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I

ABSTRACT 

The efficiency in use of reducing agents in blast furnace (BF) ironmaking has been 
significantly improved over the years. At most blast furnaces, auxiliary fuels are 
injected to replace some of the coke. To further reduce carbon consumption, 
prevention of losses and modification of raw materials or process conditions are 
required.  

In this study coke properties, their development during the descent in the BF under 
different process conditions, contribution to off-gas dust as well as modifications of 
coke aiming for reduced energy consumption in the BF have been investigated. 
The changes in chemical composition of coke ash, mineral phase developments 
and coke participation in the endothermic gasification reaction with CO2 and coke 
graphitisation were studied. Also, in order to reduce the losses of material in the 
off-gas, a characterisation of the off-gas dust and its connection to BF conditions 
and coke property development in the BF has been made. Coke properties have 
been studied in the laboratory and in samples taken out from different parts of the 
LKAB Experimental BF (EBF®) during varied operational set-ups. Properties of 
coke from the BF high-temperature region were studied via tuyere core-drilling of 
samples from the EBF and an industrial-scale BF. 

The results showed that the coarser dry flue dust is mechanically formed. Coke 
fines originating from the upper shaft dominates the coarser fractions. Gasification 
in the shaft has a negligible effect on the high quality coke used in the EBF. The 
finer dust fraction, sludge, consists mainly of chemically formed spherical particles 
in the order of <1 m. Gaseous compounds formed in the BF high-temperature 
area precipitate from the ascending gas as the temperature decreases. Flow 
conditions in the top of the BF and the fluidisation properties of fine particles 
determine out-flow of off-gas dust. Low off-gas temperatures, and thus lower off-
gas velocities, are favourable for low flue dust amounts expelled from the blast 
furnace. The strength and reactivity of coke at high temperature, measured in a 
standardised test, was compared with coke from basket samples charged into the 
EBF. Coke reactivity in the EBF is considerably lower for all coke types studied 
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compared to coke studied in the standardised test. Due to higher gasification in 
that test the ash content is higher. However, gaseous components in the EBF, 
such as recirculated alkali, contribute to changed ash composition in BF coke.  

Laboratory studies using fixed bed reactor (FBR) and a thermo gravimetric 
analyser (TGA) on the same material, original as well as Fe- and Ca-activated coke 
samples, identified the effects on reaction behaviour and were the basis for 
selection of the potentially best method for activating nut coke to achieve higher 
reactivity with CO2 when charged into iron-bearing layers. All types of Fe- and Ca-
containing activation agents used increase the apparent reaction rates for coke 
with low reactivity and contents of catalytic components in the ash. Activation with 
a solution of Fe(NO3)3 has the strongest effect on the reactivity, followed by slurry 
of Ca(OH)2 and iron oxides (Fe2O3 and Fe3O4) in descending order. Use of a non-
specific weight loss in TGA as a basis for apparent reaction rate demands 
measurements in a temperature interval free from other reactions involving the 
activation agents. The apparent reaction rate is reduced when CO is present in the 
reaction gas.  

Aiming for a method for determination of thermal history in BF samples the 
correlation between temperature and coke graphitisation was studied using three 
different data processing methods for removing the influence from overlapping 
peaks during X-ray diffraction measurements. Structural changes in coke during 
heat treatment are accompanied by chemical transformations in ash compounds 
and changed the pattern of disturbing peaks. Key ash phases were SiO2 and 
mullite. At high temperatures (~1500°C) the SiO2 peaks are reduced in magnitude 
and finally disappear to be replaced with SiC peaks. The graphitisation was 
correlated with temperature and time in argon atmosphere and the impact from hot 
metal and slag was investigated. The graphitisation degree in coke samples from 
the EBF raceway and hearth was estimated and the evolution of structural order 
was found to be suitable in order to estimate the thermal history of coke in the BF. 
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1 INTRODUCTION 

Coke is essential in the blast furnace (BF) ironmaking process, as it has three 
major roles: thermal, chemical and physical. The thermal role of BF coke, as a 
source of energy, is to provide enough heat to melt iron and slag and for 
endothermic reactions inside the BF. The chemical role of BF coke, as a reduction 
agent, is to produce and regenerate the reducing gases which are needed to 
reduce iron and other oxides; and also to carburise the molten iron towards the 
bottom of the BF. The physical role of BF coke is to support the weight of the 
burden material and provide a permeable bed in the lower part of the BF, as it is 
the only solid material in that region. The coke permeability controls the gas flow 
and distribution, as well as the melt flow and drainage in the bottom of the BF. 

The cokemaking process involves carbonisation of coal to high temperatures of 
around 1100°C (depending on coke producer) in an oxygen-deficient atmosphere. 
The majority of coke produced comes from wet-charge, by-product coke oven 
batteries. Initially, the selected coals are blended, crushed, and in some cases 
prepared with oil or compacted for proper bulk density control. The blended coal is 
charged into a number of slot-type ovens, wherein each oven shares a common 
heating flue with the adjacent oven. Coal is carbonised in a reducing atmosphere 
and the off-gas is collected and sent to the by-product plant where various by-
products are recovered. 

The coal-to-coke transformation is illustrated in Figure 1. [1] The coal mix is heated 
from the oven walls on each side of the coke oven; two plastic layers are 
developed on each side and converge eventually at the centre of the charge. First, 
coal near the wall loses water and becomes plastic at 350–400°C while leaving 
organic tars. The plastic layers solidify into a semicoke residue at 450–500°C while 
giving off methane and other volatile gases. It takes about 12–15 hours for the 
centre of the coke oven to solidify. The semicoke shrinks and fissures at elevated 
temperatures of 500–1000°C, losing methane and hydrogen. The coke is pushed 
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out of the coke oven at approximately 1000–1100°C, when the volatile matter is 
<1%. The coke-making process takes about 18–22 hours, but can vary depending 
on the heating rate and the width of the oven.  

Figure 1. Coal-to-coke transformation [1] 
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2 AIM AND SCOPE 

In this thesis, BF coke properties and their development during the descent in the 
BF under different process conditions, its impact on C losses as well as 
modifications of coke aiming for reduced energy consumption in the BF have been 
investigated.  

The changes in chemical composition of coke ash and mineral phase 
developments, coke participation in the endothermic gasification reaction with CO2

and coke graphitisation were studied. Aiming for reduced losses of material in 
general and coke and coal specifically, coke property developments in the BF and 
its relation to off-gas dust properties have been investigated. Coke properties have 
been examined in the laboratory and in samples taken out from different parts of 
the LKAB Experimental BF (EBF®) during varied operation set-ups. An overview of 
the studies presented in the thesis is shown in Figure 2.  

Figure 2. Overview of the studies presented in this thesis 
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In BF ironmaking, efforts are made to decrease coke consumption and enhance BF 
efficiency. In order to maintain stable operation it is important to understand coke 
behaviour and generation of fines during the descent in the BF.  

The main coke properties presented in this thesis are changes in ash composition, 
the development of crystal structure, i.e. graphitisation degree, coke reactivity of 
the gasification reaction with C and CO2 gas and coke strength after the reaction. 
All these coke properties contribute or are a marker of coke degradation and 
generation fines which can end up in off-gas dust. 

Gasification of coke leads to weakening of the coke matrix and fines are generated 
by abrasion in the lower part of the shaft and in the high-temperature area. Coke 
charged into Swedish blast furnaces are of low reactivity and high strength after 
reaction. Therefore, an idea to use the screened off nut coke and make it more 
reactive when charged into the iron-bearing layers whilst leaving the coke layers 
intact with low reactive coke were explored in a project. By activate the coke with 
catalytic compounds the endothermic gasification reaction with CO2 will possibly 
start at a lower temperature which reduces the thermal reserve zone temperature 
and enhances the reduction of FeO to metallic Fe, subsequently decreasing the C 
consumption and energy in the BF. 

Graphitisation occurs at high temperature and the transformation towards graphite-
like structure lowers the coke resistance towards abrasion. Some changes in the 
chemical analyse of coke ash marks possible signs of gasification. 

Starting at the top of the BF and moving downwards, the material losses through 
the off-gas dust were characterised (Paper II) with a focus on C-containing 
particles in this thesis. In Paper III, operational process parameter effects on off-
gas dust generation were studied. The aim was to locate the distribution and 
identify the mechanism behind generation of C-containing particles and ash related 
compounds found in the off-gas dust. Some effects of pulverised coal (PC) 
injection phenomena are discussed. 
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In Papers I and III, coke ash composition and graphitisation in the shaft are 
presented. The coke reactivity and hot temperature strength were tested in a 
standardised test and compared to samples from the EBF shaft (Paper I). As the 
test provides a more reactive environment compared to actual BF conditions, it is 
important to study the differences in coke behaviour.  

Studies of the reaction kinetics have been carried out in the laboratory for different 
coke types and activation agents (Papers VI and VII) with an aim to enhance the 
reactivity of nut coke when mixed with iron-bearing material as described earlier.  

By investigate changes in coke properties taken out from the high-temperature 
area of the BF, valuable information about the effect of using different injection 
materials and raceway process parameters can be achieved (Paper IV). 
Differences between EBF and industrial BF samples are discussed.  

Furthermore, aiming for a method for determination of coke graphitisation degree 
and to assess the thermal history of BF samples, the correlation between coke 
graphitisation degree and temperature was studied (Paper V).  
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3 LITERATURE

3.1 OVERVIEW OF THE BLAST FURNACE PROCESS 

A cross section of a BF is shown in Figure 3. The raw material (iron-bearing 
material, slag formers and coke) is charged at the top and molten hot metal and 
slag are tapped at the bottom. The coke is charged in alternating layers with iron-
bearing material (ore, sinter or pellets) and additives (e.g. limestone, BOF slag and 
quartzite). In Swedish BF the iron-bearing material is almost 100% pellets. Slag 
formers have to be added to form a slag with suitable properties. The reducing 
gases and the heat needed for the process are generated by the combustion of 
coke and auxiliary reducing agents injected through the tuyeres, usually PC. 
Preheated air (blast), which can be enriched with oxygen, is blown through the 
tuyeres and C in coke and PC is combusted in the raceway. The resulting 
theoretical flame temperature is 1800–2300°C, depending on the blast 
temperature, content of moisture and oxygen as well as type of injected reducing 
agent. The hot reducing gases ascend counter current to the descending raw 
materials, imparting heat and providing for the reduction of the raw materials and 
finally exiting at the furnace top.[2]  

Figure 3. Blast furnace overview and different physical coke zones 
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3.1.1 Physical and temperature zones and some blast furnace reactions  

The BF can be divided into three thermal zones (see numbering in Figure 4), which 
can move or overlap, depending on gas and material distribution.  

The thermal zones are:[3]

The preheating zone (1), where a distinct heat exchange occurs. The temperature 
of the ascending gas from the middle zone will drop from 800–1000°C to 100–
250°C when the raw material heats up from ambient temperature to 800–900°C. 
The exothermic indirect reduction, i.e. reaction with CO gas, of hematite (Fe2O3) to 
magnetite (Fe3O4) takes place. At 700–900°C, magnetite is reduced to wustite 
(FeO). 

Figure 4. Temperature profile for charged material and reducing gas (and some 
important reactions) in the three thermal zones [3]

Also, decomposition of carbonates and hydrates, except from calcium carbonate, 
occurs in the zone together with vaporisation of moisture and water in hydrates. 
Carbon deposition takes place when the temperature of the reducing gas 
decreases at around 450–600°C (reversed reaction No. 1). 
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The coke is relatively inert in the preheating zone.[4] The coke heats up and loses 
moisture and most of its volatile matter. 

In the thermal reserve zone (2), the temperature of the gas is approximately the 
same as the charged material and virtually no heat exchange occurs.[3] Indirect 
reduction of wustite to metallic iron occurs at temperatures around 800–1000°C. 
The temperature in the thermal reserve zone is often controlled by the endothermic 
C gasification (also known as the Boudouard or solution loss) reaction (1). 

C + CO2 (g)  2 CO (g)    (1) 

The threshold temperature of reaction (1) is about 950–960°C.[4],[5] The water-gas 
shift reaction, where water is decomposed and hydrogen gas is generated, is 
another important reaction in this zone.[3] This reaction can also take place in the 
upper zone. Hydrogen gas, which is a more effective reductant than CO, comes 
from moist blast air, volatile matter in PC and steam, which can be added to the 
blast. 

In the melting zone (3), the temperature of the molten materials reaches 1400–
1450°C and the ascending gas is lowered from the flame temperature of 1800–
2300°C down to 800–1000°C, reaching the thermal reserve zone. Strongly 
endothermic reactions take place and the area is also called the direct reduction 
zone. Examples of reactions are listed in Figure 4. The zone reaches from the 
bottom of the hearth and up above tuyere level. Remaining wustite is directly 
reduced in this region.  

Calcination of limestone also takes place here according to reaction (2). 

CaCO3  CaO + CO2 (g)    (2) 

The calcination depends on temperature and the partial pressure of CO2, which 
means that some calcination of limestone can occur in the thermal reserve zone.  

In the cohesive zone of the BF the ore has softened and the coke layers provide 
permeable “coke windows” for passing of the gas.[2] Below the cohesive zone the 
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reduced ore starts to melt and drips down. The active coke zone, bounded by the 
cohesive zone, raceway and deadman, consists of loosely packed coke feeding 
the raceway or moving towards deadman. Droplets of iron and slag descend 
towards the hearth. The raceway is a semi-void region with rapidly moving coke 
being combusted – the periphery is determined by the energy of momentum of the 
blast.  

In the raceway, C in coke is combusted according to reaction (3) together with C [3]

from injected material such as oil, gas or PC. 

C + O2 (air) (g) + N2 (g)  CO2 (g) + N2 (g)   (3) 

N2 carries heat which is transferred during the ascending of the gas. O2 is 
consumed and CO2, which is unstable at temperatures above 1000°C in the 
presence of C, reacts further in the raceway with C in char (unburned injected PC 
which has undergone pyrolysis) or coke, and CO gas is formed by the endothermic 
gasification reaction (1).  

Carburisation of iron occurs mainly in the melting zone, where iron droplets are 
wetting the coke and in the hearth where the final carburisation takes place [3]

The last physical zone of the BF is the stagnant coke zone (hearth and deadman), 
which is an area of densely packed coke where iron and slag drip down and collect 
in the hearth.[2] The deadman is the central zone of coke not directly feeding coke 
to the raceway, and the remaining boundaries are the underside of the raceway 
and the furnace walls.  



11

3.2 BEHAVIOUR OF ALKALI SILICATES AND SILICA IN THE BLAST 
FURNACE 

Alkali input to the BF, illustrated in Figure 5, is as complex silicates in the iron-
bearing material, coke and slag-forming material.[6],[7] Alkali is detrimental to the BF 
operation, as it catalyses the gasification (1) and decreases the coke strength in 
the lower part of the blast furnace. Alkali condenses on the lining, forming 
scaffolds, which affects the burden decent and reduces the lining life.[8] Alkali 
leaves the furnace mainly via the slag but also as off-gas.[7] The rest of the alkali is 
circulated within the furnace. The alkali leaving with the slag is preferable, since all 
other routes cause problems in varying ways. This recirculation of alkali results in 
an increase in alkali concentration in the lower part of the furnace. The alkali 
silicates do not decompose until reaching the high-temperature area, producing 
alkali vapour, mostly potassium.[7] The gas leaving the tuyere zone can react with K 
vapour and form KCN vapour, which condenses below 1625°C. In the upper part of 
the shaft; K and KCN are oxidised to K2CO3, which is a solid below 1000°C. 

Figure 5. Alkali behaviour in the blast furnace  
Solid lines=solids, broken lines=gas flows and cross-hatched areas=scaffolds [6]
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Turkdogan et al.[9] concluded that SiO gas is generated from the ash during 
combustion of coke in the raceway. The results showed that equilibrium phases for 
coke Si in the raceway are SiC and SiO gas. SiO gas is produced when alkali 
silicates in coke are degassed according to reaction (4).[10]

SiO2 (coke ash) + C  SiO (g) + CO (g)   (4) 

In an another study[11], cristobalite was seen to react with C at 1530°C, producing 
CO and SiO gas, which reacts further with solid C to form SiC and CO gas 
according to reaction (5). 

