer

clays also have interlayer adsorbed waf@tuskoter, 1975)

2.22 Ash Yield vs Coal Particle Size

Raask(1985)describes how more mineral matter is foumu different amounts
according to coal particle size. In the coals tested, 20 tquvi6coal contains a
similar mas®f ash to ungraded coal. Whereas, ash content at particle sizes of 76
to 200 um is around 50% to 80% of that of ungraded coal. As thegharsize
decreases to lower than 20m the massf ash yielded rises to 1.3 times that of
ungraded coal, and a further drop in particle size to less thapmiGnay contain
between 1.5 and 2.5 times as much ash. Therefore it can be seen that the minerals
are concentrated in the smallest particle size material. This is on account of
aluminosilicate clay minerals which form the bulk of the mineral matter in coal and
are dispersed sediments of 0.1 to fih thus concentrate in coal particles below
20 um. Silicaand carbonates are more likely to be found in méshge pulverised
particles at 20 to 76um. Pyrite is found as large nodules in coal. Moreover,
Littlejohn (1966) cited ifRaask, 1985, p. 3Bas suggested that coal thHbats at

1300 kg/n¥ can be considered as pure coal, and anything that sinks at 2000 kg/m?3
can be considered as pure agtsh particle agglomeration was observed at 800°C

and 1000°C with melting occurring thereaf{®assileva &assilev, 2005)

2.23The Effect oHeat onMineral Matter

When peforming ashing, combustion, g#dication or coking on coal, the mineral
matter is subjected to high temperatures which change the form of the mineral
matter. Most of the mineral matteis affected and thehangesthat occur depend

on the temperature and conditions. This section deals with each mineral type in
turn and goes through the possible changes that can odtwelast two minerals

in this section: anhydrite and haematite, arerrftied from the decomposition

products of some of the former minerals.

Quartz
Quartz is the only mineral to be not affected by high temperature as{iRap &
Gluskoter, 1973; Speight, 2005; Ribeiro, et al., 2@&pugh quartz and silicates

may react with metal silicates or metal oxides such as iron oxides from decomposed
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pyrite, thus fixing the metal§Rao & Gluskoter, 1973; Speight, 2008}
temperaturesexceedinghe as test such as in a combustdine amount of quartz

is lower than inlow temperature ashl(TA as some of it converts to cristobalite
(Matjie, et al., 2012)Cristoballite is a polymorph of quartz and would be expected
to form a 1470°C and abovgSmykatzKloss & Klinke, 1997According to
Creelman, et al(2013) quartz is a thermally inactive mineral, with little change
occurring in pulverised fuel systems. Quartzeirsion does occur at 573°C and is
associated with an expansion of 0.45%, and this is the point at wWhipartz
converts toi - quartz (SmykatzZKloss & Klinke, 1997put as far as the mineral

matter is concerned, the properties change little.

Clays

Upon heatingthe clays beak down in a number of stages starting with teteas

of water andfollowed by the loss obtructural OH groups which causes the
aluminosilicates to rearrange their structu(¥’assilev, et al., 1995According to
Grim and Bradley1940) dehydraton and breakdown of claysuch as kaolinite,
muscovite and montmorillonitestarts at 250°C. In work by Garg and Skibsted
(2015) thermal decomposion for montmorillonites occuredn the order of
dehydration up to 200°Qith dehydroxylation beginning at 500°C, and being
complete at 800°Cfollowed by anorphization and crystallisatiorRibeiroet al.
(2015)observed that there ws anincrease in amorphous material due iiGite
decomposition &500°Chowever lllite, muscovite and montmorillonite are still
present inhigh temperature ashHTA and up to 900°CVassileva & Vassilev, 2005)
These clays are still present in HTA because illite and smectite group Isilose
structural water at 850°G 950°C(Gupta, et al., 20080nce stretural water has
been lost, claydecome amorphous and cannot be detected by XRD. Under HTA
conditions, it is possible to see illite, muscovite and mamiltonite, but kaolinite

has become amorphous metaolinite at these temperatures, and cannot be
identified with XRD. The structure of the clays is no longer crystalline and can be
regarded asmulti oxide glasses in structur@arg & Skibsted, 201%yith the
formation of amorphous oxidegglasses at temperatures in excess of 100@am

& Bradley, 1940)

The effect of heat on kaolinite is as followsolinite > metakaolin > mullite +
cristobalie (Creelman, et al., 2013)nd this is shown ifrigure9. According to
(Chakraborty, et al., 2003bove 600°C, kaolinite breaks down into metakaolin also

known as amorphosi kaolinite. Amorphous mullite begins to be formed from
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kaolinite at 980°C, with crystalline material being produced at 1050°C and
increasing up to 1350°C. In the process of naulbtmation, silica is releaseligure

9 shows tha illite begins to dehydrate at 350°C but remains in a dehydrated form
until 850°C, hence it can be observed in HTA. Moreover, conversion to spinel and
mullite does not complete untdround1100°C, g illite can still be observed up to

these temperatures

Kaolinite Illite
l >550°C # 350°C~600°C

Metakaolinite (OH-containing) + H,O Dehydrated illite + H;0

] 700°C~850°C
l =>920C l

T

¥ -Alumina + l>940°C ‘ Teteahodral .
Metakaolinite ‘ Octahedral portion etrahedral portion
l AL-rich Mullite + lm C~1100C l >1100C
Si0; (amorphous)

AL-Si Spinel + Spinel Mullite

Si0, (amorphous) /
e =1300°C
l >1200C ' ~14001C

3/2-Mullite + Cristobalite (Si0,) Melt

Figure9: Kaolinite and lllite Reaction Schememoliite scheméLee, et al., 1999)llite
schemgMcConville & Lee, 2005)

According to Qiu et a{2016) under coking conditions the amount of quartz in the
ash increases due to decomposition products of kaolinite. It would appeatttbat
conversion of kaolinite to quartz occunsore readily when given enough time,
which decreases thenaount of mullite and cristobalite produced. Hence, there is
a relationship between the amounts of mullite and cristobalite, and quérizan

be expected that high proportions of kaoliniite coal mineral matter can give rise
to elevated proportions of milite in the ash(Vassilev, et al., 1995; Spears, 2000)

and illite contributes towards glasséSpears, 2000)

