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Preface 
It seems that the blast furnace process will remain the predominant iron making process in the 
future. In August 2000, SSAB Tunnplåt in Luleå commissioned a new blast furnace to replace 
the two smaller ones. The production capacity of the new BF No.3 is higher than the 
combined production capacity of both BF No.1 and No.2. However, a very high productivity 
and improved blast furnace performance was achieved for BF No.2. These good production 
results are mainly attributable to the use of almost 100% pellets as iron burden. The olivine 
pellets used, MPBO and KPBO, are produced by LKAB (A Swedish pellet producer) in 
Malmberget and Kiruna. The pellets have a low gangue content and good softening and 
melting properties in terms of a high melting point and a narrow softening and melting-
temperature interval at varied pre-reduction degrees of the pellets. A cold-bonded dust 
briquette is produced and charged together with the pellets for recycling of in-plant fines. The 
high quality of coke produced at the coke plant of SSAB also contributes to the good results.  
 
Since 1985, pulverised coal injection has been used at SSAB in Luleå, and to further increase 
the coal injection rate, a new facility for coal injection was put into operation in 1998. At 
approximately the same time, a new oxygen plant operated by AGA Gas was also started up. 
This made it possible to increase the coal injection rate and the productivity. To further 
improve and increase the recycling, injection of BF flue dust and dust mainly containing iron 
oxide is under investigation. 
 
A new self-fluxed pellet was under development at LKAB during the early nineties. By 
increasing the iron content and decreasing the gangue content, this pellet would enable further 
efficiency improvements in hot metal production in the Swedish blast furnaces. Metallurgical 
tests showed that the self-fluxed pellets had a higher reducibility, a narrower softening and 
melting interval, but lower melting temperature compared to the olivine pellets. Contrary to 
what was expected, the self-fluxed pellet made smooth BF operation difficult, with problems 
including low permeability of the burden column, problematic tapping and irregular 
composition of final slag, which in turn indicated slag formation problems. The final slag 
itself varied in composition and the Al2O3 content reached high values from time to time. It 
was probable that the very low slag amount of 120 kg/tHM resulted in slag formation 
problems in the bosh, where the fluxes were dissolved into the primary slag of the pellets, 
producing a bosh slag with high basicity. The high melting point of the bosh slag increased 
even more when the slag was further reduced and the slag reached its final composition [2].  
 
To make it possible to use this self-fluxed pellet, Ma [2] proposed injection of fluxes through 
the tuyeres. A low bosh slag amount can be achieved if excessive bosh slag basicity is 
avoided and as a result, energy consumption decreases, productivity increases and the amount 
of final slag can be kept very low. The slag formation process will be smoother and there will 
be fewer local variations in basicity. 
 
This work is part of the project “Injection of fluxes into the blast furnace” and of the research 
programme at SSAB. The studies carried out will clarify some phenomena of slag formation 
and the effect of co-injection on coal combustion in the blast furnace, including the effect of: 
 
a) basic fluxes on slag formation in the blast furnace, if they are top-charged; 
b) basic fluxes on slag formation in the blast furnace, if they are tuyere injected; 
c) chemical composition and metallurgical properties of pellet and fluxes on slag formation; 
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d) reduction conditions (reduction temperature, reducing gas composition) on bosh slag 
formation; 
e) co-injection of BOF slag or BF flue dust on coal combustion efficiency, raceway 
conditions and BF performance. 
 
This thesis is based on results published in the following papers: The contribution from the 
author to the content of each paper is also specified. 
 

1. L. Sundqvist Ökvist, G. Zuo and J. Ma: Influence of Basic Fluxes on Slag 
Formation in a Blast Furnace Using LKAB Pellets, Sixth International 
Conference on Molten Slags, Fluxes and Salts, June 2000 

Test equipment for reduction and softening and melting tests were constructed by G.Z. 
Softening and melting tests, evaluation of the test results and theoretical estimations of 
slag compositions were performed by L.S.Ö. and G.Z. based on a plan supported by 
technical discussions with J.M. Tests of melting properties of coal and coke ash with and 
without flux addition were done by L.S.Ö.  
 
2. L. Sundqvist Ökvist and G. Zuo: Effect of fluxes on slag formation in a blast 

furnace by top charging and tuyere injection, 7th Nordic-Japanese Symposium, 
Nagoya November 2000 

Analyses of samples from softening and melting tests and EBF were done chemically and 
with SEM by L.S.Ö. XRD was performed by G.Z. Evaluation was done by L.S.Ö. with 
support from G.Z. 
 
3. L. Sundqvist Ökvist, A. Dahlstedt, M. Hallin: The Effect on Blast Furnace 

Process of Changed Pellet Size as a Result of Segregation in Raw Material 
Handling ISS 32nd Ironmaking Conference Baltimore March 2001 

Based on experimental planning by L.S.Ö. and A.D., tests were conducted in full-scale at 
SSAB, at the laboratory and the EBF. The experimental evaluation was done mainly by 
L.S.Ö. with technical support from A.D. and M.H.  
 
4. L. Sundqvist Ökvist; The Melting Properties of Tuyere Slags with and without 

Flux Injection into the Blast Furnace, ISIJ International, Vol 41 (2001), 1429-
1436 

Melting point measurements on coal and coke ashes with and without the addition of 
fluxes, evaluation of tests, theoretical thermodynamic estimations with Chemsage and 
phase diagrams were done by L.S.Ö. 

 
5. P. Sikström, L. Sundqvist Ökvist, J-O. Wikström: Injection of BOF slag through 

Blast Furnace Tuyeres – Trials in an Experimental Blast Furnace, ISS 61st 
Ironmaking Conference, Nashville, Tennessee, USA 2002 

Experimental planning was done by the authors in cooperation with LKAB; practical 
arrangements for the test were performed by P.S. and LKAB. The evaluation of process 
data was made by P.S, L.S.Ö. and J-O.W., the dissection of the EBF and examination of 
samples were done by P.S. and L.S.Ö. and the theoretical estimation by thermodynamic 
calculations and chemical considerations in the literature was done by L.S.Ö. 

 
6. L. Sundqvist Ökvist, P. Sikström: Recycling of Flue Dust into the Blast Furnace, 

TMS Conference, Luleå, Sweden 2002 
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The experimental planning was done by L.S.Ö and LKAB, practical arrangements were 
made by P.S. and LKAB, evaluation of process data was carried out by L.S.Ö. and P.S. 
The theoretical estimations with thermodynamic and chemical data in the literature were 
performed by L.S.Ö. 

 
7. L. Sundqvist Ökvist, D. Cang, Y. Zong, H. Bai: The Effect of BOF Slag and BF 

Flue Dust on Coal Combustion Efficiency, Accepted by ISIJ International 
Experimental planning was done by L.S.Ö in cooperation with the project group of 
Swedish Steel Producer’s Association, combustion tests were carried out by D.C, Y.Z, H.B 
and evaluation of tests were done by L.S.Ö, D.C, Y.Z, H.B. XRD, thermal analyses and the 
evaluation of them were performed by L.S.Ö.  

 
8. L. Sundqvist Ökvist: High-Temperature Properties of BOF Slag and its 

Behaviour in the Blast Furnace, Accepted by Steel Research  
Experimental planning and tests were done by L.S.Ö. with the help of the metallurgical 
laboratory of LKAB. Evaluation of tests and theoretical estimations were made by L.S.Ö. 

 
9. B. Jansson, L. Sundqvist Ökvist: Injection of BF flue dust into the BF, a full-scale 

test at BF No. 3 in Luleå, Scanmet June 2004 
Experimental and practical planning was done by the technical group of the Ironmaking 
Department under direction of B.J. The evaluation of process data and theoretical 
considerations were carried out by L.S.Ö. with support from B.J. 
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Abstract 
Charging with olivine pellets (produced by LKAB in Malmberget and Kiruna, in the north of 
Sweden) has contributed to good performance in the blast furnaces of SSAB Tunnplåt in 
Luleå. The pellets have, in general, stable reduction behaviour, low gangue content and a very 
narrow softening and melting-temperature interval. Sometimes, however, the pellets reaching 
the softening and melting zone are of a lower reduction degree, depending on e.g., changed 
gas distribution or lower oxidation degree which results in a higher content of magnetite at 
charging. This might result in low gas utilisation, variations in permeability of burden 
column, variations in heat load and a low hot metal temperature and low chemical energy of 
hot metal as result of increased direct reduction of FeO. A special case, in which lower pre-
reduction has been observed, involved charging with an increased amount of coarse pellets. 
Compared to pellets of normal size (9-12.5 mm), coarse pellets have a lower porosity and a 
higher amount of residual magnetite in oxidised pellets. This results, for example, in a high 
residual content of FeO in the pellet core, a higher degree of disintegration and swelling 
during reduction, and an increased width of the softening and melting-temperature interval. 
 
In order to achieve even better blast furnace performance, a new type of self-fluxed pellet 
with low gangue content has been under development. The pellets have good metallurgical 
properties[46], such as a high reducibility and a narrow softening and melting-temperature 
interval. However, in industrial trials using this type of self-fluxed pellets no improvement in 
the blast furnace performance has been observed. On the contrary, difficulties arose 
concerning the smooth regulation of blast furnace operation, such as a low permeability of the 
burden column, problematic tapping, etc. One of the reasons has been theoretically attributed 
to a problematic slag formation process in the furnace [2]. The pellet itself has an early melting 
slag; but, when top charging self-fluxed pellets together with basic flux, an excessive basic 
slag can form in the cohesive zone, where the top-charged basic fluxes partly dissolve into the 
primary slag of the pellets. The newly formed slag can have a very high melting point and a 
low fluidity, which can even result in re-solidification of the slag. The melting properties of 
the FeO-rich slag will be even poorer when it is further reduced and the FeO content 
decreases. As a result, the permeability of the cohesive zone and of the bosh region is 
decreased. To enhance the slag formation process at very low slag volumes and, subsequently, 
blast furnace operation, injection of basic flux via the tuyeres instead of via top charging has 
been proposed. 
 
The sinter plant was closed down in 1978 and as mentioned, the iron burden has since then 
consisted of almost 100% pellets. Additionally, a dust briquette is produced and charged to be 
able to recycle in-plant fines. To further improve and increase recycling the injection of in-
plant fines is studied.  
 
The effect of the degree of reduction, and the interaction between the slag formers and pellets 
in the lower part of the shaft and in the cohesive zone of the blast furnace, were studied. 
Laboratory test on the softening and melting properties of five types of pellets, with and 
without additional flux, corresponding to the bosh slag formation, have been carried out. With 
the help of an optical microscope, SEM, chemical analyses and melting point measurements, 
interaction between pellets and fluxes were studied on laboratory-produced samples and on 
samples taken from the LKAB experimental blast furnace (hereafter called EBF) situated at 
MEFOS. The effect of injection of fluxes on melting properties of tuyere slag was studied in 
the laboratory by taking melting-point measurements of coke and coal ashes, with and without 
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addition of basic flux. The effect of basic fluxes and BF flue dust on the melting point of 
tuyere slag was estimated with the thermodynamic software Chemsage. The effects of BOF 
slag and BF flue dust on coal combustion efficiency and raceway reactions were studied in the 
laboratory. The effects from these additions were also studied in pilot-scale tests in the EBF 
and full-scale industrial tests were also performed with BF flue dust.  
 
With increased reduction degree of the pellets, the softening and melting point of the pellets 
increases and the width of the softening and melting-temperature interval decreases. The test 
results show that the additional basic fluxes could improve softening and melting properties of 
olivine pellets to a certain extent, but significantly deteriorate the melting properties of super-
fluxed pellets with CaO/SiO2~1. The results indicate that interaction between olivine pellets 
and BOF slag may cause variations in slag composition and slag properties at different levels 
in the blast furnace as well as at different radial positions, especially with an uneven 
distribution of fluxes. The basic fluxes cause deteriorated melting properties of super-fluxed 
pellets by formation of a high-basicity slag in the bosh. The negative effect on slag formation 
caused by top-charged fluxes is avoided by injecting fluxes through the tuyeres. Injection of 
basic fluxes will improve melting properties of the tuyere slag considerably. When tested in 
the laboratory, the combustion efficiency is almost unchanged, if the particle size distribution 
is very fine and when tested in the EBF, the stability of the BF process is significantly 
improved. When addition of BF flue dust is tested in the laboratory, the combustion efficiency 
is increased in fixed bed but decreased in blowpipe model, when tested in the EBF the process 
stability is significantly improved and in the full-scale tests, no negative effect can be noticed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 5



Acknowledgements 
I am most grateful to my supervisors, Professor Bo Björkman and Professor Jan-Olov 
Wikström and to Professor Emeritus Jitang Ma for their support and supervision during my 
work. I would like to thank Göran Carlsson for encouraging me to start up the PhD studies. 
 
Linguistic revision by Ewa Hjelm and Mark Wilcox is very much appreciated. 
 
I wish to thank my friends and colleagues at SSAB Tunnplåt in Luleå. Tonny Eriksson’s 
assistance in the evaluation of samples has been most appreciated. I thank the laboratory staff, 
and especially Sixten Ökvist, Jens Sandberg, Gunilla Rautio and Stefan Sandberg, for their 
assistance. The kind support and assistance from Bengt Gustafsson and his personnel, during 
the full-scale tests, has been greatly appreciated. I also wish to thank the group of technicians 
at the Ironmaking Department for their co-operation during the full-scale tests with BF flue 
dust injection. I would like to thank Carl-Erik Grip for his comments and advice. 
 
I wish to thank my friends and colleagues at the Department of Process Metallurgy at Luleå 
University of Technology. It has been a pleasure to work with them. The helpful and 
competent assistance of Birgitta Nyberg during laboratory work, Johan Eriksson’s help with 
SEM analyses, Bo Lindblom’s assistance with theoretical estimations and Nourredine 
Menad’s help with thermal analyses is gratefully acknowledged. The fruitful discussions with 
Guanqing Zuo concerning the results have been very helpful.  
 
I would like to thank the former and present managers of the Ironmaking Department, Ragnar 
Alatalo and Jan Virtala, and the steel company SSAB Tunnplåt AB in Luleå for supporting 
this study financially and encouraging me in my work.  
 
The cooperation of LKAB is gratefully acknowledged. I thank all the LKAB personnel for 
their kind assistance during my work and for supporting the studies in the EBF and at their 
metallurgical laboratory. I would especially like to thank Stellan Nygren for his assistance in 
metallurgical testing, and Veikko Niiniskorpi, Magnus Andersson and Ann-Marie Engman, 
for their assistance in the optical microscope studies and the SEM analysis. 
 
This work has been partly financed by Jernkontoret (The Swedish Steelmakers’ Association), 
which is gratefully acknowledged. 
 
Last, but by no means least, I wish to thank my husband Ivan for his loving support and 
encouragement, but also for helping me in solving technical problems. Thanks to all my 
children for their love and understanding. I would like to extend a special thought to Magnus, 
who died very suddenly and tragically during the time of my research work.  
 
 
 
 
 
 
 
 
 
 

 6



Preface 1 
Abstract 4 
Acknowledgements 6 
1. Introduction 8 
1.1 Background 8 
1.2 Objectives 9 
1.3 Literature Survey 9 
1.3.1 Blast Furnace Process 9 
1.3.2 Tuyere injection 10 
1.3.3 Formation and properties of slag in the BF 16 
1.3.4 Chemical composition of hot metal 18 
1.3.5 Properties of blast furnace burden materials 21 
1.4 Scope of work 22 
2. Experimental 24 
2.1 Method and equipment 24 
2.1.1 Reduction 24 
2.1.2 Softening and melting 26 
2.1.3 Melting point measurements 27 
2.1.4 Combustion tests in fixed bed and blowpipe model 29 
2.1.5 Thermal Analyses 32 
2.1.6 The LKAB experimental blast furnace 32 
2.1.7 BF No. 3 at SSAB Tunnplåt Luleå 33 
3. Results and discussion 35 
3.1 Bosh slag formation (Papers 1, 2 and 3) 35 
3.1.1 Melting properties of bosh slag (Paper1) 35 
3.1.2 Morphological studies on samples from laboratory tests and EBF (Paper 2) 40 
3.1.3 Study on the effect of pellet size reduction and bosh slag formation (Paper 3) 43 
3.1.4 High-temperature properties of BOF slag and its effect on slag formation in the BF 
(Paper 8) 50 
3.2 Laboratory studies on the effect of tuyere injection on raceway conditions (Papers 4 and 7) 57 
3.2.1 The effect of injection of basic fluxes on the melting properties of tuyere slag 57 
3.2.2 The effect of tuyere parameters and injected additives on coal combustion efficiency 60 
3.2.3 Discussion - the effect of tuyere injection on raceway conditions 63 
3.3 Feasibility of co-injection of coal and BOF slag or BF flue dust into a BF-pilot scale and 
full-scale tests (Paper 5, 6 and 9) 68 
3.3.1 Injection of BOF slag into the EBF 68 
3.3.2 Injection of BF flue dust into the EBF and BF No. 3 at SSAB Tunnplåt, Luleå 76 
3.3.3 The effect of BF flue dust injection at BF No. 3 SSAB Luleå works (Paper 9) 79 
3.3.4 Discussion 82 
4. Summarised discussion 83 
4.1 Bosh slag formation 83 
4.2 Raceway conditions 84 
4.3 Feasibility of injection – What will the future be? 85 
5. Conclusions 86 
6. Future work 87 
7. References 88 
 

 7



 
1. INTRODUCTION  
1.1 Background 
The blast furnaces at SSAB Tunnplåt AB in 
Luleå have been charged with a 100% pellet 
burden since 1978, when the sinter plant was 
closed down. Pellets with a high Fe content 
produced by the Swedish pellet producer 
LKAB in Kiruna and Malmberget are used. 
They have good metallurgical properties in 
terms of high softening and melting 
temperatures and a narrow softening and 
melting-temperature interval. The pellet quality 
has contributed to very high productivity, low 
slag rate, low consumption of reducing agents 
and good blast furnace performance. A cold-
bonded dust briquette is produced and charged 
for recycling of in-plant fines.  
 
To further improve productivity and decrease 
the consumption of reducing agents, new pellet 
types are under development. One new lime-
quartzite based self-fluxed pellet was tested at 
SSAB Tunnplåt in Luleå in 1994. The pellet 
had a high reducibility and a very low gangue 
content. When 100% of the self-fluxed pellet 
was used, the slag volume was very low, 
approximately 120 kg/tHM. However, the BF 
process showed irregularities, the pressure drop 
increased and varied largely, the cooling effects in the lower part of the furnace increased and 
the chemical composition of the tapped slag varied considerably. According to Ma[2], these 
phenomena were due to problems with slag formation in the lower part of the furnace. When 
using pellets of a low gangue content the amount of the addition of basic fluxes will be quite 
low and problems in achieving an even distribution of the fluxes might occur. When a super-
fluxed pellet with a basicity B2=wt.%CaO/wt.%SiO2≥1 is used the fluxes that are added to 
neutralise the coke and coal ash will dissolve in the early-melting bosh slag and increase the 
basicity as well as its melting point. The melting point will be increased when the content of 
wustite is decreased during further reduction. Locally in the BF, the excessive basicity will be 
even higher than average, because of an uneven distribution of the fluxes charged into the 
blast furnace. Ma proposed that, to avoid the slag formation difficulties, fluxes should be 
injected through the tuyeres instead of being top charged. In Figure 1, the basicity of primary 
slag, bosh slag, tuyere slag and final slag is compared for fluxed pellets with and without 
injection of BOF slag. The primary slag consists of the gangue content in the pellets. The 
bosh slag is considered to be the product of the primary slag, all additives and fluxes, and 
some ash from the coke that is consumed. The ash released in the raceway, when coal and 
coke are combusted, forms the tuyere slag. The tuyere slag contains the constituents in flux, 
ore or dust, if they are injected. The bosh slag and tuyere slag are mixed and after some 
additional reduction of the mixed slag, the final slag is formed. As can be seen, the excessive 
basicity of the bosh slag is avoided by the injection of fluxes. 