SiO2 + 2 C  SiC + CO (g)    (5) 

Si in molten iron tends to increase with higher pulverised coal injection rate 
(PCR).[12] Even though the input of Si is higher from iron ore, earlier studies have 
shown that the SiO gas generation is much higher from SiO2 in coke than from 
SiO2 from slag. Different studies have shown as much as 10 to 40 times greater 
SiO generation from coke ash. Matsui et al.[12] studied the SiO gas generation from 
PC char samples and the reaction rate was deduced. It was concluded that the 
reaction rate of PC char is three times as much as that of coke, due to the larger 
surface area of char; consequently, the transfer of Si to hot metal is also larger. 
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3.3 MATERIAL LOSSES TO OFF-GAS DUST 

Studies of flue dust from the top of the BF have shown that the major components 
are iron oxides and coke fines.[13] The finest fractions of off-gas dust were observed 
to contain char particles and soot from coal injection.[14] Fe content in flue dust 
ranges from 20–40 wt.% and C content ranges between 30–50 wt.%.[13],[15],[16] Si, 
Ca, Mg and other minor elemental oxides are present in lesser amounts. 
Characterisation of flue dust from an Egyptian iron and steel company showed that 
about 74 wt.% of the material was below a particle size of 210 m.[17] Chemical 
analysis exhibited that C was found in the coarser sizes above 210 m and iron in 
the finer sizes below 210 m. Determination of particle size of flue dust from an 
Iranian blast furnace indicated that almost all of the material was in the size range 
<210 m.[18]

Studies by Wu et al.[19],[20] showed that increasing PCR causes an increase in 
losses of carbonaceous material, as coke and unconsumed injected coal (char), 
leave the blast furnace through the off-gas dust. The mass fraction of char in the 
blast furnace off-gas dust at a PCR of 170 kg/tHM was nearly zero, suggesting that 
the produced char is consumed in the blast furnace. At PCR higher than 190 
kg/tHM, the C mass fraction in sludge exceeds the amounts present in dust. With 
rising PCR, the percentage of coke in the dust decreases at the same time as the 
percentage of char increases. Unconsumed PC is mostly concentrated in sludge at 
high PCR. The results showed that parts of the generated dust originated from the 
raceway area as char and from the shaft as coke particles. 
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3.4 DEVELOPMENT OF COKE PROPERTIES IN THE BLAST 
FURNACE AND SOME CHARACTERISATION METHODS 

3.4.1 Mechanical degradation 

Coke degradation before charging into the BF, i.e. from the stock house to the 
stock line in the blast furnace, is caused by shattering.[5] The coke suffers 
mechanical breakage, i.e. fissures in coke will cause breakage into smaller coke 
particles, during transport from the coking plant to the stock house and when 
charged to the BF. In the BF shaft down to the area of the thermal reserve zone, 
coke degradation is mainly caused by abrasion.  

Mechanical/cold strength tests 

Coke quality has for many years been estimated by the coke’s resistance to 
abrasion and breakage under ambient conditions.[21] The mechanical strength at 
room temperature depends mainly on the geometrical structure and the residual 
stresses within the coke lumps. Four different standard tests are used; ASTM, JIS; 
Micum and IRSID, all of which are based on the principle that a weighed amount of 
coke of a specific size is treated mechanically in a drum with lifters. The amount 
and size of the coke, drum sizes and treatment vary between the tests. Micum and 
IRSID, the standardised tests used in Europe, are shown in Table 1. M40 and I40

describes the resistance to physical degradation and M10 and I10 the resistance 
towards abrasion.[22] The acceptable ranges are M40 >80%, M10 <7%, I40 >45%, I20

>78% and I10 <19%. 

Table 1. Coke Drum Tests [21]

 Coke   Drum     Nr. Strength Ind.   

Test Size  Weight Width Diam. Lifters Time Rev. Breakage Abrasion 

Micum + 60 mm 50 kg 1 m 1 m 4  4 min 100 
% >40 mm 
M40

% <10 mm 
M10

IRSID + 20 mm 50 kg 1 m 1 m 4  20 min 500 
% >40, 20 mm 
I40, I20

% <10 mm 
I10
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3.4.2 Gasification, coke degradation and reaction rates 

In the BF, the gasification (1) starts in the thermal reserve zone. A coke with lower 
reactivity shifts the gasification reaction, and therefore the temperature of the 
thermal reserve zone, towards higher temperatures[3] of up to 1100°C.[22] The 
amount of C reacted is limited by the supply of CO2 gas, which can vary between 
20–30% due to BF conditions[5] and the pressure in the BF.  

The nature and degree of coke degradation by the gasification reaction (1) 
depends on the rate limiting step, either chemical reaction kinetics or diffusion into 
pores. If chemical reaction kinetics is the limiting step, then gasification proceeds 
throughout the whole coke piece, which leads to overall weakening of the coke. If 
the limiting step is diffusion, then the reaction mainly takes place on the coke 
surface and the core of the coke piece remains fairly un-reacted with no 
considerable losses in strength. The actual coke behaviour in the BF lies between 
these stages, where the gasification occurs under a mixed regime in the thermal 
reserve zone.[4] When the temperature is raised, the chemical reaction rate 
increases exponentially and the diffusion rate is limited by the amount of CO2 gas 
that is penetrating through the pores. The CO gas produced inside the least 
accessible pores inhibits the coke wall surface contribution to gasification; resulting 
in a regime where primarily the surface layer reacts. The transition temperature of 
these reaction regimes is between 1100–1200°C.  

Alkaline, especially potassium, is known to have a catalytic effect on the 
gasification reaction (1), lowering the threshold temperature to approximately 750–
850°C.[5],[23],[24] Fe2O3, CaO and MgO in coke ash are shown to have a catalytic 
effect on gasification as well.[10] Due to the endothermic gasification reaction, the 
thermal reserve zone temperature can be decreased by adding agglomerates 
containing both iron and carbon[25]-[27] or by using reactive coke. A number of 
studies have been made by adding catalysts of Fe or Ca before carbonisation[28],[29]

or coated onto the coke surface[30]. The composition of reducing gas 
(CO/(CO+CO2)) in equilibrium with Femet/FeO is lowered when the reaction 
temperature is decreased (see Figure 6).[3] However, as there is a strong 
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relationship between the gasification degree and strength of coke after reaction, it 
is not desirable to increase the reactivity of coarse coke in coke layers. 

Figure 6. Fe-O-C equilibrium diagram including the Boudouard curve for reaction (1) 
as well as the degree of reduction in the presence of CO and CO2 

[3]

At the BF bosh to tuyere level, coke is exposed to alkali and liquid attack.[5] Alkali 
metal vapour reacts with coke ash to form silicate compounds. Liquid attack means 
the carbon in coke is consumed by the direct reduction reactions, the carbonisation 
of liquid iron (and ash reactions with slag) which makes the coke more porous. In 
the raceway, coke fines are produced by mechanical impact of rotating coke, 
thermal stress, combustion (3) and gasification (1) reactions.[31] Fines originating 
from PC injection (PCI) consist of unburned char and soot. [14],[31]  

When PC is injected through the tuyeres, the coal particles will undergo rapid 
heating, release of volatile matter, gas phase combustion, char combustion and 
gasification. Coal devolatilisation releases tar, which is believed to be a source of 
soot particles formed by direct dehydrogenation.[14] With increased PCR the 
combustion efficiency of PC decreases due to limited supply of oxygen and/or 
delayed heating of the particles, causing an outflow of char and soot from the 
raceway. Transmission electron microscopy studies showed that soot was 
observed as a submicron, spherical and carbon-rich particle and char particles 
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appeared as porous, carbon-rich particles.[32] Primary soot particle diameters 
generated from coal were in the size range of 25–60 nm. Soot particles underwent 
agglomeration and were later fused into chains as large as 800 nm. Char particle 
sizes ranged from several microns up to the same diameter as the original PC 
particles.[33] Since the gasification reaction promotes char consumption, most of the 
char is consumed in the BF.[31] Therefore, coke fines generated in the BF at higher 
PCR may not be totally consumed when there is decreased combustion efficiency 
of PC at high injection rates.  

CSR/CRI test (ISO 1889-4) 

The most widespread test for characterising coke degradation potential in a BF is 
the Nippon Steel Corporation (NSC) CSR/CRI test.[21] This is a standardised test to 
determine the coke reactivity according to the endothermic gasification reaction (1) 
and the coke mechanical strength after reaction. CSR stands for Coke Strength 
after Reaction and CRI for Coke Reactivity Index. A coke sample of 200 grams with 
a particle size between 19-22.5 mm is placed in a reactor and heated to 1100°C in 
inert atmosphere. Subsequently, the coke is gasified isothermally for two hours in 
100% CO2 gas atmosphere, and then cooled with nitrogen gas. After cooling, the 
coke is weighed and tumbled for 600 revolutions in an I-drum followed by sieving 
through screens with mesh sizes of 10 and 0.5 mm. The weight loss of coke 
represents CRI, and the remaining coke on the 10 mm sieve (>10 mm) represents 
the CSR. The abrasion value is determined by the weight passing a 0.5 mm sieve 
(<0.5 mm) after tumbling. Acceptable range of CRI is <29% and CSR >58%.[22]  

Comparative studies with other gas compositions of CO2, CO and N2 mixtures 
showed that the apparent reaction rate decreased with lower CO2 content in the 
gas.[34] The gas composition did not have an effect on the CSR when reaching the 
same weight loss achieved in the standard test, but the required treatment time 
was significantly increased (8 instead of 2 hours) when the CO2/CO content was 
30/70%. Suppression of reaction by CO was indicated by a lower CO2 gasification 
rate using a 30% CO2-containing gas with 70% of CO compared to when using 
70% N2 in the gas mix.  
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Isotropic textures have been reported to react more readily with CO2 than 
anisotropic textures.[10],[35] In a study[36] comparing the coke texture before and after 
the CSR/CRI test and in BF coke taken from the tuyere level, the coke with an 
initially high amount of isotropic textures had higher CRI and lower CSR. Also, the 
development of isotropic and anisotropic coke textures after the CSR/CRI test and 
in the BF differed. After the CSR/CRI test, the anisotropic textures were seen to 
increase but in coke from the BF the ratio of anisotropic texture was lower.  

As the CSR/CRI test conditions differ significantly from the BF conditions, a BF-
simulated test for coke was developed and used in comparison with the 
standardised test.[37] In this test regime the CO2 content of gas is higher at low test 
temperature and when the temperature increases, so does the CO content of gas, 
just as it does in the BF. The measured reactivity (% weight loss) was much lower 
in the BF-simulated test and the strength after reaction was correspondingly higher. 
Coke types giving significantly different results in the CSR/CRI test did not differ 
much in the BF-simulated tests. From microscopic investigation it was observed 
that only the outer rim was affected after BF-simulated tests, while the number of 
reaction sites was similar at the surface as in the centre after the standardised test. 
In the same study coke collected from the BF region of 800-1000°C was examined 
as well, showing that presence of iron-containing dust particles seems to have a 
catalytic effect, as the coke had higher reactivity than in the BF-simulated tests, 
although the effect was limited to the rim of coke and did not affect its strength. 

Other test procedures 

The influence of mineral matter on coke reactivity was also studied by Grigore et 
al.[38],[39] Tests were conducted in a fixed bed reactor (FBR) in the chemical-
reaction controlled regime. A first order reaction regime follows the Arrhenius type 
relationship and the reaction rate and activation energy are indicators of reactivity. 
Mineralogical studies on ash collected after treatment of coke samples at low 
temperature to remove the C showed that not all iron, calcium, sodium and 
potassium phases had catalytic effect. It was concluded that crystalline phases 
containing metallic iron and iron sulphide with some contribution from iron oxide 
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and calcium sulphide functioned as catalysts. However, elements such as Fe, Na 
and K present in amorphous phase did not explain the variation in coke reactivity. 

The apparent reaction rates for reaction of C in coke with CO2 in reaction gas 
indicate that the reactivity measured in a thermal gravimetric analyser (TGA) may 
be influenced by mass transfer.[40] TGA experiments with different dynamic heating 
rates were conducted for calculation of activation energy. The weight loss was 
delayed with increasing heating rate and an interaction between chemical reaction 
and mass transfer was indicated. To avoid impact from mass transfer the apparent 
reaction rate was measured in a series of isothermal tests at different 
temperatures.  

In a study by Zamalloa et al.[41] oxidation rates of carbonaceous material in CO2

and air were studied using both isothermal and dynamic TGA tests. The weight 
losses in reaction with CO2 for graphite, coke breeze and pet coke measured at 
1273, 1373 and 1473 K were significant for each type of material, increased 
linearly with time and followed the Arrhenius type relationship. However, due to the 
test temperatures, most data were collected for diffusion-controlled or, in the 
transition range, from diffusion to chemical-controlled reaction; consequently, the 
activation energies were lower than earlier studies used as comparison. 

Kashiwaya et al.[42] studied the effect of gas composition on reaction rate of CO2

with C and reported an inhibition effect of CO on the rate of gasification, especially 
in low concentrations and at lower temperatures around 1000°C. At temperatures 
of about 1400°C the effect had almost disappeared. The reaction rates increased 
with higher CO2 concentration, but in presence of CO (20 or 40%) the reaction 
rates were much lower and showed a linear increase with CO2 concentration. 
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3.4.3 Carbon graphitisation degree, Lc

Coke, coal and char are normally relatively amorphous sources of C. A higher 
degree of carbonisation during coking produces a more crystal coke structure, i.e. 
higher graphitisation degree. Graphitisation of the coke in the BF takes place in the 
high-temperature zone, which reduces the abrasion resistance.  

The graphite structure is shown in Figure 7 [42] and consists of large sections of 
ordered C known as crystallites.[43] The highly ordered graphite structure can be 
described on the basis of the parameters Lc and La, which define the level of 
crystallinity. Lc represents the average height of the crystallite and La is the average 
length. Lc of graphite can be in the order of 100–300 Å.[43] Crystalline C in coal and 
coke can be considered to have a graphite type of structure, where the aromatic 
structures can align in a similar manner as graphite layers. The crystallites are less 
ordered over a shorter distance; about 2–30 Å. 

Figure 7. Crystal structure of graphite [42] 

Lc is determined by application of Scherrer’s equation on the (002) carbon X-ray 
diffraction (XRD) peak [23],[42]-[47]  

θβ
λ

cos
89.0=cL      (6) 
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where  is the wavelength of the X-ray source,  is the full width at half maximum 
(FWHM) and  is the corresponding Bragg angle. A sharper (002) peak 
corresponds to a higher Lc value, and represents a higher degree of 
ordering/graphitisation in the C structure. The development of crystalline order in 
coke structure could be used as a thermal signature to determine its history, i.e. the 
highest temperature experienced by the coke in the BF. 

Various approaches used in the determination of crystallite size Lc of metallurgical 
coke have several limitations and there is currently no standard procedure. 
Specifically, difficulties are caused by the presence of additional peaks partially 
overlapping the (002) carbon peak, e.g. silica peaks in the low-temperature treated 
coke and graphite peaks in the high-temperature treated coke. A careful de-
convolution of overlapping peaks needs to be carried out to extract the (002) 
carbon peak. In an attempt to avoid ash interference, Kawakami et al. [48],[49]

reduced the ash content by washing with hydrofluoric acid before heat treatment of 
fine particulate coke at different temperatures. Microscopic investigations of coke 
samples collected from the BF raceway [50],[51] showed the presence of graphite 
crystals on coke surfaces. The alignment of these crystals with molten iron 
suggests the penetration of molten iron in the C matrix, pickup of C by molten iron 
and its subsequent precipitation as graphitic flakes. 

In addition to the interference from additional peaks, the (002) peak may also be 
asymmetric on the lower-angle side (  band) which is attributed to the presence of 
aliphatic chains, edge atoms and local disorder due to other inhomogeneities.[44] A 
procedure to remove such asymmetric contributions prior to determining the Lc

contribution from the symmetric component of the (002) peak has been proposed 
by Lee.[45] The evaluation method involved the de-convolution of SiO2 peak and a 
correction for the asymmetric component for a number of heat-treated coke 
specimens. 
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4 METHODS AND MATERIALS 

4.1 MATERIAL 

The coke used in SSAB BF No. 3 and in the LKAB EBF® is produced by SSAB 
EMEA in Luleå. The properties of coke correspond to high-quality coke regarding 
CSR (70-73%) and CRI (19-21%) as well as good mechanical strength with Micum 
values of M40 79.5-80.2% and M10 7.7-8.0%. Such coke, in the 15-30 mm fraction, 
is normally used in trials at the EBF and has a C content of 85.3% and a chemical 
composition (wt.%) of: Fe (0.38), SiO2 (6.39), Al2O3 (2.66), CaO (0.03), MgO 
(0.06), Na2O (0.05), K2O (0.15), S (0.69) and Ash (10.43). The 15-30 mm fraction is 
obtained by crushing and screening of the coarser coke fraction used in the 
industrial blast furnace of SSAB. This coke type has been used in all papers. 

4.1.1 Paper I 

Six coke types with different origin, hot strength and reactivity have been tested 
according to the standardised CSR/CRI test and coke in the same size range and 
weight were placed in basket samples and charged into the LKAB EBF®. As the 
test provides a more reactive environment compared to actual BF conditions it is 
important to study the differences between coke behaviour in a real BF 
environment and in the CSR/CRI test. The chemical composition and 
corresponding CRI and CSR values of original coke used in the tests are shown in 
Table 2.  