Carbonates

Calcite[CaC@ and dolomite [CaMg(C®)i] decomposition occurs around 680
915°Creleasing COand leaving metal oxides behirfdassilev, et al., 1995Qiu et
al. (2016)observed partial decomposition of cdkin coking conditions at 650°C,
and full decomposition by 850°CTF work at 1300°C fyen, et al., 2016howed
that pyrite (Fe$), siderite (CS/)haind ankerite[/ I 6 C S Z]ad8adbrhpose.
Siderite decomposes to haemati(Edh J and ankeritedecomposedo lime (CaO)

(Reifenstein, et al., 1999)
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Apatite

Apatite[/ | /C § is & gtablé mineral under ashing conditions @td 350C. At
temperatures as high as 1600,80%still remainsasthe remander of the apatite
is dehydratedReifenstein, et al., 1999)

Pyrite

Pyrite can decompose under LTA conditifviassilev & Tascon, 200)d due to
weathering(Speight, B0O5) The first step of pyrite decomposition is tgrphotite
(Fed) (Hong & Fegley Jr., 199T)nder heating conditions, ypite decomposes
mostly by 300°C anfililly by 400°QFilippidis, et al., 1996p give haematite and

sulphur dioxide.

Anhydrite

Anhydrite (C&Q) is a sulphate that ignlikely to be found in fresh coals. Gypsum
(hydrated calcium sulphate) is most likely to be found in weathered coals.
Anhydriteis a dehydrated calcium sulphate thatormed from the dehydration of
gypsum and also the reactionof CaO with SO from calcite and pyrite
decomposition, respectivelyfMatjie, et al., 2012) It typically increases with
temperature up to a maximum at around 100qRaask, 1985; Vassileka/assilev,
2005) Work by Filippidis et a(1996)showed that anhydrite started to become
present at 300°C andas well establishetly 450°C. Deomposition of anhydrite

did not start to occur until 1200°C.

Haematite

Haenatite is unlikely to be found in great quantity in the mineral matter, but
increaseswith temperature up to 110€200°C(Vassileva & Vassilev, 2005)
Haematite is a typical decompositi product of pyrite, ankerite and sidegithat is
commonly found in HT Ailippidis et al(1996)detected hematite at 300°C onwards

in a pyriterich coal and 600°C onwards in another coal. According to Ribeiro et al.
(2015) haemaite was not detected by XRD in unburnedal, butiron can be
detected by magnetic means. However, in beginsamples haematite was
identified by XRD

2.2.4 Mineralinteractionsat High Temperature

In the previous sectionthe effect of heat on the individd minerals was discussed.
In a real ash system, these mineredsnprise a mixturend interactons can occur
between them The mineral content of coatdicatesthe propertiesof the ash that

will be formed following combustior{Speight, 2013) These include physical
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properties such assh fusion temperatureand hardness, as well as chemical
properties. This section briefly details the minerals present in ash, and then

discusses the interactions that occur.

Composition of Veligh Temperature Ashes

In terms of the minerals in ash, Matjie et @011)found that gsifier ash contained
quartz, mullite, anorthite, cristobalite (formed from kaolinite and illite), diopside
(CaMg3S0DH and magnetiteTian et al(2011)reported similarplus haematiteat
1050:1250°C.Gupta et al.(2008) performed mineral analysis following coking
conditionsand describedash withmullite, quartz, a small armunt of cristobalite

and significant amounts of amorphous materidlite persistedin a small number

of thecokes tested, as digpatite (calcium phosphate), anatase and rutile (titanium
oxides).Iron was present, but not in the form oflematite owingto the absence

of oxygenin the coking processProgressive heating of coal mineral matter to
1500°Cn an oxidising atmosphere showeakfnation of maghemite, mullite and
cristobalite at 900°C to 1000°C accompanied by a decrease in the amorphous
material resulting from kaolinite decomposition at 550°C. This is because the
amorphous kaolinite material is converted into mullite and cristobalite. At 1500°C,
the amount of quartz, cristobalite and maghemite start to decrease to create a
second generation of amohwus material which increases sharply. Mullikso
increases at this temperatur&he main proportion of fly ash is amorphous material
(glass) with mullite, quartz, cristobalite and traces of clay minenadsiron oxides
(Ward & French, 2006; Ribeiro, et al., 20T)als with high proportions of kaolinite
lead to elevated proportions of mullite/assilev, et al., 1995; Li, et al., 20&6j
upon heatingclay converts to mulliterad amorphous aluminosilicatgdatjie, et

al., 2012) as shown ifrigure9. According to Qiu et a{1999) mullite and anorthite

are formed by the reaction of quartz WitAl h i | yfeRpedtitelat around

1000°C and this is accompanied by a reduction in the quartz peak.

Fixing of Metals and Alkalis into Aluminosilicates

Alkali metals, such as sodium gmatassium, that volatilise easily are releasadd

are captured by e SiAl system in kaolinite tgproduce albite(NaAISiOK), and
muscovite (KAISiOs) $n a temperature range of 1000200°C(Li, et al., 2016)
Decomposition products of clays are a disordered (glass/amorphous) mixture of
silica and alumina (aluminosilicates) which are able to react with fluxing elements
such Na, Ca and K, and refractory elements such as Mg. The first phase to be formed

from a pure aluminosilicate melt is mullite, and when alumina is exhausted, silica