 
Figure 1. The basicity of primary slag, 

bosh slag, tuyere slag and final slag without 
(left) and with (right) assumed injection of 

BOF slag[2]. 
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The content of BF flue dust in the cold-bonded briquette has varied between 20 and 36% from 
1993 until 2004. The properties of BF flue dust, in terms of particle size distribution, chemical 
composition, water absorption and chemical reactivity during agglomeration, indicate that the 
material is more suitable for injection than for cold-bonded agglomeration. The BF flue dust 
contains mainly fines of coke, pellets and basic fluxes. The generated amount, 30,000-40,000 
tonnes per year, corresponds to an injection rate of approximately 13-17 kg/tHM. When BF 
flue dust is injected, the basic fluxes will increase the tuyere slag basicity slightly. The 
hematite fines can be expected to supply oxygen for combustion and increase the FeO content 
of the tuyere slag. Both the increased basicity and FeO content will probably improve the 
melting properties of the tuyere slag, and fines of char and coke will be consumed in direct 
reduction reaction. The improved melting properties of tuyere slag and consumption of fines 
can be expected to increase the permeability at the end of the raceway. 
 

1.2 Objectives 
The injection of fluxes has been investigated in several studies with the intention of 
controlling the Si and S content in hot metal. The effect on the hot metal composition has 
been determined and the method of injection of fluxes has been developed. However, the 
possibility of controlling and optimising the slag formation by this technique has never been 
evaluated. In order to understand and evaluate the slag formation process in the blast furnace, 
and how it is influenced by top charging and tuyere injection of fluxes, a research project was 
started. The idea of recycling BF flue dust by tuyere injection came up in this project and a 
study based on this concept was started. Apart from the effect on hot metal composition and 
slag formation, the co-injection can be expected to change the conditions for coal combustion 
that also has to be studied.  
 

1.3 Literature Survey 
1.3.1 Blast Furnace Process 
Figure 2 shows the BF process 
schematically. At SSAB Tunnplåt in 
Luleå, the ferrous burden, which consists 
of 100% olivine pellets, is charged at the 
top together with the fluxes and the dust 
briquette. Between the pellet dumps coke 
is charged. At the top of the blast furnace 
the burden materials are lumpy and the 
gas permeability of the burden column is 
quite high. The charged materials are 
heated up and dried by the ascending gas 
and, when the temperature is high 
enough, the limestone is calcinated. The 
coal and coke are combusted in the 
raceway and produce CO that indirectly 
reduces the iron oxides in the pellets[1][3]. 

 
Figure 2. The blast furnace process 

 
Fe2O3 +3CO ⇄ 2Fe + 3CO2      (1) 

 
CO2 reacts with the coke according to the Boudouard reaction. 
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CO2 + C ⇄ 2CO      (2) 
 
The burden materials soften and start to melt in the cohesive zone. The permeability of the 
pellet layers decreases and as a result, the pressure drop is very high over this part of the 
furnace. The gas passes through the coke windows that distribute the gas over the blast 
furnace diameter. At the bottom of the cohesive layers the slag and metal start to drip. The 
dripping material flows through the coke bed. Carbonisation and desulphurisation of hot metal 
as well as homogenisation of slag and hot metal take place as the material flows down to the 
hearth[1][3]. 
 
Different types of slag are formed at different locations in the blast furnace. In this work, the 
primary slag is supposed to consist of the gangue content in the pellets. The bosh slag is 
assumed to be the product of the primary slag, all additives and fluxes and some dissolved ash 
from the coke consumed. The ash released in the raceway, when coal and coke are burnt, 
forms the tuyere slag. The tuyere slag contains the constituents in flux or ore, if they are 
injected. The bosh slag and tuyere slag are mixed and after some additional reduction of the 
mixed slag, the final slag is formed. 
 
1.3.2 Tuyere injection 

1.3.2.1 Raceway 
Blast flows through the tuyeres into the BF and a cavity is formed. At BF stoppages, this 
cavity, especially the part closest to the tuyere, is filled with coarse coke that has fallen from 
above[1] This bosh coke[9] is surrounded by small, round raceway-coke particles[1] that have 
been subjected to higher temperatures and are therefore weaker[9]. Beyond and below this area 
of small coke particles there is a space of low voidage made up of coke breeze of 5 mm or 
less, slag and iron particles, which are considered to have been generated in the raceway. The 
coke in the upper part of the raceway is loosely packed and coke particles are found to be 
fluidised by the upward gas stream. Un-melted iron ore that was registered passing the 
raceway in a blast furnace monitored via industrial television appeared to be consistent with 
the charging intervals[1].  
 
Combustion of coke and injected reducing agents occurs in the raceway. CO2 first generated 
reacts further with C and CO is formed. Injection of coal changes the gas and temperature 
profile of the raceway. High concentrations of CO and CO2 occur closer to the tuyere nose, 
when PC is used as compared with “all-coke” operation, when the combustion focus is at a 
greater distance from the tuyere nose and the gas profile is quite flat[8]. 

1.3.2.2 Coal injection 
Tuyere injection of oil or natural gas and subsequently pulverised coal has been practised for 
a long time. The main reasons for injection of reducing agents are economy and, increased 
coke demand due to increased hot metal production, but also the fact that the coke supply will 
diminish since many coke plants are approaching the end of their useful working life. 
Technically, the injection of PC gives a possibility to control the flame temperature. At SSAB 
Tunnplåt in Luleå, coal injection was introduced in 1985. In 1998, a new coal injection plant 
was taken into operation. From January to May 2004, the PCR was approximately 140 
kg/tHM. For many years, a high volatile (HV) coal (volatile matter (VM) ∼38 wt.%) has 
mainly been used for injection. During 2002-2003, successful tests with a low volatile (LV) 
coal (VM ∼18 wt.%) have been conducted. 
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A high coal injection rate results in different phenomena in the blast furnace, when compared 
to operation with low coal injection rates or “all-coke” operation[8]. The burden distribution is 
changed to maintain the gas permeability of the blast furnace. The weight of the burden 
column increases and the coke degradation is enhanced. The descending rate of the burden in 
the upper part decreases and the heat-flux ratio (HFR=heat capacity of the solid/heat capacity 
of gas) decreases, which will give an increased top-gas temperature, an increased temperature 
of thermal reserve zone and an increased heat level in the blast furnace. These effects will be 
limited by oxygen enrichment. Generation of fines in the raceway may increase at high coal 
injection rates. Fines of char are more reactive than coke fines and are therefore used more 
readily in direct reduction and solution loss reactions. The unconsumed fines may limit the 
maximum PC rate; therefore, high coal combustion efficiency is of great importance [8][10]. 
 
Figure 3 shows processes occurring in the 
raceway, when PC is injected. The coal 
particle is first preheated and is further 
heated by radiation and later by conduction 
of heat from surrounding material. When a 
temperature above ~ 400°C is reached, a 
pyrolysis including the gasification of VM 
occurs. The generated gas consists of CH4, 
CO and H2. The ratio of H2 and the 
gasification rate increase with increased 
temperature. The coal particle is ignited and 
subsequently covered by a flame of burning 
VM. The temperature increases to 1000°C-
1700°C and when most of the volatiles have 
been combusted the coal particle that 
consists of char ignite and combust. 
Combustion of char is a slow process compared to the combustion of volatiles and when it has 
been completed, a small residue of ash is left. The burnout time is proportional to the square 
of the particle diameter and is controlled at a high temperature by the diffusion of O2 to each 
particle[8]. 

 
Figure 3. Phenomena occurring in the raceway 

during coal combustion[8] 

 
In a numerical 3D simulation based on core drilling in the tuyeres, analyses of process data 
and laboratory tests, coal type, O2 enrichment, particle size and particle size distribution 
varied. The results indicate that the content of VM has the greatest effect on combustion 
efficiency and that combustion efficiency increases with increased content of VM. The 
particle size of PC was found to have an effect on coal combustion efficiency. Coal particles 
of <48 µm were completely combusted and volatiles were completely gasified, but 
combustion was not complete in particles with a diameter of 86-162 µm and, for particles 
>181µm, the volatiles were partly gasified. The main reason for the particle size effect is an 
increased heating rate with a decreased diameter of PC. The O2 enrichment and the PCR were 
also found to have effect on coal combustion efficiency[11]. 
 
Reported in the literature are two different phenomena related to how the O2 supply to coal 
particles and the content of volatile matter in the coal can have an effect on the combustion 
efficiency in such a way that it might limit the maximum possible PCR. The first example is 
reported by TKS; when a PC rate of 140-150 kg/tHM was reached, it was found that O/C ratio 
of 2.1 was below the critical value. Results, such as detected deposits of coal at tuyere level, 
changed chemical composition of BF flue dust and disturbance of gas flow in the lower part 
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of the BF were used to arrive at this conclusion. It was found that the critical value of O/C 
could be decreased by increasing the available O2 to individual coal particles or by achieving 
earlier ignition by addition of some substance to the PC. By using coaxial lances or two 
separate lances, the O2 supply to individual coal particles could be increased. The addition of 
10% lignite to the low volatile (LV) coal decreased the critical O/C ratio from 2.1 to 1.8[12][13]. 
 
The second example was reported by Corus in the Netherlands (formerly Hoogovens, 
Ijmuiden), who started to inject PC in 1983 and operated with HV coal for several years. 
From approximately 1996, an ultra-high volatile (UHV) coal with a lower coke replacement 
ratio has been used. The choice of coal at start-up was based on laboratory tests made in 
1982/83. These laboratory tests demonstrated that a HV coal gave early volatilisation and 
ignition, which resulted in high combustion 
efficiency, showing that this type of coal would 
be a good economical alternative. In 1992, a 7-
month-long trial[14] to increase the PCR was 
conducted. A PCR of 212 kg/tHM and a coke 
rate of 271 kg/tHM were reached with 
maintained process stability. Analyses of BF 
flue dust, BF sludge and samples taken by core 
drilling at the tuyere level did not verify any 
negative effects when increasing the PCR from 
135 kg/tHM to 170 kg/tHM and further to 190 
kg/tHM. It was stated that ~1% of the injected 
PC was leaving the BF through the top. 10% 
and 30% of the C detected in the dry and wet 
dust, respectively, originated from the PC. No 
increased amount of unburnt char or coke fines 
could be detected in the dead man up to PC rates of 190 kg/tHM. The study indicated that the 
lowest coke rate needed to maintain the gas permeability of the burden limits the maximum 
PC rate. Based on the successful trial in 1992/93, the grinding capacity was extended to make 
it possible to increase the PCR to ~ 200 kg/tHM on both blast furnaces or 110-150 kg/tHM on 
one BF and 250 kg/tHM on the other. The PC plant was expanded in 1996, and in 1998, a 
trial[15] aiming to increase the PCR to 250 kg/tHM was performed. An UHV coal was used at 
the time and it was used during the test. Much higher PCR than expected was needed to reach 
the target coke rate of 290 kg/tHM and soon after the target coke rate was reached, dust and 
sludge generated during the trial caused problems in the water treatment system and the test 
had to be interrupted. A large amount of carbonaceous material was detected in the dust at 
coke rates <300 kg/tHM. The reason was concluded to be excessive “soot” formation (see 
Figure 4) caused by improper mixing of volatile components released during pyrolysis and 
O2 from the hot blast. Other effects could also be noticed during this trial; e.g., the burden 
resistance in the upper stack increased during the trial. Approximately 50% of the increase 
can be explained by the changed ore/coke ratio and other phenomena as changed gas 
distribution or increased ore reduction degradation caused by slower heating in the stack 
caused by the use of high O2 enrichment (total O2 content ~30-33%). The pressure conditions 
in the lower part of the BF were changed, but increased amount of fines of char or coke could 
not be detected in the dead man. To be able to reach low coke rates and a high PCR, “soot” 
generation has to be avoided. Their studies show that this can be achieved if the coaxial lance 
geometry is changed by retracting the inner lance relative to the outer lance, creating an in-
lance mixing chamber. The mixing chamber strongly reduces the amount of O2 injection 
needed to achieve coal ignition at the lance tip. A re-evaluation of coal to be used for injection 

 
Figure 4. Components in wet dust during 
test with low coke rate at Ijmuiden No.6, 

1998 [15] 

 12



was made, because of the excessive generation of “soot”, low replacement ratio and high O2 
supply necessary to maintain productivity. Instead of opting for expensive medium-volatile 
(MV) coals, it was decided to mix the UHV coal with a LV coal. This choice would give 
lower volatile content, better combustion behaviour and be favourable for economic (price, 
availability, stock) and technical (replacement ratio, chemical composition), reasons too. 
Work to improve the process control and find the necessary O2 addition was also carried out  
 
The slag formed in the raceway when coal and coke are burnt produces a tuyere slag of a very 
low basicity, B2≈0.05. Especially at high coal injection rates, a shell can be formed by ashes 
from pulverised coal combined with a slag with a high melting point at the end of the 
raceway. The depth of the raceway is shortened, but it is vertically elongated. As soon as the 
shell is formed, small coke particles will be trapped in it and the permeability of gas into the 
dead man is suppressed. The formation of a shell might be affected by the rate of ash supply 
and its dripping rate. The shell is not permanent, but when it is present, the increased gas 
pressure will force the dripping liquid phase from the upper part towards the dead man. These 
phenomena will result in an increased and more varied pressure drop both in the upper and 
lower part of the blast furnace. The pressure drop, for example, will vary periodically with the 
level of hot metal and slag in the hearth[8]. 
 
Ichida et al.[16] have studied the amount of fines in raceway and dead man by taking samples 
through the tuyeres. They analysed the composition of the dripping slag and concluded that 
the variation of composition differed between PC rates of 157 kg/tHM and 190 kg/tHM due to 
problematic radial transport of coal ash. The radial transport of ash generated in the raceway 
is disturbed because the coal ash adheres to dripping material and coke and is transported 
upwards with the gas. The coal ash reacts with approximately 15-20% of the dripping slag. As 
a result, the ratio of CaO/SiO2 of slag in the –1 mm fines increases from the tuyere nose 
towards the BF centre. The viscosity estimated with Nakagawa equation of –1 mm increased 
significantly at a distance of 2.5 m from the tuyere nose when the PCR was high, due to ash 
originated in the coal. These –1 mm fines of high viscosity and high basicity and the increase 
in –3 mm fines may be the main causes of deteriorated gas and liquid permeability at the 
dead-man surface. The ratio of unburnt char detected in samples taken from the raceway is 
low, but is expected to rise, when the air ratio is <0.80%. An increased amount of unburnt 
char is expected to have effect on the permeability of gas and melt in the dead man, because it 
reacts with FeO and CO2, thereby increasing the slag viscosity. 
 
The tuyere slag formed, when coal and coke are burnt, is as mentioned earlier very acid and 
has a high content of Al2O3 and SiO2. The activity of SiO2 is high in the tuyere slag and at the 
high temperatures in the flame zone, SiO(g) is generated. This is one important mechanism 
for siliconisation of hot metal. Reduction of SiO2 in slag by C in the coke[1] is another 
mechanism for siliconisation of hot metal. This becomes important at temperatures above 
1700°C. Many efforts have been made to understand the mechanisms for siliconisation of hot 
metal and thereby enable control of the silicon content.  
 
The generation of SiO(g) from coke is greater than from slag and increases significantly at 
temperatures above 1750°C, probably because of increased contact surface between ash and 
fixed carbon. When studying the silicon transfer from PC it has been found that the silicon 
transfer is approximately 3 times greater than from coke[17].  

1.3.2.3 Additional injection 
Injections of fines of fluxes and iron oxide have been tested in some blast furnaces to decrease 
the Si content in hot metal[18][19][20][21][23][24].  

 13



 
In a study by Yamagata et al.[19], simultaneous injection of coal and dolomite was tested and 
the result was decreased contents of Si and S in hot metal and increased distribution ratio of 
Mn/MnO. The changed conditions were attributed to the fact that the equilibrium attainment 
of Si (RSi) is decreased, while those of S (RS) and Mn (RMn) are increased. The equilibrium 
attainment was defined as the ratio between the actual distribution ratio and the equilibrium 
distribution ratio. It is estimated that the decrease of RSi may be caused by the suppression of 
the reaction producing SiO(g) and the increase of RS due to the enhancement of H2S gas 
absorption and the improved desulphurisation reaction by the decreased tuyere slag viscosity. 
The increase of RMn can be attributed to the progress of Mn transfer caused by a decreased 
slag viscosity. The coke rate increased when dolomite was injected. The transport properties 
were similar to those with PC, except for a slight increase in pipe abrasion. The gas 
distribution and depth of raceway were unchanged and did not indicate any negative effects 
on hearth permeability. The injection of iron ore fines has also been reported to be 
abrasive[22]. 
 
The effect of adding material containing MgO from the top or by tuyere injection in a study 
by Sawada et al. showed that the silicon content was decreased in both cases. However, the 
effect was greater when injecting the flux compared to when top charging it. The effect of top 
charging was more significant if the flux was mixed with the coke layers compared to when it 
was mixed with ore. The injection of fluxes containing CaO and MgO decreases the activity 
of SiO2 in the tuyere slag, resulting in a decreased generation of SiO(g)[18].  
 
In another study by Takeda et al.[21], the injection of PC and iron ore powder (100 µm and 250 
µm in diameter) did not have any effect on the Si content in hot metal, while a mixture of flux 
and iron ore did decrease the Si content. The decreased Si content was attributed to absorption 
of SiO(g) by the flux powder. The decreased flame temperature during the injection of iron 
ore powder had no effect and the expected increase of FeO content in tuyere slag could not be 
detected. When injecting the iron ore, negative effects such as an increased S content in hot 
metal, an increased FeO content in slag and an increased ratio of (MnO)/[Mn] could be seen. 
The gas composition at the end of the raceway is changed. The CO content and the N2 content 
decreased to extremely low levels, which means that the O/N2 ratio increased to values higher 
than the blast conditions implied. The authors found that this indicates that a low permeability 
layer is formed around the raceway.  
 
In a study by Kushima et al.[20] on the injection of iron ore fines into the Hirohata No. 3 BF, it 
was found that the Si content was decreased. If sinter fines containing CaO was used, the 
effect was greater because of a lowered aSiO2 caused by increased basicity of the tuyere slag. 
The mean particle size of the sinter fines was ~2 mm. Based on heat transfer calculation, these 
particles were estimated to reach a temperature of ~500°C at the end of raceway and the 
reduction reaction has probably not advanced much. Fine ore particles, 0.05 mm in diameter, 
were estimated to reach a temperature of 1500°C or more, 0.4 m from the tuyere nose. These 
particles melt, follow the ascending gas, adsorb on the coke surfaces and undergo melting 
reduction. The particles are expected to raise PO2 above the tuyere level promoting 
desiliconisation reaction but have no pronounced effect on the SiO(g) generation, as do the 
sinter fines. The average partial pressure of oxygen was measured at the end of the raceway. 
The partial pressure of O2 was 10-12 atm during normal BF operation, 10-11 atm when pellet 
fines were injected and 10-9.3 atm when sinter fines were injected. An oxygen partial pressure 
of 10-12 atm at the tuyere level almost corresponded to the FeO content of the slag sampled 
here and consequently PO2 is >10-12 atm above tuyere level and <10-12 atm below the tuyere 

 14



level. In this paper, it is also stated that if a blast furnace produces a hot metal of low silicon 
content, the desiliconisation reaction (3) does not readily proceed in the blast furnace. When 
iron ore fines are injected, the blast moisture was decreased to compensate for the heat 
consumed by the iron oxides.  
 
 Si + 2(FeO) ⇄ SiO2 +2Fe     (3) 
 
When injecting a mixture of iron ore and coal fines or a water-slurry containing iron ore, 
decreased silicon content in hot metal could be noticed. Injection of CaO containing iron ore 
dust reclaimed from the storage bins of the blast furnaces had a significant effect in 
decreasing the Si content in hot metal. The report also states that it is important to suppress 
the reduction of iron oxide[23].  
 