Table 2. XRF analyses, in wt.%, and CSR/CRI values of original coke  
(n.d.=not detected, SUM=sum of oxides) 

Coke Fe CaO SiO2 MgO S Al2O3 K2O Na2O SUM CRI CSR 

A 0.47 0.39 5.0 0.09 0.76 3.39 0.08 0.05 10.4 38.2 46.9 

B 0.54 0.52 4.1 0.10 0.68 3.26 0.06 0.05 9.6 37.5 54.2 

C 0.65 0.52 3.3 0.21 0.54 2.46 0.20 0.13 8.3 35.0 54.7 

D 0.37 0.20 4.7 0.04 0.69 3.53 0.07 0.05 9.7 27.3 61.9 

E 0.41 n.d. 6.3 0.05 0.55 2.78 0.14 0.04 10.5 23.4 64.9 

F 0.39 n.d. 6.6 0.05 0.52 3.14 0.16 0.04 11.2 19.9 70.3 
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4.1.2 Papers II & III 

The impact and development of coke properties on generation of off-gas dust was 
investigated. Sampling of in-burden material and off-gas particles was carried out 
simultaneously during eight test periods in the EBF. The flue dust was dry-sieved 
using 1, 0.5, 0.25, 0.125, 0.075, 0.063 and 0.045 mm squared sieves. Sludge was 
taken out in conjunction with the flue dust sampling, filtered and dried. The study 
was made during charging of different iron-bearing materials. High-quality coke 
was used, together with pulverised injection coal, as reducing agent during the EBF 
campaign. The PC contained 21 wt.% volatile matter. BOF slag, quartzite and 
limestone in size fractions 10–20 mm were used as slag formers. 

4.1.3 Paper IV 

The high-temperature properties of coke during different operational set-ups were 
investigated by four core-drillings into the raceway of the EBF. Additionally, a 
comparison with high-temperature coke properties from an industrial BF has been 
made using the same high-quality coke type and PC as in the EBF.  

4.1.4 Paper V 

When aiming for a method to determine the thermal history in BF samples, the 
correlation between coke graphitisation degree and temperature has to be stated. 
Laboratory tests were conducted on crushed coke in the 5-10 mm fraction and 
typical BF hot metal or slag samples from SSAB BF No. 3 were used in tests with 
coke submerged in melt. The slag sample had B2 basicity (CaO/SiO2 in wt.%) of 
0.99. Coke from EBF raceway drill-core No. 3 in Paper IV and hearth drill-core 
coke excavated after a normal EBF campaign with PCI were also studied.  

4.1.5 Papers VI and VII 

When studying the potential of decreasing C consumption in the BF by 
investigating the effect of nut coke activation with catalytic compounds on the 
reaction behaviour when mixed in the iron bearing layers, four nut coke types were 
selected. The chemical compositions, ash contents and CRI are shown in Table 3. 
The reactivity, CRI, is lowest in coke 1, which also has a lower content of possibly 
catalytic ash minerals containing iron, alkaline earth metals and alkali metals than 
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the other coke types. Contents of these components are highest in coke 2, which 
also has the highest reactivity. Cokes 1 and 3, with the lowest CRI, also show the 
highest Lc values.  

Table 3. Chemical composition in ash of selected nut coke types (1-4), ash content and 
reactivity (CRI given for coarse coke, alkali as K2O+Na2O) 

Coke 
type 

Ash composition (%) Coke (%) 

CaO MgO Fe2O3 SiO2 Al2O3 Alkali S Ash CRI 

1 0.27 0.53 4.83 61.3 23.6 1.92 0.69 11.3 20 

2 4.22 2.06 8.46 44.9 23.6 3.71 0.59 11.2 29 

3 1.68 0.84 6.28 55.1 22.1 2.11 1.02 10.7 22 
4 2.99 1.59 8.15 51.6 25.4 3.16 0.57 10.7 26 

Laboratory test samples were prepared by crushing and screening nut coke to 
achieve a fraction of 1-2 mm. Original and activated coke samples were tested. As 
compounds containing Fe and Ca are known to catalyse the gasification reaction, 
slurries of magnetite (Fe3O4), hematite (Fe2O3) and hydrated lime (Ca(OH)2) were 
selected as activation agents. Additionally, a solution of iron nitrate (Fe(NO3)2), 
which is completely soluble in water at the concentration used, was selected. 
Figure 8 shows coke 1 after activation with the four types of activated agents. 

Fe2O3 Fe3O4 Fe(NO3)3 Ca(OH)2

Figure 8. Coke activated by hematite, magnetite, iron nitrate and hydrated lime 

The chemical composition of all four activated samples of coke 1 and of hematite-
activated samples of coke 2, 3 and 4 were analysed in order to investigate the 
attachment of the activating agents. The contents of Fe and Ca in coke are 
presented as Fetot and CaO in the activated samples and shown in Figure 9a. The 
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content of CaO in coke 1 increases from around 0.1 to 6.21 wt.% when treated with 
slurry of hydrated lime. Coke 1 activated with hematite and magnetite shows an 
increased Fe content of 1 and 0.8 wt.%, respectively. The Fe content increases 
approximately 2.3% by weight when the soluble Fe(NO3)3 is used. The Fe content 
of coke types 2, 3 and 4 increases by 2.0-2.3 wt.% after activation with hematite, 
as seen in Figure 9b.  

(a) (b) 
Figure 9. Contents of Fe and CaO in original and activated coke 1 samples (a) and Fe 

content in original and hematite-activated coke types 1-4 (b) 

4.2  LABORATORY TESTS 
4.2.1 CSR/CRI test  

The six coke types studied in Paper I were tested according to the standardised 
CSR/CRI test. The same coke types as in the CSR/CRI tests were placed in basket 
samples and charged into the EBF. In order to evaluate the coke strength after 
reaction in the BF, the coke was tumbled in the I-tumbler as in the CSR/CRI test. 
The sieved coke (>10 mm and <0.5 mm) after the CSR/CRI test and EBF basket 
samples were chemically analysed, as were the untreated original coke and the 
EBF coke in the vicinity of each basket sample. Cokes A, C, E, and F, tested in 
both the CSR/CRI test and the EBF, were examined using an optical microscope. 
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4.2.2 Tamman furnace 

The heat treatment of coke in Paper V was performed in an electric resistance 
heating furnace, i.e. the Tamman furnace, see Figure 10. Approximately 0.160 kg 
coke was placed in a graphite crucible, a thermocouple was inserted in the middle 
of the coke bed and the temperature was recorded continuously. The tests were 
carried out in argon atmosphere instead of N2 to avoid the formation of nitrides, 
especially Si3N4. The average temperature registered by the thermocouple after 
reaching the set value of steering temperature was defined as the treatment 
temperature.  

Figure 10. A schematic representation of the Tamman furnace and the crucible with a 
thermocouple in the coke bed 

The heat treatments were carried out in the temperature range of 1300°C to 
1700°C for periods ranging between 2 and 4 hours. Based on previous 
determination of temperature profile inside the Tamman furnace, the sample was 
placed within the isothermal zone of temperature difference of around 10°C. In 
addition, two tests each were carried out on cokes in the presence of blast furnace 
hot metal or slag; an aluminium oxide crucible was placed inside the graphite 
crucible during these tests with a holding time of 2 hours. Two scenarios were 
investigated: in one case, coke was submerged in the melt and in the second case 
coke was placed above the melt. 
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4.2.3 Fixed bed reactor (FBR) 

Studies of the reaction kinetics for the gasification reaction (1) of CO2 with C in 
coke were conducted in a FBR reported in Paper VI. All four types of original and 
hematite-activated coke were tested. Coke 1 was tested with all types of activating 
agents. 

Figure 11. Schematic view of the fixed bed reactor set-up [38]

A schematic view of the test set-up is shown in Figure 11. A weighed coke sample 
of approximately 1 gram was placed above a perforated plate at the top of the 
sample holder and a thermocouple was placed in the sample bed. Air was 
evacuated from the reactor by flushing it with N2 gas with a flow of approximately 1 
litre per minute. The N2 gas stream was distributed by the perforated plate 
positioned beneath the sample before flowing through the sample and evacuating 
any remaining air. The furnace was heated up to a selected temperature based on 
the expected reactivity of the coke sample, and when the desired temperature was 
reached the reactor was inserted into the furnace. When the temperature in the 
sample bed was stable at the selected temperature for each test, which in this 
study was ~870-920°C, the gas was switched over to CO2 with a gas flow of 
approximately 0.75 litres per minute. The concentrations of CO2 and CO in the off-
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gas were measured by an IR analyser and the data recorded. After the introduction 
of CO2 gas the gasification reaction started and the reaction rate was controlled by 
adjustment of reactor temperature in order to keep the concentration of CO in the 
off-gas within the calibrated range for the IR analyser.  

To be able to deduce the activation energy from the data the reaction rate has to 
be controlled by chemical reaction rate and not diffusion rate, as will be the case if 
the temperature is too high. When a stable gasification rate was reached, the 
furnace heating was turned off. The temperature and gas composition were 
recorded during cooling of the sample and these collected data were used for 
calculation of reaction kinetic parameters. In addition, the weight of the sample 
after reaction was noted in order to calculate the total C-conversion. Kinetic 
parameters were deduced from the collected data and with use of the information 
on C content of each sample.  

4.2.4 Thermo gravimetric analyser (TGA) 

TGA analysis using Netzsch STA 409 graphite furnace were conducted with all four 
selected original coke types with two different temperature programmes either in 
pure CO2 gas or in CO/CO2 gas atmosphere of 50/50% by volume. The results 
were compared with the ones from the FBR, assessing the effects of different 
evaluation methods stated in Paper VII.  

Around 1 gram of 1-2 mm coke was tested and an S-type thermocouple was used 
for temperature measurement. A schematic principle overview of the thermal 
analyses equipment is shown in Figure 12. 
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1. Furnace 

2. Heating element 

3. Sample carrier system, 
including thermocouple 

4. Protective tube 

5. Radiation shield 

6. Cross head 

7. Casing 

8. Analytical balance 

9. Control thermocouple 

10. Connection, evacuation 
system

Figure 12. Positions of thermocouples for furnace and reaction chamber in the TGA 

Two different temperature programmes were used. The programme shown in 
Figure 13a is based on the FBR test programme and it includes a heating-up 
period to ~990°C with a heating rate of 25°C/min, constant temperature period of 4 
hours for creating a reaction surface and, finally, a period of controlled cooling that 
was used for calculation of the activation energy. In the dynamic programme, 
Figure 13b, the samples were heated in Argon atmosphere at a heating rate of 
20°C/min until reaching ~600°C and thereafter a step with a few minutes of 
constant temperature when the 50%CO/50%CO2 gas was switched on. The 
heating rate changed to 2°C/min and proceeded up to ~1050°C. For original coke 
types 1 and 2, comparative measurements in pure CO2 gas were tested. 

In the dynamic programme the activation energy and pre-exponential factor were 
determined during the heating-up period of 2°C/min, while in the FBR and TGA 
tests with isothermal step, calculations were made using data collected during the 
cooling down period. In TGA tests the cooling down period was controlled at 
3°C/min, while it was not controlled during FBR tests. In the TGA tests the weight 
loss was assumed to entirely correspond to the apparent reaction rate ( a) of C in 
coke. 
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(a) (b) 
Figure 13. (a): Heating/cooling programme used for isothermal tests in CO2
atmosphere and (b): Heating programme used for dynamic tests in CO/CO2

atmosphere 

4.3 THE LKAB EXPERIMENTAL BLAST FURNACE (EBF®) 

The EBF® has a working volume of 8.2 m3
, a diameter at tuyere level of 1.2 m and 

is equipped with a system for injection of reduction agents.[52]-[54] The working 
height from tuyere level to stock line is 6 m and there are three tuyeres separated 
by 120°. A bell-less top is used for material distribution and there are two horizontal 
shaft probes, see Figure 14, located in the upper and lower shaft and one inclined 
probe at bosh level. At the positions of the horizontal shaft probes, temperatures 
and BF gas compositions can be measured. Dust particles are removed from the 
off-gas in several steps. A dust catcher captures the coarse particles and the finer 
part is removed from the gas stream by using a venturi scrubber in combination 
with a wet electrostatic filter (ESP).  

Figure 14. LKAB Experimental Blast Furnace (EBF®) with shaft probes indicated and 
gas cleaning system with sampling positions for the off-gas dust
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The operation of the EBF is similar to that of a commercial BF, although, in the 
EBF a shorter response time[52] is observed after an operational change, due to 
faster throughput of the burden, shorter residence time of the ascending gas and 
the size of the coke reserve. In the EBF, there is a high ratio of raceway area to 
cross-sectional area compared to an industrial BF, where the raceway depth is 
much shorter than the blast furnace radius and the centre region is filled by the 
“deadman” coke.[55] Other major differences between the EBF and an industrial BF 
of 11.4 m hearth diameter, illustrated in Figure 15, include a much smaller central 
coke column and a larger total area of coke in-between raceways.  

Figure 15. Key differences at tuyere level between an industrial size BF (left) and the 
EBF (right) 

In order to compare results from the CSR/CRI test to BF conditions in Paper I, 
basket samples were prepared and the cylindrical steel basket samples were 
charged to the EBF through two special feeding valves located at the top. The 
basket samples descended with the charged material until the EBF was stopped 
and quenched with nitrogen. During the excavation of the EBF all layers are 
carefully measured, examined and photographed.  

In Papers II and III, sampling of in-burden material and off-gas particles was carried 
out simultaneously during eight test periods with different iron-bearing materials in 
the EBF. Sampling positions for the off-gas dust are shown in Figure 14. Coarse 
flue dust particles were sampled after the dust catcher and samples of fine 
particles, termed sludge, were collected after the wet gas cleaning. The material 
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taken out with the horizontal shaft probes was divided into sub-samples. It was 
assumed that the sub-sample with the highest number was taken closest to the 
near wall position of the EBF. Generally, three to four sub-samples were generated 
for each probe. Process data from the EBF control system were used to evaluate 
the effect of some parameters on flue dust generation. Off-gas temperatures were 
measured in the uptakes and the gas composition in terms of CO, CO2 and H2

analysed after the dust catcher. Off-gas velocities were estimated based on heat 
and mass balances and geometrical data. 

The EBF is a valuable tool for detecting differences in properties of burden 
materials, as well as different injection agents and new process concepts. In Paper 
IV, the properties of coke collected at the raceway level via core-drilling are 
compared and analysed relative to a rather wide variation in operational conditions 
before core-drilling. This includes all coke operation, operation with two different 
PC injection rates and operation with injection of a mixture of PC and BF flue dust 
(BFD). 

4.4 SSAB BLAST FURNACE NO.3 

In 2004, core-drilling into three of the 32 tuyeres was carried out at SSAB EMEA 
BF No. 3 in Luleå (Figure 16a). The results are compared with raceway drill-core 
samples taken out from the EBF (Paper IV). The core-drillings were carried out 
after a stoppage using a drilling machine from Ruukki.[56] The positions of the three 
drill-cores taken out from tuyeres 1, 8 and 12 at SSAB BF No. 3 are shown in 
Figure 16b.  

At BF No. 3 the blast and PCI are stepwise decreased and often there is no 
injection at all just before the stoppage.[57] BF No. 3 is operated on almost 100% 
olivine pellets, but some dust briquettes and additives in terms of BOF slag, 
limestone and minor amounts of ferromanganese slag are also charged. BF No.3 
has a working volume of 2 540 m3 and a hearth diameter of 11.4 m. The material is 
charged via belt conveyer and distributed with a bell-less top. The blast volume is 
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~250 kNm3/h including oxygen enrichment and moisture added to the blast. The 
blast temperature ranges between 1100 and 1150°C. BF No. 3 can operate with an 
excessive top pressure of 150 kPa and the average hot metal production is ~6 400 
tonnes/day. BF No.3 has two tapholes, of which one is in use during approximately 
three weeks before the change of taphole and replaceable runners. At the time of 
core-drilling the PC rate was ~110 kg/tHM and a low volatile PC was injected via 
single coaxial lances with air in the coaxial part.  

(a) (b) 
Figure 16. (a): SSAB BF No. 3 and (b): drill-core positions and tapholes at BF No. 3 
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4.5 ANALYSIS METHODS 
4.5.1 Computation of kinetic parameters, FBR and TGA 

The kinetic parameters for the gasification reaction (1) in coke were calculated from 
test data collected during FBR and TGA tests. In principle, data from all conducted 
FBR and TGA tests can be used for calculation of apparent reaction rate, activation 
energy and pre-exponential factor.  

The C gasification rate is assumed to be a first order reaction following the 
equation (7). 

dW
dt

=k*Wn with k=A e
-E

RT  and n=1   (7) 

From the experimental data, the activation energy (EA) can be deduced by making 
a plot of ln[(dW/dt)*(1/W)] as a function of (1/T), where T is given in Kelvin. W 
stands for the available amount of C and dW/dt the gasification rate of C given in 
g/s. The plot corresponds to a linear relationship in equation (8). 

Y=aX+b  where  a=- E
R
,  X= 1

T
  and b=ln A    (8) 

The apparent reaction rate was calculated from the collected data in FBR and 
TGA. In FBR the apparent reaction rate ( a) in g of reacted C per second relative to 
available amount of C in grams is calculated from the amount of CO formed due to 
the reaction. In the TGA tests the weight loss was assumed to entirely correspond 
to the apparent reaction rate ( a) of C in coke. 