36



in the form of cristobalite is formed. Iron in the systeran form spinels or it can
produce iron aluminosilicate glasses. If there is calcium in the system, &en
calcium aluminosilicate callezhorthite (CaAISkGs) will form, and the presence of
sodium leads t@€aNa aluminosilicate@Creelman, et al., 2013Ylatjie et al.(2012)

also observed the formation of anorthite from the incorporation célciumwith
aluminosilicatesIn addition,there was anincrease in theamount of amorphous
material Wen et al.(2016)performed high temperature combustion in a DTF at
1300°Cand foundsignificant integration of elementsuch as calcium and iron into
aluminosilicates. Furtherore, quartz reacted with other minerals to form
aluminosilicates. Mullite changes little, but in some cases can absorb iron and
calcium to form aluminosilitcas. When the coal was run through the DTF, there
was a shift from discreet minerals, to a numbdrmawly formed aluminosilicates.
The proximity of the minerals to each other has a large effect on the aluminosilicate
forming reactions. Extraneous minerals do not react very effectively with inherent
minerals until they have been released from the cardogous matrix during char

combustion(Wen, et al., 2016)

Volatilisation and fixing of metal and alkali species has a practical application that
can reduce the amount of alkali in the gas phdsegasificationaluminosilicates
additives that react with K and Na and are usefulfortK I YR bl i h OF LJi dzZNB T
is added to reduce astelated problems(Ozer, et al., 2017)Li et al.(2016)
determined that kaolin fixed alkalis in the mineral phase which prevented them
from evaprating into the flue gas, hwever beyond 1100°Ghe kaolin was too
molten to capture alkali metald/apours released from a flame include sodium,
potassium, sulphur and chlorine. Solid and liquid particles generated during
combustion include silicates,ushinosilicates, irosrich compounds, calcium oxide

and magnesium oxide. Sodium in high temperature deposits (>1038°C) was found
to be concentrated in the amorphous melt phase and not the crystalline phase. The
sodium was derived from aluminosilicates. tddion, temperatures below 1038°C

are said to favour the formation of sulphate phases such as calcium sulphate
(Benson & Sondreal, 2002)hus, if combustion temperatures exceed ~1100°C, the
ability for undesirable vapours the fixed into aluminosilicates, is reduced.
Regarding sulphur fixing, the introduction of calcium into coal ash can capture

sulphur thus reducing pollutant gas@sevendis, 1989)
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Summarising the Effect of Heat on Mineral Matter

It can be seen thiathe mineral matterin coal undergoes a numbef changess it

is exposed to heafAs the temperaturancreases beyondigh temperatureashing
conditions changes from decomposition and thermal breakdown to amorphisation
occur. In summay, carbonates and pyrite decompose to form oxides, typically
calcium, iron and sulphur, givingeito haematite and anyhydritelays dehydrate,
dehydroxylate and break down in structure to formorphousaluminosilicates
andcan releasenetals such as ptassium, sodium and calcium. Dejliing on the
conditions, all the aforementioned meta can potentially be absorbed by the
aluminosilicatesto form a number of different compounds. Additionally, the
aluminosilicates resulting from clay breakdown give ticemullite formation.
Quartz can become integrated into aluminosilicatasd it can change phase to
cristobalite. Thus the resultant composition of fly ash and slagtyisically

aluminosilicate glass, mullitandcristobaliteor quartz.

2.2.5 Catalyic Effect of Ash

In coal ash many of the eteents are catalytic, for instance iron, calcium and
potassium oxides are effective catalysts for gasificaf@®uapta, et al., 2008}t has

been reported that alkali metals, alkaline #ametals and transition metals are
highly effective as catalysts for gasifying carbon into carbon digkideura, et al.,

2006) however while alkaline earth metals such as Be, Ba, Mg and Sr can catalyse
gasification, they dso to a lesser extent than Ca andKapteijn, et al., 1986)
Miuraa et al.(1989)reviewed a large body of literature pertaining to the reactivity

of coal char gasification and established thiar low rank coals, mineral
components containing Ca, K, Na, Fe and Mg act as the gasification catalysts and
that for higher rank coalgjasification was controlled by threintrinsic reactivity;

this being related to bonding and active sitéhis is ircontrast to Zou et a(2014)

who found that the catalytic effect of MrnQ CaO and K& was greater on
anthracitic than bituminous coals when tested at 1% concentration in a TGA in air.
Nonetheless, the effectiveness of aatalyst is more prominent in lower
temperatures processes such as gasification, when compared to high temperature
combustion(Tomita, 2001)for example, alkalis potassium and sodium were ion
exchanged into acidemineralised coa but this did not improve combustion. The
same process was applied to calcium, which was found to increase char particle
temperatures at concentrations less than 5000 p{cCollor, et al., 1989 a and

Fe in mineral matteare known to be especially effective catalysts for gasification.
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There is great variation in the reactivity of different coals and this can be attributed
to mineral matter(Tomita, 2001) During the formation otoke, the catalst is
deactivated. The catalyst can be restored by combusting or gasifying the coke,
where the catalyst will provide a positive effect during this pro¢&ssnita, 2001)

A key factor controlling reactivity is the extent to whitie catalyst is dispersed in
the carbon. Physical mixing is the least effective method, with impregnation being
better, and ion exchange metal catiolesding to the best dispersion upon heating
(Levendis, 1989; Tomita, 200 Nonetheless, it is important to consider the impact
of mineral matter in the coal dswas found that the use of a potassium carbonate
catalyst in coal gasification was hampered by deactivation due to reaction with the
coal mineral matte(Tomita, 2001)Referring to theSection 2.2.4 this islikely on
account of the potassium carbonatkermally decomposininto potassium oxide

and becoming fixed into the aluminosilicates formed from clay breakdown.

Levendis et al1989)investigated the effect of calcium on synthetically produced
chars using calcium carbonate precipitation, impregnation with calcium acetate,
and calcium ion exchange. Highly porous chars had uniform levels of calcium
throughout their structures whereas the loyworosity chars had high levels of
surface calcium but low levels internally. The high porosity chars typically showed
a tenfold increase in gas evolution above the uncatalysed control but decreased
from 400°C to 500°CThe heightened rates of reaction only occurred for the
proportion of char that was successfully impregnated. So if the material was 60%
calcium loaded, the rate of gas evolution dropped off after 60% conversion and
assumed the uncatalysed rate. At temparas exceeding 900°C, the catalytic
effect is less pronounced than the low temperature combustion, but still significant.
In spite of the calcium catalyst blocking some of the pores, there was still a positive
effect on combustionlon exchange was the misffective method of introducing
catalyst. It should be emphasised that in the above work, the use of synthetic chars
provides a different substrate to coal, which means that the effect of calcium

additives on real coal chars may be different.