In a study by Yamagata et al.[24], the Si content in hot metal was decreased by the injection of 
iron ore at Wakayama No. 4 BF without carryover of the injected ore to the hearth. The 
injected material, iron ore dust recovered from the storage bin of the BF, contained ~50 wt.% 
Fetot, 5 wt.% FeO, 7 wt.% CaO and 6 wt.% SiO2. Laboratory tests showed that the increased 
reaction temperature increases the mass transfer in both metal and slag and accelerates the 
first step of desiliconisation reaction, but that the direct reduction rate of FeO increases and 
the result is a high final Si content in hot metal. Increased total pressure suppresses the direct 
reduction reaction and decreases the final Si content. A high initial Si content in the hot metal 
enhances the desiliconisation reaction. If the Si content in hot metal produced in a BF is low, 
the effect of injection of FeO containing slag might be low. If the Si content in hot metal is 
high, the content of C and Mn decreases much less during the desiliconisation reaction. An 
increased amount of slag or a high basicity results in an increased desiliconisation rate, 
because the thermodynamic equilibrium controls the final distribution ratio of silicon between 
hot metal and slag. Coke added decreases the desiliconisation rate and the decrease is higher 
with smaller coke particles, because FeO is directly reduced by coke and smaller coke 
particles mean larger contact surface between coke and slag. When injecting iron ore into the 
BF the consumption of FeO by coke fines and char decreases the desiliconisation efficiency 
of the FeO-containing iron ore. 
 
In a laboratory study by Kang et al.[25], tests with simultaneous injection of coal char and fine 
iron ore oxide were performed. The combustion gases from the injection furnace were 
analysed with a mass spectrometer and the residual material was quenched and studied after 
the test. The combustion rate of char increased with an increased hematite/char ratio, which 
implies that hematite is an efficient oxygen source for char combustion. The reaction rate of 
char combustion was unchanged when the ratio wustite/char was increased. The test results 
indicated that when injected, hematite will decompose thermally into magnetite and oxygen 
and the magnetite is directly reduced by the char. Injected wustite will be directly reduced by 
the char. 
 
Laboratory tests on simultaneous injection of PC and iron ore have been done with two types 
of coal with 5.6 and 30.0 wt.% of VM, respectively, to which the addition of two types of iron 
ore, wustite and sponge iron, was tested. The addition of 30% iron ore was shown to be 
suitable. The mechanism of the reaction of the iron ore and PC was[26]  

1) coal and iron-ore particles are preheated, 
2) the pyrolysis of coal starts, CO, H2 and CH4 are generated and combustion of 

volatiles starts, CO and H2 are used for indirect reduction of Fe2O3 to FeO  
3) char is combusted and solid wustite melts  
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4) smelting reduction starts (FeO(l) + C(s) ⇄ Fe + CO) 
 
Laboratory tests and tests in a charcoal blast furnace with addition of different dusts to PC 
have been done by Gudenau et al.[27]. The tests indicate that a suitable addition of BF flue dust 
to a LV coal will improve the coal combustion efficiency. Iron oxide in BF flue dust is 
reduced to Femet. Industrial tests conducted in a later study[28] showed that when the dust was 
injected into the BF, the consumption of coke was decreased, the hot metal composition 
remained basically unchanged and no negative effects were seen on the crushing and injection 
equipment. The combustion efficiency of LV coal (9-13 wt.% of VM) was improved, when 
BF flue dust was added. The authors attribute this to the catalytic effect of the oxygen 
contained in the iron oxide on the coal combustion. The addition of BF flue dust to HV coal 
was not expected to improve the coal combustion efficiency. In further laboratory studies by 
Babich et al.[29], the effects of the addition of BF flue dust, mill scale, mill-scale sludge or 
sponge iron to low- and high-volatile coal (VM 10.8 wt.% and 27.7 wt.%, respectively) were 
studied. With LV coal an improved coal combustion efficiency was achieved when O/C =1,5 
or 3,0. When a HV coal was used, the combustion efficiency was decreased at the lower ratio 
of O/C and was almost unchanged at the higher ratio of O/C. 
 
Since injection of fluxes seems possible from the point of view of blast furnace operation, it 
may be a means of controlling slag formation both in the bosh and in the raceway. The low 
basicity of tuyere slag could be adjusted in order to aid the formation of a slag with the 
desired properties. The dripping of slag from the raceway might be enhanced and thereby the 
formation of a shell in the end of the raceway prohibited. This can improve the gas 
permeability into the dead man and the drainage of slag and metal formed in the bosh and in 
the raceway. The formation of high-basicity slag in the bosh would also be prevented.  
 
Injection of BF flue dust also seems to be possible from the point of view of the BF process. 
However, the conditions differ in comparison to those of studies reported in the literature. The 
BF flue dust produced and the coal used at SSAB in Luleå differ from the material tested. The 
BF flue dust has a different chemical composition and a HV coal (VM ∼38 wt.%) is used. 
Still, the effects on coal combustion efficiency of co-injection of BOF slag or BF flue dust 
together with PC have to be evaluated. 
 
1.3.3 Formation and properties of slag in the BF 
As mentioned earlier, the primary slag 
consists of the gangue content of the 
pellets and is affected by the components 
of the blast furnace gas, for example, its 
alkalies. An interaction with the other 
burden materials is not supposed to occur 
until the material enters the softening and 
melting zone.  
 
If a pellet type of a basicity lower than the 
final slag is used, the top-charged basic 
fluxes neutralise the gangue of the pellet 
and the ashes of coke and coal. The main 
generation of ash occurs in the raceway, 
where the coal and coke are mainly 
combusted. This means that the fluxes 

 
Figure 5. An example on of the variation of slag 

basicities along the height of the BF 
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present in the bosh region are excessive 
and that the slag formed here will have 
an excessive basicity compared to that 
of the final slag. Examples of 
variations in basicities along the blast 
furnace height for two different pellet types can be seen in Figure 5[2]. An uneven distribution 
of fluxes might increase this effect further. The chemical compositions of the pellets are stated 
in Table 1. The excessive basicity of the bosh slag is most pronounced when the gangue 
content of the pellet is low and the ash content of coal and coke is quite high. The final slag 
with desired properties is formed when the bosh slag of an excessive basicity is combined 
with the acid tuyere slag. 

Table 1. Chemical compositions of pellets used for 
estimation of slag basicities shown in Figure 5 

Sample CaO SiO2 MgO Al2O3 FeO TFe CaO/SiO2

Pellet A 1.39 1.43 0.39 0.33 0.44 66.94 0.98 
MPBO 0.26 1.94 1.48 0.43 0.77 66.73 0.14 

 
At two blast furnaces in England, analyses indicated that operating problems were caused by 
the formation of a bosh slag with a composition resulting in the formation of a dicalcium 
silicate phase. The slag had a high melting temperature and the effect of ferrous oxide was 
found to be dependent on the overall basicity – (CaO+MgO)/(SiO2+Al2O3) – of the slag[4]. 
 
The evaluation of operation with a self-fluxed pellet with B2=1.26 and siliceous ore as a 
basicity adjustment material every sixth charge, indicated slag formation problems in the 
dripping zone. Charging five pellet layers with a high basicity alternately with a very acid 
layer caused variations in the composition of the slag formed. In the high-basicity layer, a 
dicalcium silicate containing a highly viscous slag was formed. The liquidus temperature of 
this slag was so high that it might also have formed a solid phase. By exchanging the siliceous 
ore for acid pellets, as a basicity controlling material, the variations in slag basicity decreased 
dramatically and the blast furnace operation became smoother. By increasing the flame 
temperature and thus changing the temperature profile and moving the cohesive zone the high 
basicity slag could also be allowed to melt and prevented from re-solidifying. When testing a 
pellet with B2=0.9, the melting point of the slag formed after reduction of FeO was lower 
compared to pellets with B2=1.26. This is an advantage when the flame temperature for some 
reason cannot be increased[5].  
 
The viscosity of the bosh slag, the tuyere slag and the final slag is of great importance for 
blast furnace operation. If the viscosity increases, the amount of residual slag in the blast 
furnace will increase. If the viscosity of the final slag increases from 3.5 poise to 4.75 poise, 
the residual slag amount will increase by 14%[7]. Model experiments have shown that if the 
slag viscosity increases to a value over 6-10 poise, or if the void fraction of dead man 
decreases to less than 65% of initial void fraction, the slag will no longer be able to flow 
through the dead man; instead, it will flow between the blast furnace wall and the dead man[6]. 
 
In a study[19] on combined injection of dolomite and coal, the effects on the melting point of 
dolomite by coal and coke ash were tested. The melting point of the mixture of coal ash and 
dolomite was lower compared with the melting point of dolomite. The addition of coke ash 
decreased the melting point further to temperatures around 1400-1500°C. The locally 
generated heat of coal powder is expected to increase the temperature of the nearby-injected 
powder resulting in a smooth slag formation. The viscosity of the slag without the injection of 
dolomite, estimated to be 20 poise, decreased significantly when injection of dolomite was 
considered, as did the activity of SiO2 in the tuyere slag. In laboratory tests, SiO(g) generation 
was shown to decrease and the Mg(g) generation was shown to increase at increased MgO 
content in the slag. The effect of MgO is especially significant at low ratios of CaO/SiO2.  
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1.3.4 Chemical composition of hot metal 
As was briefly described in item 1.3.1, metallic iron is formed when the iron oxides are 
reduced. The final composition of hot metal is a result of several different chemical reactions 
occurring in the lower part of the BF. The oxygen potential is essential for the partition of 
elements between metal and slag. The FeO content in slag can be used to estimate the oxygen 
potential because aFeO approaches ideality at high temperatures, especially in MgO containing 
systems[1]. 
 
Silicon 
The region of Si transfer into hot metal is considered to be from the surface of the slag layer 
in the hearth to the lower surface of the cohesive zone, where iron ore melts. In test blast 
furnaces, the Si content in hot metal is highest, or at least attains the final tapping values near 
tuyere level, dropping again in the hearth. These results suggest that the reduction of SiO2 is 
almost complete at the tuyere level. Further reduction in the lower part of the hearth is 
negligible and oxidation of Si may occur. The distribution of Si at a given level is dependent 
on the ore/coke and the Si content decreases with increased ore/coke. The Si content of 
samples taken near the raceway correlates with the estimated temperature profile. At the 
tuyere level, where the partial pressure of SiO is high, a decrease in C content may occur due 
to the reaction (3)[1]. The dominant reaction, when Si is transferred into hot metal, goes via the 
generation of SiO(g). SiO(g) can be produced by the reduction of SiO2 in slag, coke ash or 
coal ash, as will be discussed below.  

SiO + C ⇄ Si + CO      (3) 
 
The Si content in hot metal reaches a peak value before the Mn content. From a 
thermodynamic and kinetic point of view, MnO should be reduced in preference to SiO2. The 
explanation is different reduction mechanisms of SiO2 and MnO. SiO2, is reduced via SiO(g), 
but MnO is reduced via slag-metal reaction[1]. 
 
An examination of data from operating blast furnaces, using available thermodynamic data 
indicates that the Si content in hot metal tends towards the equilibrium value in most cases 
investigated. An increased Si content via a slag-metal reaction is unlikely to occur in the 
dripping or tuyere zone of a BF, because the FeO content of these slags exceeds 1%. With a 
normal tapping slag of a BF containing 0.2-0.5 wt.% FeO, it may be impossible to achieve 
more than 0.5 wt.% of Si in hot metal via slag-metal reaction. The rate of direct reduction of 
SiO2 in slag by carbon-saturated iron is dependent on the interfacial area of the phases. This is 
very small in the hearth of a blast furnace, but might be higher, if slag dripping through the 
hot metal is considered[1]. 
 
SiO(g) can be generated from coke at high temperatures. Dissections of BF reveal the fact that 
SiO2 content of coke ash decreases from temperatures around 1400°C. A weight loss of 5% 
corresponds to the reaction (4), when metallurgical coke is heated up to 1500°C in CO and 
held at that temperature for 15 min. If the coke is heated to 1700°C and held at that 
temperature for 15 min, the weight loss corresponding to the reaction is 100%. The heating 
from 1500°C to 1700°C takes 3 min, and the weight loss corresponding to the reaction is 
20%[1].  

SiO2 + C ⇄ SiO(g) + CO(g)     (4) 
 
In a laboratory study by Kushima et al. [20], coke, slag and metal were heated up in a graphite 
crucible. At 1600°C, the silicon transfer is higher from coke compared to that from slag. 
When the temperature is increased above 1700°C, the silicon transfer to the metal by the slag 
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through SiO is rapidly increased. The amount of SiO gas generated from the coke ash and slag 
was also thermodynamically estimated based on the partial pressure of O2 (PO2). The possible 
PSiO is decreased, when PO2 is increased. PSiO is estimated to 10-4 to 10-3 atm during normal BF 
operation, 10-4.5 to 10-3..5 atm, when pellet fines were injected and 10-6 to 10-4.5 atm, when 
sinter fines were injected, based on the measurements of PO2 at the end of raceway during the 
test periods. 
 
The generation of SiO(g) from coke may occur in the raceway. Recent studies[17] state that the 
generation rate of SiO(g) from injected PC is three times higher than from coke. The contact 
area between fixed carbon and ash is increased during the preliminary combustion in the 
raceway. As the temperature is increased, the ash melts and permeates into the pores. The 
reaction rate is decreased with increased basicity B2 of the ash. Based on the laboratory tests, 
a reduction rate equation for ∆[Si]PC was used to estimate the Si content in hot metal in a BF 
for two periods using two different coal brands. The estimated result correlated with the actual 
Si contents of hot metal. The authors suggest that the effect of pulverized coal brand on [Si] 
of hot metal can be explained by the fact that the generation of SiO(g) is the rate controlling 
step, not the Si absorption process to hot metal, when Si is transferred from pulverized 
coal[17].  
 
SiO(g) can also be generated via reaction between slag and coke.  
 
    SiO2(l) + C(gr) ⇄ SiO(g) + CO(g)  (5) 
 
Figure 6 shows how the generation of 
SiO(g) via the reaction between liquid 
slag and graphite is increased with 
increased temperature at adhesion 
wetting conditions. At around 1700°C, 
there is a change in relationship that may 
be related to the wetting between slag 
and graphite that becomes appreciable 
over this temperature. According to the 
results, MgO decreases the rate 
coefficient of SiO(g) generation by 
approximately 40-50%. Mg vapour is 
produced from MgO-containing slags in 
contact with graphite or coke at high 
temperature by an endothermic 
reaction[1]. In a study by Yamagata et al. 
[19], the SiO(g) generation from a MgO-
containing slag was studied. When the 
MgO content of a slag is increased aSiO2 
is decreased and the SiO(g) generation 
suppressed. The effect of MgO is high in 
the raceway, where the basicity of the 
slag is low. When the generation of 
Mg(g) according to reaction (6) 
increased, the generation of SiO(g) was 
decreased.  

 
Figure 6. Temperature dependence of the rate 
constant of generation of SiO(g) by reaction of 

slag with graphite  
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MgO(l) + C(s) ⇄ Mg(g) + CO(g)    (6) 
 
The area of reaction surface between slag and graphite, and thereby the wetting behaviour, is 
important for the rate of SiO(g) generation. Wetting is promoted by conditions favourable for 
SiC formation at the slag-graphite interface, such as a high temperature and a low CO partial 
pressure. There seems to be a critical temperature between 1700°C and 1750°C, above which 
spreading wetting takes place. The kSiO values obtained at spreading wetting conditions are 
greater as shown by the dashed lines in the upper part of Figure 6. Components in the slag 
also have an effect on the wetting behaviour. A slag containing 0.8-1.0% S is most likely to 
wet the graphite and the temperature of spreading wetting is decreased. MgO in the slag has a 
tendency to depress wetting and raise the temperature at which spreading wetting commences. 
The overall rate of SiO(g) generation from slag in the BF is dependent on the volume of the 
high-temperature region above the critical temperature and may be influenced by slag 
composition and partial pressure of CO(g)[1].  
 
Carbon 
Theoretically, CO can carburise the iron reduced in the BF shaft up to 0.5 wt.% via the 
reactions (7) and (8). C deposition is possible, because its activity is lowered in solution in 
iron. The rate constant for carburisation is five times higher in the presence of H2, but is 2 and 
10 times lower in the presence of H2O and H2S, respectively. The C content of iron is seldom 
higher than 1% in the solid state. The C decreases the melting point of iron and it is possible 
for the iron to increase the C content up to 2.5-3 wt.% in the belly. The C content is further 
increased in the bosh. The final C content in hot metal is reached in the hearth, where the coke 
is submerged in the hot metal[3]. The C content of samples of metal taken from quenched and 
dissected blast furnaces has also been found to increase in the shaft and contents up to 
approximately 2 wt.% are analysed for samples taken from the belly. The content of C is 
sometimes decreased at the same time as the Si content increases at the tuyere level, where the 
SiO(g) pressure is high[1]. The solubility of C in hot metal is affected by other elements. Si 
decreases the solubility by 0.3 wt.% for a 1 wt.% increase of Si in hot metal. Mn, on the other 
hand, increases the solubility of C by 0.1 wt.% for a 1 wt.% increase in Mn[3]. 
 

2CO ⇄ C + CO2       (7) 
3Fe + C ⇄ Fe3C      (8) 

 
In a laboratory test, the carburisation of liquid iron with coke was studied and the result 
compared with carburisation of liquid iron with natural graphite or coal char. It was found that 
the rate constant of carburisation with natural graphite was higher than the rate constant when 
using coke. The rate constant of carburisation of hot metal with coal char had the lowest rate 
constant. The ash content and composition can directly influence the composition of hot metal 
mainly by two reactions: 1) reduction of silica consumes carbon in hot metal and thereby 
changes the apparent rate of carbon dissolution; 2) the formation of CaS consumes sulphur of 
hot metal, when sulphur reacts with CaO. The ash reactions appeared to influence the carbon 
levels of liquid iron, practically leading to lower carbon transfer rates, and the silicon content 
of liquid iron influenced the carbon saturation point[30]. 
 
Sulphur and manganese 
When studying the change of the S content of ore as the material descends in a BF, different 
results have been found. The S content may increase from the 1000°C zone and show a peak 
at the lower part of the cohesive zone. It may also decrease as the burden descends. The 
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gasification of S occurs at combustion of coke and coal in the combustion zone of the BF. 
SO2 is formed close to the tuyere nose, but when the atmosphere becomes more reducing 
closer to the furnace centre or higher up in the furnace, S is present as CS2, COS and H2S in 
the gas phase. S recirculates from the 1000°C zone to the tuyere level[1][3].  
 
As mentioned above, the Mn content in hot metal increases at the lower part of the BF. 
Manganese oxide is directly reduced at high temperature in the BF hearth. As iron droplets 
trickle down through the slag layer into the BF hearth, S is transferred into the slag, 
manganese oxide is reduced and Mn dissolved in the hot metal. When the hearth conditions 
have deteriorated, the FeO content of the slag increases and Mn and S contents in hot metal 
decrease and increase, respectively.  
 
1.3.5 Properties of blast furnace burden materials 
Laboratory tests of reduction properties, as well as softening and melting properties of the 
pellets, are often carried out. These tests usually include only one type of ferrous burden 
material. However, if the behaviour in the blast furnace is to be predicted, it will be necessary 
to evaluate the mixture of all burden materials that are supposed to be combined in the burden 
mixture.  
 
The reduction of pellets is dependent on the temperature profile of the blast furnace as well as 
on the composition of the reducing gas. The pellet properties, such as porosity, chemical 
composition and slag amount, are very important, too. The reduction proceeds 
topochemically. The shell will be well reduced and consist almost only of metallic iron, while 
the core still mainly consists of wustite. At reduction at higher temperatures, over 1100°C, the 
metallic shell and the slag phase formed might block the pores and inhibit further reduction. 
The retardation of reduction increases with increased slag amount and with decreased basicity 
of the pellets[1]. 
 