In the TGA test programmes the constant temperature step for gasification results 
in almost similar temperatures in all tests, and the apparent reaction rates can be 
compared between the tests. In FBR tests the constant gasification temperature, 
as well as the temperature range used for deducing the kinetic parameters, differs 
between the tests and it is necessary to normalise the temperature for gasification 
mathematically for comparison of results. The apparent reaction rate, equation (9), 
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can be normalised at a selected temperature using the following theoretical 
relationship. 

a = Ae
-Ea
RT      (9) 

2 = 1
 e

-Ea
RT2

 e
-Ea
RT1

     (10) 

2 = 1e
-Ea
R

1
T1- 1

T2     (11) 

In the equations (10) and (11), 1 corresponds to the apparent reaction rate at the 
actual measured temperature T1 and it is normalised to the reaction rate 2 at the 
selected temperature T2. The temperature selected for normalising was 990°C, 
which was similar to the temperature during the isothermal step of TGA tests and 
corresponds approximately to the thermal reserve zone temperature in the BF. 

4.5.2 X-ray diffraction, XRD 

The determination of coke graphitisation degree, as represented by the average 
crystallite height Lc of coke, was carried out by the application of Scherrer’s 
equation (section 3.4.3). The samples were analysed with a Siemens D5000 X-ray 
diffractometer using a Cu-K  radiation (40 kV, 40 mA) as the X-ray source. The 
samples were ground finely, packed into a plastic holder and scanned over an 
angular 2  range of 15-35° using a step size of 0.02° and a step time of 7 seconds. 
Some representative samples were investigated for additional peaks over an 
angular 2  range of 10–90° with a step size of 0.05° and a step time of 8 seconds. 
Representative parts of the samples were used during sample preparation without 
removal of possible melt on the coke surface.  

In Paper V, three approaches were used to compute the width of the (002) peak. In 
the uncorrected version, the width was measured directly from the observed peak 
and  positioned on the coke peak ignoring any overlapping peaks. In Method I, 
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any overlapping peaks were de-convoluted and removed from the observed peak 
and the peak width determined. In Method II, only the symmetric component on the 
low-angle side of the de-convoluted (002) peak was considered for Lc 

computations. It is to be expected that the peak width becomes progressively 
smaller and Lc correspondingly higher as one moves from the uncorrected peak 
through Method I to Method II, as illustrated in Figure 17. The differences in Lc

values as determined by these three approaches also point to the role played by 
the presence of overlapping peaks, if any, and by the relative proportion of 
structural inhomogeneities.  

Figure 17. Illustration of the principle of the correction methods and impact of the full 
width half maximum (FWHM) value 

It is important to point out that the evaluation methods of Lc have been changed 
over time. In Paper I, the Lc was computed using the uncorrected method. In Paper 
III, a different evaluation method was applied when calculating the Lc values in the 
EBF trial, which corrected for the SiO2 peak contribution manually. This correction 
was further developed and in Paper IV, the Lc values were estimated using Method 
II. Therefore, the individual Lc value cannot be compared between the studies, but 
the trends in each are still valid. 
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XRD analysis was also carried out on flue dust fractions and sludge in Paper II. 
The ground flue dust was scanned between 2  10–90° with a step size of 0.020°. 
Sludge samples were scanned with an increased step time. The phase 
identification was made by reference patterns in an evaluation program supplied by 
the instrument manufacturer. 

4.5.3 Microscopy, LOM and SEM 

Light optical microscopy (LOM), performed using a Nikon E600 POL polarising 
microscope, to investigate sieved flue dust and material taken out with the shaft 
probes in the EBF. Prior to observation, the samples were cold-mounted in epoxy 
resin and the surface was polished. In Paper II, sieved flue dust fractions were 
analysed in a Philips XL 30 scanning electron microscope (SEM) equipped with 
energy dispersive x-ray analysis (EDS). The polished cold-mounted samples were 
sputter coated with a conductive layer of gold before investigations in SEM. Dried 
sludge was directly mounted on the specimen stub before sputtering with gold, and 
then investigated in SEM. 

4.5.4 Chemical analysis 

Chemical analysis was performed by SSAB using standard procedures. Coke C 
and ash content was established by combustion analysis and the chemical 
composition by X-ray fluorescence (XRF) analysis. For fine material from the EBF 
shaft probe and raceway a glass tablet was prepared from an oxidised sample 
before XRF analysis. 
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4.5.5 Estimation of critical particle diameter 

Based on average off-gas temperatures and off-gas velocities during a period of 
four hours prior to sampling, critical particle diameters for blow-out of in-furnace 
material have been calculated. In the calculations, particles were assumed to be 
spherical. The relationship between particle size and terminal velocity has been 
derived as [58]

2/1

3
4 −

=
Dg

gsp
t C

)g(d
U     (12) 

Ut = Terminal velocity (m/s) 

dp = Diameter of particles (m) 

s = Apparent density of particles (kg/m3) 

g = Density of gas (kg/m3) 

CD = Coefficient of drag force (-) 

Rep = Reynolds number for the particle (-) 

CD=24/Rep  (Rep<0.4)   (13) 

CD=10/Rep
1/2   0.4<Rep<500)   (14) 

CD=0.43   (500<Rep<200000)  (15) 
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5 RESULTS 

5.1 OFF-GAS DUST CHARACTERITICS AND FORMATION (PAPERS 
II & III) 

5.1.1 Blast furnace flue dust 

Generally, when all eight test period samples were considered, the predominant 
fraction of flue dust was in the <0.5 mm size fraction and particles in the size range 
0.075-0.250 mm dominated in the flue dust.  

Flue dust showed a higher C content with an increase in particle size, see Figure 
18. For Fe, the opposite was observed. In total flue dust, olivine test period 
samples showed higher C and lower Fe contents compared to sinter periods 5 and 
7. However, the total flue dust samples contained higher C content compared to Fe 
in all test periods.  

Figure 18. Fe, C, and SiO2 contents of flue dust and sludge taken out during test 
periods 1, 3, 5 and 7 
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Figure 19 shows LOM pictures of 0.063-0.075 and 0.125-0.250 mm flue dust from 
test periods 1 and 7. LOM characterisation indicated that the number of coke 
particles exceeded the number of iron oxide particles in the 0.125-0.250 mm 
fraction. In fractions <0.063 mm the number of iron oxide particles were higher than 
the coke particles. Coke particles with sharp edges and different textures were 
observed. The coarse mosaic and banded textures seemed to be more frequent, 
especially in the <0.045 mm fraction. Compact quartzite particles with sharp edges 
were seen in LOM characterisation of flue dust generated in test periods when 
quartzite was used as a slag former. Similar results were also observed in SEM 
based on EDS mapping. 

Figure 19. LOM pictures of 0.063-0.075 mm (A and B) and 0.125-0.250 mm (C and D) 
flue dust generated in test periods 1 (A and C) and 7 (B and D). 

 Fe-ox = iron oxide, C=coke and Q=quartzite 

XRD investigations of <0.045, 0.063-0.075 and 0.125-0.250 mm flue dust fractions 
showed that coke peaks were observed in the 0.125-0.250 mm fractions in all test 
periods. SiO2 was present in the flue dust when quartzite was used as a slag 
former. However, the SiO2 identified in test period 5 was likely derived from coke 
ash, since no slag formers were used. CaCO3 was identified when limestone was 
charged as a slag former for all investigated particle size intervals. 
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Coke fines in flue dust 

C content higher than 50 wt.% allowed XRD measurements directly on flue dust, 
which were performed on the 0.25-0.5 mm fraction from test periods 1, 3, 5 and 7, 
see Figure 20. The graphitisation degree represented by the Lc values for test 
periods 3, 5 and 7 matches the graphitisation of charged original coke. A higher 
graphitisation degree was obtained in test period 1, which indicated that coke fines 
were transported by the gas flow from an area below the lower shaft probe 
position. The coarser flue dust in the other test periods likely originated from coke 
in the upper part of the shaft. In olivine test period 3, the finer flue dust fraction of 
0.063-0.075 mm showed the highest Lc value of all samples, indicating origin from 
lower part of the EBF shaft.  

Figure 20. Lc values in coke >6 mm taken out of the upper and lower shaft probe and 
in some flue dust samples

5.1.2 Blast furnace sludge 

Sludge in Figure 18 contained less C and Fe compared to total flue dust samples. 
Olivine pellet operation samples in test periods 1 and 3 showed higher C and Fe 
contents in sludge compared to operation with sinter addition to the burden. SiO2

content of flue dust was lower in the sample from test period 5 compared to other 
periods, due to absence of quartzite addition to the burden. CaO and MgO 
contents increased with a decreased particle size of flue dust and reached the 
highest levels in sludge. SiO2 content in sludge (Figure 18) from test period 5 was 
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as high as in test periods 1 and 3, which had quartzite added as a slag former. 
Alkali and SiO2 amounts in sludge increased simultaneously, as seen in the 
relation in Figure 21. The correlation between SiO2 and PCR was less significant. 
However, the flame temperature counteracted the influence of PCR in test periods 
1, 6 and 8. Test period 1 had the highest PCR and the lowest flame temperature 
and test periods 6 and 8 had the lowest PCR and the third and highest flame 
temperatures, respectively. Excluding these 3 periods, the R2 value became 0.97. 

Figure 21. Correlations between alkali amounts in sludge and PCR and the SiO2
amounts in sludge 

Spherical particles in the size range from <1 m to a few m dominated sludge in 
the investigated samples from test periods 1 and 7, see Figure 22. In the sludge 
sample generated during operation with olivine pellets in test period 1, larger 
particles were observed together with the spheres, which was not the case in the 
sample from operation with a large amount of sinter in test period 7.  

Figure 22. SEM pictures of dried EBF sludge. A: test period 1 and B: test period 7 
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5.1.3 Impact of off-gas properties on material losses via dust 

Based on average off-gas properties during a period of four hours prior to 
sampling, critical particle diameters for blow-out of in-furnace material have been 
calculated. The off-gas velocities varied between 0.70-0.75 m/s for all test periods. 
Generally, the off-gas temperature and gas utilisation was higher during operation 
with olivine pellets compared to operation with sinter addition to the burden.  

The Rep was calculated to be in the range of 1-13; hence, equation (14) is used for 
calculation of the coefficient of drag force, CD, in section 4.5.5. Table 4 shows 
critical particle diameters estimated for different materials at average off-gas 
conditions. From the theoretical calculations, coke was expected to be found in 
coarse flue dust fractions, while iron oxides ought to constitute a major part of the 
finer fractions. 

Table 4. Estimated critical particle diameters of different materials in flue dust 
Material Density (g/cm3) Average conditions

Dp (mm) 

Hematite 5.10 0.055 

Olivine pellet 3.70 0.068 

Sinter fines 4.50 0.060 

Coke fines 1.95 0.105 

Quartzite 2.77 0.083 

Limestone 2.71 0.084 

5.1.4 Coke properties at upper and lower shaft probe position 

Ash composition 

The chemical composition of coke ash in >6 mm coke taken out with the upper 
shaft probe is shown in Figure 23. The total ash content is represented by the sum 
of oxides at the left axes. The ash content in upper probe coke samples was 
comparable to charged (original) coke. The SiO2/Al2O3 quotient was close to the 
value of 2.2 in original coke, indicating no significant changes in coke at the level of 
upper shaft probe position.  
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Figure 23. Contents of selected chemical compounds in coke >6 mm,  
upper shaft probe samples

The chemical composition of coke ash in >6 mm coke taken out with the lower 
shaft probe is shown in Figure 24. At lower shaft probe position, a general increase 
in ash content occurred in coke from estimated intermediate/wall positions. In test 
period 1, an elevated SiO2/Al2O3 ratio was observed at the same time as the alkali 
content was high. The second highest alkali content occurred in test period 5, 
although in this case the SiO2/Al2O3 ratio decreased.  

Figure 24. Contents of selected chemical compounds in coke >6 mm, 
lower shaft probe samples  
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Graphitisation 

The graphitisation degree of >6 mm coke at both upper and lower shaft probe 
positions, together with some samples of flue dust, is shown in Figure 20. 
Generally, the Lc values in coke from both upper and lower shaft probe 
corresponded to the Lc values of original feed coke. In test periods 1 and 5, a 
higher graphitisation degree was observed in the lower probe at estimated 
intermediate/wall and centre position, indicating a higher temperature than the 
coking temperature of approximately 1100 C.  

Gasification 

LOM studies showed that coke in the 3.3-6.0 mm fraction taken out by the upper 
shaft probe generally showed no or small signs of coke gasification according to 
the gasification reaction (1) during olivine pellet operation test periods. In test 
periods 5 and 7, with 30% and 70% addition of sinter to acid pellet, respectively, a 
few areas in the coke texture were affected by the gasification reaction. Coke 
originating from the lower shaft probe position showed some signs of coke 
gasification in the estimated intermediate/wall position of the EBF in test period 1, 
while the estimated centre coke was mostly unaffected. In test period 5, signs of 
reacted coke textures were noted along the radius of the EBF. Test period 7 
showed mostly un-reacted textures at lower shaft probe position. 

5.2 COKE PROPERTIES IN THE CSR/CRI TEST COMPARED TO THE 
BLAST FURNACE (PAPER 1) 

Figure 25 shows the location of the coke basket samples found in the EBF and 
their distance from the top. Three samples were found 5.6 m from the top and the 
other four were found in descending order down to 6.3 m from the top. All samples 
were found beneath the lower shaft probe. 

The reactivity, CRIBF, and the strength, CSRBF, were evaluated after reaction with 
CO2 in the blast furnace according to the same principle as in the standard 
CSR/CRI test. The weight loss for intact basket samples was measured and CRIBF
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calculated. Subsequently, the coke was tumbled in an I-drum for 600 revolutions 
and sieved in the same way as in the CSR/CRI test to obtain CSRBF. 

Figure 25. Location of the coke basket samples during the excavation of the EBF 

5.2.1 Coke ash composition 

The chemical composition and CSR/CRI values for original coke types in this study 
are shown in Table 2. Coke with lower CSR and higher CRI had a higher content of 
CaO, MgO and Fe. The CaO content was below the detection limit for coke E and 
F. The SiO2 content was higher for high CSR coke. The sum of oxides in the coke 
assay was in this study assumed to represent the total ash content. The ash 
content was analysed for original feed coke basket samples from the EBF and for 
coke reacted using the CSR/CRI test, see Figure 26. The ash content was higher 
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for both +10 mm and -0.5 mm fractions for nearly all coke types after the CSR/CRI 
test compared to EBF basket samples. This indicates that the gasification is less 
favoured under the blast furnace conditions. 

Figure 26. Ash content of coke, the sulphur content excluded 

The SiO2 and K2O contents are shown in Figure 27. SiO2 revealed small changes 
for coke in the vicinity of basket samples in the EBF at positions 5.6 to 5.8 m from 
the top, but slightly decreased contents at positions below 6 m. The alkali content, 
especially K2O, was significantly higher in the ash of coke excavated from the EBF 
compared to feed coke and the CSR/CRI test. A correlation between the location of 
the basket sample and K2O content of the ash was noticeable, where samples 
found further down in the EBF had higher K2O content.  

Figure 27. The contents of SiO2 (left) and K2O (right) in coke ash
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5.2.2 Coke graphitisation 

The temperatures at different levels in the EBF, measured in previous campaigns, 
exceed 1000°C around 5.5 m from the top. At 6 m the estimated temperature was 
approximately 1200°C.[23] The gas composition and temperature at the lower probe 
in the EBF have been evaluated in a campaign with different coal types and 
injection rates. With the same coal type and approximately the same PCR before 
quenching of the EBF, the temperature exceeded 1100°C around 5.3 m, just below 
the lower probe, reaching around 1300°C below 5.8 m from the top. This indicates 
that all basket samples have reached at least the temperature of 1100°C specified 
in the CSR/CRI test. 

The graphitisation degrees, represented by the Lc values, are shown in Table 5. 
The coking temperature for coke E and F was around 1025°C, which was slightly 
lower than CSR/CRI test temperature of 1100°C. The other coke types’ coking 
temperatures were unknown. Compared to the CSR/CRI test results, the 
graphitisation degree has increased from 5.8 m from the top down to 6.3 m for all 
coke basket samples from the EBF. This indicates that the EBF samples must 
have reached a temperature above 1100°C. Lc values for coke excavated in the 
vicinity of the basket samples in the EBF show that the coke graphitisation degree 
increases with higher temperatures when descending to lower parts of the BF. 