Coal mineal matter has been shown to have an intrinsic catalytic effeéhen
comparing the steam gasification reactivity of the demineralised brown coal chars
versus the parent coal chars, the parent coal chars gave off greater volumes of CO
and H gases than thie demineralised counterparts. CaO was a more potent
catalyst than CaCGQvith good dispersion of both being importafiKuznetsov, et

al., 2013) This work is in agreement with Kyotani et 61986) who used
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Temperature Programmed Desorption (TPD) and observed that successful steam
gasification was attributed to the presence of mineral matter because when the
coal char was demineralised, there was almost no gas evolution. It was also found
that catium caused.Oto be evolved; calcium and magnesium were responsible
for evolution of C@ while the CO evolved was on account of sodium and iron. In
addition, exchangd metal specie€a and Na significantly cétaed the gasification
reaction. Ohtsuka ath Tomita(1986)found that the use of 5% calcium catalyst on
brown coal during steam gasification occurred at around 700°C which was around

150°C lower than the uncatalysed reaction.

Diego (1992) cited in Sped2)00)confirmed the catalytic effect of pyrite and illite,

and the inhibitory effect of quartz and kaolinite. These findings are corroborated
by (Manzanares et al. 1988) who used density separation to separate macerals, and
found that pyrite reduces ignition temperatures and inertinite which contains
quartz and kaolinite increases ignition temperatures. Clay mineral type can be
linked to maceratype, for example irinite plays a role in increasing reactivity
compared to inertinite aft contains more catalytic mineral matter for gasification
(Ozer, et al., 2017).ee and Whale§1983)state thatvitrinite and liptinite are more

reactive than inertinite.

Catalytic Mechanism

The ashes of different coals have different levels of catalytic behaviour and this is
related to their mineral matter and elemental composition. It has been discussed
that alkalis, alkali earth metals, and transition metals are able to catalyse the
gasificdion of char. These include potassium, calcium, and iron, respectively. A
study of the literature discusses different catalytic maxisms but the science is

not fully understood. Catalytic mechanisms include changes to surface chemistry,
increasing the nonber of active sitescarbonateoxide cycles, andedox cycles.
According to Freun@1986) calcium is a highly effective catalyst that works by

increasing the number of active sites.

Ban, et al.(2018)describe how theaddition of Ca and Katalystsresulted in
significant weakening of the C=0 bond, where carboxylate groups were replaced
with metaktcarboxylate species. When the metal ions combine with the carboxyl
groups on the polycyclic amatic hydrocarbons, this decreases their stability and
reduces the extent of graphitisation. K interacts via ionic forces substituting H from
COOH; Ca also does this ladditionally interacts in the formof polycarboxylic

coordination, and it was suggestdhat these dual effects led to the increased
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effectiveness of the calcium catalyst as observed by Ban Gil8) Addition of
calcium and potassium significantly reduced the activation energy for the CO

gasification reaction

It has been observedOhtsuka & Tomita, 198@&hat interconversion between

calcium carbonate and calcium oxide occurs in the gasification redibis.

mechanism is thus describe@aO is effective atcheA 8 2 NLJG A2y A GK / hi G2
/[ hi | aEgaakahl®.yThisiufidergoes a solid state reaction with carbon

to from CO as shown Hquationll (Cai, et al., 2017)

[ h B4 //kh/ihi
Equationl10

/ I/ 1G4 CaO 2CO
Equationl1l

For iron catalysed gasification, firstly thei@@dsorbs and dissociates onto a metal
catalyst to form a catalysf@ O 2 Y LI S E 3 Eqlationi. lS€cangly, thiy’
complex migrates to a carbon structure to react and produce two CO molecules,
and release catalytically active ircas shown irEquationl3.
FeOnb /AHReOn1+ CO
Equationl12

FeOn1+ C4 FelOn+ CO
Equationl13

The subscriptst and m take account that the iron catalyst could be in different
F2NXayY CS YSGl f 3z (@Sédtal, 2019)THs is Affedted By thE S7 h j
2LISNF GAy3 O2yRAGAZ2YyA 2F 3ALAAFAOFGAZ2Y I &adzOK |
(Ohtsuka, et al., 1986 temperature of at least 700°C is required for iron to have
a clear catalytic effect. The abilityr the catalyst to wet and spread on the carbon
substrate is an important factor to ensurirgustaired catalytic activity. The
multiple oxidation states of iron suggest that intermediate forms may take part in

the catalytic procesé-urimsky, et al., 1988)

The most effective catalysts are generally the carbonates, oxides and hydroxides
(Mckee, 1983)Deactivation of potassium catalyst occurs due to interaction with
inherent aluminosilicategRadovic, et al., 1984Poisoning of an iron talyst can

occur due to sulphugHuttinger, 1983)
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2.2.6 Physical Effect of Ash on Combustion

Jayanti et al(2007)performed CFD analysizn coals andound that the increased
char reactivitydue to ashwasnegligible,and that ash had the effect of reducing
the char reactivity as it blocked pores resulting in lower oxygensiiff into and

out of the char leading to lowenfnace temperatures. This work is corroborated
by Kurose et a[2001)who combustedhree (40%¢ 50%)high ash coalandfound

that as ash content increased, the oxygen consumptioil gas temperature
decreasedThe reasongiven for this were that as the char is covered with ash, the
oxygen diffusion is reduced, and also ash has a high specific heat capacity that
reduces flame temperaturesAdditionally, the lower combustion temperature
meant that oxygen was used up moreowly. Moreover, as char combustion
proceeded, the effect of pore blockage worsened as the ratio of ash to carbon

increased, resulting in a thicker layer of ash developing on the chars.