Important factors, which affect the pressure drop in the blast furnace, are the disintegration of 
ore during reduction and the shrinkage of the pellet bed on softening. The melting and 
dripping characteristics of the pellets are dependent on the reduction degree and the chemical 
composition of the pellet. The melting point increases with increased reduction degree. If 
MgO is added to super-fluxed pellets (basicity B2 1), the disintegration will be decreased as 
a result of the formation of magnetite-magnesioferrite solid solution (MgxFe1-x)O • Fe2O3. 
This phase that is produced among the iron oxide grains acts as a strongly bonding phase and 
magnetite stabilised by MgO is not so easily oxidised to hematite. At reduction temperatures 
above 1100°C, the magnetite-magnesioferrite solid solution and calcium ferrites containing 
MgO are reduced to a wustite containing MgO. The softening properties of the pellets are 
improved, because the liquidus temperature of wustite is increased with increasing MgO 
content. For example, in one test, two samples consisting of different pellet types and a 
reduction degree of 50-60% were heated up to 1300°C. The slag and wustite contained in the 
core of the lime-fluxed pellets flowed out to the surface and partially filled the voids in the 
bed. However, the core of the pellets containing MgO did not melt and flow out, because 
during reduction, MgO was concentrated to the magnesiowustite solid solution and the 
melting point of this phase rose[1][39]. In the pellets used at SSAB Tunnplåt, the MgO is added 
in the form of olivine. The MgO content has been found to improve the high-temperature 
properties of the pellets by increasing the melting point of the slag phase and the wustite 
phase. These effects will be especially important if the pellet contains high amounts of 
residual magnetite after sintering. Coarse pellets have, for example, a higher content of 
residual magnetite compared to those of normal size. At reduction of magnetite a dense 
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wustite phase is formed and further reduction is limited[40]. These negative effects on the high-
temperature properties in terms of a decreased melting temperature will be limited by the 
MgO content of the wustite phase[1][39]. When using pellets containing MgO, the effect of 
different reduction degrees on softening and melting behaviour is limited. The melting 
process of highly reduced pellets containing considerable amounts of metallic iron in the core 
is also affected by the ease of coagulation and separation of metal and slag. If the melting 
point of the slag matrix is quite low, the coagulation of metallic phase takes place easily[1][39].  
 
Normally, tests of BF burden materials are performed with pellets in the size range of 10-12.5 
mm. This makes it possible to compare the pellet properties of different types of pellets as 
well as of the same material from time to time. However, the properties of the pellets vary 
dependent on their size. This should be expected, as the pelletizing process and the reduction 
reaction proceed topochemically. A change in blast furnace performance has been observed 
when an increased ratio of oversized pellets is charged [31]. The effect of pellet size on pellet 
properties has been shown in laboratory trials. The oversized pellets show a higher low-
temperature breakdown (LTB) and a lower reducibility compared to those of normal size 
[31][32][33]. The increased amount of residual FeO found in the cores will also have an effect on 
the interaction with other burden materials, such as fluxes, other pellets and coke. 
 
The softening and melting properties of the blast furnace burden depend on the total burden 
composition. It can be expected that with pellets producing an early melting slag the dripping 
slag will come into contact with the other burden materials and have an effect on their melting 
properties as well. The solid-solid reaction rate is probably low compared to the solid-liquid 
or liquid-liquid reaction rate.  
 
When using pellets containing slag with a high melting point together with fluxes with a high 
melting point, it could be expected that the reaction between the different burden materials 
would start at a comparably higher temperature than when raw materials with lower melting 
points are used. In some laboratory experiments, it was stated that if one aims to reduce the 
viscosity of the sinter slag by adding some acid material, it would be better to use some early-
melting acid iron ore rather than silica with a very high melting point. When using the silica 
with a high melting point, an excessive amount was needed compared to when using the more 
reactive acid ore[34].  
 
At excavation of a quenched blast furnace, pieces of fluxes with a high melting point, such as 
dolomite and lime, have been found at the tuyere level[35]. The fluxes take part in the slag 
formation in the cohesive zone, but, as their melting points are very high, residual material 
will be found in the hearth of the blast furnace. Residual lime has also been found in drilling 
coke cores from the EBF and in the hearth of the furnace at excavation 

1.4 Scope of work 
Injection of iron oxide, dolomite and lime with the PC or separately and its effect on the 
composition of hot metal in terms of Si and S is reported in the literature. Concerning the co-
injection of basic fluxes and its effect on the slag formation in the bosh and in the raceway 
little has been reported. It can be assumed that the injection of basic fluxes will significantly 
change the composition of the tuyere slag and therefore its melting properties as well. 
Indirectly, the bosh slag formation will be affected. The decreased amount of top-charged 
fluxes can be expected to result in a smoother slag formation in the bosh, because it decreases 
the excessive basicity of the bosh slag. This is important when the gangue content of the pellet 
decreases, especially if a super-fluxed pellet is used. The injection of BF flue dust can be 
assumed to have an effect on the tuyere slag formation too, mainly by increasing the FeO 
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content of the tuyere slag but also by increasing the basicity to some extent. The injection of 
either basic fluxes or BF flue dust with PC to can be expected to have an effect on the coal 
combustion efficiency and the reaction behaviour of coal in the raceway.  
 
The scope of this work and the content of different papers are summarised in Figure 7. The 
effect of tuyere injection of basic fluxes or BF flue dust on the formation of tuyere slag has 
been considered. The bosh slag formation has been studied with and without the co-injection 
of basic fluxes. The effects of co-injection of coal and BOF slag or BF flue dust on the BF 
process, coal combustion efficiency and raceway reactions have been investigated as well. 
Special tests were done with BOF slag as basic flux because it is a common flux recycled into 
the BF by top charging and it was found to be most suitable for co-injection with coal. 
 
The slag formation in the bosh part of the blast furnace has been investigated by laboratory 
tests and examination of samples from the EBF. Optical microscopy, SEM, XRD, melting-
point measurements and chemical analyses have been used in the studies of samples from 
reduction tests, softening and melting tests and the EBF. The effect of the following 
parameters on the softening and melting behaviour of olivine pellets, acid pellets and fluxed 
pellet has been studied.  
 Reducing conditions (temperature, gas composition, time) 
 Reduction degree (60, 75 and 90% degrees of reduction) 
 Addition of fluxes (BOF slag, lime, dolomite)  
 Particle size of pellets 

 

 
Figure 7. Scope of the study and separate papers 

The study of the raceway area includes melting-point measurements of tuyere slags with and 
without injection of basic fluxes, theoretical estimations of melting behaviour of tuyere slags, 
laboratory tests of combustion efficiency and thermal analyses to determine the effect of co-
injection on reactions in the raceway. 
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2. EXPERIMENTAL 
2.1 Method and equipment 
The test results in the papers on which this thesis is based originate from tests done according 
to both standard test methods and some special methods. The special methods and equipment 
that were used in different areas of the research work and the general description of the 
method and equipment are given in this section 
 
2.1.1 Reduction 
Figure 8 shows the equipment used for the 
reduction tests. In the preliminary reduction 
tests nine pellets of approximately the same 
size were used in each test. The pellets were 
placed in their positions in a three-layer 
basket. The pellet surfaces were not in contact 
with each other. The basket was attached to 
the balance with a Kanthal wire of a length 
adjusted to position the basket in the interval 
of the 45 mm furnace tube with controlled and 
constant temperature. The weight of the 
sample was checked before and after each 
reduction test, but was also registered 
continuously during the test. In each case, the 
furnace was heated up to the desired 
temperature and N2 gas was introduced with a 
total flow of 12 l/min before the sample was introduced and the test started. After the sample 
was heated for 5 minutes, the flow of reducing gas was initiated. The gas was preheated as it 
passed through a ceramic bed.  

 
Figure 8. Equipment used in reduction tests 

Table 2. Chemical compositions of pellets and basic fluxes used in reduction tests, 
softening and melting tests and melting point measurements. All figures given in wt.%. 

 CaO SiO2 MgO Al2O3 TiO2 MnO V2O5 Fe2O3 FeO Femet Fe tot CaO/SiO2
CaO+MgO 
SiO2+Al2O3

Pellet A 1.33 1.33 0.35 0.32 0.29 0.06 0.21 95.63 0.44  67.23 1.00 1.28 
Pellet B 1.22 1.31 0.76 0.38 0.31 0.07 0.20 95.16 0.55  66.99 0.93 1.59 
MPBO 0.28 1.97 1.48 0.36 0.36 0.07 0.23 94.54 0.77  66.72 0.14 0.75 
KPBO 0.40 2.15 1.47 0.23 0.24 0.09 0.20 94.77 0.37  66.57 0.19 0.78 
Pellet C 0.18 2.00 1.06 0.35 0.30 0.05 0.23 95.12 0.69  67.07 0.09 0.53 
BOF slag 41.1 9.84 13.0 0.95 1.89 3.99 4.31 7.15 15.6 1.30 18.40 4.18 5.01 
Limestone 53.4 1.91 1.12 0.07 0.02 0.01 0.03    0.28   
Burnt lime 91.99 2.09 1.80 1.08       0.58   
Burnt dolomite 52.74 1.41 38.41 0.35       0.35   
Coke ash 0.91 50.6 0.42 29.0 1.58   5.96   4.17   
Coal ash 5.3 57.9 3.8 22.1 0.90   7.10   5.00   

Preliminary reduction tests done with two types of olivine pellets (MPBO and KPBO, which 
are the standard pellets used at BF No. 3 in Luleå) and acid test pellets produced in the steel 
belt plant of LKAB. The pellets, the chemical compositions of which are stated in Table 2, 
were tested in isothermal conditions. Three different mixtures of N2/CO/H2 were used as 
reducing gas. The amount of each gas, given in percent of the total gas flow, and the 
temperatures used during the tests were; 

 40%/60%/ 0% at 700, 800, 900,1000, 1100 and 1200°C  
 5%/40%/55% at 800, 900 and 1000°C 
 10%/40%/50% at 800 and 1000°C 
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The preparation of samples for softening and melting tests was done with the same equipment 
as the preliminary reduction tests, but a net basket with three floors was used. One layer of 
pellets or a ~1 cm thick layer of BOF-slag is placed on each floor. The weights of the pellet 
samples and the BOF slag samples were ~130 g and ~115 g, respectively. Samples of the 
fluxed pellets (Pellet A and B) were pre-reduced to reduction degrees of 60%, 75% and 90% 
under conditions of 850°C and mixture of 55% N2, 40% CO and 5% H2 as reducing gas 
(cracking of pellets during the reduction could be avoided to a large extent). Olivine pellets 
and Pellet C were pre-reduced at 950°C and 1150°C, respectively with the same reducing 
gases. Accordingly, the BOF slag used was also pre-reduced under the same conditions as the 
pellets with which it was supposed to be tested.  

 
Figure 9.Test conditions in BF simulated reduction tests (T1 to the left and T2 to 
the right). 

 
BF-simulating reduction under-load tests with two different blast furnace simulating 
programmes, T 1 and T2, have been done at the metallurgical laboratory of LKAB. 1200 g of 
the sample was used in each test. Figure 9 shows 
the temperature increase rate and the reducing gas 
composition during the tests. The total gas flow 
was approximately 59 l/min in T1 and 
approximately 77 l/min in T2. The reducing gas 
used in T1 and T2 contained approximately 2% 
and 6% of H2, respectively. The content of CO in 
the reducing gas, the increase in temperature 
during the first 50 minutes of the test and the 
increase in load were faster in T 1 compared to T 
2. The maximum load used on the sample, 1000 
g/cm2, was reached after approximately 100 min 
and 160 min in T1 and T2, respectively. 

Figure 10. Equipment used in softening 
and melting tests 

 
The reduction properties of the pellets of fractions 9-12.5 mm, 12.5-
16 mm and +16 mm have been tested according to two different test 
procedures. One of the tests simulating the upper part of the shaft, 
where the pellets were reduced to 30% degree of reduction and the 
other one according to a blast furnace simulating test routine (T2), 
where the pellets are reduced to 65% and 80% degree of reduction, 
respectively. The pellets pre-reduced to 30% degree of reduction 
were tested in softening and melting tests in the blast furnace 
simulation model at MEFOS[45]. The pellets pre-reduced to 
reduction degrees of 65% and 80%, respectively, were tested for 
disintegration, studied in the microscope, tested by tumbling and in 
softening and melting tests at the metallurgical laboratory of LKAB. 
The BOF slag was tested with blast furnace simulating test routines, 
T1 and T2. 

 
Figure 11. Placement 

of samples in the 
furnace tube 
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2.1.2 Softening and melting 
Softening and melting tests were performed 
in N2 atmosphere. The experimental 
apparatus is shown in Figure 10. The 
furnace is heated electrically by U-shaped 
Super-Kanthal elements with a heating zone 
of about 800 mm in height. The maximum 
working temperature is approximately 
1600°C. The graphite and alumina crucibles 
used (see Figure 11) were 40 mm i.d. x 85 mm height with six holes of 6 mm in diameter at 
the bottom allowing dripping of the molten materials and gas flow through the sample bed. A 
balance mounted in a container was installed beneath the reaction tube for weighing of the 
dripped material. 

Table 3. Summary of test conditions 
Sample bed diameter 40 mm 
Sample bed height 55 ~ 60 mm 

Pre-reduced pellets 9 ~ 13.5 mm 
BOF Slag, burnt dolomite 
and limestone 3 ~ 6 mm Particle size 

Coke breeze 6 ~ 9 mm 
Sample weight;   Pellets/BOF slag  ~100 g/~80 g 
Nitrogen gas flow 7 l/min 
Heating rate 200 oC/h 
Pre-reduction degree of pellets 60, 75, 90, % 

 
Throughout the test, a constant load of 0.9 kg/cm2 was applied to the sample bed by means of 
a pneumatic piston rod. The nitrogen gas flow through sample bed was regulated via a 
computer – PC 1. The bed contraction, the pressure drop across the sample bed, and the 
weight of dripped materials as well as the 
temperature during the course of the 
experiment were measured with 
corresponding devices and recorded by the 
second computer – PC 2. After reaching the 
desired temperature, the sample was cooled 
down to ambient temperature. The whole 
process was under the protection of nitrogen 
gas with a flow rate of 7 l/min. The 
experimental conditions used for softening 
and melting tests are summarised in Table 
3. 
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Figure 12. Definition of the softening 

temperature 
 
For characterising the softening and melting behaviours of the samples, the following two 
indices were used for these softening and 
melting tests:  
 

• T1: The softening temperature is defined 
as the temperature at which the 
pressure drop and the shrinkage of the 
sample bed start to increase sharply. 
Figure 12 shows one example of this 
temperature for MPBO; 

• Tsd: The melting temperature is defined as 
the temperature, at which the first 
droplet of the melting material drops to 
the collector. 

 
Pellets of different reduction degrees, with or 
without the addition of basic fluxes, are 
sandwiched between coke layers in a graphite 
crucible. Different combinations of crucible, 
coke addition, alumina addition and pre-

 
Figure 13. Combinations of reduction 
degrees, crucibles and additions tested in 
softening and melting tests with BOF slag 
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reduction degrees were tested with the BOF slag samples. Figure 13 shows the different 
combinations. Both graphite and alumina crucibles were used.  
 
2.1.3 Melting point measurements 
The test method is a standard method used to determine the melting properties of the slag in 
coal and coke[47]. Figure 14 shows a schematic drawing of the high-temperature microscope 
used. A control unit regulates the temperature. The difference between the temperature 
demanded by the heating programme and the one measured by the thermocouple (Pt-Rh type 
B) is used to adjust the electrical current that should be supplied to the furnace. The furnace 
can be heated up to a maximum temperature of about 1640°C and a heating rate of 10°C/min 
is used at temperatures exceeding 700°C. A small specimen, about 2 mm square and 3 mm 
high is used for each test. The sample is placed on an alumina plate on the sample-holder, in 
which the thermocouple is positioned, and observed with the microscope during heating in a 
N2 atmosphere (N2 > 99.996%, O2 < 5 ppm, H2O < 5 ppm hydrocarbons < 1 ppm). To prove 
that the specimen was not oxidised during the test, one specimen of α-iron was melted in the 
furnace using the same procedure. The oxygen analysis showed that no substantial oxidation 
occurred. The oxygen content of the iron was 0.01 wt.% before the test and 0.15 wt.% after 
the test.  

 
Figure 14. Schematic drawing of the high temperature microscope 

 
Sketches of the samples were constantly drawn to show the changes in the shapes of the 
samples during heating. The temperatures of softening, active melting and flow point were 
registered. The definitions of these temperatures are as follows: 
 
 Softening: The contour of the sample gets smooth and no sharp border can be 
distinguished. 
 Active melting: The melting is rapid and the shape of the specimen changes quickly. 
 Flow point: The material flows out and the height of the specimen decreases to 1/3 of the 
original height.  

 
Figure 15 shows an example of the course from softening to flow out of a specimen. In fact, 
the shapes of the specimens are different for different specimens during softening and 
melting, depending on the viscosity, surface tension and wetting behaviour of the slag formed 
during melting. The specimens 
sometimes swell and sometimes 
shrink in addition to softening. 
Some specimens kept their shape 
during early melting, while others 
very quickly became bell-shaped. 

 

Figure 15. Contour of sample at start of test (a), 
softening (b), active melting(c), and flow point (d) 
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In the study concerning the melting properties of the tuyere slag, the slag was considered to 
have been formed by a mixture of ash released from coke and coal combusted in front of the 
tuyeres. When injection of flux was assumed, the flux injected was also included in the slag. 
To make the tested specimens similar to the real tuyere slag formed in front of the tuyeres, the 
specimens tested were made of a mixture of coke ash, coal ash and fluxes taken from SSAB 
Tunnplåt in Luleå. Both coke and coal ashes were obtained by combustion of coke and coal in 
a furnace slowly heated up to 800°C. The coal used was an HV coal containing approximately 
38-40 wt.% of volatile matter. The ash contents were 10.6 and 5.8 wt.% and the carbon 
content 89.5 and 78.2 wt.% of coke and coal, respectively. The chemical compositions of 
coke ash, coal ash and the three types of fluxes used – BOF slag, burnt lime and burnt 
dolomite – are to be found in Table 2. 

 

Table 4. Amounts of fluxes injected (kg/tHM) corresponding to different injection levels 
assumed. 

Coal injection rate 
110 kg/tHM 123 kg/tHM 150 kg/tHM 

Injection 
levels of 
fluxes BOF slag Lime Dolomite BOF slag Lime Dolomite BOF slag Lime Dolomite 
None 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Low 8.3 4.2 6.8 8.8 4.4 7.1 9.5 4.7 7.1 
Medium 16.7 8.3 13.4 17.5 8.8 14.1 18.9 9.5 14.1 
High 33.5 12.5 20.1 35.2 13.2 21.2 37.8 14.2 21.1 
Very high 50.1 16.7 26.7 52.8 17.5 28.2 56.4 18.9 28.1 

The ratio of coke ash, coal ash and fluxes used in specimens varied depending on the assumed 
coke rate, and the amount of coal and fluxes assumed to be injected. The operational 
conditions of blast furnace No. 2 at SSAB Tunnplåt in Luleå, with a coal injection rate of 120-
160 kg/tHM and at the EBF, with a coal injection rate of ~110 kg/tHM, were the basis for 
determining the correct mixtures of the specimens. The amount of coke consumed in the 
raceway was calculated according to the different operational conditions with heat and mass 
balance used at SSAB. The estimated result showed that the ratios of coke ash to coal ash for 
the conditions assumed were almost the same. This means that the following results could still 
be valid, even if some changes in operational conditions occur. Five levels of flux injection – 
none, low, medium, high and very high – were considered for BOF slag, burnt lime and burnt 
dolomite, respectively. Table 4 shows the different amounts of fluxes to be injected, 
corresponding to the different injection levels. The coke ash and coal ash obtained were first 
mixed according to the ratios obtained from the calculation results. To make a specimen 

Table 5. Main chemical compositions, wt.%, and basicities of the tuyere slag specimens used 
for melting point measurements. 