Table 5. Lc values in Ångström 

EBF level nr. 
Coke in vicinity 

of basket 
samples 

Coke 
Distance 

from tuyere 
level 

EBF basket 
samples 

CSR/CRI 
test 

Feed 
coke 

L1 25.9 A 1.94 m 22.5 22.9 21.4 

L1 25.5 F 1.94 m 25.2 25.3 - 

L1 26.6 D 1.94 m 25.6 23.2 - 

L2 27.8 C 1.74 m 26.4 26.2 23.3 

L3 26.1 E 1.54 m 24.4 21.8 20.9 

L4 31.6 B 1.44 m 25.2 21.6 23.1 

L5 30.0 C 1.24 m 28.3 26.2 23.3 
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5.2.3 Coke reactivity and coke strength after reaction in the EBF  

Even though fines could have escaped through the mesh in the basket, the 
reactivity, CRIBF, was considerably lower for all coke types excavated from the EBF 
compared to the standardised CSR/CRI test, see Table 6. The relative reactivity for 
the two different tests correlated, i.e. coke with the lowest CRI had the lowest 
CRIBF, etc. The coke strength after reaction in the EBF, CSRBF, was much higher 
than in the CSR/CRI test. Correlation between CSR and the CSRBF could not be 
stated from these results.  

Table 6. Reactivity and strength for coke treated in the CSR/CRI test and in the EBF 
Coke CRI (%) CSR (%) EBF level 

nr. 
Distance from tuyere 

level CRIBF (%) CSRBF (%)

A 38.2 46.9 1 1.94 m 18.7 72.4 

F 19.9 70.3 1 1.94 m 12.9 81.1 

D 27.3 61.9 1 1.94 m 14.3 78.7 

C 35.0 54.7 2 1.74 m 19.6 78.3 

E 23.4 64.9 3 1.54 m 10.3 77.5 

B 37.5 54.2 4 1.44 m 15.8 78.9 

C 35.0 54.7 5 1.24 m 22.8 79.9 

5.3 EFFECT OF IRON AND CALCIUM-BEARING COMPUNDS AND 
ATMOSPHERE ON COKE REACTION RATE (PAPERS VI & VII) 

In FBR, CO is formed according to the gasification reaction (1). The content of CO 
in the gas phase is expected to be quite low, as a relatively high flow of CO2 is 
passing the sample bed and the measured CO content is also low. The 
temperature for gasification was adjusted for each sample, as the measurement 
device was operating in a specific range for CO content in the off-gas from the 
reactor. Compared to the original cokes 1, 3 and 4, the temperature had to be 
lowered in the case of nut coke type 2 and for the activated samples in order to 
generate the appropriate amount of CO. The total C conversion during the FBR 
tests ranged from 9 to 21 wt.%. In order to compare the results both the 
temperature and C conversion were normalised at 990°C and 10%, respectively. 
The temperature selected for normalisation was in the range of the thermal reserve 
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zone temperature and also similar to the temperature achieved in the isothermal 
part of TGA tests.  

5.3.1 Apparent reaction rates 

Original and hematite-activated coke 

The apparent reaction rates of original and hematite-activated coke types are 
presented in Figure 28. The apparent reaction rate is highest for original coke 2, 
which also has the highest CRI in Table 3, and original coke 1 has the lowest 
apparent reaction rate and CRI. Original coke 3 had a higher apparent reaction 
rate than coke 4 in the FBR but a lower CRI value. The gasification in terms of 
apparent reaction rates of coke types activated with hematite slurry increases more 
for coke 1 than the other coke types. Hematite-activated coke 2 has a lower 
gasification rate than the original un-treated coke. Apparent reaction rates for 
cokes 3 and 4 are slightly higher when activated with hematite compared to the 
original coke. 

Figure 28. Comparison of normalised data for original coke types 1-4 and hematite-
activated coke. Apparent gasification rate at normalised temperature of 990°C 

deduced from FBR tests at 10% conversion of C 

Activated coke 1 

Comparison of apparent reaction rates for all four activation agents, shown in 
Figure 8, for the low reactivity coke type 1 are presented in Figure 29. Activation 
with a solution of iron nitrate resulted in a significant increase in apparent reaction 
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rate. Using slurry of hydrated lime as activation agent doubled the apparent 
reaction rate compared to original coke. Activation with slurries of iron oxides, such 
as hematite and magnetite, also had a positive effect on the apparent reaction 
rates for coke type 1, but not as much as the other activation agents mentioned. 

Figure 29. Comparison of normalised data for original and hematite, magnetite, iron 
nitrate and hydrated-lime-activated coke type 1. Apparent gasification rate at 
normalised temperature of 990°C deduced from FBR at 10% conversion of C 

Effect of analyser and atmosphere 

The gasification, i.e. the apparent reaction rates, was found to be approximately 10 
times higher in the FBR test compared to in the TGA tests as shown in Figure 30. 

Figure 30. Comparison of gasification rate during isothermal treatment (Figure 13a) 
in samples tested in 100% CO2 atmosphere in TGA 
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In the TGA dynamic tests of mixed CO/CO2 atmosphere the content of CO2 was 50 
vol.%, which resulted in gasification starting at higher temperature than in the case 
with pure CO2 for those two samples tested in both atmospheres, as seen in Figure 
31. However, the difference in weight loss of each coke type, low CRI coke 1 and 
high CRI coke 2, was larger than the difference in CO2 and CO/CO2 atmosphere. 

Figure 31. Comparison of weight loss with CO/CO2 or CO2 atmosphere for original 
coke samples of coke types 1 and 2 (temperature profile in (Figure 13b) 

The apparent reaction rates at 900, 950 and 990°C for original and hematite-
activated cokes 1, 2, 3 and 4 tested in the CO/CO2 gas atmosphere, are illustrated 
in Figure 32a. As in FBR, activation with hematite seems to decrease the reaction 
rates in some coke types, such as coke 2, and more so in coke 3, which have 
lower reaction rates than the untreated, original ones. On the other hand, hematite-
activated coke 4 and coke 1 showed increased apparent reaction rates.  

A comparison specifically for coke of type 1 in Figure 32b shows that gasification 
increased for all types of activation agents. The highest apparent reaction rates 
were achieved using the solution of Fe(NO3)3 followed by coke activated with 
slurries of Ca(OH)2, Fe3O4 and Fe2O3 in descending order. 



55

(a) (b) 
Figure 32. Apparent reaction rate in (a): original and hematite-activated cokes 1, 2, 3 

and 4 tested in the dynamic programme in CO/CO2 gas atmosphere and in 
(b): original and activated coke 1 

5.3.2 Activation energies 

In Figure 33a and in Figure 33b the activation energies (EA) for original coke and 
coke 1 activated with hematite, magnetite, hydrated lime and iron nitrate deduced 
from FBR and TGA, respectively, are shown. The activation energy deduced from 
FBR tests was slightly reduced when using Fe-containing compounds on coke 1 
and 3. For coke 2 the activation energy was increased and it was more or less 
unchanged for coke 4. Treatment of coke 1 with hydrated lime as activation agent 
results in increased activation energy in the FBR. In the TGA tests the activation 
energies were in the same range for all coke tested, including the activated coke 
type 1, except for original coke 2, which showed lower activation energy.   

(a)  (b) 
Figure 33. (a): EA for original and activated coke deduced from FBR tests and (b): EA

for original and activated coke deduced from TGA tests in isothermal temperature 
programme with CO2  
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The activation energy for original coke types 1 and 2, tested in TGA dynamic 
programme in 100% CO2 was 226 and 183 kJ/mole K, respectively. Compared to 
activation energies measured in the tests in CO/CO2 atmosphere, the EA was 51 
and 68 kJ/mole K, respectively, lower than in pure CO2. 

5.4 HIGH-TEMPERATURE COKE PROPERTIES (PAPERS IV & V) 

In Paper IV the properties of coke collected in the high-temperature area of 
raceway level via core-drilling are compared and analysed. Prior to stoppages the 
EBF was operating under different injection conditions and process parameter 
settings, as presented in Table 7, which also shows data prior to core-drilling at BF 
No. 3.  

Table 7. Average process parameters at around 4 and 8 hours before stoppage and 
tuyere core-drilling in the EBF and in SSAB BF No.3, respectively. BDF=BF flue dust 

RAFT=Raceway Adiabatic Flame Temperature 
Process 

parameters 
EBF SSAB 

BF No. 3 Units Core 1 Core 2 Core 3 Core 4
Injection 

conditions All coke PCI PCI PC & BFD PCI - 

Injection - 154 165 155** 107 g/Nm3

PCR - 140 150 150** 110 kg/tHM 
Blast 

temperature 1190 1217 1189 1188 1100 °C 

Blast velocity 134 139 129 127 200 m/s 
O2 enrichment* - 4.0* 7.6* 7.3* 1.0 % 

Moisture to blast 24 18 19 20 15 g/Nm3

RAFT  
(flame temp.) ~2260 ~2220 ~2250 ~2240/2208† 2100 °C 

*including oxygen to lances 
**PC & BF flue dust mixture of 27% of BF flue dust and 73% of PC, 110 kg PC & 40 kg BFD/tHM  
† flame temperature estimated with consideration of iron oxide in injected mix 

After the stoppage, tuyere No. 2 was taken out and a steel tube was pushed into 
the EBF, plugged and cooled with N2 gas. After opening of the tube, the core was 
photographed and divided into 10-cm sub-samples, as seen in Figure 34. When 
opening core 4, taken after a period with mixed PC and BF flue dust (BFD) 
injection prior to drilling, the first impression was that the core contained a large 
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amount of fines. However, when emptying the core, quite large coke pieces were 
found. 

No. 1 
All coke 

No. 2 
PCI 

No. 3 
PCI 

No. 4 
PC & BFD mix 

Figure 34. Raceway drill-cores taken out of tuyere No. 2 at the EBF. 

In Paper V the coke graphitisation degree from raceway drill-core No. 3 was 
determined from XRD analyses and used to estimate the temperature in the high-
temperature area of the blast furnace. In addition, coke from the EBF hearth after 
conventional EBF operation with PCI was evaluated. The hearth was detached 
from the shaft and cores were drilled down into the coke bed. In total, 14 steel drill 
tubes, each 0.5 m long and 0.13 m in diameter, were inserted into the hearth. 
Seven cores were drilled in the top layer and, after excavation down to the middle 
part of the hearth, another set of seven cores was drilled, Figure 35a.  

Hearth coke samples used for the evaluation of structural order in Paper V were 
from under raceway No. 3, centre and taphole at the top (~0 m), middle (~0.5 m) 
and bottom (~0.8 m) of the hearth Figure 35b. For comparison of coke between the 
raceways, a sample from the corner 1 top position was also investigated. 
Additionally, investigation of chemical transformations that could occur in coke ash 
during heat treatment were studied by chemical analyse, XRD and thermodynamic 
equilibrium calculations using FactSageTM in both N2 and Ar atmosphere. 
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(a) (b) 
Figure 35. (a): Positions of hearth drill-cores relative to raceway (RW), taphole and 

corners and (b): Material in situ 

In Paper IV, the results of core-drilling into three tuyeres at SSAB EMEA BF No. 3 
in Luleå are compared with raceway drill-core samples taken out from the EBF. 
The sample tube was 200 mm in diameter and had a length of 6 m, long enough to 
reach the centre of BF No. 3. The cores were photographed and divided into 25-cm 
sub-samples after opening of the tubes. The drill-core from tuyere 1 is shown in 
Figure 36. 

Figure 36. Raceway core drilled from tuyere 1 at SSAB BF No. 3 
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Based on previous tests of raceway depth measurements using a steel rod at 
SSAB BF No. 3 and the results when emptying the drill-cores, different zones could 
be identified as shown in Figure 37.  

Figure 37. Zones of the raceway drill-cores at SSAB BF No. 3 

5.4.1 Material and particle size distribution 

The amounts of coke >5 mm in the raceway cores taken out of the EBF are shown 
in Figure 38, as well as total amount of material >5mm and fines <0.5 mm. Larger 
gaps between coke and total material >5 mm indicate presence of magnetic 
material, slag and agglomerates.  

Comparing the cores with PCI previous drilling, core 2 had higher amounts of coke 
and lower amounts of other material, while core 3 has a rather high ratio of 
magnetic material, aggregates and slag, indicating melt dripping through the 
raceway area. The blast velocity seems to have greater impact on restricting the 
melt through raceway than PCI, since the blast velocity was 10 m/s higher before 
drilling of core 2. In addition, the amounts of fines in the sub-samples were low in 
core 2, suggesting that the higher gas velocity has blown them away. No indication 
of bird’s nest was found in core 2. The highest amount of fines of all cores was 
found at the 30-40 cm position in core 3. The coarser coke increased afterwards, 
indicating the back of a bird’s nest, and the coke degradation decreased, as the 
amount of 10-16 mm, but especially 5-10 mm coke, was lower. In core 2, the coke 
degradation was high and quite uniform along the length of the core. 
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Figure 38. Weighed coke (in grams) in fractions >16, 10-16 and 5-10 mm and total 
amount of material >5 mm and <0.5 mm in EBF raceway drill-cores 

In core 1, after all coke operation, the coke degradation varied but was lower 
towards the centre of the EBF, indicating a bird’s nest formation at position ~40 cm, 
as the amount of fines increased afterwards.  

The weighed material in core 4, after injection of PC and BFD mixture, was in 
general lighter than the other cores, although some magnetic material, slag and 
aggregates were found at positions 40-60 cm, especially in fraction 5-10 mm. 
Compared to the other drilled cores 1-3, the degradation of coke in core 4 was 
lower, as the amount of coke larger than 16 mm was high and fractions 5-10 mm 
and 10-16 mm were low. The first two sub-samples of the core consisted mainly of 
coarse coke >16 mm. This indicates that the fines observed when opening the core 
may originate from injected BFD and/or PC fines. The highest coke degradation 
was found at position 30-40 cm and subsequent sub-samples had the highest 
amount of metal, aggregates and fines, indicating a bird’s nest. 
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In the raceway drill-cores from SSAB BF No. 3, the particle sizes of total amount of 
material >20 mm and fines <0.5 mm are shown in Figure 39. The bosh and 
raceway coke (zones in Figure 37) present in the first two sub-samples of each 
core resulted in a high ratio of >20 mm in all cores. Further into the raceway the 
ratio decreased and a minimum value was found at the end of the raceway. Sub-
samples towards the furnace centre have the lowest content of >20 mm particles. 
Small amounts of fines were found in the raceway position, and the amounts 
increased after the bird’s nest position and further towards the deadman. 

Figure 39. Fractions >20 mm and <0.5 mm in drill-cores from BF No. 3 
T1=tuyere 1, T8= tuyere 8 and T12= tuyere 12 

5.4.2 Chemical composition 

The ash content in coke in raceway drill-cores from the EBF, here represented by 
the sum of oxides in the XRF analysis, is shown in Figure 40a. All sub-samples had 
higher ash content than the charged coke. The cores drilled after PCI, core 2 and 
3, did not vary to a large extent towards the centre of the EBF, while large 
variations occurred after all coke operation, core 1, and injection of PC and BFD 
mix, core 4. Coke from core 1 has notably high ash content at position 10-40 cm 
and core 4 coke had low content at position 20-40 cm.  

Figure 40b shows the ash content in drilled core coke >20 mm samples from 
industrial-scale BF No. 3. The ash content was higher than in charged coke and 
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increased at bird’s nest position of tuyeres 1 and 8 and further into the deadman in 
all 3 cores. Especially high ash contents occurred at the position of iron 
agglomerates in tuyere 1. The last sub-sample of tuyere 12 deviated in all 
analyses. 

(a) (b) 
Figure 40. The ash content, represented by the sum of oxides, in drill-cores from the 

EBF (a) and the ash content in drill-cores from BF No. 3 (b) 

In Figure 41, the K2O content and SiO2/Al2O3 quotient in coke samples from EBF is 
compared to values of charged, i.e. original coke. At high temperature in the 
raceway combustion area, silica and alkali compounds in coke ash are reduced 
and SiO gas, as well as alkali metals, will evaporate. All drill-core samples had 
lower SiO2/Al2O3 than charged coke, indicating SiO2 reduction and gasification. The 
quotients and the alkali contents were in general higher in the first sub-samples 
and decreased further in, but the positions varied with different injection set-ups. 

The SiO2/Al2O3 quotient in coke from drilled cores from BF No. 3, see Figure 42, 
increased at bird’s nest and deadman positions and was slightly higher or around 
the value of charged coke. However, in bosh and raceway coke the value was 
lower, indicating gasification of silica compounds. In addition, almost all K2O had 
been reduced and evaporated in the raceway, while the content was still high at 
bird’s nest and deadman position, especially in tuyere 1.  
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Figure 41. The K2O content and SiO2/Al2O3 quotient in coke from EBF raceway drill-
cores and in charged coke 

Figure 42. K2O content and SiO2/Al2O3 quotient in >20 mm coke samples, BF No. 3 
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5.4.3 Graphitisation 

Laboratory investigation 

The original coke had a rather broad and amorphous graphite (002) peak with a 
partially overlapping silica peak (Figure 43a). During carburisation this coke had 
been subjected to temperatures between 1000-1100°C. With increasing heat 
treatment temperature in the laboratory, the SiO2 peak was seen to decrease in 
intensity and appears to disappear at temperatures above 1500°C (Figure 43b). 

 (a) (b) 
Figure 43. XRD diffraction spectra for: (a) original, untreated coke and (b) Tamman 

furnace tests at a range of temperatures 

Figure 44 shows plots of Lc vs. temperature under different operating conditions 
and three data analysis techniques. Coke that was heat-treated for 4 hours 
generally showed higher Lc values than the coke heat-treated for 2 hours, thereby 
indicating that the structural order was still developing after 2 hours and had not yet 
reached an equilibrium value corresponding to that temperature.  