2.27 Ash Melting Behaviour

Ash melting behaviouis dependent on the lemental composition, mineral
composition, and interactions between the minerals. It is not possible to accurately
predict the ash fusion temperature (AFBased on any one of these pieces of
information, thus it is important taneasure the AFT using tesgi. In a coal fired
furnace,if the fusion tempearure is low, the molten ash will make its way to the
bottom of the furnace, and if it is high, it will make its way out the top as fly ash
(Speight, 2013)n the blast furnacehigh fusion temperature causes ash to stick in
the coke bed, whereas lower Bllows the ash to melt and flow through the coke
(Khairil, et al., 2002)Thus a high FT ash could reduce blast furnace permeability.
The AFT and viesity of coal ash is greater than si@png, et al., 2009)

Element Effects

The element oxides found in ash may be divided thtee groups:acids(SiQ, TiO,

P Oy amphoteric oxides (KD3and F&Oi); andbases (NigD, KO,CaO, MgO, MnO,
NiO(Lolja, et al., 2002)f they are to bedivided into two groupsthen AliGi would

be amonghe acids and F&i among the baseévorres, 1977; Lolja, et al., 2002)
Ashfrom lower rank coals typically have lower melting temperatuwles to having

more alkaline component@isupati & Krishnamoorthy, 2017his is in agreement

with (Vassilev, et al., 1998)ho citesthe higherconcentrations oéulphur,calcum,
magnesium, iron and sodium as being responsible. Higher rank coals with greater
proportions of silicon, aluminium and titanium typically have highsh fusion

temperatures (Vassilev, et al.,, 1995; Vassileva & Vassilev, 2@@2prding to
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Creelman et al(2013) fluxing elements such as Na, Ca and K reduce the solidus
temperature of aluminosilicates, mullite and magnesium may increasetitides

not reduce it. The variable composition of glasses and disequilibrium present in
slags makes it difficult tperform thermodynamic modellingCreelman, et al.,
2013) High sulphur content can lead to reaction with cahci and magnesium
sulphates inthe HTA with a fluxing effe¢vassilev, et al., 1999)iu et al.(2013)
observed that in @ynthetic five component system (8i0-! f FQa®C S i-Whi)h
increasng C S i chuises AFT to decrease wipletassium dos not appear to have

any effect,howeverit was observedy Huffman et al(1981)that potassium has

an effect in lowering AFT, but not so much as calcium and iron. It atad that
aluminium increaseash fusion temperature Mishra et al(2016)describes how
Factsage thermochemical software was used to predict the deformation
temperatures and determined that deformation and fusion temperatiincrease

with increasing Si§) AbQs, and KO, and that they decrease with increasing®=e

and MgO815°dignite ash was rich in basic calcium compounds such as anhydrite
and calcium silicate which gave rise to a lower melting temperdtLiret al., 2017)
According to a review bVianet al.(2016) high fusion temperatures are related to
the amount of calcium, iron, aluminium and sulphur (in that ordegn Dyk et al.
(2009) state that calcium and iron content, especially, is thought to give a
reasonable estimation of the ash fusion behaviddai et al(2018)agree upon the

fluxing effect of calcium and magnesium.

Ash fision temperaturds lower under reducing conditions, compared to oxidising
conditiors (Huffman, et al., 1981; Nel, et al., 2014; Chen, et al., 2@%iQl oxides
that combine with oxygen easily can form a pomstructure and increasine AFT.
Basic oxides can termate polymerstructuresand decrease the ARChen, et al.,
2017) The difference in ash fusiotemperature in oxidising and reducing
conditions has been related to thexiolation state of iron. Under oxidising
conditions, iron will be ind** oxidation state and it acts as an acidxideraising
ash fusion temperature Under reducing conditions most iron occurs a% Sete,
which acts as a basic oxittat lowers AFT(Vorres, 1977; Chen, et al., 201@nhder
oxidising conditions, it was showthat sodium can react with sulphur to form
NaiSQ which had the effect of lowering theamount of sodium in the
aluminosilicatesgiving a high AFTMeanwhile, under reducing conditions, the
sodium remains in the aluminosilicates which gives a lower AFT compared to
oxidising conditions.However, in caals with high AiOi and Si®©, sodium

aluminosilicatesvould form preferentiall(Chen, et al., 2017)
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Ash Fusion Mineral Effects

Coalsthat were high in acidic oxides and refractory mineralshsas quartz and
kaolinite,led to higher sintering and fusion temperaturdswas found that adding
kaolin clay increases fusion temperatures up to a point of diminishing refuuins

et al., 2016; Li, et al., 2019 peight(2013)states that iron bearing minerals such

as pyrite tend to reduce the FT whereas aluminium containing minerals such as
kaolinite and illite raise itAshes with a high FT have increased concentratdns
metakaolinite and mullite (melting poinfMP) 1810°C), quartz (MP 1713°C),
titanium oxides (MP 1827°C), and aluminioxides (MP 2050°CYassilev, et al.,
1995) Li et al(2016)determined that high melting temperature minerals prodet

in ash, such asullite, drive up the melting temperature of the ash.

Calcium oxide or calcium carbonate is commonly added to entrdipadgasifiers

to reduce the ash fusion temperatures. Calcium causes the formation of anorthite
which decreases the F, andit also causes the formation of gehelenite which
increases the AFT. Using Factsage and MD simulations, it was shown that the
melting temperature of an amorphous SjQALO;, CaO system was reduced by
200°C with the addition of 15% of CaO. There avisther drop in temperature up

to 40% but this was less pronounced at the higher concentrations. At less than 15%,
the most stable structure in that ternary system is mullite. This changes to anorthite
over 15%, and may be the pwiaffecting the liquidis stru¢ure. The calcium atom
interacts with the tricluster AO which are part of mullite andchis lowers the
melting temperature(Dai, et al., 2018)Vassileva and Vassil¢2002)posit that

during coal combustion Fe, Ca, S, Mg, Na, P, and Mn become oxides that react with
silicates to form fluxing type minerals that make up a low temperature eutectic of
FeCaMg-NaMn silicates. iadings by Liang et a2019)showed that increasing

the calcium oxide content in coal ash reduced the melting temperature up to 35%

addition rate, but beyond this, thash fusion temperaturéncreased again.