 BOF slag Burnt lime Dolomite  

None Low Medium High Very 
high Low Medium High Very 

high Low Medium High Very 
high 

CaO 1.92 11.6 17.5 24.2 27.9 14.7 24.2 31.7 37.6 13.6 21.1 26.4 30.3 
MgO 1.18 4.11 5.88 7.89 9.00 1.27 1.34 1.39 1.43 9.10 14.2 17.7 20.4 
SiO2 52.3 41.7 35.4 28.1 24.1 45.1 39.8 35.6 32.3 41.3 34.2 29.3 25.6 
Al2O3 27.5 20.9 16.9 12.4 9.9 23.7 20.9 18.7 17.0 21.7 18.0 15.4 13.5 
TiO2 1.42 1.54 1.61 1.69 1.73 1.23 1.09 0.97 0.88 1.12 0.93 0.80 0.70 
V2O5  1.24 1.99 2.85 3.32     0.01 0.02 0.02 0.03 
MnO  0.99 1.59 2.27 2.65         
FeO  4.07 6.53 9.33 10.88 0.01 0.01 0.02 0.02 0.00 0.00 0.00 0.00 
Fe2O3 6.24 6.23 6.23 6.23 6.23 5.47 4.90 4.44 4.09 5.01 4.22 3.66 3.25 
Fe met  0.32 0.52 0.74 0.86 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fetot 4.36 7.84 9.95 12.35 13.68 3.82 3.42 3.11 2.86 3.50 2.95 2.56 2.27 
B2* 0.04 0.28 0.49 0.86 1.16 0.33 0.61 0.89 1.16 0.33 0.62 0.90 1.18 
B4** 0.05 0.32 0.57 0.99 1.35 0.28 0.50 0.72 0.93 0.49 0.91 1.33 1.75 

* B2=CaO/SiO2,  
** B4=(CaO+MgO)/( SiO2+Al2O3) on molar basis.
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representing the tuyere slag at a certain level of flux injection, corresponding amounts of the 
ash mixture obtained and slag former were mixed and ground in a mortar. The chemical 
compositions of the specimens stated in Table 5, corresponding to different injection levels of 
fluxes, were obtained from the weight and chemical analyses of the materials used. The 
chemical composition was also analysed and the table is corrected based on this. 
 
2.1.4 Combustion tests in fixed bed and blowpipe model 
The sample materials used in the tests were a HV coal, BOF slag and BF flue dust. The 
chemical compositions of the test materials are shown in Table 6. To produce material 
corresponding to fractions <100, <75 and <60 µm, respectively, the original materials were 
screened. The chemical 
composition is quite similar for 
all fractions of BOF slag, but 
changes considerably for BF 
flue dust. When the particle size 
is decreased, the C content 
becomes lower and the Fe 
content higher. The BF flue dust 
is composed of a mixture of 
fines generated from the raw 
materials charged into the BF. 
The BF top works like a wind 
sieve and particles of certain 
fluidisation properties, 
dependent on the density, shape 
and size of the fines, will be 
carried out through the top with 
BF exhaust gas. As a result, the 
BF flue dust recovered from the BF off-gas by a cyclone will contain a mixture of small iron 
oxide particles and coarser coke particles. However, the chemical compositions are quite 
similar for the two fractions used in the combustion tests. Fe in the BOF slag is present as 
Femet, calcium ferrites and wustite containing MgO and MnO. In BF flue dust, Fe is present 
mainly as hematite, but also as magnetite. 

Table 6. Chemical compositions of materials used in the 
combustion tests (All values in wt.%, LOI=Loss of 
ignition). 

BF flue dust BOF slag 
  Coal

Original <100 µm <60 µm Original <100 µm <75 µm <60 µm
Fe 0.28 43.3 54.2 55.3 19.1 18.7 18.8 18.7 

CaO 0.25 5.42 4.42 4.49 39.2 39.0 38.6 38.5 
MgO 0.18 1.62 1.71 1.65 11.0 11.0 11.2 11.0 
SiO2 3.65 3.96 3.13 3.00 9.85 9.50 9.27 9.24 
Al2O3 1.32 1.34 0.88 0.84 1.31 1.34 1.33 1.36 
TiO2 0.05 0.29 0.29 0.28 1.60 1.64 1.66 1.66 
V2O5 0.01 0.27 0.24 0.24 3.98 3.98 3.95 3.95 
Na2O 0.02 0.09 0.10 0.07     
K2O 0.14 0.13 0.13 0.12 0.04 0.04 0.04 0.04 
MnO 0.004 0.47 0.32 0.29 3.90 3.91 3.91 3.88 

C 77.0 21.2 10.1 9.43 0.75 0.88 1.06 1.05 
S 0.81 0.19 0.11 0.11 0.07 0.07 0.08 0.07 

LOI  24.3 11.1 9.8 0.8 1.8 2.3 2.8 
VM 38.8        
Ash 8.1        

Table 7. Values corresponding to different factor levels in respective test series. 
Fixed bed Blowpipe 

BOF slag BF flue dust BOF slag BF flue dust  
1 2 3 1 2 3 1 2 3 1 2 3 

Temp, °C 900 1000 1200 900 1000 1200 900 1000 1200 900 1000 1200 
O2 enrich. % --- --- --- --- --- --- 0 4 8 1 4 8 
Coal, g 0.200 0.300 0.400 0.200 0.300 0.400 100 150 200 100 150 200 
BOF slag/BF flue dust, g 0 0.030 0.060 0 0.030 0.060 0 15 30 0 15 30 
Particle size BOF 
slag/BF flue dust, µm 100 75 60 60 --- 100 100 75 60 60 --- 100 

The aim of the combustion tests was to evaluate the influence of BOF slag and BF flue dust 
on the combustion efficiency under different test conditions. The temperature, oxygen 
enrichment, amount of PC, amount of BOF slag or BF flue dust and particle size of the BOF 
slag and BF flue dust were varied. The combustion efficiency was measured both in a fixed 
bed model and in a blowpipe model. The amounts of coal and BOF slag or BF flue dust were 
chosen to get ratios between coal and added material that were of the same range as in the 
pilot-scale and full-scale tests that have been carried out in blast furnaces. This means that 
100 kg/tHM of PC and 15 kg/tHM of additive at the BF tests correspond to 0.200 g and 0.030 
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g in the fixed bed and 100 g and 15 g in the blow pipe model. The values corresponding to 
different levels of the factors are shown in Table 7. To decrease the number of tests, reduced 
test schedules based on these factors were used in all test series for combustion efficiency.  
 
The data were evaluated with statistical computer software using multi-linear regression 
(MLR) [54]. The explained variation (goodness of fit) of the test results is characterised by 
R2

adj. R2
adj = MSresidual/MStotal corrected (MS=variance) and has a value between 0 and 1. R2

adj is 
always lower than R2=SSresidual/SStotal corrected (SS=sum of squares) and less sensitive to the 
degrees of freedom. The predicted variation (goodness of prediction) of the model is 
characterised by Q2=1-SSpredictive residual/ SStotal corrected. Q2 can have a value between -∞ and 1 
and when Q2 >0.5, the predictive power is good; if Q2 >0.9, it is excellent. RSD given in the 
tables corresponds to the standard deviation of the residuals. 
 
In the fixed bed test, coal and BOF slag or BF flue dust were mixed, weighed and transferred 
into a crucible. The sample was heated in air for 120 seconds in a muffle furnace pre-set to the 
desired temperature. Finally, the sample was cooled in an inert atmosphere and weighed. The 
combustion efficiency of PC was calculated from the measured weight loss by using the 
following formula.  

%100
)1(* 0

×
−

∆
=

AW
W

m

η  

o η     Combustion efficiency of PC, %; 
o Wm    Weight of PC before test, g; 
o ∆W    Weight loss of the dried sample during combustion, g; 
o A0    Coal ash in test sample, % 

Gas analyses during thermal tests did not indicate any volatilisation of ash components as e.g., 
sodium and potassium oxides. The weight loss caused by volatilisation of ash components 
was assumed to have a negligible effect on the measured combustion efficiency of PC. The 
ash content was measured by holding 1 g of the mixed sample at 815°C for 2 hours and 

Table 8. Test plan and results of the combustion efficiency tests in the fixed bed. 
 Test series with BOF slag Test series with BF dust 

 Temperature 
˚C 

Coal,  
g 

BOF 
slag,   

g 

Particle 
size of 

BOF slag
µm 

Comb. 
efficiency 

% 

Temperature 
˚C 

Coal,  
g 

BF 
flue 
dust,   

g 

Particle 
size of 

BF dust 
µm 

Comb. 
efficiency

% 

1 900 0.200 0 100 56.0 900 0.200 0 100 54.3 
2 900 0.300 0.030 75 49.1 900 0.300 0.030 60 52.5 
3 900 0.400 0.060 60 43.0 900 0.400 0.060 60 50.1 
4 1050 0.200 0.030 60 63.3 1050 0.200 0.030 60 73.0 
5 1050 0.300 0.060 100 52.6 1050 0.300 0.060 100 62.9 
6 1050 0.400 0 75 55.0 1050 0.400 0 60 55.1 
7 1200 0.200 0.060 75 59.2 1200 0.200 0.060 60 86,0 
8 1200 0.300 0 60 63.6 1200 0.300 0 60 65.6 
9 1200 0.400 0.030 100 57.0 1200 0.400 0.030 100 67,0 
10 900 0.200 0 100 55.8 900 0.200 0 100 55.2 
11 900 0.300 0.030 75 50.1 900 0.300 0.030 60 52.1 
12 900 0.400 0.060 60 46.0 900 0.400 0.060 60 49.6 
13 1050 0.200 0.030 60 62.9 1050 0.200 0.030 60 71.5 
14 1050 0.300 0.060 100 53.6 1050 0.300 0.060 100 62.5 
15 1050 0.400 0 75 57.6 1050 0.400 0 60 55.3 
16 1200 0.200 0.060 75 58.7 1200 0.200 0.060 60 86.4 
17 1200 0.300 0 60 63.7 1200 0.300 0 60 65.9 
18 1200 0.400 0.030 100 57.3 1200 0.400 0.030 100 65.1 
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measuring the residual weight of the sample 
after heating. The ash content was the ratio 
of the residual weight to the initial weight 
given in percent. 
 
The cross-designed test schedule found in 
Table 8 is derived based on the parameters 
in Table 7. BOF slag of three different 
particle sizes was tested, while only two 
different particle sizes were used for BF flue 
dust. Each test series contains nine tests, all 
of which were done twice. The results of 
each of the test series are shown in Table 8. 
 
Two test series were performed in the 
blowpipe model. A schematic diagram of the 
test equipment can be seen in Figure 16. A 
pulverised sample was injected for 120 

seconds into the furnace and simultaneously mixed with preheated blast air and O2, if it 
should be added. The combusted sample was collected in water below the furnace and the ash 
content of the collected sample was analysed. The cross-designed test schedules used, which 
can be seen in Table 9, were based on the values of factors stated in Table 7. Three fractions 
of BOF slag and two fractions of BF flue dust were used. The ash content of each sample 
mixture was measured before and after the test. Based on these results, the combustion 
efficiency was calculated using the formula 

 
Figure 16. Schematic diagram of the blowpipe 
model. 
1. PC tank           6. Furnace temp. controller 
2. PC rate controller          7. Air flow meter 
3. Furnace           8. Air compressor 
4. Dust collection water tank  9. O2 flow meter 
5. Thermocouple         10. O2 tank 

Table 9. Test plan and results of the combustion tests in the blowpipe model. 
 Test series with BOF slag Test series with BF dust 
 

Air 
temp. 

ºC 

O2 
enrich. 

% 

Coal, 
g 

BOF 
slag, 

g 

Particle 
size of 

BOF slag 
µm 

Comb. 
efficiency 

% 

Air 
temp
. ºC 

O2 
enrich. 

% 

Coal, 
g 

BF 
flue 
dust, 

g 

Particle 
size of 
BF flue 
dust µm 

Comb. 
efficiency 

% 

1 900 0 100 0 100 52.8 900 0 100 0 60 50.8 
2 900 4 150 15 75 36.7 1050 4 150 15 60 51.8 
3 900 8 200 30 60 41.1 1200 8 200 30 60 38.5 
4 1050 0 100 15 75 40.7 900 0 150 15 60 22.8 
5 1050 4 150 30 60 52.6 1050 4 200 30 60 27.4 
6 1050 8 200 0 100 51.5 1200 8 100 0 60 57.5 
7 1200 0 150 0 60 52.6 900 4 100 30 60 39.7 
8 1200 4 200 15 100 46.3 1050 8 150 0 60 56.5 
9 1200 8 100 30 75 51.0 1200 0 200 15 60 33.4 
10 900 0 200 30 75 36.6 900 8 200 15 100 68.9 
11 900 4 100 0 60 50.6 1050 0 100 30 100 64.9 
12 900 8 150 15 100 48.4 1200 4 150 0 100 57.6 
13 1050 0 150 30 100 40.1 900 4 200 0 100 46.8 
14 1050 4 200 0 75 43.9 1050 8 100 15 100 43.2 
15 1050 8 100 15 60 60.2 1200 0 150 30 100 54.9 
16 1200 0 200 15 60 52.2 900 8 150 30 100 52.0 
17 1200 4 100 30 100 51.6 1050 0 200 0 100 49.4 
18 1200 8 150 0 75 51.1 1200 4 100 15 100 65.7 

)1( 01

01

AA
AA

−
−

=η           where 

o η---combustion efficiency of PC, % 
o A0-----the percentage of ash in the mixed sample before test 
o A1---- the percentage of ash in the mixed sample after test 
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2.1.5 Thermal Analyses 
Thermal analyses were carried out using a Netzch STA 409 instrument for simultaneous 
Thermo Gravimetric (TG), Differential Thermal Analysis (DTA), and Mass Spectrometric 
(MS) measurements. Samples of roughly 70 mg in mass contained in an alumina crucible 
were heated from room temperature to 1200°C, at a heating rate of 10°C/min in air 
atmosphere around the sample at a constant flow rate of 200 ml/min. Ar gas with a constant 
flow of 100 ml/min was supplied to the chamber. The samples were ground and mixed in a 
mortar. The chemical compositions of the pure materials are stated in Table 6. The samples 
with coal and BOF slag or BF flue dust were mixed in the proportion 5:1. 

2.1.5.1 Theoretical estimations 
Melting temperatures were estimated by calculations done by the computer program 
Chemsage[48]using a thermodynamic data file[49][50][51][52][53] for multi-component slags. The 
model used has no data for P2O5 or V2O5. Estimations of melting properties were made based 
on the chemical composition of specimens used in melting-point measurements and based on 
the estimated chemical compositions of tuyere slags formed during tests with BOF slag 
injection and BF flue dust injection into the EBF. The chemical compositions of tuyere slag 
specimens are stated in Table 5. Estimations were made both with and without a metallic iron 
phase present and the calculation results were found to be similar for both conditions.  
 
2.1.6 The LKAB experimental blast furnace 
A simplified layout of the EBF is shown in Figure 17. It has a working volume of 8.2 m3 and 
a hearth diameter of 1.2 m. There are three tuyeres placed at 120-degree intervals. A great 
effort has been made minimise the heat loss, and insulating refractories were chosen. Only the 
bosh area and the tuyeres are water-cooled. The blast is normally preheated to 1200°C in a 
new type of pebble heater. The EBF is equipped with a bell-type top. Moveable armour is 
used for the burden distribution control. Two mechanical stock rods monitor the burden 
descent and control the 
charging of the furnace. 
The EBF has one tap hole, 
which is opened with a 
drill and closed with a 
mud gun. The hot metal 
and slag are tapped into a 
ladle. Probes for 
temperature measure-
ments, gas analysis and 
solid sampling over the 
blast furnace diameter are 
installed at three different 
levels. To facilitate 
excavation and repair, the 
hearth is detachable and 
can be separated from the 
furnace. 

 
Figure 17. Illustration of the EBF and its peripheral equipment 

 
The EBF is operated in campaigns of 4 - 10 weeks at a productivity ranging from 3.2 to 4.4 
t/m³ 24h. The normal tap-to-tap time is 60 minutes and normal tapping duration 5 - 15 
minutes. Process data are logged continuously and stored in a database. The data are 
transferred at regular intervals to another database from which reports and trend charts are 
generated and process calculations are carried out. 
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Figure 18. Injection 

system 

The EBF is equipped with a lock-hopper coal-injection system, shown 
in Figure 18. Below the injection vessel, a cylindrical fluidising 
chamber is fitted. That chamber fluidises the coal and supplies the 
pipes with coal for transport to the blast furnace. There is one transport 
line for each tuyere. For the additional injection of BOF slag or BF 
flue dust, a separate vessel is connected to the fluidisation chamber 
with a volumetric screw feeder. The added material mixes together 
with the coal powder in the fluidisation chamber. 
 
The coke used in these tests was crushed and sieved to a fraction of 
15-30 mm; i.e., standard coke for the EBF. The top-charged slag-
forming materials were limestone, quartzite and BOF slag. The particle 
size of the slag formers was 9-15 mm. 
 
The EBF was used in several parts of this study by studying data of 
special operation conditions and by studying samples taken from the 
EBF during these tests and at standard operation conditions. 

* Blast furnace operation behaviour was tested with 
− Different fractions of MPBO  
− Injection of BF flue dust 
− Injection of BOF slag 

* Samples taken during excavation after the campaigns were examined. 
* Samples taken with the burden probes during operation were examined. 

 
Samples were taken both with the inclined probe at operation of the EBF and during 
excavation of the EBF for the 1st, 2nd, 4th and 7th campaigns. At the 1st and 2nd test campaigns, 
the burden consisted of 100% of MPBO and KPBO, respectively. The 1st campaign was 
operated with “all coke” and during the 2nd campaign the PCR was 86 kg/tHM. The basic 
fluxes added were BOF slag and limestone. The main difference compared to the burden used 
at SSAB is the addition of quartzite that is required to compensate for the high Si content in 
hot metal and the considerably higher consumption of reducing agents. During the 4th 
campaign, BOF slag injection trials with olivine pellets and fluxed pellet were conducted and 
during the 7th campaign, BOF slag injection was done with a mixture of olivine pellets and 
fluxed pellets, and fluxed pellets only. At the end of the campaigns, the EBF was N2 
quenched. During the 4th campaign, when the furnace was quenched with different injection 
on the three tuyeres, and the 7th test campaign described in section 3.3.1.2, excavation 
samples from the raceways were examined. The excavation of the EBF starts from the top and 
the pellet layers are numbered beginning from the top. The positions of the samples taken are 
in the centre, at the intermediate area of centre and wall and by the wall. The position of the 
cohesive zone was at approximately layer 23 during the 1st campaign[37] and at layer 21 during 
the 2nd campaign, and the cohesive zone consisted of one and three pellet layers, respectively. 
The 23rd pellet layer (1st campaign) was located just above the tuyere level and the 21st (2nd 
campaign) pellet layer was located approximately 1.2 m above the tuyere level[38]. BOF slag 
was not present below the cohesive zone, but limestone could be found below the tuyere level. 
 
2.1.7 BF No. 3 at SSAB Tunnplåt Luleå 
Some general data for BF No. 3 are given in Table 10. One tap hole and runner system is 
used at a time and after ~140 kt or 3 weeks, tapping is switched over to the other tap hole. The 
dust cleaning system consists of a dry cyclone and a wet scrubber and approximately 80% of 
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Table 10. Design data of BF 
No. 3 

Design data of BF No. 3 
Built Year 2000 
Design SSAB/Kvaerner 
Start of campaign Aug 2000 
Hearth diameter 11.4 m 
Working volume 2540 m3

Total volume 2850 m3

No of tuyeres 32 
No of tap holes 2 
Runners Replaceable troughs
Top pressure 150 kPa 
Charging 
equipment 

Belt / BLT 
central feed 

Daily output 6700 tHM 

the dust is recovered as dry dust. The dry flue dust is 
recycled into the blast furnace as one component in a cold-
bonded dust briquette.  
 