Linear correlations between Lc and temperature were determined through data 
fitting and were further used in the estimation of historical temperature for BF 
samples. 
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Figure 44. Lc versus temperature with uncorrected, corrected with Methods I and II, 
values with 2 and 4 h (hours) holding time. Graphitisation of coke heated in blast 

furnace hot metal and slag covered in melt (*) and above melt (**) are shown 

High-temperature coke from EBF raceway and hearth 

The graphitisation degrees, as determined by processing data with Methods I and 
II of coke from the raceway and hearth, are shown in Table 8 and Table 9, 
respectively. In order to link the thermal history of coke in the EBF a linear increase 
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of Lc vs. temperature was assumed, in agreement with other studies.[23], [42],[45],[47]

Temperatures were estimated from the computed Lc values using the linear 
correlations and are listed in Table 8 and Table 9.  

Table 8. Graphitisation degrees determined by Methods I and II, Lc in Å, and 
temperature estimations using linear correlations for EBF raceway drill-core samples  

Raceway drill-core

Lc Å Temp. estimation 2 h  
K (°C)

Temp. estimation 4 h  
K (°C)

Sub-
sample Method I Method II Method I Method II Method I Method II 

0-0.1 m 102 121 2450 (2177) 2456 (2183) 2311 (2038) 2362 (2089)

0.1-0.2 m 121 128 2692 (2419) 2527 (2254) 2518 (2245) 2427 (2154)

0.2-0.3 m 129 156 2803 (2530) 2811 (2538) 2612 (2339) 2683 (2410)

0.3-0.4 m 127 168 2771 (2498) 2933 (2660) 2585 (2312) 2793 (2520)

0.4-0.5 m 122 136 2710 (2437) 2608 (2335) 2533 (2260) 2500 (2227)

0.5-0.6 m 97.8 104 2395 (2122) 2283 (2010) 2264 (1991) 2207 (1934)

Sub-samples indicate the distance from the tuyere nose 

All coke samples in the raceway and hearth showed higher Lc than laboratory-
heated samples and appear to have been subjected to temperatures >1730°C. The 
Lc values, and subsequently the temperatures, were lower in the first raceway drill-
core sub-sample, suggesting some bosh coke may have fallen down into the 
raceway when the EBF was stopped. The highest value obtained indicates the 
position of the combustion peak which occurred around position 0.2-0.3 m using 
Method I and at position 0.3-0.4 m computing with Method II. The estimated 
temperature profiles of the raceway core (Figure 45) show a more levelled increase 
in combustion with Method I. In the sub-sample closest to the centre of the EBF, at 
the 0.5-0.6 m position, the graphitisation and temperature were lower and this 
position was probably part of the small centre column that was outside the raceway 
in the EBF.   
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Table 9. Graphitisation degrees determined by Method I and II, Lc in Å, and 
temperature estimations using linear correlations for EBF hearth drill-core coke 

samples 
Hearth drill-core 

Drill-core 
position 

Lc, Å Temperature estimation 2 h,  
K (°C)

Temperature estimation 4 h,  
K (°C)

Method I Method 
II Method I Method II Method I Method II 

Distance below top of the hearth, 0 m
Beneath 
Raceway 

No.3 
90.5 128 2301 (2028) 2527 (2254) 2184 (1911) 2427 (2154)

Centre 81.8 109 2189 (1916) 2334 (2061) 2088 (1815) 2252 (1979)
Above 
taphole 86.8 106 2253 (1980) 2304 (2031) 2143 (1870) 2225 (1952)

Corner 1 62.3 87.0 1937 (1664) 2111 (1838) 1873 (1600) 2051 (1778)
Distance below top of the hearth, 0.5 m

Beneath 
Raceway 

No.3 
93.3 125 2337 (2064) 2497 (2224) 2215 (1942) 2399 (2126)

Centre 91.6 110 2315 (2042) 2344 (2071) 2196 (1923) 2262 (1989)
Above 
taphole 88.0 82.0 2269 (1996) 2060 (1787) 2156 (1883) 2005 (1732)

Distance below top of the hearth, 0.8 m
Beneath 
Raceway 

No.3 
92.7 136 2330 (2057) 2608 (2335) 2208 (1935) 2500 (2227)

Centre 88.0 115 2269 (1996) 2395 (2122) 2156 (1883) 2307 (2034)

Figure 45. Estimated temperature profiles in EBF raceway drill-core by using linear 
equations of 4 hours holding time for Methods I and II 

In samples from the hearth, the Lc values and temperatures were highest below the 
raceway and were generally lower in the centre and taphole positions. In the hearth 
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coke between raceways Nos. 3 and 1, i.e. corner 1, the estimated Lc values and 
temperatures were considerably lower. 

In Paper IV, the graphitisation degrees of raceway coke taken out after different 
process conditions in the EBF before drilling were presented and compared. 
Generally, the Lc value of bosh coke in the first sub-sample, as seen to the left in 
Figure 46, had lower Lc than subsequent raceway coke. Lc in the last sub-sample in 
the cores from EBF decreased slightly. Core 3, with injection of 165 g/Nm3, had the 
highest level of Lc, indicating the highest temperatures in the raceway followed by 
core 2, with PCI of 154 g/Nm3. In core 4, with injection of PC and BFD mixture, Lc

was initially low in the raceway and increased to a rather high level at position 40-
50 cm. Indications of remaining BFD at position 0-30 cm were found in fines <0.5 
mm [59] and may influence combustion characteristics in the raceway. It seems as 
though the combustion takes place further into the raceway, at position 40-60 cm, 
than with PCI. 

Lc of coke in the bosh, raceway and bird’s nest areas, and one sub-sample of 
deadman coke (position 2.25-2.5 m), in the core drilled from tuyere 1 at BF No. 3 
are shown in the right side of Figure 46. The highest Lc occurred in the beginning of 
the raceway and decreased towards the end. The deadman sub-sample had lower 
graphitisation degree, corresponding to lower temperature. This trend coincides 
with other raceway core drillings made.[46],[60]

Figure 46. Lc values (Å) in sub-sample coke from EBF raceway core-drilling (left) and 
in coke from SSAB BF No. 3, drill-core from tuyere 1 (right) 
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5.4.4 XRD investigations of phases 

XRD scanning over an extended angular range showed the effects of increasing 
temperature and the presence of hot metal and slag during annealing tests. XRD 
profiles for mineral phases present in the untreated as well as heat-treated cokes 
are shown in Figure 47a. Key phases present were SiO2 and 3Al2O3.2SiO2 or, 
alternatively, Al6Si2O13 (mullite). The intensity of the silica peak was seen to 
decrease with increasing heat treatment and was replaced by silicon carbide (SiC) 
peaks. Phases observed during the heat treatment of coke in the presence of blast 
furnace hot metal and slag are shown in Figure 47b.

(a)  (b)
Figure 47. Extended XRD diffraction spectra for ash phases in (a) untreated and heat-

treated cokes, (b) cokes heat-treated in the presence of metal and slag 

While graphite, carbon and mullite were the key phases present, coke submerged 
in slag also showed additional peaks for MgAl2O4 spinel. Coke in contact with hot 
metal showed additional peaks corresponding to Fe3Si. SiC was present but not as 
distinct as in the heat treated coke without melt of slag and hot metal. 

XRD diffraction spectra of coke taken out in three different layers in the centre of 
the hearth are shown in Figure 48a; the peak adjacent to the (002) carbon peak 
belongs to graphite and there were peaks due to akermanite, Ca2MgSi2O7, at 
higher angles. The XRD profiles of all six raceway core sub-samples drilled after a 
period of 165 g/Nm3 PCI in the EBF are shown in Figure 48b, while XRD plots over 
extended angular range of sub-samples from the positions of 0-0.1, 0.1-0.2 and 
0.5-0.6 m are shown in Figure 48c.  
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Figure 48. XRD diffraction spectra for (a) hearth coke centre samples, (b and c) 
raceway drill-core coke, and (d) sample from the upper part of the hearth below 

Raceway No. 1 

Mullite, the major silica-alumina compound in original coke, is no longer present in 
the raceway core after PCI; instead, gehlenite, Ca2Al2SiO7, was present in all sub-
samples. The coke peak is positioned at 2  ~26° and has an additional peak of 
graphite at all positions. In addition, small amounts of Fe3Si, Fe and SiC were 
observed. Peaks corresponding to presence of MgAl2O4 spinel were noted in the 
XRD spectra. At the upper part of the hearth, beneath raceway No. 1 of the EBF, 
distinct graphite and akermanite phases were evident (Figure 48d). MgAl2O4 spinel 
peaks were also observed in the hearth sample. Equilibrium thermodynamic 
calculations using FactSageTM showed that the key gases generated were CO and 
SiS. Formation of solid nitrides, Si3N4, was observed at ~1300°C and AlN at around 
1550°C. SiO2 and mullite in coke ash reacted with C, forming SiC, FeS, FeSi and 
silica compounds. Alkali compounds decomposed and formed small amounts of 
alkali metal gas and alkali cyanides that were observed in the N2 system.  
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6 DISCUSSION 

Off-gas dust, coke properties and PC phenomena will be discussed, starting at the 
top and moving downwards to the high-temperature area in the blast furnace. 

6.1 BLAST FURNACE FLUE DUST 

The major part of flue dust consisted of <0.5 mm particles and more than 85% was 
in the size range <0.250 mm. In the present study of EBF off-gas dust, based on 
size and shape [61]-[63], flue dust was referred to as mechanically formed dust and 
the submicron spherical particles in sludge as chemically formed dust. 

C content dominated the total flue dust chemical assay and varied between 40 and 
55 wt.% in the investigated samples. The C content increased with larger particle 
size and LOM studies showed that the coarser flue dust, >0.075 mm, consisted 
mainly of coke particles. XRD measurements of flue dust confirmed the LOM and 
chemical analyses, as distinct coke peaks were noted in the coarser fraction 0.125-
0.250 mm for all test periods. Less significant coke peaks were present in the 
0.063-0.075 fraction, whereas no coke peaks were found in the fine <0.045 mm 
fraction. However, LOM and SEM investigations showed that coke pieces occurred 
in both 0.063-0.075 and <0.045 mm fractions. Coke particles with sharp edges and 
different textures were observed, although coarse mosaic and banded textures 
seemed to be more common, especially in the <0.045 mm fraction. In LOM studies 
of original coke, cracks were observed in the coarse mosaic texture areas, which is 
a possible route for degradation. No signs of gasification (1) were noted in coarser 
coke flue dust particles when studied in LOM. LOM images of flue dust texture 
revealed no char in the samples investigated. Wu et al.[19],[20] reported nearly zero 
unconsumed coal in Baosteel blast furnace off-gas dust at a PCR of 170 kg/tHM. 
The PCR in the EBF was in the range of 133-156 kg/tHM and it was likely that most 
of the char produced was consumed in the blast furnace. The oxy-coal lance used 
at the EBF contributes to good combustion conditions, which reduce char 
formation.  
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The graphitisation of coke particles in flue dust samples shown in Figure 20 
indicated that finer coke particles could be transported by the gas from the middle 
of the shaft and over the top, while coarser particles in flue dust generally were 
derived from the upper shaft. The Lc value of coarse flue dust in test period 1 was 
elevated, which could indicate a local channel of gas with higher gas velocity which 
allowed coarser particles from lower part of the EBF to leave the furnace. The 
average gas velocity was higher in test period 1 compared to test periods 3, 5 and 
7. Graphitisation studies of coke in dust particles from three blast furnaces have 
shown that the origin of coke particles is in the upper part (lumpy and thermal 
reserve zone <1200°C) of one blast furnace and in the middle zone, including 
cohesive zone (1200-1400°C), for the other two.[47] The origin of coke in dust from 
the upper part was ascribed to insufficient coke strength at lower temperatures, 
while in the other two cases it was attributed to coke properties at higher 
temperature, such as coke graphitisation. In the present study, coarser coke 
particles in flue dust were mostly derived from the upper part due to abrasion at 
low-temperatures. However, finer coke particles, as shown in Figure 20, may 
possibly be derived from abrasion by coke degradation due to gasification and 
coke graphitisation at a position below the lower shaft probe in the EBF. 

Based on average off-gas properties, the critical diameters of particles that could 
leave the EBF and end up in the generated flue dust were estimated and 
presented in Table 4. The calculations showed that the magnitude of critical 
particle diameters was in the size range of the actual flue dust particles. Due to 
differences in density, the critical diameters for unreduced iron-bearing materials 
were smaller compared to coke particles. In the actual furnace, variations in off-gas 
properties such as temperature, composition and velocity occurred, which affected 
the flue dust amounts.  

Formation of channels in the shaft will increase the gas flow in a particular area, 
and an increased gas velocity would make it possible for particles of a larger size 
than the critical diameters to leave the furnace and end up in the flue dust. An 
indication of a local channel with increased gas velocity occurred during sampling 
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in test period 1, when coke in the flue dust fraction 0.25-0.5 mm showed elevated 
graphitisation degree, indicating an origin below the middle of the shaft in the EBF. 
Water was sprayed above the burden surface when the off-gas temperature 
exceeded 290°C. When vaporised, the added water could increase the off-gas 
volume as much as approximately 20%. Thus, the off-gas velocity increased and 
larger particles could be carried out by the off-gas. According to the calculations of 
the coefficient of drag force, CD, a higher drag force is obtained at increased off-
gas temperatures. A lower Rep value will increase CD and the critical particle 
diameters of material that can leave the EBF with the off-gas. In the present 
investigation, the highest amounts of flue dust were observed at the highest off-gas 
temperatures. 

6.2 BLAST FURNACE SLUDGE 

In sludge samples taken out during the EBF trial, the SiO2 contents showed no 
correlation to the changes in burden materials, which in combination with the small 
spherical particles in sludge observed in SEM pointed to the assumption that SiO2

was derived from the raceway area. In test period 5, with no quartzite added as a 
slag former, the SiO2 content in sludge was as high as in the other test periods, 
see Figure 18.  

The submicron spherical particles, which dominated the sludge, could partly be 
made up of SiO2, formed from oxidised and condensed SiO in the ascending gas, 
see Figure 22. SiO2 in coke and coal ash forms SiO gas, as described in section 
3.2, at temperatures above 1500°C.[64] Studies have shown that the SiO generation 
rate from SiO2 in coke was approximately 10 times higher than from slag.[12] The 
reaction rate constant of pulverised coal char was observed to be three times 
greater than that of coke. These studies supported the results suggesting that SiO2

in sludge was derived from the raceway area and originated mainly from PC and 
coke ash. Ökvist et al.[55] stated that the composition and amount of the sludge 
were correlated mainly to conditions in the lower part of the blast furnace. 
Correlation between alkali and SiO2 content in sludge indicated that conditions 
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resulting in an increase in SiO gas generation in the raceway area also increased 
the reduction and vaporisation of K and Na, which are a part of silicates in coke 
and coal. Similar correlation was observed in the present investigation. The 
amounts in kg/tHM of sludge were slightly higher during sampling in olivine pellet 
periods when also the PCR was higher (see Figure 21) and a correlation between 
the amount of SiO2 in the sludge and PCR was observed. This supports the 
hypothesis that the spherical particles in sludge originated from the high-
temperature area around the raceway. Differences in the flame temperature 
counteracted the effect on SiO2 content and PCR in three test periods. High flame 
temperatures increase the amount of SiO gas that is produced in the raceway area, 
and although the PCR was lower, the amount of SiO2 in sludge was quite high. In 
test period 1 the PCR was high, but a lower content of SiO2, due to a lower flame 
temperature, was noted.  

Sludge samples taken out in test periods 1 and 3 showed higher C content 
compared to samples from operation with sinter addition to the burden, see Figure 
18. The higher C content could be explained by the higher PCR. It is known that 
higher PCR increases the outflow of char, soot and ash from raceway.[31] Studies 
on soot in combustion systems showed that soot formed submicron spherical 
particles in the size range of 20-60 nm.[32] C could also have been formed in the 
reversed gasification reaction, and therefore contributed to the C content in sludge 
and shaft fines. The C deposition takes place in the upper part of the blast furnace. 
At least some of the submicron spherical particles precipitated from the gas were 
C-containing particles likely originating from carbon deposit reactions or soot, 
which indicated formation in the shaft or further down in the raceway area of the 
BF. 

6.3 CHEMICAL CONVESRION IN COKE ASH 

The ash content and the SiO2/Al2O3 quotient of coke from the upper shaft level 
position in Figure 23 were at the same level as feed coke, indicating that there 
were almost no changes in the coke at this level in the EBF shaft. An increase in 
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iron content in the coke analyses can be noticed at the wall position in test periods 
with sinter addition, due to pick-up of fines from the burden material. Further down 
in the shaft, at the lower probe position (see Figure 24) a general increase in ash 
content occurred in coke from estimated intermediate/wall positions. For one 
sample, in test period 1, an elevated SiO2/Al2O3 ratio was observed, at the same 
time as the alkali content was high. Generally, the increase in ash is probably 
caused by pick-up of mainly iron fines and re-circulated alkalis.  