Regarding blending, dding acidic ashes tdasic ashes, did not immediately
increase the fusion temperatures. Up to 3@8assaddition of acidic ash caused
reduction in AFTwhereatfter, it started to increaséBlending the coals in various
proportions gave an AR less than the original coal$00°C to 200°C less in some
casesThe effect of mixing ashes, therefore, did not have an additive effect on AFT
(Li, et al., 2017)The interaction of minerals can form a lamelting point eutecic
causinghe softening temperature of blended ashes to decre@3gi, et al., 1999)

A eutectic is a mixture of two or more components that, at certain ratios, can inhibit
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the crystallisation of one another leading to a mixture with a melting point that is

lower than each of its constituemiarts (Gala, et al., 2013)

Acid/Baseomponentsand other elementahbtios
The effect of acidic and basic components have been discuSesgral athors

haveused a base to aci@®/A)ratio to give some indication of metij behaviour.

Akar et al(2009) Matjie et al.(2012) andLi et al.(2017)useda base to acidatio
of (F& h+ CaO + MgO + Na + KO) to (SiO + AIGI + TiQ .0t wasdetermined

that with increasingatio there waslower FT

Vassileva and Vassil¢R002)descriled a detrital toauthigenic indexof (Si0 +
AliOi + KKO+NaO +TiQ) / (FaOi+MgO+CaO+3 which whenhigh, coincidd
with a high fusion temperatureduthigenic and detrital minerals were discussed in

Section2.2.1 Terminology and Coal Mineradr@position

The oxide content and ratios cannbk reliably used to predict the ash melting
behaviour, because ash melting behaviour is a complex interplay of physical and
chemical processes with gas, liquid and solid phases. However it was noted that an
increase in basic oxides decreased the AWiErewas greater correlation of the

AFT with the oxide content than the initial defomation behaviour, which is

determinedmore by the mineral behavioufLolja, et al., 2002)

The SIQAlI h'i tatjokdbes not appear to have a big effect on ash fusion
temperatures. It is more related to the viscosity oétliquid phase where a higher

SA ratio gives higher viscosifyan, et al., 2017)

+ Ay OSy i Q&rayF 2oBN@x tksed to calculate a predicted ash fusion

temperature and is shown as follows:

0 OYpwotmod YEF ofO ¢80 w0
TRz ™ P BOF w0 QO

Where6 O @O0 0 Q0 ™OQU0 0 ® VR
And'O  Y®) YW O0R4 T BF
Equationl4: Vincent's formula for predicting the ash fusion tempera(@eay, 1987)

It was investigated in this thesis but found to be ancmaate predictor ofash

fusion temperature
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Slag
The formation of slag has been briefly presented in the introduction. Slag forms
from the impurities in the blast furnace feed materials, namely, coal and coke ash,
iron ore gangue, and limestone. The muaifi temperature and viscosity are
important parameters that are determined by the slag chemistry and need to be
controlled to ensure that the slag flows through the furnace without affecting
permeability. Theability for the slag to perform desulphurisatide also very
important. Slag basicity is dependent on the proportions of basic CaO and MgO,
and acidic Si0 | y R(Bdbithj ehal., 2008Y he basicity is given IBguation15:

5 0wl 00
"Y'QU 0 o0
Equationl5; Slag Basicity Chemical Equation

These four oxides make up 95% of the sfalgemical analysis of some German
ground granulated blast furnace slags (GGBFS) found thatpéreentage
proportions ofSiQ, Al h Caband MgO were (3@0%), (122%), (3545%) and
(~8%), respectively. In Germarsjagis the main ingredient for regular cements
(Tanzer, et al., 20157 he majority of the slag is namystalline amorpbus material
(Song, et al., 2009; Tanzer, et al., 20D8creasing the content ofiAlhaind MgO
contained within iron ore sinter is beneficial as this influences the reducibility and
melting property of the sinter andesults in lower slag volumesshii, 2000)High

aluminium slag has low fluidifNaito, 2006)

Slags form from coal minerals that undergo thermal decomposition to make
glasses. Metal oxides tend flux the melt and these include iron oxide, alkali
metals oxides (sodium and potassium), and alkali earth metal oxide (calcium).
When looking at a ternary phase diagram, the presence ©fdfgnificantly lowers

the liquidus temperature of an aluminosilicate based syst{émsborne, 2013, p.

347) When a liquid slag or ash is cooled quickly, it will form a §l@sisorne, 2013)

Sodium oxide calcium oxide, and iron oxide, in this order of effectiveness, reduce
the viscosity of slagy weakening tricluster oxygen bonds. Moreover, some high
melting temperature minerals are converted to lower melting temperature
minerals which helpt reduce slag viscosiffpai, et al., 2019)n work by Song et
al.(2009) the addition of calcium in the form of limestone decreases the AFT of the
ash and slag up to 35% content after whpghint there is a rapid increase because
the subliquidus phase transforms from anorthite to gehlenitéurther calciumis
added.
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Summarising the effect of elements on ash fusion temperature

In summary, it is well documented that silicon, aluminium ait@htum raiseash
fusion temperaturs, while calcium, iron and sulphur lower them. However, there
is some discrepancy with magnesium and, in particular, potassiums, the
proportions of refractory and fluxing elements influence the melting temperature,
however smply taking the chemicanalysis as a predictor of AFT is not reliable

because mineral interactions also play a rpfassilev, et al., 1995)

2.3 Effect of Mineral Matter in the Blast Furnace

Mineral matter has a nage of effects during coal combustion. Waf2016)
RSAONAROGSE YAYSNIf YFGGSNIAY | yS3lGA@S
to the use of coal. It has been termed a diluent which displaces combustible matter
leaving ash when the coal is beh This ash contributes to the slag formation in
the blast furnace and needs to be removed. Mineral matter may also cause
abrasion, corrosion, clogging or pollution during coal processing and use. Indeed,
the majority d issues seen during coal utdliton are caused by the inorganic
mineral matter and not the organic maceral constituer{i§/ard, 2016) This
position is echoed by Speigt2005)who says thamineral matter, regardless of its
makeup, is considered both undesile and detrimental duringmining,
preparation, transportation and combustion. The aim of coal preparation is to
reduce the quantity of mineral matter present. Clinker formation, fly ashgatag

and boiler tube corrosion are all problems that occur because of mineral matter.