In 2003, close to 2.3 Mt of hot metal was produced at BF 
No. 3. The standard burden of the BF is a 100% pellet 
burden with two types of olivine pellets. Limestone, BOF 
slag, manganese slag, nut coke and dust briquettes are top-
charged together with the pellets. In 2003, the average total 
consumption of reducing agents was 473 kg/tHM and of 
this, 134 kg/tHM is PC. The average operational data for 
2003 are found in Table 11. 
 
A schematic view of the coal preparation and 
injection system, a BMH system that was 
introduced in 1998, can be seen in Figure 19. 
Raw coal is transported from the raw coal yard to 
the injection plant by truck. The coal is emptied 
in a raw coal hopper and transported by a vertical 
conveyor to a 600-m3 raw coal silo. Coal is 
charged from the silo into the ball mill with a 
chain conveyor. The size of the coal particles is 
adjusted by changing the setting of the wind 
screen in the mill. The coal powder is then stored 
in an 800-m3 silo, before it is injected into the 
blast furnace. Nitrogen is used as conveying gas 
from the injection vessels to the blast furnace. 
The amount of nitrogen used is approximately 
1000 nm3/h. 

Table 11. Averages of operational data of 
BF No3. in Luleå 2003  

Burden MPBO pellets 837 kg/ tHM 
 KPBO pellets 524 kg/ tHM 
Additives Lime stone 42 kg/ tHM 
 BOF slag 42 kg/ tHM 
 Manganese slag 4 kg/ tHM 
 Dust briquettes 51 kg/ tHM 
Reducing agents Coke 339 kg/ tHM 
 PCI 134 kg/ tHM 
Blast Specific vol. 951 m3/tHM 
 Temperature  1099 °C 
 O2 content 24.1 Vol.% 
Productivity  2.51 tHM/m324h 
Hot metal C 4.64 wt.% 
 Si 0.34 wt.% 
 Si std. dev 0.127  
 S 0.041 wt.% 
 Temperature 1483 °C 
Slag Amount 166 kg/ tHM 
 B2 CaO/SiO2 1.01  
 MgO 17.5 wt.% 

 
An old coal injection plant is available in the 
plant. It consists of two systems; one with raw 

 
Figure 19. Coal preparation and coal injection plant 
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coal silo, mill, fine coal silo and injection vessels, and one with fine coal silo and injection 
vessels. If additional material such as BF flue dust or iron oxide fines is to be injected, the 
system without a mill can be used for controlled addition of this second injected material to 
the PC silo. Another method for addition is to pre-mix the second material to inject with the 
coal and treat the mixture in the same way as coal is normally treated. 
 
3. RESULTS AND DISCUSSION 
3.1 Bosh slag formation (Papers 1, 2 and 3) 
3.1.1 Melting properties of bosh slag (Paper1) 
The olivine pellet behaves well in the blast furnace, but as previously mentioned, a self-fluxed 
pellet caused operational irregularities, when it was tested in full scale. The operational 
problems were probably caused by changes in melting properties of the pellet bed, when the 
basic fluxes were present. In order to determine the effect of fluxes on the melting 
characteristics, softening and melting tests were carried out with two super-fluxed pellets, an 
acid pellet and the two types of olivine pellets presently used at SSAB. The results of the tests 
with the acid pellet were not included in Paper 1, but are added in this section. The positions 
of some of the points corresponding to different slag compositions were incorrect in Paper 1 
but have been adjusted, in Figure 20a in the thesis Tests were carried out both with and 
without the addition of fluxes. The chemical compositions of the raw material used are stated 
in Table 6.  
 

3.1.1.1 Softening and Melting Properties of Pellets 
The two types of super-fluxed pellets and the acid pellet have lower softening and melting 
temperatures than the olivine pellets. However, when the definitions in item 2.1.2 are used, 
the temperature intervals between the softening and melting of the super-fluxed pellets are 
slightly narrower than that of the olivine pellets tested. The temperature at which the 
shrinkage of sample bed reaches 50% is quite often used to define the softening temperature. 
With this type of olivine pellets, this temperature is approximately the same as or even higher 
than the dripping temperature. This indicates that the softening and melting-temperature 
interval is very narrow. The test results show that the softening and melting temperatures 
increase with the increase in the degree of pre-reduction all pellet types tested. 
 

 
           a) System of CaO-SiO2–MgO–Al2O3 system [41]                           b) System of CaO-SiO2-FeO [42] 

Figure 20. Phase diagrams 
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According to its chemical composition as shown in Table 12, the primary slag, formed by the 
gangue content of Pellet A, is located at a low melting temperature region in a ternary system 
of CaO-SiO2-MgO with 10% Al2O3, at point A shown in Figure 20(a). Its melting point is 
estimated to be about ~1300-1400°C. Its viscosity is also estimated to be quite low. A good 
dripping property of the sample obtained is one piece of evidence. Therefore, Pellet A, itself, 
ought not be the cause of slag formation problem. The primary slag of olivine pellets has an 
estimated melting point of about 1600°C, point M in Figure 20 (a). The estimated melting 
point of the primary slag of Pellet C (point C) is between 1450 and 1500°C. 

3.1.1.2 Influence of Fluxes on the Melting Properties of Pellets 
The test results showed that the effects of fluxes on the softening and melting properties of 
pellets were different, depending on the type of pellets and fluxes used. 
 
Influence of BOF slag on super-fluxed pellets 

Table 12. Chemical composition of slag with pellet A, values in wt.% 
Composition, wt.% 

Slag 
CaO SiO2 MgO Al2O3 FeO TiO2

CaO/SiO2
(CaO+MgO) 
      SiO2

Primary [A] 30.37 30.37 7.99 7.30 10.0 6.62 1.00 1.26
BOF 41.09 9.84 12.97 0.95 15.6 1.89 4.18 5.49
Bosh 1 (5% BOF slag) [A1] 43.92 23.51 12.96 4.73 0.00 4.96 1.87 2.42
Bosh 2 (5% BOF slag)  41.83 22.39 12.35 4.50 5.00 4.72 1.87 2.42
Bosh 3 (5% BOF slag) 39.67 21.23 11.71 4.48 9.67 4.48 1.87 2.42
Bosh 4 (10% BOF slag) [A2] 47.36 20.04 14.36 3.58 0.00 4.15 2.36 3.07

Generally, BOF slag could increase the melting temperature of the super-fluxed pellet 
considerably and the softening temperature slightly. When BOF slag was evenly distributed in 
the pellet bed, the melting temperature increased more than 80°C. No dripping material is 
collected at temperatures up to 1500°C. It seems that the BOF slag can block the dripping 
process entirely during the tests. The addition of basic fluxes to a super-fluxed pellet bed 
disrupts the melting process. With dissolution of flux into the primary slag of super-fluxed 
pellets, the basicity of slag formed increases accordingly. If the inevitable segregation of top-
charged flux is considered, the slag formed could have very high basicity locally. Table 12 
lists some calculated compositions of slags, based on the samples tested. Bosh slags 1-3 are 
three slags formed by the gangue content of Pellet A with 5% BOF slag added, with no FeO 
content, 5% FeO content and about 10% FeO content, respectively. Bosh slag 4 is formed by 
the gangue content of Pellet A and 10% BOF slag representing the case with segregation of 
BOF slag. The basicities B2 of the bosh slags formed can reach 1.87 and 2.36, the same as, or 
very close to, the basicity B2 of dicalcium 
silicate (2CaO·SiO2, B2= 1.87). As shown in 
Figure 20(a), both bosh slag 1 (A1) and 4 
(A2) have a much higher melting point than 
that of A. An estimation of the melting points 
of the bosh slags based on the same 
components as the phase diagram made in the 
thermodynamic software Chemsage[48] gives 
similar results. The reduction of FeO can 
significantly change the melting point of the 
slag in this range of slag basicity. As shown in 
Figure 20(b), when basicity B2 is greater than 
1, a decrease of FeO can increase the melting 
point considerably (C). Therefore, adding 
BOF slag to the samples will have a twofold  

Figure 21. System of CaO-Al2O3-SiO2-FeO. 
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effect on the melting properties: 1) it increases the melting point by an increased basicity; 2) it 
further increases the melting point by reduction of FeO in this region. In this case, a dicalcium 
silicate with a very high melting point can be formed.  

 

 
Figure 22. Estimated melting behaviour of slag with Pellet A or MPBO pellets and BOF 
slag with assumed FeO contents of 0% and 15%.  

As can be seen from the phase diagram in 
Figure 21, if a content of 10% FeO is assumed 
in the slag the melting point will be lower. The 
melting behaviour estimated in Chemsage 
indicates similar effect of FeO content in the 
slag. The temperatures at which the sample 
starts to melt and at which the whole sample 
has melted decrease. The effect is greatest for 
the samples corresponding to addition of 5% 
BOF slag (B1). The left diagram of Figure 22 
shows an example based on 0% and 15% 
content of FeO in the slags formed with Pellet 
A. Based the same contents of the five oxides 
CaO, SiO2, MgO Al2O3 and FeO, the viscosities 
have been estimated according to Sugiyama et 
al. [6]. The estimated viscosity of the slag 
formed with Pellet A increases with the 
addition of BOF slag (see Figure 23), and it is 
further increased when the FeO contained in the 
slag is assumed to be finally reduced. 

 
Figure 23. Estimated viscosities of slags 
formed with Pellet A 

 
Figure 24. The effect of 10% BOF slag 
addition to a pellet bed of MPBO. 

 
The influence of BOF slag on olivine pellets 
As shown in Figure 24, in general, the addition of 
BOF slag decreases the melting temperature of 
samples for pellets, but the effect decreases with 
increased reduction degree. As can be seen from 
Figure 25, the addition of 5% BOF slag to the 
pellet bed has more influence on the decrease of 
the melting temperature than the addition of 10% 
BOF slag. It has also been found that the flux has 
a greater influence on the melting temperature 
than on the softening temperature. According to 
the laboratory tests, the addition of 5% BOF-slag 
can considerably improve the melting property. 
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Figure 25. Variation of the Softening 
and melting temperatures of MPBO 
and KPBO with the addition of BOF 

slag (Pre-reduction degree of pellets = 75%). 
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However, adding 10% has less effect. A further increase in CaO content may increase its 
melting point dramatically, due to the increase in slag basicity. 

Table 13. Chemical composition of slag with MPBO pellets.  
Composition, wt.% Slag 

CaO MgO SiO2 Al2O3 FeO TiO2
CaO/SiO2

(CaO+MgO) 
SiO2

Primary [M] 5.36 28.35 37.74 6.90 14.75 6.90 0.13 0.89 
BOF 41.09 9.84 12.97 0.95 15.6 1.89 4.18 5.49 
Bosh 1 (5% BOF slag) [M1] 30.7 27.2 31.2 5.15 0 5.77 0.98 1.85 
Bosh 2 (10%BOF slag) [M2] 40.8 24.6 25.8 3.92 0 4.80 1.58 2.54 

 
Both MPBO and KPBO pellets contain approximately 1.5% MgO, but have a low basicity 
B2, quite different from that of super-fluxed pellets. Table 13 shows the chemical 
composition of some slags supposed to be formed during the melting process when using 
MPBO pellets. Bosh slags 1 and 2 represent the slags formed with the addition of 5% and 
10% of BOF slag, respectively. When adding 5% or 10% of BOF slag, the basicity of the 
slags formed increases, as shown in Table 13. According to the phase diagram in Figure 20 
(a), the melting point is increased (point M1), when 5% BOF slag is added. The melting point 
increases more (point M2) if 10% BOF slag is added. The phase diagram only takes four of 
the oxides into account, if the content of other oxides supplied from the BOF slag (as e.g. 
MnO, TiO2, V2O5 and residual FeO) is taken in account, the estimated melting point will be 
different. An estimation of the melting points of the bosh slags based on the same components 
as the phase diagram for every 50°C from 1000°C to 2000°C has been made by the 
thermodynamic software Chemsage[48]. The estimations indicate that the softening and 
melting properties will improve with the addition of BOF slag to olivine pellets. The effect is 
better when using 5% compared to when using 10% BOF slag. The temperature at which the 
first melt has formed increases when BOF slag is added, but the temperature at which the 
whole sample has melted decreased with the addition of 5% and increased with the addition of 
10% BOF slag. The residual solid phase consists of MgO according to the estimation. 
However, if some residual FeO is assumed in Bosh slag 1 and 2 the temperature at which the 
first melt is formed will be lower. This can be seen in the phase diagram in Figure 21 and is 
indicated by the results from estimations shown in Figure 22. When MPBO is assumed the 
content of FeO had greatest effect in the bosh slag formed with the addition of 10% BOF slag 
(B2=1.58). When Pellet A is assumed the greatest effect was estimated with 5% addition of 
BOF slag (B2=1.87). The MgO dissolved in the iron oxide of the olivine pellets delays the 
reduction. During direct reduction of FeO containing slag, coke ash might dissolve in the bosh 
slag decreasing its basicity. According to the theoretical estimations made, this can be part of 
the explanation to that formation of a slag of high melting point is avoided. Based the same 
contents of the five oxides CaO, SiO2, MgO Al2O3 and FeO as used in Figure 22, the 
viscosities have been estimated[6]. The results indicate that the viscosity of the slag decreases 
when BOF slag is added to MPBO. With 15% of FeO assumed in the slag and an assumed 
addition of 10% BOF slag the viscosity at 1600 °C decreases from 1.5 to 0.01. If total 
reduction of FeO is assumed the viscosity will be 0.02. If final reduction of FeO is assumed 
the estimated viscosity is considerably higher in the primary slag but only slightly higher in 
bosh slags M1 and M2.  
 
The influence of BOF slag on acid pellets 
As can be seen from Table 2, the main differences between the Pellet C and olivine pellets 
are the lower content of MgO and higher content of SiO2. According to the laboratory-test 
results shown in Figure 26 was the measured melting point of Pellet C itself (75% pre-
reduced) ~1470°C. With the addition of 10% of BOF slag its melting point was decreased to 
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~1450°C. Table 14 shows the estimated 
chemical compositions of the bosh slags formed 
with Pellet C. The estimated melting points of 
Pellet C and the bosh slags formed with this 
pellet type are lower compared with MPBO, see 
Figure 20(a). However, according to the phase 
diagram, the melting point of Pellet C is 
decreased when 5% BOF slag (C1) is added but 
increases at addition of 10% BOF slag (C2). 
Similarly, as for MPBO, theoretical estimations 
show that residual FeO in the slag will decrease 
the melting temperature. Pellet C contains 1.06% 
of MgO, which might have a similar effect as the 
MgO contained in olivine pellets. 

 
Figure 26. Variation of the softening and 
melting temperatures of Pellet C of 75% 
pre-reduction degree with the addition of 

10% BOF slag or 4.5% of limestone 

 

Influences of some other basic additions 

Table 14. Chemical composition of slag with Pellet C  
Composition, wt.% 

Slag 
CaO MgO SiO2 Al2O3 FeO TiO2

CaO/SiO2
(CaO+MgO) 
      SiO2

Primary  3.93 23.14 43.67 7.64 15.1 6.55 0.09 0.62 
BOF 41.09 9.84 12.97 0.95 15.6 1.89 4.18 5.49 
Bosh 1 31.65 23.54 34.01 5.40  5.40 0.98 1.62 
Bosh 2 41.98 22.12 27.36 4.03  4.51 1.53 2.34 

Tests involving the addition of limestone or burnt dolomite to a sample bed of Pellet A were 
also conducted. The basicity B2 or B3 of the samples was adjusted to be the same as that 
resulting from addition of 5% BOF slag. The pellets used were pre-reduced to a degree of 
75%. Slag formers were evenly distributed in the pellet bed. The results showed that 
limestone or burnt dolomite could increase the melting temperature of Pellet A by about 30°C 
and 25°C, respectively, much less than the influence of BOF slag.  
 
Softening and melting tests with addition of limestone to a bed of olivine pellets pre-reduced 
to 60%, 75% and 90% reduction degrees were carried out. The amount of limestone was 
chosen to achieve a slag of similar basicity B2 as 
when 10% BOF slag is added. The results show 
that the influence on the softening and melting 
temperature is similar as with BOF slag but the 
effect is less. In Figure 27, the effect of the 
addition of limestone and BOF slag to the MPBO 
pellets of 60% and 75% reduction degree is 
compared. When using an acid pellet as Pellet C 
limestone and BOF slag have similar effects, but 
as can be seen from Figure 26, limestone 
decreases the melting point more than BOF slag. 
Lower melting point and basicity of the primary 
slag itself may improve the dissolution of lime.  

 
Figure 27. The measured effect on 
melting temperature by the addition of 
BOF slag or limestone to MPBO pellets 
of 60% or 75% reduction degrees 

 
In general, the estimated melting points of bosh slags formed with pellets and lime are lower 
compared to the melting points of the slags formed with pellets and BOF slag when using the 
phase diagram of Figure 20a. The bosh slags formed with lime have lower MgO contents. In 
laboratory and in the BF incomplete dissolution of fluxes into the primary slag of pellets can 
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result in a different chemical composition of the bosh slag formed than is estimated 
theoretically. The melting point and chemical composition of the primary slag will affect this. 
 
3.1.2 Morphological studies on samples from laboratory tests and EBF (Paper 2) 
Based on the proposal for tuyere injection of fluxes into the blast furnace, morphological 
studies have been made of samples from previous softening and melting tests and samples 
from the EBF taken with burden probes and during excavation of the BF.  
 

3.1.2.1 Slag formation when using super-fluxed pellets and BOF slag 
Samples from softening and melting 
tests were studied by SEM analyses. 
Figure 28 shows a macroscopic 
drawing of the residual material after 
completion of the softening and 
melting test on a sample consisting of 
Pellet A and BOF slag. The maximum 
temperature reached in the test was 
about 1550°C. The images found in 
Figure 29, Figure 30 and Figure 31 
correspond to the marked areas in the 
drawing. The iron oxide in the pellet 
is reduced to metallic iron found at the top of the crucible after the test. Below, there are 
residuals of BOF slag and further down a second slag of another chemical composition. At the 
bottom, mixed with the coke, a third slag is found. Figure 29 shows an image from the border 
of Pellet A and residuals of BOF slag. The SEM images of the second and third slag phases 
are shown in Figure 30 and Figure 31, respectively. The metallic iron is entrained by the slag 
phases and the dripping is stopped. In the residuals of BOF slag two phases are detected: one 
mainly consisting of Ca, Si, Al and O; one mainly consisting of Fe, Mg, Mn and O. The 
chemical composition of these phases varies; e.g., the one consisting of Ca, Si, Al and O, 
which is found also in the border of metal and BOF slag, is dominated by either Si or Al. The 
intensity of Al is high compared to that of the original BOF slag. Metallic Fe and V are found 
in the BOF slag. The slag in the intermediate region seen in Figure 30 mainly contains Ca, Si 
and O and small grains of MgO. The newly formed slag phase, found among the coke, shown 
in Figure 31 mainly consists of Ca, Si and O, with a very high amount of Ca. No FeO is 
detected either in the intermediate slag or in the slag at the bottom. A few metallic grains of 
Fe are found in the intermediate slag. Larger areas of Femet are detected in the slag at the 
bottom. Point analyses made in SEM and XRD analyses indicate the presence of dicalcium 
silicates and tricalcium silicates. 