The SiO2 content in coke in the vicinity of basket samples excavated below the 
lower shaft probe of the EBF showed small changes at positions down to 5.8 m 
from the top (see Figure 27). Further down in the EBF shaft, below 6 m, the SiO2

content had decreased somewhat. Since silicates in coke ash start to react, 
forming SiO gas, at higher temperatures than assumed at these levels of the EBF, 
the lower SiO2 content can be explained by dilution with other compounds which 
have increased contents. The alkali content was considerably higher in coke 
samples from the EBF compared to feed coke and coke from the CSR/CRI test. 
Samples found further down in the EBF had higher K2O content in agreement with 
previous studies in the EBF.[23] The elevated contents are a result of recirculation of 
alkali in the blast furnace atmosphere.[8],[23]  

Coke from the high-temperature area taken out from the tuyere level consisted of 
bosh coke from above the raceway, raceway coke and, at least in the industrial-
scale BF, deadman coke. In comparison with charged coke this coke had changed 
characteristics depending on the exposed conditions which vary along the drilled 
core from the position close to the tuyere nose towards the BF centre.  

Coke in the raceway area had high ash content due to gasification of C, which was 
more pronounced in core 1, after all coke operation, due to absence of other 
injected C-containing material. Slag found on coke pieces in core 1 can hinder both 
gasification and temperature rise, as the graphitisation was lower than expected 
based on Raceway Adiabatic Flame Temperature (RAFT). Reported studies with 
PCI and coke showed that slag with high viscosity may cover the coke surface, 
while slag with lower viscosity falls down from the surface.[65] Molten coke ash has 



76

a high melting point and high viscosity, and thermodynamic calculation indicates 
that ash from the PC decreases the melting point of the ash released. [66]  

In addition, the ash composition was altered due to both reduction and gasification 
of ash minerals as, e.g. SiO2 and alkalis in the raceway and oxidation/condensation 
of gaseous compounds and uptake of compounds from the melt. As the content is 
nearly zero in the raceway, the K2O content is a good indicator of temperature, and 
the transition from raceway to bird’s nest and deadman could clearly be seen in the 
cores from the industrial-scale BF, though less significantly in the EBF. The end of 
the raceway and position of a significant bird's nest in the industrial samples were 
indicated by the increased content of K2O and ratio of SiO2/Al2O3 in coke. K2O 
content in coke correlated to the graphitisation degree, i.e. the temperature, as well 
as the SiO2/Al2O3 quotient, which decreased at higher temperatures in the raceway 
due to SiO gasification. In addition, the alkali and silica content of fine off-gas dust 
in sludge from the EBF was found to originate from the high-temperature area.  

6.4 MINERAL TRANSFORMATION IN COKE 

Annealing of coke in argon atmosphere revealed clear evidence of chemical 
reactions taking place in ash compounds; as the SiO2 peaks were seen to get 
smaller and finally disappear at elevated temperatures. The transition temperature 
seems to be around 1500°C, as a sample treated at that temperature for 2 hours 
still had a small SiO2 peak, but no silica peak was noticed in samples treated at 
higher temperatures. The holding time also has an effect, as a sample treated at 
1500°C for 4 hours did not show an additional SiO2 peak. XRD evaluation of 
phases in original coke and in coke heated in the laboratory with inert argon gas 
atmosphere showed that Al-silicates were present as mullite in all samples. Clear 
SiC peaks were also noticed, supporting the results from the thermodynamic 
equilibrium calculations showing that SiO2 and mullite in coke ash have reacted 
with C transforming into SiC in both Ar and N2 atmosphere. Ye et al.[11] reported 
about the formation of SiC that was found to occur from 1400°C along with a 
simultaneous reduction in silica and mullite levels. No silica was reported at 
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1600°C; however, two phases of SiC were identified. In another study, cristobalite 
was seen to react with C at 1530°C, producing CO and SiO gas, which reacts 
further with solid C to form SiC and CO gas. Ruff [67] observed the formation of 
amorphous or micro-crystalline SiC during interaction of quartz and coke at 
temperatures above 1635°C. The reaction was initiated by the softening and 
melting of quartz in contact with coke. These mechanisms explain the 
disappearance of silica peaks at temperatures around 1500°C.  

Additional peaks in EBF raceway coke samples corresponded to SiC and Fe3Si. Ye 
et al.[11],[60] have reported similar findings in tuyere coke from drilling into the blast 
furnace, suggesting reactions within the coke. SiC is formed in the high-
temperature region of the blast furnace and was found in coke from bosh and 
raceway areas, whereas almost no SiC was found in the deadman coke, which had 
experienced lower temperature.  

There was no clear evidence for the formation of SiC during thermal treatment in 
laboratory of coke in presence of hot metal and slag. Fe in hot metal was seen to 
react with Si, forming Fe3Si. MgAl2O4 spinel was found in the laboratory sample 
covered with molten slag. The spinel was also found further into the raceway, at 
position 0.5-0.6 m of the EBF, and distinct peaks were also found in hearth sample 
below raceway 1. MgAl2O4 spinel crystals found in tuyere coke have also been 
reported by Gornostayev et al.[68] Thermodynamic equilibrium calculations for the 
blast furnace slag only in argon atmosphere during cooling showed formation of 
MgAl2O4. Therefore, it is likely that MgAl2O4 spinel is derived from the blast furnace 
slag.  

The XRD evaluation of phases in coke, taken from the high-temperature area of 
the EBF, showed a chemical reaction between mullite and Ca, as gehlenite could 
be found in raceway coke samples, and it then transformed into akermanite in the 
hearth sample. This may be the effect of slag coating in the blast furnace, as no 
such phases were found in laboratory tests or in the thermodynamic equilibrium 
calculations. 
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6.5 GRAPHITSATION OF COKE 

The XRD spectrum of coke generally contains an asymmetric and broad (002) 
carbon peak; additional overlapping peaks either due to SiO2 or graphite have 
been observed depending on the heat treatment temperature (Paper V) or its origin 
in the blast furnace high-temperature area. Even though the structural order 
increased with temperature as expected, the exact computed values were found to 
differ depending on the corrections used. While the computation of FWHM of (002) 
diffraction peak without removing the influence of overlapping peaks (uncorrected 
data set) is clearly inappropriate and may lead to erroneous results, the Lc value 
computed using Method I (based on total peak width) was somewhat smaller than 
that computed using Method II (based on the symmetric component alone). 
However, the gap between Methods I and II was seen to decrease with increasing 
temperature, due to increasing structural order and annealing of defects resulting in 
enhanced symmetry.  

In addition to the heat treatment temperature, time also had a significant influence 
on evolution of structural order in coke. Lc values were generally higher for 4 hours 
of holding time as compared to 2 hours of holding time. This result is significantly 
different from other studies that reported no influence of annealing time on Lc for 
annealing times between 5 and 60 minutes,[42] and between 30 and 120 minutes[47]. 
A rapid increase in structural order appears to occur following the annealing of 
defects in the coke structure. While the presence of slag during the laboratory-
based heat treatment of coke did not show much effect on Lc values, the presence 
of hot metal was seen to enhance Lc values and, therefore, structural order. Wang 
et al.[50] have pointed to the catalytic effect on graphitisation in a blast furnace. In 
addition, Gupta et al.[47] have observed a correlation between the iron content of 
the coke ash and the graphitisation of coke annealed in the laboratory. A slightly 
higher Lc for coke in the presence of hot metal could either be attributed to a 
catalytic effect or to improved heat transfer in the presence of metallic iron. 

In the BF, graphitisation of the coke starts when the temperature exceeds the 
cokemaking temperature, i.e. starting from the thermal reserve zone and 
downwards towards the raceway or the central coke column, i.e. deadman. The 
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temperature rises rapidly from the thermal reserve zone down to the raceway and 
coke in this active coke region gets replaced continuously. In the EBF, this 
movement is estimated to take approximately 20 minutes. In the raceway cavity, 
coke pieces are known to rotate at high speeds and get consumed by oxygen or 
get reduced in size due to abrasion caused by local turbulence. The coke 
residence time in the actual raceway is quite short, while small coke pieces and 
fines get blown away into the wall of the cavity and towards the deadman. New, 
larger coke pieces are continuously fed into the raceway from the active coke zone 
above. Small coke pieces remaining from the raceway follow the burden down to 
the hearth area. In view of the time spent by coke in this lower region of a BF, it is 
most appropriate to use linear equations for the 4 hour holding time for estimating 
furnace temperatures from coke Lc values. However, as the temperatures used in 
the heat treatment for calibration does not cover the temperature range in the BF, 
extrapolation has to be made to deduce the temperature. For the high-temperature 
region the exact temperature cannot be stated but the relative temperatures for 
samples from the same region can be compared.  

When looking at coke graphitisation degrees in the shaft of the EBF (Paper III) the 
Lc values were generally similar to those of original feed coke, even at the lower 
shaft probe position. The higher Lc value of coke taken out from the position of the 
lower shaft probe in test periods 1 and 5 indicates that the temperature was higher 
than the coking temperature of approximately 1100ºC. Based on the Lc values, the 
temperatures at lower shaft probe position were less than 1100°C at the time of 
sampling in test periods 3 and 7 during the EBF trial in Papers II and III. 
Investigations in Paper I showed that all basket samples found below the lower 
shaft probe in the EBF had reached the temperature specified in the CSR/CRI test 
(1100°C). The graphitisation degree had increased from a position below 6 m in all 
coke basket samples as a result of the higher temperatures. Lc values for coke 
excavated in the vicinity of the basket samples in the EBF showed the same trend. 
The temperatures at different levels in the EBF have been measured by a thermal 
probe in previous campaigns and exceeded 1000°C around 5.5 m from the top. At 
6 m the estimated temperature was approximately 1200°C.[23] The gas composition 
and temperature at the lower probe in the EBF have been evaluated in a campaign 
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investigating different coal and injection rates. With the same coal type and around 
the same PCI rate before quenching of the EBF, the temperature should exceed 
1100°C around 5.3 m, just below the lower probe position, and reach 1300°C 
below 5.8 m from the top. The temperatures in the shaft are well within the 
temperatures used for preparation of calibration samples and therefore, evaluation 
of coke graphitisation in the shaft can be used, together with temperature probing, 
to assess the heat level during different operational conditions.  

Moving down to the high-temperature area, the graphitisation degree of the EBF 
raceway core was highest at a position of around 0.2-0.4 m into the tuyere radius 
and the thermal history of all raceway coke samples was in the range of 
approximately 2260-2930 K (1990-2660°C) using Method I (and Method II) based 
on linear correlations for 2 (and 4) hours. The gap between Method I and Method 
II, and the two holding times, became much smaller for these cokes. A sharper 
peak in the raceway temperature profiles as per Method II (Figure 45) and the 
maximum temperature indicating the position of the combustion peak are seen to 
coincide with the reported CO2 maximum in the raceway.[31] Decreasing levels of 
CO2 are expected towards the end of the raceway due to the endothermic solution 
loss reaction, thereby indicating a sharper drop in temperature. Both these 
observations further confirm that Method II of data processing is a more 
appropriate and accurate approach as compared to Method I, which shows a flatter 
temperature profile. Based on a linear correlation with 4 hours holding time for 
Method II, estimated temperatures reached a maximum of ~2770 K (~2500°C). 
Although, the short residence time of coke in the raceway area should indicate that 
the graphitisation proceeds rather rapidly it has to be considered that the coke has 
been heated up during the descent in the BF and further exposed to rather high 
temperatures on its way from bosh to raceway area. Graphitisation can also be 
enhanced by the higher gaseous pressures, where a greater degree of 
graphitisation at a given temperature can be achieved than at atmospheric 
pressure.[69] Within the temperature range used in this study, the estimation of BF 
temperature based on linear correlations in samples annealed for at least 4 hours 
in the laboratory. These assessed blast furnace temperatures appear to be 
reasonable according to the RAFT of ~2520 K (~2250°C). The estimated RAFT is 
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based on a medium value and locally higher temperatures can be achieved in the 
raceway, explaining the somewhat high temperatures estimated in Table 8.

With the raceway depth in the EBF nearly reaching the centre region at tuyere 
level, coke proceeding down to the hearth area from the raceway regions and 
above is expected to have higher graphitisation than coke in-between the 
raceways. This can be seen in samples from the top of the hearth, where the Lc

values and estimated temperatures were highest below raceway No. 3 (see Table 
9). The graphitisation of centre column coke and coke at taphole position were 
slightly lower. Hearth coke pieces at positions ~0.5 to 0.8 m generally had a slightly 
higher Lc than the top layer throughout the hearth and may either be the result of 
longer residence time or the influence of hot metal on coke graphitisation, as 
indicated by laboratory studies in the presence of metal. Wang et al.[50] found 
graphite crystals on the surface of coke together with iron in samples from the 
raceway area. They pointed out that caution should be exercised when determining 
the thermal history of cokes in regions with high levels of iron, due to the catalytic 
effect of iron on graphitisation. Monaghan et al.[46] attempted to avoid this 
phenomenon by removing the surface of tuyere drill-core coke by tumbling. 
However, they observed that deadman coke had been exposed to higher 
estimated temperatures than expected and ascribed the effect to the gaseous 
environment in the blast furnace. The movement of coke during tapping and hot 
tuyere gas leaving through the taphole at the end of each tapping could be another 
factor that could influence graphitisation degrees of the hearth cokes, as the gas 
has higher temperature than the melt. Coke in the blast furnace hearth gets slowly 
renewed through dissolution into hot metal and to some extent through direct 
reduction of FeO and other oxides in the slag. Tests with a radioactive tracer in the 
coke ash have shown that the coke in the peripheral zone of the hearth was 
consumed within two to three days due to a larger flow of metal than in the denser 
middle and centre zone.[64] In this zone, the deadman coke was consumed very 
slowly within 15-19 days. In the EBF, due to the large raceway to cross-sectional 
area, the central column of coke is packed quite loosely, and the large coke area 
between the raceway “acts” more like the deadman. During excavation, remains of 
unused char coal from the starting-up procedure before a campaign of around six 
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weeks have been found close to the hearth wall. Therefore, the top samples of 
corner and taphole positions in Figure 35, left side, from the EBF hearth 
correspond to areas with less flow of metal and lower temperatures estimated by Lc 

values.  

Different operational set-ups influence raceway conditions as temperature levels 
reflected by the coke graphitisation degree (Figure 46). The highest Lc values, and 
therefore the highest temperatures, were found in cores from operation with PCI; 
the highest values were found in core 3, which had the highest injection rate before 
drilling. In all coke, the Lc values were lower, even though the RAFT was higher 
prior to drilling than the other test periods. Molten ash, which partly covered the 
coke pieces, can hinder the exposure of hot gas and subsequently the 
graphitisation, as described earlier. The coke graphitisation degree can also be 
used as an indicator of the position of the combustion peak in the raceway. In core 
4, with injection of PC and BFD mixture, Lc was initially low in the raceway and 
increased to a rather high level at position 40-50 cm. Injection of BFD influenced 
the raceway conditions[59], as reduction of iron oxides in BFD were assumed to 
lower the flame temperature, and reduce the melting temperature and viscosity of 
tuyere slag. As BFD contains practically no volatiles, the amount of volatiles in 
injected PC is diluted and the fast ignition initially in the raceway might have been 
delayed.  

In the drill-cores from the tuyeres of SSAB BF No.3 the highest Lc occurred in the 
beginning of the raceway and decreased towards the end and in bird’s nest. The 
deadman sub-sample had a lower graphitisation degree corresponding to lower 
temperature. The formations of bird’s nests redirects the gas flow towards the wall 
of the BF and the deadman coke is subjected to lower temperatures. Different 
injection conditions may explain part of the differences found between the pilot and 
full-scale BF. The injection conditions at the EBF include oxy-coal injection with a 
swirl-tip lance. The change to oxy-coal system made it possible to increase the PC 
injection rate up to 170 kg/tHM with stable conditions, probably due to improved 
combustion efficiency of PC. In the EBF, gas flows with relatively long penetration 
depths resulted in a rather uniform temperature distribution, stated by the 
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graphitisation degree, of cores after operation with PCI. The highest temperature 
indicated by the graphitisation degree of core 3 hinted that the combustion was 
efficient also at the higher injection rate. In addition, higher PCI resulted in a higher 
amount of volatiles released by the coal particles and therefore a higher release of 
heat when ignited.[31] At BF No. 3 a straight coaxial lance with air in the coaxial part 
was used. In this lance it is possible that air travelling in parallel to the coal plume 
hinders the hot blast with higher oxygen content from reaching the coal particles 
efficiently.  