Spears(2000)and Akhavan(2014)share an unfavourable view of clay minerals
stating a twofold effect onambustion efficiency: they reduce the calorific value of
coal by dilution and the reactions of the clay at high temperatures are endothermic.
Bennett and Fukushim@@003)state that ash takes energy to melt, can impede

oxidation during coal injection, and is the principle source of alkalis.

On the other hand, Tomit§2001) describes the mineral matter in coak an
unintentional catalyst, with components in the mineral matter being catalytic to
varying extentsAccording to(Hill, et al., 2004)an increase in ash content did not
adversely affect furnace permeability and productivity. The blast pressure and
volume could be kept at the same levels as for a lower ashamd furnace heat

loss was much the same. Hot metal silicon and sulphur content were similar to the
low ash coal. The only noticeable affect was an increase in slag volume, and more

coke needed to be used to compensate for the lower carbon content ofdbé
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2.3.1 Alkals and Circulating Elements in the Blast Furnace

Common circulating elements in the blast furnace include sulphur, alkalis such as
Na and K, zinc and silichana, et al., 2013 lkalis enter the blast face through

the feed of raw materialsAlkali silicates can be found in the iron ore gangue, and
coke containalkalialuminosilicategEFGeassy, et al., 1986Y0al injected ito the
tuyeres contains alkalis bound @tays sich as illite and montmorillonite. The two
main alkalis of interest are potassium and sodium, which are fautttirespective

clays. lllite is the main source of potassiuf@upta, et al., 2008)

The recirculation of alkali oges an increase in alkali concentration at the lower

part of the furnace.

1. Alkalisthat entervia the coal minerals areaporised in the raceway. Alkali
silicatesfrom the ironore descendthrough the blast furnace until the
temperature is high enough fahem to bereducedreleasng potassium
vapour at aroundl500 ¢ 1700°C.The process can happen witbkecarbon
(ElGeassy, et al., 1986; Yang, et al., 2000%hlyreducediron (EFGeassy
et al., 1986)pr carbon monoxidélljana, et al., 2013)The reactions shown
below represent potassium K, but this can be substituted with sodium Na
in all of the following reactions.

a. KSig+ds)T 2K(g) $5id(s) +Cdg)
Equationl6
b. Yi { AFgE)T Y630 b Fghhi 0av b CS
Equationl7
c. Yi {(dIppCQ)T HYOGIUV B [/ hi 630 b {Ahidao
Equationl8

Alkali oxdes can be reducetb alkali vapouin the presence of carbon or
carbon monoxide as follows:
d Yih & H&®EO b [/ ho30
Equationl9

e. Yih b1/ hYddilgyb /h
Equation20

2. Some, but not allpf the newly formedalkali vapours react witbarbon and
nitrogento form KCN and NaCéyanide vaparsas followsat around 1300

to 1600°C
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a. K(g)+C(s)+ “2N(g) T KCN(d)
Equation21
The boiling points of potassium cyanide and sodiunmid@are 1625°C
and 1530°C, respectively. As these vapours ascend the blast furnace they
reach areas of lower temperature where they condense on the burden and
some penetrates thélast furnace walls.
The condensed alkali cyanidesctwith carbon dioxidet less than 1100°C
to produce alkali carbonates.
a. 2K(g) + 2CiQg) = KCA(s) + CO(g)
Equation22

b. 2KCN(g) + 4C@) = KCA(s) + 5CO(g) H(d)

Equation23
. A certain amount of these alkali cyanides and carbonates pass out in the
top gas, but the majoritattachesto the burden or condenses on the walls.
. Asthe alkali speciegdescendthe furnaceagain, thecarbonates which are
unstable at more than 1300°C are released into the vapour phase @gghin
the cycle continueshus, alkalis circulate within the furnacecganide and
alkali vapours on the way up and carbonates and liquid cyanides attached
to the burden on the way downlhe addition of new alkali material from
ore and coal in addition to the existing cycle concentrates alkali in the
furnace.
Scaffolds form Wen oxidised alkali vapours adhere to cooler regions of the
blast furnace refractorywhereupornthe deposition of liquid alkali cyanides
at 562¢ 1625°Cencourage the sticking of fine particles from cakel iron
ore andwhichhelps to build up the séfold.

Alkali input is detrimental to blast furnace operation for a number of reasons

(Slizovskiy & Tangstad, 2010; Dastidar, et al., 20h@&)y cause erosion wear to the

blast furnace lining, especially in the high tezngture regionTheyare responsible

for swelling and break up of iron ore lump, pellets and sirtters generating fines

They form extensive scabs known as scaffolds by condensing on the refractory at

the higher areas of the blast furnace; these scaffaiffect the burden decent and

reduce the life of the linindElGeassy, et al., 1986; Pichler, et al., 20T)ey

catalyse the gasification of coke (in the reveBmudouard or solution loss

reaction) leading to cakdegradation, higher coke consumption and generation of

coke fines in the lower part of the furna¢&braham & Staffansson, 1975; Dastidar,
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et al., 2018) The reaction between coke and £facurs at it fastest in thenelting
zone of the blast furnace. This can be partly attributed to there being a high
concentration of alkali of around 10 times that found in the coke itself, at this region
(Tomita, 2001)

Alkali and alkali cyanide vapours dmund towards the bottom of the furnace

where the temperatures are greater. Alkali and alkali oxidpours are responsible

for attacking the refractoryAlkali wear at the top of the furnace is minimal a&hd

extent of damage is greatest around and jasiove tuyere level, and affects the

whole of the boshAn undamaged refractory brick is made up, predominantly, of

Si0and AIGi G | LINPLRNIAZ2Y 2F FNRdzyR pUrm: Y nux
cristobalite, with around 1.5% ofédOi 'y R &a42YS 20KSNJ YIFGSNALFf &
penetrates into the brick to a great extent causing wear and cracking to the brick.