Coke

Metallic iron

Residuals of
BOF slag

 
Figure 28. Cross section of sample after softening 
and melting tests. The marked areas indicate from 
top to bottom the material corresponding to the 
images in Figure 29, Figure 30 and Figure 31  

 
The results of the study of the softening 
and melting sample containing super-
fluxed pellets and BOF slag indicates 
the course of softening and melting test 
to be as follows. The pellets are 
reduced to Femet and the primary slag 
containing FeO melts and starts to drip 
down. The BOF slag partly dissolves 
into the liquid slag and its basicity 
gradually increases. The FeO in the 
liquid slag is reduced to Femet. As a 

 
Figure 29. Border between metallic iron and 
residuals of BOF slag 
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result, the melting point of this new 
slag increases more than can be 
compensated for by the increase of 
temperature during the test, and the 
viscosity also increases. When the 
metallic iron finally melts and is 
supposed to drip down, it is entrained 
by both the residual BOF slag pieces 
that have partly melted and adhered to 
each other as well as by the high-
viscosity slag at the bottom of the 
crucible. From the analyses made, 
some approximate estimations of melting temperature can be derived based on the assumption 
that the slag of Pellet A mainly dissolves more CaO when interacting with the BOF slag. As 
was shown in Figure 20, the melting 
point of the slag formed is higher than 
that of the primary slag formed by 
Pellet A itself, both as a result of 
increased basicity caused by 
interaction between Pellet A and BOF 
slag and because of reduction of 
residual FeO in the slag. The results 
show that all three slags studied – the 
residual BOF slag, the intermediate 
slag and the new slag – could have 
stopped the metal from flowing down 
and dripping out of the crucible. 

 

 
Figure 30. Slag phase in the intermediate region 

 
Figure 31. Slag found in the coke layer 

 

3.1.2.2 Slag formation when using 
olivine pellets and BOF slag 
The zone of close contact between 
MPBO and BOF slag in a sample from 
a softening and melting test interrupted 
at about 1400°C can be seen in Figure 
32. The pellet is quite well reduced and 
the metal has melted together. The BOF 
slag consists of a matrix of calcium 
silicates with Ca as the main 
component. The Si is sometimes partly 
exchanged for V or more seldom for Al. 
Ca sometimes occurs as CaO and some 
areas containing Ca, Si, Fe, V and O are 
also found. The Si content in the BOF 
slag is higher close to the pellet border. 
B2 of the main phase that varies in the range 1.5-5.5 with an average of 2.4 in the BOF slag 
has decreased to 1.9 on average close to the BOF slag/pellet border. The concentration of Ca 
in the pellet, close to the pellet/BOF slag border, increases. As can be seen in Figure 32, B2 
of the pellet slag phase has increased to about 1.6-2.0 at the pellet/BOF slag border as 
compared to the maximum value of about 0.6 found when the pellet is not in contact with the 
BOF slag. A high concentration of Mg, combined with Fe and sometimes also Mn, is found in 
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Figure 32. Border of MPBO and BOF slag  
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the BOF slag close to the border 
indicating magnesio-wustite and 
wustite containing MgO and 
MnO. Further, inside the BOF 
slag wustite containing MgO and 
MnO with much less Fe is found, 
but Femet is also present. 

 

Excavation samples of pellets 
and BOF slag, taken from layers 
21 and 23 after the 1st EBF 
campaign, were prepared for 
SEM studies. Some images 
obtained from the SEM analyses 
are shown in Figure 33 and 
Figure 34. The pellets of layer 21 have a structure consisting of metallic iron with quite high 
porosity[37]. The pellets are highly reduced and, as a consequence of a low gangue content, 
only small areas of slag are found. Pellet and BOF slag stick to each other. The BOF slag 
structure is quite similar to the original one and no sign of melting can be seen. This sample of 
BOF slag starts to soften at about 1255°C and flows out at 1334°C. The phase of the BOF 
slag containing calcium silicates (A in Figure 33) extends over large areas. In this phase, Si is 
partly exchanged for V, more seldom for Al. Some areas of this phase have a higher intensity 
of Ca in the form of CaO or a phase containing Ca, Fe and O indicating calcium ferrites. 
Another phase of the BOF slag, seen as distinct spherical grains (B in Figure 33), consists of 
Fe, Mg and O. The border between the pellet and the BOF slag is clear, but the SEM analyses 
indicate a slight increase in Ca at the pellet surface in contact with the BOF slag.  

Al
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Pellet
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Figure 33. MPBO/BOF slag border in a sample taken 
from layer 21 during excavation after1st campaign in EBF  

 
As expected, the shells of the pellets of layer 23 are also well reduced, but the porosity of the 
shells is much lower compared to that of the previous sample. The BOF slag is deformed and 
the melting has probably just started. Its softening temperature and flow point were recorded 
as 1288°C and 1344°C, respectively. The main phase in the BOF slag seems different, but the 
composition is still about the same as in the BOF slag of layer 21. Areas with a high intensity 
of Ca, as for free lime, are not detected and the distinct spherical grains of mainly magnesio-
wustite have lost their shape and floated out. However, the overall chemical composition 
based on chemical analyses shows an increased content of SiO2, MgO and Al2O3 in the BOF 
slag of layer 23 compared to that of layer 21. In the pellets, close to the BOF slag border, 
higher amounts, especially of Ca, but also of Mg, are found. In the slag phase of the pellets, 
Ca and Mg exist in combination with Si and sometimes also with Al. The increased content of 
Ca and Mg extends about 0.5 
mm into the pellet. 
 
The SEM studies of softening 
and melting samples, and of 
samples from the EBF, show that 
olivine pellets and BOF slag 
only interact during start of 
softening and melting if the 
pellet and the BOF slag are in 
contact with each other. If the 
pellet is not in contact with the 
BOF slag, only the components 

Ca Fe

Si Mg Al 
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Figure 34. MPBO/BOF slag border in a sample taken from 
layer 23 during excavation after 1st campaign in EBF 

BOF slag

Pellet 
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of the blast furnace gas will interact with the pellet. This means that the slag formation of 
different pellets in the burden will differ considerably depending on whether they are close to 
other pellets, a basic flux or an acid flux. The basicity of the slag formed at different positions 
in the burden can vary quite a lot in chemical composition as well as in basicity. Therefore, 
even slag properties, such as melting temperature and viscosity, will vary. The variation is 
even higher when an uneven distribution of fluxes is considered. By injection of slag formers, 
these variations will decrease. 
 
The SEM studies of softening and melting samples and of samples from the EBF show no 
interaction between BOF slag and the olivine pellets before softening and melting has started. 
This also explains why the main effect of BOF slag was found regarding the melting 
temperature, and not the softening temperature, when BOF slag was added to the pellet bed in 
a softening and melting test. A sample consisting of equal parts of BOF slag and pellet shell 
from layer 21 starts to melt before 1300°C. The interaction between BOF slag and olivine 
pellets can probably start at about that temperature. At first, an effect of interaction can be 
seen only on the surface of the pellets and BOF slag, mainly as a changed amount of Ca and 
Si. When the temperature is further increased, higher amounts of both Ca and Mg are found in 
the pellet. The high basicity of BOF slag includes an excess of Ca, and free CaO is found in a 
matrix consisting mainly of Ca and Si, but also some V and Al. This free CaO seems to move 
quite easily and can therefore interact with the other burden materials. Mg is quite strongly 
bound in the magnesio-wustite and wustite containing MgO and MnO until Fe2+ is reduced to 
Femet and the BOF slag starts to melt. In layer 23, the overall chemical composition of the 
BOF slag is changed. The BOF slag is deformed and has almost melted, which means that the 
diffusion of ions increases. The core part of the pellet that sometimes melts and extrudes out 
of the pellet can also interact with this almost melted BOF slag. The extruded slag probably 
includes SiO2 and FeO, as the content of these in the residuals of the core decreases, while the 
MgO content increases. The melting point of the residual material in the core is very high. 
The changes in chemical composition of individual pellets will strongly depend on the 
environment. Nevertheless, there is a slight increase in the Ca content and a decrease in the Si 
content in the slag phase of MPBO in all samples and as a result, the basicity is increased.  
 
Earlier studies showed that the melting properties of BOF slag could vary. Different processes 
influencing the melting point of BOF slag occur: 1) reduction of FeO from magnesio-wustite 
and calcium ferrites. 2) flow of Ca and Si out of and into BOF slag. 3) direct reduction of 
MnO contained in wustite. An increased FeO content of BOF slag at the first step of reduction 
might explain the decrease in the melting temperature from layer 9 to layer 14 and further to 
layer 21. The reduction rate increases at higher temperatures and in layer 23, the degree of 
reduction of the BOF slag is estimated to be approximately 80%. At the same time, the 
basicity decreases. This combined effect and the fact that the manganese is still part of the 
slag phase might explain why the increase in the melting temperature is limited. It is probable 
that in a pellet burden consisting of olivine pellets, the BOF slag will dissolve the gangue of 
the olivine pellet at the same time as the reduction rate increases. Therefore, the melting point 
will not be increased and the slag formation process is not disturbed when fluxes are top-
charged together with olivine pellets. On the other hand, this will be the case with the super-
fluxed pellets. 
 
3.1.3 Study on the effect of pellet size reduction and bosh slag formation (Paper 3) 
The disturbances described in this special case are caused by changed particle size distribution 
as a result of decreased filling levels in pellet bins. However, a normal-sized pellet of low 
quality in terms of incomplete oxidation and sintering during firing may also contain an 
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increased amount of residual magnetite that will affect the reduction and slag formation in the 
BF. 
 
Low filling levels in pellet silos and pellet bins have caused several severe disturbances in the 
blast furnace process over the years. These disturbances included low gas utilisation, large 
variations in permeability of burden column, large variations in heat load, low hot metal 
temperature, low chemical energy of hot metal and series of slips. Contrary to what was 
expected, the reason was an increased amount of coarse pellets entering the blast furnace at 
low filling levels of pellet bins.  
 
To verify that the disturbances in the blast furnace process were caused by the coarse fraction 
of pellets, tests with monitored charging of different pellet fractions were carried out in the 
EBF. The experiments confirmed that a high ratio of pellets +12.5 mm caused the production 
disturbances. The effect was also studied in laboratory tests – reduction and softening and 
melting tests – on different size fractions of pellets to determine why the coarser fractions 
cause these process disturbances. An evaluation of the laboratory tests as well as of the data 
from the tests in the EBF has been made. 
 

3.1.3.1 Pilot-scale test – charging of increased ratios of oversized pellets into the EBF 
The results from the pilot scale tests are stated in Table 15. The gas utilisation in the first 
period of testing, when pellets of the reference fraction are charged, varies as a result of some 
process disturbances, including a chilled hearth, which was remedied just before the start of 
the test. The blast furnace performance deteriorates gradually when the particle size 
distribution of charged pellets includes increased proportions of pellets of 12.5-16 mm and 
+16 mm fractions. The gas utilisation decreases and starts to vary to a greater degree, when 
pellets of particle size distribution 66/22/12 are charged.  
 
The burden descent also becomes irregular and sometimes decreases to 2 cm/min, as 
compared to normal values of 4-5 cm/min for MPBO. Some small slips occur at the same 
time as EtaCO (gas utilisation) reaches minimum values of approximately 44. After the start 
of charging of pellets of particle size distribution 33/37/30, the gas utilisation decreases 
further and starts to vary even more. The lowest value of EtaCO is 41.8 during this period. 
When charging the pellets of particle size distribution 33/37/30, a couple of small slips 
occurred, as well as some periods with long intervals between the dumps. The blast furnace 
performance improves rapidly when pellets of particle size distribution 100/0/0 are charged 
into the EBF. The gas utilisation increases to an average of 50%.  

 

Table 15. Average of process data related to particle size distribution of charged pellets. Averages 
are based on data per hour except for EtaCO when data per minute was used. 

Particle size 
distribution 

9-12.5/12.5-16/+16 

EtaCO 
Average 

EtaCO 
Std. 

deviation 

Sol. 
Loss, 

Kg/tHM 
Average 

Sol. Loss, 
Std. 

deviation 

pV bosh, 
Average 

pV bosh, 
Std. 

deviation 

Burden 
descendent 

cm/min 

Burden 
descendent 

Std. 
deviation 

72/28/0 49 1.4 95 2.2 5.8 0.19 4.8 0.6 
82/17/0 49 1.2 91 16 5.2 0.96 4.5 0.5 

66/22/12 48 1.3 99 4.1 5.4 0.44 4.0 0.6 
33/37/30 47 1.6 100 4.8 5.0 0.55 4.2 0.5 
100/0/0 50 1.3 95 2.8 5.4 0.21 4.3 0.3 

 44



During the test period, samples are taken with a shaft probe in the upper part of the shaft and 
with an inclined probe just above the cohesive zone. The samples are studied in an optical 
microscope and in a SEM. The samples from the upper shaft have very low degrees of 
reduction and are composed mainly of magnetite and hematite. A difference between the core 
and the shell is noticeable, especially for the samples containing larger pellets, which also 
contain more cracks than the smaller pellets. The samples taken with the inclined probe, one 
of which is shown in Figure 35, are highly reduced and sharp borders between the cores and 
the shells can be seen with the naked eye. At this border 
between the metallic shell and the core, where there is a 
high content of wustite, a sintered band of metallic iron is 
also found. The shell thickness is independent of pellet 
size and therefore the size of the core decreases with 
decreased pellet size. The core, especially in the larger 
pellets, seemed to be pushing its way out from the pellets 
and through the shell. Studies in a microscope and SEM 
show that the amount of metallic iron in the centre of the 
core is much higher in the smaller pellets than in the 
larger ones. This can be seen in Figure 36. MgO is 
dissolved in the iron oxide at low reduction degrees. At 
high degrees of reduction, as in the shell part, MgO is 
found in the slag. The MgO content of the slag observed in the core between the iron oxide 
grains is less than 1% and the FeO content is ~20%. The MgO content of the slag of 
approximately the same FeO content seems to increase when moving from the centre of the 
pellets towards the outer parts. The Fe content of the slag is high at low degrees of reduction, 
and decreases when the reduction degree increases. The MgO content observed in the wustite 
in the core of the coarse pellets is ~1.5%, compared to ~3-4% in the normal sized pellets. 

 
Figure 35. One sample taken 

with the inclined probe. 

 
Figure 36. Images of the centre of pellets of approximately 10 mm and 13 mm in 

diameter, respectively. A= Iron, B=Wustite 

3.1.3.2 Laboratory tests 

3.1.3.2.1 Properties of oxidised pellets  
The porosity of +16 mm pellets is lower compared to the porosities of 12.5-16 mm and 9-12.5 
mm pellets, 22.8%, 25.1% and 25.5%, respectively. The tumbler strength of the +16 mm 
fraction is lower compared to that of the other two fractions tested.  
 
Study of the pellets in the optical microscope reveals that all pellet fractions are similar with 
respect to both core and shell structure. The cores are generally characterised by a high degree 
of sintering, but a low degree of oxidation, while the shells are characterised by a high degree 
of oxidation, but a low degree of sintering. The thickness of the shell is independent of pellet 
size; therefore, the core increases with increased pellet diameter. Depending on the degree of 
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oxidation, more or less residual magnetite is found. In these samples, the amount of residual 
magnetite is higher in the pellets of +16 mm fraction compared to the 12.5-16 mm and 9-12.5 
mm fractions. The amount of residual magnetite can vary in the same fraction of pellets, too. 
Pellets of the 9-12.5 mm fraction are almost fully oxidised. This is expected, as the oxidation 
starts at the pellet surface and proceeds topochemically. Thus, the time needed to complete 
the oxidation of the pellets depends on pellet size. In the centre of a large pellet, the hematite 
often exists in limited areas, often in the form of lamellas. Grains of olivine that have partly 
reacted can be found throughout the pellet. Close to these grains, magnesium ferrite can be 
observed. 
 

3.1.3.2.2 Metallurgical properties of different pellet fractions 
Reduction behaviour  
From the reduction tests it can be summarised that the reduction properties of the coarse 
pellets, compared to those of normal size, include a lower reduction rate, a lower shrinkage of 
bed during reduction, an increased swelling during reduction, an increased disintegration of 
pellets after reduction and a higher amount of residual wustite in the core after reduction. 
Partly as a result of crack formation both the decrease in bed height and the pressure drop 
over the pellet bed are lowest for the +16 mm fraction and highest for the 9-12.5 mm fraction. 
 
Reduction rate 
During the blast-furnace-simulated reduction the pellets of the 9-12.5 mm fraction first reach 
a ~30% degree of reduction. At this point in the test, the reducing gas is too weak to reduce 
the material further. Therefore, the two fractions containing larger pellets are allowed to catch 
up with the fraction of 9-12.5 mm. The differences in reduction rate will therefore be less than 
maximum, but the result might still be representative of the blast furnace conditions. The 
degrees of reduction after 60 min are 20%, 19% and 18% for the 9-12.5 mm, 12.5-16 mm and 
+16 mm fractions respectively. The time periods needed to reach the reduction degrees of 
80.1%, 80.2% and 77.6% for 9-12.5 mm, 12.5-16 mm and +16 mm fraction are 207, 215, and 
220 minutes, respectively.  

 

 

Figure 37. Photos of samples of pellets after reduction to a 65% reduction degree. 

Effect of reduction on disintegration and structure 
During the reduction to the reduction degrees of 65% and 80%, the pellets disintegrate and the 
disintegration increases with increasing particle size of pellets. As can be seen from the 
photographs of the samples reduced to a 65% degree of reduction in Figure 37, the cracking 
of the pellets increases when the particle size of the pellets increases. The disintegration of 
both the oxidised and reduced pellets is also measured by a tumbling test. The results, which 
can be seen in Figure 38, show that although the tumbling strength and abrasion are 
approximately the same for all fractions before reduction, they will decrease and increase 
more, respectively, when the pellet size increases. This means that the larger pellets generate 
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fines more easily by both cracking and 
abrasion. After tumbling, many naked 
cores, from which the shells have fallen 
off, are found in the samples of pellets of 
12.5-16 mm and +16 mm fractions.  
 
Reduction of the pellets is also carried out 
in a swelling test, where eighteen pellets 
were reduced to an 80% degree of 
reduction at 1000°C in a reducing gas 
consisting of 60% N2/40% CO. The 
swelling is estimated from volume 
measurement in mercury and average diameter is measured by measuring the total length of 
the row of pellets with an inclined ruler. The swelling increases, when the particle size of 
pellets increases and large cracks are formed in pellets of the +16 mm fraction.  

 

Figure 38. Disintegration and abrasion of 
oxidised and reduced pellets. 

 
The different fractions of pellets reduced to a 65% degree of reduction were studied by 
chemical analyses and with an optical microscope. The chemical analyses of the material 
from the cores and the shells of the different fractions indicate a much higher FeO content and 
a lower Femet content in the cores compared to those of the shells. The FeO content of the core 
increases with increased pellet size. The shells are well reduced and the shells of pellets of 
larger diameter contain even more Femet compared to the pellets of a 9-12.5 mm fraction. This 
can be explained by the fact that the reduction time increases with increased pellet diameter. 
Studies using the optical microscope indicate the same with respect to the degree of reduction 
in both the shell and core. The results from the morphological studies of laboratory-reduced 
pellets of different sizes are similar to the results from studies of samples from EBF. The shell 
is of about the same thickness and independent of the pellet diameter. The diameter of the 
core increases with increased pellet diameter. The shells are generally well reduced, but the 
amount of Femet decreases slightly when comparing the outer part of the shell with the inner 
part of it. The amount of Femet decreases towards the centre of the pellets. In the largest 
pellets, almost no metallic iron is found in the centre.  
 