6.6 COKE GASIFICATION-REACTIVITY, STRENGTH AND REACTION 
KINETICS 

Based on results in the EBF, the thermal reserve zone is located approximately 
around the level of the lower shaft probe. The height and extent of the zone vary 
with process conditions. LOM studies from the EBF trial (Paper III) showed that 
some small areas have been gasified in the lower shaft probe intermediate/wall 
sample in test period 1. In this case, a higher temperature and a high uptake of 
alkali probably enhanced coke gasification. However, most of the coke shaft 
samples (both upper and lower probe positions) seemed unaffected by the 
gasification reaction and had a SiO2/Al2O3 quotient similar to charged feed coke. 
The coke used in the EBF trial test periods was of low reactivity (CRI 20.6%), 
which contributed to the results. A coke with lower reactivity shifts the gasification 
reaction (1) towards higher temperatures, which means that the zone for gaseous 
reduction of wustite is extended to a lower level in the blast furnace.[3] A low 
reactivity of coke used in a previous study in the EBF was stated to be the reason 
that coke samples taken from the shaft probes were hardly affected by the solution 
loss reaction.[55]

The major difference between the CSR/CRI test gas conditions and the blast 
furnace gas atmosphere is the CO2 gas content, which is 100% in the CSR/CRI 
test and considerably lower in the BF. In an earlier trial in the EBF the CO2 content 
was as low as 5% in the temperature region of 1100°C. This, in addition to higher 
pressure in the blast furnace, slows down the reaction rate of the gasification 
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reaction. On the other hand, the blast furnace atmosphere contains other gaseous 
elements like H2/H2O, which contribute to solution loss (C+H2O CO+H2), and 
alkali, which catalyses the gasification reaction. The LOM study confirmed that the 
CSR/CRI test atmosphere was more aggressive towards coke degradation by the 
gasification reaction than the blast furnace atmosphere. LOM studies also showed 
that isotropic areas in the coke texture participated to a higher degree in the 
reaction and these areas were more distinct in coke with high CRI and low CSR. In 
addition, the tumbled coke ash content was higher for both >10 mm and <0.5 mm 
fractions for nearly all coke types after the CSR/CRI test compared to EBF basket 
samples, which indicates that the gasification reaction was less favoured in the 
blast furnace conditions.  

Additionally, the reactivity of coke basket samples, CRIBF, was noticeably lower for 
all coke types found in the EBF compared to the same type in the CSR/CRI test, 
see Table 6. The coke strength after reaction in the EBF, CSRBF, was higher than 
in the CSR/CRI test. According to test results in samples of coke type C, both the 
CRIBF and the CSRBF were increased closer to tuyere level. This may be a result of 
an elevated temperature further down in the EBF, and the gasification reaction 
regime could have shifted from a mixed regime towards a more diffusion-limited 
regime. This leads to degradation on the coke surface and the inner coke matrix is 
largely unaffected by the reaction. The increased graphitisation could also have 
contributed to a higher CRIBF value due to the fact that the coke had been 
degraded by abrasion, leaving smaller coke pieces to be weighed after reaction in 
the EBF.  

The aim of the laboratory study in Papers VI and VII was to estimate the effect of 
nut coke activation on the reaction behaviour and thereby enable selection of the 
potentially best method of activating coke for a higher reactivity with CO2 when 
charged together with iron-bearing material. This will possibly reduce the thermal 
reserve zone temperature. The effects of useable compounds for industrial 
application as activation compounds for coke were studied in FBR and in TGA.  
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Coke type 1 is a low reactive coke, in terms of CRI and apparent reaction rate in 
FBR, containing quite small amounts of possibly catalytic ash minerals as iron, 
alkaline earth metals and alkali metals which are known to enhance the gasification 
reaction (1). The apparent reaction rates increased when activated with Fe2O3, 
Fe3O4, Ca(OH)2 and Fe(NO3)3. Activation with a water solution of iron nitrate had 
the strongest effect and resulted in an increase in apparent reaction rate by a 
factor of 3. Therefore, a solution of iron was shown to be a more efficient activation 
agent compared to slurries of hematite and magnetite, probably due to higher 
penetration depth into the coke pores, which also contributes to the high increase 
in the Fe content. Slurry of hydrated lime is the second-best alternative as 
activation agent, according to the apparent reaction rate normalised to 990°C, as 
the apparent reaction rate was doubled compared to original coke. 

The apparent reaction rates in the FBR, when comparing the different coke types 
with the same activation agent of hematite slurry, did not correlate with the 
increase in Fe content deduced by the chemical analysis. The gasification in terms 
of apparent reaction rate had a higher increase when activated with hematite for 
coke 1 than the other coke types, even though coke 1 had the lowest uptake of Fe. 
Coke 3, which had quadrupled its Fe content when activated, shows almost the 
same apparent reaction rate as untreated original coke. In addition, the reactivity of 
coke type 2, with the highest CRI, was not increased due to the activation and 
shows even lower apparent reaction rates than the original coke. Original coke 2 
has quite high catalytic Fe- and Ca-containing compounds already in the ash, and 
the use of activating agent results in reduced apparent reaction rate and increased 
activation energy. 

The variations of activation energies deduced from the FBR ranged from 204 to 
213 kJ/mole K. The lowest value corresponds to original coke type 2, which had 
the highest reactivity measured as CRI. However, the changes in the activation 
energies of both original and activated coke were marginal. For coke type 1, 
activation energy decreased slightly when using Fe-containing activating agents 
compared to the original. It was also found that, in general, higher activation 
energy was deduced from TGA tests compared to test data collected during FBR 
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tests. In the TGA tests the activation energies were in the same range for all coke 
tested, including the activated coke type 1, though not for original coke 2, which 
showed lower activation energy. The gasification rate was also much higher, 
around 10 times, in the FBR. It is likely that this difference is caused by CO 
retention in the sample during TGA tests. In TGA tests, a large crucible was used 
and the gas flowed around it, while in the case of FBR tests the gas flowed through 
a perforated plate before passing the sample bed. Moreover, the flow rates were 
0.75 litre per minute in the FBR and 0.1 litre per minute in the TGA. 

An important aspect of the use of the TGA method and test programmes 
developed for it is the non-specific parameter of weight loss as the base for 
calculation of, e.g. activation energy and reaction rate. In FBR, the estimation of 
apparent reaction rates is based on the off-gas concentration of the reaction 
product CO produced in the reaction of CO2 with C in coke. As the TGA 
measurements in this study are based on the weight loss it is important to collect 
the data for evaluation from a temperature range during which the equilibrium for 
other reactions (i.e. including the activation compound) is not changed. Using 
hydrated lime, weight increase may occur due to the formation of CaCO3. In 
addition, the equilibrium between the Fe in the activation compound and the gas 
phase will vary with temperature when the gas is composed of a mixture of 
CO/CO2.  

Both methods, TGA and FBR, are possible to use for measurements of gasification 
rate and calculation of kinetic parameters such as activation energy. The 
experimental set-up and conditions are, however, important for reliable results 
aiming to measure the reaction rate when the reaction is limited by the chemical 
reaction rate rather than diffusion. Using too high temperature, in which the 
reaction is limited by diffusion or a mixed regime, the measured value for activation 
energy will be lower. The use of a mixed control temperature range in current gas 
flow may be the reason for the quite low EA value estimated for coke of type 2 in 
TGA. 
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In TGA, the deduced apparent reaction rates were lower and the activation energy 
higher for original coke tested in CO/CO2 atmosphere compared to when 
measured in pure CO2. CO gas retards the gasification reaction (1) in line with 
other studies.[34],[42] However, the mixed atmosphere is closer to the actual 
conditions in the thermal reserve zone of the BF. 
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7 CONCLUSIONS 

Starting at the top of the blast furnace and moving downwards to the high-
temperature area, conclusions concerning off-gas dust, coke properties and 
pulverised coal phenomena have been drawn. 

Relations between process conditions and the impact from coke and pulverised 
coal on dust generation have been investigated. Off-gas dust, as flue dust and fine 
particles in sludge, generated in the LKAB Experimental Blast Furnace (EBF) 
during operation with different iron-bearing burdens was sampled and 
characterised. The following conclusions have been made. 

• Coke particles in flue dust originated from the shaft. C-containing particles 
dominated in the fractions >0.075 mm. The predominant amount of flue 
dust was observed in the <0.5 mm size fraction. Flue dust was 
mechanically formed and created in the same manner during all test 
periods with different iron-bearing materials investigated.  

• With the high-quality coke used in the tests, gasification in the shaft down 
to the lower probe position in the EBF has a minor effect on coke 
degradation and the coke particles which ended up in the flue dust were 
mainly derived from abrasion at low temperatures.  

• Investigations of the coke graphitisation degree in flue dust showed that 
coke particles <0.075 mm could be transported from the shaft level below 
the lower probe position, particularly if channels occurred, and exit the 
furnace with the off-gas. 

• Flow conditions in the top of the shaft and properties of fine particles in 
terms of size and density are important when outflow of flue dust is 
concerned. Estimated particle diameters are in the same order as 
measured particle size in flue dust.  

• Sludge was mainly made up of chemically formed spherical <1 m 
particles precipitated from the ascending gas as the temperature 
decreased. SiO2 was derived from the high-temperature area of the EBF, 
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ending up as spherical particles in sludge. The amount of alkali and SiO2 in 
sludge increased with higher pulverised coal injection rate and flame 
temperature, which points towards that the submicron spherical particles in 
sludge from gasified components originating in the high-temperature area 
around the raceway. 

Changes in the chemical composition of coke have been investigated after tests in 
the standardised CRI/CSR test and in samples from the EBF shaft. X-ray diffraction 
(XRD) analyses have been performed to assess the mineral transformations in one 
coke type, annealed in argon atmosphere, separate and with melt of hot metal and 
slag, and compared to coke from the EBF raceway and hearth area. The following 
conclusions have been drawn. 

• The coke of high-quality is fairly unaffected by gasification in the EBF shaft. 
Increased oxide contents in coke are mainly due to pick-up of elements 
from the burden or recirculated alkali from the gas phase.  

• The ash content is high in coke from the raceway due to gasification of C. 
Melted coke ash with high viscosity covering the coke surface may explain 
the even higher ash content found in raceway coke during all coke 
operation; this was not seen in coke with pulverised coal injection. 

• Coke from the raceway has lower alkali content and SiO2/Al2O3 ratio as a 
result of reduction and gasification and correlates to graphitisation and 
temperature. The contents can be used as temperature indicators. 

• Clear bird’s nest formation was found in the raceway cores from the 
industrial-scale BF but is not as evident in drill-cores from the EBF. The 
content of alkali and SiO2/Al2O3 rises after the bird’s nest and towards the 
deadman. 

• Structural changes in coke were accompanied by chemical transformations 
in ash compounds. Key ash phases were SiO2 and mullite. XRD analyses 
showed the intensity of the SiO2 peak was reduced in magnitude and that it 
finally disappeared at temperatures ~1500°C and was replaced by SiC 
peaks. Thermodynamic calculation supported the results. 
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• Phases observed during the heat treatment of coke in the presence of 
blast furnace hot metal and slag includes graphite, carbon and mullite. 
Additional peaks of MgAl2O4 spinel, found in coke submerged in slag, 
originates from the slag; coke in contact with hot metal showed peaks 
corresponding to Fe3Si which originates from hot metal. 

Coke graphitisation was studied in laboratory as a function of temperature (1300-
1700°C) and time (up to 4 hours) in argon atmosphere. The aim of the study was to 
use coke graphitisation to estimate the thermal history of coke taken from the blast 
furnace. XRD investigations were carried out on heat-treated cokes to describe 
changes in structural order and the influence of hot metal and slag. Three data 
processing approaches were used to determine coke graphitisation degree and to 
remove the influence of partially overlapping peaks (either due to silica or graphite) 
in annealed coke and in coke taken out from the EBF raceway and hearth area. 
The following conclusions have been drawn. 

• The highest values of Lc were obtained with Method II, but the gap between 
Method I and Method II became smaller with increasing temperatures due 
to increasing structural order, enhanced symmetry and reduced impact 
from the adjacent silica peak.

• Treatment time has impact on the achieved graphitisation degree and coke 
that was heat-treated for 4 hours generally showed higher Lc values than 
the coke heat-treated for 2 hours. 

• Heat treatment times in excess of 4 hours are required for laboratory 
treated samples to achieve the graphitisation degree that corresponds to 
the BF temperatures within the temperature range of 1300-1700°C. 

• All the coke samples from the EBF raceway and hearth drill-cores showed 
higher Lc than laboratory-heated samples, indicating that they were 
subjected to temperatures >1730°C.  

• The highest graphitisation and estimated temperature occurred around 0.2-
0.4 m into the raceway, indicating the location of the combustion peak. The 
temperature profile estimated using Method II was found to be in 
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agreement with published literature, indicating a rapid decrease in 
temperature and CO2 gas concentration after combustion. 

• The evolution of structural order could be used to estimate the thermal 
history of coke in blast furnaces. Method II appears to be the most 
appropriate data processing approach for determining Lc values and 
estimating temperatures.  

• Different operational set-ups influenced raceway conditions. The highest 
graphitisation occurred with pulverised coal injection. All coke operation 
had lower graphitisation than expected. The estimated flame temperature 
and molten coke ash on the surface may explain the lower values. Injection 
with a mixture of blast furnace flue dust and pulverised coal delayed the 
combustion further into the raceway, as the graphitisation of coke was 
lower in the beginning of the raceway. 

Laboratory studies using fixed bed reactor (FBR) and thermo gravimetric analyser 
(TGA), on the same material of original, Fe- and Ca-activated coke samples, have 
stated the effects on gasification reaction behaviour, giving results that can be 
used for selection of the potentially best method for activating nut coke to achieve 
higher reactivity with CO2 when charged into iron-bearing layers. In addition, 
gasification of coke with different properties in terms of reactivity and strength has 
been tested in laboratory and in the EBF. The following conclusions have been 
drawn. 

• Coke reactivity in the EBF, CRIBF, correlated to the standardised CSR/CRI 
test but was considerably lower for all coke types, probably due to a lower 
degree of gasification.  

• As correlation between coke reactivity and strength for coke reacted in the 
CSR/CRI test occurs, no correlation was found between samples from the 
EBF. The coke strength was significantly higher in coke from the blast 
furnace, regardless of the original CSR value, when compared to the 
CSR/CRI test, probably as a result of less C gasification. Low CSR coke 
types had coke strength similar to high CSR coke in the EBF.  
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• Isotropic areas in the coke texture participated to a higher degree in the 
gasification reaction. These areas were more distinct in coke with high 
CRI. 

• Increased reactivity in terms of increased apparent reaction rate for the 
gasification reaction is a result of coke activation in coke types with low 
amounts of Fe and Ca in the original coke. A slight catalytic effect in terms 
of reduced activation energy is indicated in low reactivity coke activated 
with Fe- containing activation agents. 

• No effect of activation with slurry of hematite was found on a high reactive 
coke type due to its higher amounts of catalytic components such as Fe 
and Ca in the original coke. 

• All types of activation agents used increased the apparent reaction rates 
for coke with low reactivity and contents of catalytic components in the ash. 
Activation with a solution of Fe(NO3)3 had the strongest effect on the 
reactivity, followed by slurry of Ca(OH)2 and iron oxides (Fe2O3 and Fe3O4) 
in descending order. 

• TGA tests can be conducted in either CO2 or CO/CO2 gas atmosphere, but 
other reactions causing weight increase or weight loss in activated coke 
samples must be known and kept under control, especially when using a 
dynamic temperature programme. Discrepancies due to reactions causing 
weight gains or losses can also be avoided by measuring CO generated in 
the reaction as in FBR tests. Use of CO/CO2 mixture of 50/50 vol.% in the 
TGA dynamic test programme resulted in lower apparent reaction rates 
and higher activation energies.  
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8 FUTURE WORK 

Coke in flue dust was generally derived from the upper part of the shaft. Further 
work should include studies of coke with different Micum values and their effect on 
the flue dust generation. In addition, studies of the effect of different iron-bearers 
on coke abrasion could be made. The gas flow in the top of the blast furnace had a 
strong effect on off-gas dust generation. An even gas flow without channelling is 
preferable in order to have low emissions of dust. Different charging patterns 
and/or addition of other material in the pellet burden influence the gas flow and 
therefore the off-gas dust. Addition of small coke into the pellet layer could be one 
way to study this phenomenon. Also, a high ratio of nut coke in the pellet layers 
may influence the burden movements. 

Further development of the temperature correlation to coke graphitisation degrees 
should be made at even higher temperatures. Annealing of coke with different 
characteristics would improve the knowledge of coke graphitisation and reveal 
differences, if any, between different coke types. Improved high-temperature 
measurement techniques may enable measurements of actual temperatures at 
tuyere level and the Lc temperature correlations made from raceway core-drillings 
can be upgraded. 

Improvement of the use of TGA for coke reaction kinetics to avoid build-up of CO in 
the crucible and investigation of the effect of gas flow is suggested. If activated 
samples are used, it would be better to conduct a series of isothermal tests in order 
to achieve the activation energy. 

Further, it is suggested that tests of activated nut coke in the EBF be conducted in 
order to evaluate the actual effect in a real blast furnace, as the thermal reserve 
zone changes, affecting blast furnace efficiency.  
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