Sodium also penetratebut to a lesser extenf about 20% ofhat of potassium.

This is likely because potassium exists in vapour form at a lower tempemture

766°C compared tsodium of 890°C(EtGeassy, et al., 1986and so is more

available o enter the pores of the refractory bricksloreover, the reduction of

potassium oxide to potassium vapour occurs 200°C lower than sodium oxide to

sodium vapour. Hence, sodium oxide is a more stable compaodiocbrding to

Dastidar, et al(2018)potassium mainly affects the refractories since sodium gets

removed with the slag.

In addition, carbon is found as a foreign element in the fireclay bricks. The wear of
the bricks occurs when the potassium reacts with mullite andabite in a
reducing atmosphere to form kalsilite (a potassium aluminosilicate) plus carbon.
This reaction is accompanied by a volume expansion of 6% which exacerbates the
effect. Additionally, the reaction of alkali vapours with glass and cristobalites

a liquid phase which may accelerate the wedinc can penetrate through the
whole brick, but in small quantities, leading to the formatiorewfcite (ZnO) and
willemite (2Zn0O.Si). Deashed coke reacted with potassium vapour showed

cracking when theapour concentration exceeded 4¥arita , et al., 1981)

The mechanism wherebglkalis cause damage to the iron ore pellets is that they
catalyse the formation of sharp iron whiskers and protrusions from the ore pgllets
which induce stresses and cause the pellets to crack more dRéilgler, et al.,
2014) In other work acombination of potassium and sulphwas showrto have
a highly swelling effect on haematite pellefSuring reduction at 80-1000°C,

potassiumcarbonatewas added at a concentration of 0.5 mottd the sulphur
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was introduced as a gashd presence of calcium oxide with sulplalsopromotes

swelling. Calcium oxide on its own does not cause swélagaski & Iguchi, 1989)

Some solutions have been proposed to combat the effect of alkdtilésation of
small 25 mm diametecoke mixed with the iron ore has been used to improve
permeability in the lower part of the blast furnace. This is achidwechuse the
smaller coke reacts preferentially to the charged lump coke (45 mm diameter) thus
preserving the size of the lump coke for lower down in the furnace. The proximity
of the small coke to the ore and its higher surface area makes it more retiwdive

the lump coke. However, it is important to not add too much small coke since
unreacted fragments will reduce voidage and thus decrease permeability in the

lower part of the furnacé€Kashihara, et al., 2015)

The majorityof alkalis enter the slag, where it is tapped off, but some of it leaves
in the off-gas. Alkali leaving in the slag is preferable as this removes the problem
from the other parts of the furnacéDastidar, et al., 2018Accordirg to EiGeassy

et al.(1986) potassium predominantly exits with the top gas, while sodium is
removed in the slagdecreasing thebasicity [CaO+ MgO) / &h i+Af i )jofi the
slagby reducing the limestone inpdtelps in the removal of alkalis, howevan
acidicslagalso increases hot metal silicon and sulphur, which is undesirable
(Dastidar, et al., 2018xdditionally, the shg viscosity and iron oxide content
increases, and the temperature of the hot metal reduc@ther methods to

reduce alkali vaporisation include increasing the oxygen in the blast wddctces
the ability for alkali silicates to be reduced, and also réuyithe temperature of

the furnace which reduces the extent of alkali devolatilisatfgang, et al., 2000)

2.3.2 Interactionbetween R Ash andhe Raceway/Deadmaboke

Part of the mineral matter from PCI melts and/or vaiges and can be deposi

onto the coke in theleadman This can cause the reactivity of the coke to increase

in much the same way as alkali deposition, which leads an increase in coke reactivity
and the generation of fines. Surface deposits of coal ashcease the coke to
agglomerateas the sticky ash acts avimder béween individual coke lumps. Ehi
hasthe potential to increase the pressure drop due to redugesmeability in the
furnace(Khairil, et al., 2002Figurel0is a representation afiow pulverised coal

ash particlestravel out the raceway and interact wittdripping slag and the
deadman. The majority of ash generated from PC combustion travels upwards in

the direction of furnace flow, hile a lesser amount travels circumferentially
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further into the furnace and deadman cokiEhe upward moving ash reacts and is
captured by the dripping slag falling from the cohesive zdsh that travels into

the deadman can cause3mm fines that reduceghe permeability at the deadman
surface. This has the effect of reducing the temperature in the deadman with a
resultant increase in slag viscosifichida, et al., 2001)On the other hand,
according to lwanag@l993) partially burnedchargasifies quicker than lump coke

which helps to reduce coke degradation.

Figurel0: Ash behaviour and interaction with dripping slag in and around the raceway
(Ichida, et al., 2001)

According tKhairil et al(2002) high melting temperature ash tends to deposit on
the surface of cokandis likely to adhere to the coke and not drip dosempared

to low melting temperatureashwhich has a lower viscosity and will run off the coke
more easily.n an investigation by Zou et §2017) the fluidity of high melting
temperature ashes was increased by the introduction éOFand CaO, which had
the effect of enabling the lower viscosity ash to enter deeper into the coke pore

structure, while catalysing the reactidoetween the ash and the coke.

Pertaining to the effect of the intrinsic ash in coke, it has been reported
(Gornostayev & Harkki, 200&)at the mineral matter in coke can block pores
reducing reactivity, and low AFT can cause this to happen further up the furnace.
Additionally, chemical rearrangement of melting of mineral matter magai&

weak spots in coke and reduce its strength.
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