Softening and melting behaviour 
The softening and melting properties of pellets pre-reduced to a 30% degree of reduction were 
evaluated under blast-furnace-simulated conditions using the MEFOS blast furnace model[45]. 
The samples of a total weight of ~ 640 g consisted of pellets pre-reduced to a reduction degree 
of approximately 30% and 7% BOF slag evenly distributed in the pellet bed. BOF slag was 
added to get approximately the same basicity as in the blast furnace burden. The sample was 
sandwiched between coke layers in a graphite crucible with a diameter of 80 mm. A load of 
49 kPa was applied and a total gas flow of 270 l/min was introduced. The gas consisted of 
100% N2 up to 900°C and after that of 61% N2, 35% CO and 4% H2. Several types of data are 
logged during the test, such as temperature, shrinkage of bed and the pressure drop over the 
bed. Both full tests until dripping and reaching of the point when the bed stops shrinking, and 
tests interrupted at approximately 1450°C, just before pressure drop starts to increase rapidly 
and the melting starts, were performed. The softening temperature is defined as the 
temperature at which the shrinkage of the bed is 50% (T50%). The melt-out temperature is 
defined as the temperature at which the maximum pressure drop is registered (TPmax). The 
width of the cohesive zone is defined as the interval from the start of the softening process 
until the bed stops shrinking (T(end of shrinkage)- T50%). As can be seen in Table 16, the melt-out 
temperature as well as the width of the cohesive zone increases with increased pellet diameter. 
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The width of the cohesive zone is increased as a 
result of a decreased softening temperature, an 
increased melt out temperature and an increased 
temperature at the stop of bed shrinkage. The 
pressure drop around 1300°C increased with the 
increased pellet diameter, but the pressure drop 
at meltdown decreased with the increased pellet 
diameter. The chemical composition of the 
dripping metal is to be found in Table 17. The chemical energy – the amount of C, Si and Mn 
dissolved in the dripped metal – of the dripped metal decreases, when the pellet diameter 
increases. Studies of quenched samples of 9-12.5 mm and +16 mm fractions from interrupted 
tests carried out under an optical microscope and by SEM indicated higher amounts of 
residual oxygen and considerably higher amounts of slag containing iron oxide in the sample 
of the +16 mm fraction compared to those in the sample of the 9-12.5 mm fraction.  

Table 16. Temperatures of softening and 
melting of the pellet bed, all data in °C 
 9-12.5 12.5-16 +16 
T50% 1434 1432 1411 
TPmax 1464 1490 1506 
T(end of shrinkage) 1506 1525 1531 
Cohesive zone 
T(end of shrinkage)- T50%

72 93 120 

 
Softening and melting tests in an N2 atmosphere were performed on pellets of the three 
fractions pre-reduced to degrees of reduction of 65% and 80%. In addition, in these tests, 7% 
of BOF slag was added to the bed and the sample was sandwiched between coke layers in a 
graphite crucible measuring 40 mm in diameter. The tests show that the softening and melting 
temperatures increase with an increased reduction degree. The softening and melting 
temperatures are comparable for the 9-12.5 mm and 12.5-16 
mm fractions, but lower for the +16 mm fraction. The 
dripping starts approximately 35°C earlier for the +16 mm 
fraction as compared to the 9-12.5 mm and 12.5-16 mm 
fractions for both the 65% and 80% degrees of reduction. No 
significant difference related to the fractions is found for the 
temperatures when shrinkage of bed or dripping stops. 

Table 17. Chemical 
composition of dripping 
metal 
 C, 

% 
Si, 
% 

Mn, 
% 

O, 
ppm 

9-12.5 4.92 0.46 0.10 33 
12.5-16 4.67 0.31 0.12 31 
+16 2.48 0.21 0.07 330  

3.1.3.3 Discussion of results 
Structure of the pellets 
There is a heterogeneity of structure in the pellets (meaning that the structure of the core 
differs from that of the shell) for both oxidised and reduced pellets. The same pellet structure 
is found in all fractions, but the volume of the core structure increases with increased pellet 
diameter. For the oxidised pellets, the amount of residual magnetite in the centre increases 
with increased pellet diameter. In the reduced pellets, the amount of wustite is much higher in 
the centre as compared to the shell. The heterogeneity of structure is similar for pellets 
reduced to both 65% and 80% degrees of reduction, but even more pronounced for the latter. 
The amount of metallic iron in the centre of the reduced pellet decreases, while the FeO 
content increases with increased pellet diameter.  
 
Permeability 
When charging higher ratios of the +16 mm and 12.5-16 mm fractions, increased variations in 
permeability over the blast furnace have often been experienced. An increase in permeability 
can be seen at the start of charging of increased proportions of oversized pellets, and periods 
of high and low permeability recur during the periods when a high portion of coarse pellets is 
charged into the blast furnace. Together with the variations in permeability, decreased and 
more varied gas efficiency and greatly varied burden movements also occur. The phenomena 
affecting the permeability of the blast furnace burden also change the gas distribution in the 
blast furnace. When operating with high rates of coal injection the amount of coke is greatly 
decreased. The phenomena changing the permeability will therefore have a great impact on 

 48



the blast furnace process. When operating the blast furnace with a greater amount of coke and 
less coal injection the coke layers will stabilise the gas distribution to a greater extent and the 
effect of the coarse pellets on the blast furnace process will be limited.  
 
The effect of disintegration 
The disintegration of pellets during reduction increases with increased pellet diameter. On 
tumbling after reduction, the disintegration increases with increased pellet diameter. Further, 
the swelling tests show increased crack formation and swelling with increased particle size. 
This means that even if the original reason for disturbance in the blast furnace process was not 
the charging of pellet fines into the blast furnace at low filling levels of pellet bins, the 
process disturbance might still be caused by secondarily formed fines. The process 
disturbances in the blast furnace might be partly due to the formation of a large amount of 
fines inside the blast furnace as a result of disintegration of the oversized pellets during 
reduction. The typical symptoms of fines in the blast furnace are irregular burden descent and 
variations in gas utilisation, caused by inactive zones in the blast furnace, which disturb the 
gas distribution.  
 
The effect of softening and melting properties 
The three pellet fractions studied differ in softening and melting performance. On softening, 
the bed shrinkage and pressure drop increase with an increased pellet size. The temperature 
interval of the estimated cohesive zone increases with increased pellet size. This may partly 
explain the periods of increased pressure drop, when the blast furnace is charged with 
increased ratios of coarse pellets. 
 
The pellets taken from the EBF with the inclined probe contain wustite with some MgO. Both 
core size and FeO content increase with increased pellet size. The MgO in the wustite will 
increase the melting point of the wustite phase [1][39], but the MgO content of the wustite phase 
is much lower in the coarse pellets than in those of normal size. When magnesio-wusite is 
further reduced, the MgO is dissolved in the slag phase and increases the liquidus temperature 
of the slag, which initially contains considerable amounts of FeO [1][39]. In the cores of all the 
pellets studied, the slag contains less than 1% MgO but up to ~4% CaO. The melting point of 
this slag that is low in MgO content varies depending on the chemical composition and 
especially on the FeO content, as in the 
area shown in the phase diagram in 
Figure 39. The area drawn is based on 
normalised values of the main chemical 
components of the slag phase. Large 
amounts of wustite with low 
concentrations of MgO as well as large 
amounts of early-melting slag may cause 
a lower softening temperature and 
therefore larger deformation of the 
pellets. The core can also more easily 
extrude out through the pellet shell if the 
amount of liquid material formed is 
large. In the softening and melting test 
for the coarsest fraction the first rapid 
increase in pressure drop, usually 
corresponding to the first slag melting, 
takes place at the lowest temperature.  

Figure 39. The CaO-FeOx-SiO2 system [41]. 
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The temperature interval of the estimated cohesive zone will increase with increased pellet 
diameter both as a result of lower softening temperature for the reasons explained and as a 
result of the higher melting temperature of the metallic iron. The chemical analysis of hot 
metal and of dripping material in laboratory tests indicates that the melting temperature is 
increased as a result of a lower content of C. The Si content in the dripped metal is also lower 
in the samples with coarse pellets.  
 
Gas utilisation-the effect of reduction rate 
The decreased gas utilisation observed when a larger amount of coarse pellets was charged 
into BF No. 2 at SSAB in Luleå and in pilot-scale tests in the EBF is a result of the decreased 
reduction rate of the coarse pellets. One reason is, of course, that the lower surface to volume 
ratio results in a longer distance for the diffusion of reducing gas. The microscopic study of 
samples taken by the inclined probe indicates that the gases penetrate the same distance into 
the pellets, independent of pellet size. Another important reason is the large core part of the 
coarse oxidised pellets that contains larger amounts of magnetite, which for several reasons 
has a negative impact on reduction. The reaction rate of reduction from primary magnetite is 
lower than that of reduction of hematite. The porosity of the magnetite itself, as well as the 
wustite formed at reduction of magnetite, is lower compared to hematite and secondary 
magnetite, which has a high micro porosity and produces a porous wustite on reduction 
[3][39][40]. The decreased gas utilisation will result in an increased direct reduction rate further 
down in the blast furnace. This means that the energy consumption increases and the 
carbonisation of hot metal will be delayed. The hot metal from BF No. 2, as well as the 
dripped metal in the blast furnace simulation test at MEFOS, has a significantly decreased 
heat level in terms of lower C, Si and Mn contents when pellets of 12.5-16 mm and +16 mm 
fractions are charged compared to 9-12.5 mm fraction pellets. At BF No. 2, a decreased hot 
metal temperature was also experienced, when charging coarser fractions of pellets. 
 
Control of charging 
The results of full-scale tests where an increased amount of coarse pellets was charged into 
the blast furnace, at low levels in pellets bins, together with the knowledge gained from the 
study of the effect of this on the process, have resulted in considerable improvements in the 
particle size distribution of the pellets. As for the material delivered by LKAB, the proportion 
of 9-12.5 mm pellets has increased and is much more stable. At SSAB Luleå, the personnel 
working with the control of the levels in silos and bins keep the levels high enough to avoid 
charging the coarse material into the BF. If for some reason, for example, when a belt 
conveyer is damaged and the particle size distribution of the pellets changes, the personnel in 
charge of controlling the process know how to minimise the effects. The effects of the 
charged coarse pellets are greatly reduced by operating the blast furnace at a higher coke rate, 
a lower coal injection rate and slightly higher fuel rates than normal. If these precautions are 
taken, the adverse effects of coarse pellets on the blast furnace process will be greatly 
reduced.  
 
3.1.4 High-temperature properties of BOF slag and its effect on slag formation in 
the BF (Paper 8) 

3.1.4.1 Characteristics of BOF-slag 
The porosity of BOF slag is measured to 3.8%. This can be compared with the porosities of 
MPBO and KPBO, which are measured to 25.8% and 25.4%, respectively. The tumbler 
strength tested according to ISO 3271, but with a 6 mm sieve is measured to 95.6% >6 mm. 
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The chemical composition of the BOF slag is found in Table 2. As can be seen, the basicity 
B2 is approximately 4. The total Fe content normally varies in the range of 16-26%. Fe in 
BOF slag is present as Femet, Fe2+ and Fe3+. The Fe contained in the sample of BOF slag in 
Table 2 contains 1.3% Femet, 12% Fe2+ and 5.0% Fe3+.  

 
Figure 40. SEM image of an area in a BOF 
slag sample (C1 21 centre in Table 18).  

 
Figure 41. A SEM image of an area in a BOF 
slag sample taken from the level of cohesive 

zone in the EBF. (W=FeO, 
RO=(Fe,Mg,Mn)O, C2S=Ca2SiO4) 

3.1.4.2 Mineral structure of BOF slag from EBF  
The BOF slag sample taken from pellet layer 21, located approximately 0.7 m above the 
cohesive zone at excavation of the 1st campaign, consists of a matrix of a calcium silicate 
phase (di- and tricalcium silicates) and can be seen in Figure 40. On the rim of the calcium 
silicate phase, Si is partly replaced by V. Al is also detected in the calcium silicate phase. 
Wustite containing MgO and MnO is spread over the matrix as well as some areas with Ca 
and Fe, indicating calcium ferrites. Small grains of Femet can be seen and CaO is found. The 
BOF slag sample shown in the SEM image in Figure 41 was taken with an inclined probe at 
the level of the cohesive zone. The temperature was higher at this sample position compared 
to the one, at which the previous sample was taken. The BOF slag particle is in contact with 
an olivine pellet and contains the same main phases as the previous sample, dicalcium silicate 

Table 18. Chemical compositions of BOF slag samples (values in wt%). C1, C2=EBF 
campaign No. 1 and 2, sample position is given by e.g. 9 centre=pellet layer 9 in the centre, 

SM=softening & melting test  
EBF samples Fe CaO SiO2 MnO P2O5 Al2O3 MgO Na2O K2O V2O5 TiO2 LOI C S 

C1 9 centre 16.9 40.4 10.6 4.36 0.63 1.20 12.5 0.01 0.01 5.71 1.83 -2.6 0.07 0.11
C1 14-centre 19.7 38.9 9.60 3.95 0.54 1.31 12.4 0.02 0.02 4.88 1.68 -2.8 1.62 0.27
C1 21-centre 18.3 44.3 11.3 4.39 0.62 1.13 9.54 0.02 0.03 5.98 1.88 -2.8 0.21 0.21
C1 23-centre 17.0 41.2 12.1 4.68 0.68 1.64 13.9  0.03 5.28 1.68 -6.0 0.10 0.47
C2 9-centre 17.3 41.8 9.71 4.50 0.68 0.98 12.4 0.00 0.01 5.50 1.57 -2.2 0.19 0.14
C2 14-centre 17.6 41.4 10.8 4.55 0.61 1.22 10.8 0.00 0.01 5.50 1.76 -2.3 0.17 0.16
C2 16-centre 17.8 42.0 11.0 4.79 0.63 1.02 10.6 0.00 0.01 5.77 1.60 -3.3 0.17 0.30
C2 19-intermediate 17.2 44.3 11.8 4.50 0.71 1.46 12.0 0.15 0.16 5.63 1.76 -7.5 0.16 0.92
C2 19-wall 23.5 39.6 9.95 4.27 0.59 1.30 11.0 0.34 0.46 4.92 1.57 -7.9 0.09 0.61
C2 20-intermediate 22.9 39.6 12.1 4.00 0.61 1.47 12.3 0.11 0.38 5.10 1.52 -10.4 0.13 0.76
C2 20-centre 37.2 25.1 15.2 1.67 0.27 4.44 10.5 0.23 0.65 2.01 1.39 -14.9 0.23 0.75
Laboratory samples Fe CaO SiO2 MnO P2O5 Al2O3 MgO Na2O K2O V2O5 TiO2 LOI C S 

Original 18.9 41.4 9.76 4.44 0.60 1.05 11.9  0.010 4.91 1.52 -2.9 0.06 0.07
14% red.degree 17.5 41.7 10.8 4.09 0.53 1.28 13.1  0.010 4.43 1.32 -2.6   
59% red. degree 19.1 43.0 10.1 4.58 0.62 1.12 12.3  0.010 5.14 1.56 -6.2 0.08 0.07
Sample from SM 19.2 43.0 10.4 4.51 0.61 1.57 13.2  0.010 4.50 1.44 -7.0 0.30 0.08
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and (Fe, Mg, Mn)O, but the structure of dicalcium silicate has changed into elongated 
crystals. The basicity of the BOF slag has decreased, and tricalcium silicate and free lime 
were not detected in this sample. 

 
Figure 42. Contents of alkalies in BOF slag samples taken at excavation of EBF after 1st and 
2nd campaign. 

 
Figure 43. Content of S in BOF slag samples taken at excavation of the EBF after 1st and 2nd 
campaigns 

3.1.4.3 Chemical composition of BOF slag samples from the EBF 
Samples of BOF slag are taken from the burden inside the EBF during excavation after two 
different campaigns. As can be seen from Table 18, the chemical composition of BOF slag is 
almost unchanged in the shaft of the BF. Particles of BOF slag are not found below the 
melting zone, but calcinated lime is found at least down to the level of the raceway. Visually, 
the pieces of BOF slag are similar to BOF slag before charging, until the cohesive layers are 
reached. The chemical content of alkalies is very low in the original BOF slag and reaches the 
highest levels in BOF slag taken from the pellet layers just above the cohesive zone, see 
Figure 42. The S content increases as the slag descends in the EBF, as can be seen in Figure 
43. Drops of metal and slag are found at the levels of pellet layers 23 and 21 during dissection 
after the 1st and 2nd campaign, respectively. The LOI of BOF slag samples decreases as the 
material descends, meaning that the samples taken at the layers close to the cohesive zone 
increase in weight considerably more when heated 
up in oxidising atmosphere, compared to original 
BOF slag or samples taken in the upper part of the 
shaft. The basicity B2=CaO/SiO2 is decreased at 
this level too, especially in the samples taken from 
the 2nd dissection. 

3.1.4.4 Melting Point Measurements 
The melting points of samples taken at dissection of 
the EBF are measured in the high-temperature 
microscope. The test results are concluded in Table 
19. The melting points of BOF slag are generally 
quite low. The chemical compositions of the BOF 
slag taken from the EBF are found in Table 18. 
When measuring the melting point, it can be seen 
that some samples of BOF slag swell before 
softening and melting. The samples of layer 19 at 
the wall and from the intermediate area of layer 20 

Table 19. Results from melting point 
measurements of BOF slag, °C. 
EBF samples Softening Active 

melting 
Flow 
point 

C1 9-centre 1306 1354 1377 
C1 14-centre 1293 1323 1344 
C1 21-centre 1255 1315 1334 
C1 23-centre 1288 1323 1344 
C2 9-centre 1265 1300 1315 
C2 14-centre 1244 1276 1300 
C2 16-centre 1240 1275 1305 
C2 19-intermediate 1240 1265 1286 
C2 19-wall 1239 1260 1307 
C2 20-intermediate  1255 1313 
C2 20-centre 1220 1327 1502 
Laboratory samples    
Original sample 1278 1292 1335 
14% reduction degree 1271 1299 1339 
55% reduction degree 1270 1285 1330 
Sample from SM test 1250 1264 1335 
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swell most. The chemical compositions of these samples are quite similar as compared to 
original BOF slag, but the reduction degree and the content of alkalies and sulphur are higher. 
The specimen from the centre of layer 20 swells less than the other, although, it also shows 
the same difference as compared to the original BOF slag. However, the basicity of this 
sample is lower compared to that of the other samples. 

3.1.4.5 Reduction 
Isothermal reduction tests are performed at 950°C and 1150°C in a reducing gas composed of 
5% H2, 40% CO and 55% N2. The reduction rate of BOF slag is quite low at 950°C and the 
reduction degree is ~20-25% after ~160 min. The reduction rate is increased when the 
reduction temperature is increased to 1150°C and the reduction degree reached after ~140 min 
is ~55-65%. The olivine pellets reduced under the same conditions reach a reduction degree 
of 90%. 
 
The results from the blast furnace simulating reduction tests are found in Figure 44. The 
reduction of BOF slag is very slow at 
temperatures below 950ºC. In the temperature 
interval of 900°C to 990°C CO/(CO+CO2) is 
higher in T2 compared with in T1. In this 
temperature interval the reduction degree is 
almost unchanged in T1, but increases from 
2% to 20% in T2. When a temperature of 
~1000°C is reached and CO/(CO+CO2) is 
increased, the sample is further reduced in the 
T1 test. The final reduction degrees reached are 
16.7% and 23.4% for T1 and T2, respectively. 

 
Figure 44. Reduction degree of BOF slag 
and CO/(CO+CO2) of the gas during BF 
simulated reduction tests. 

3.1.4.6 Softening and Melting tests 
The results of softening and melting tests of 
BOF slag are summarised in Table 20. When 
BOF slags pre-reduced to 23%, 25%, 55% and 
63% are sandwiched between coke layers in a 
graphite crucible, no dripping material is 
collected up to 1550°C and the sample bed 
shrinks little. The shrinkage of the sample bed 
during the test decreases with increased pre-
reduction degree. The maximum pressure drop 
measured during these tests occurs at 1525°C to 
1532°C. The addition of crushed alumina to the 
BOF slag of 23% reduction degree does not 
improve the melting properties when the sample 
is heated up in a graphite crucible without coke 
addition.  

Table 20. Results from softening and 
melting tests. (Gr=graphite, A=alumina, C=coke, 
L=layers, M=mixed) 

Red. 
degree

% 
Crucible Addition Shrinkage

% 

Start 
dripping 

°C 

% 
dripping

23 Gr CL 7 ------ ------ 
23 A ------ 88 1401 81 
23 A CL 59 1430 52 
23 Gr AM CL 4 ------ ------ 
25 Gr CL 5 ------ ------ 
25 A CL 40 1440 53 
25 A CM CL 25 1458 10 
55 Gr CL 5 ------ ------ 
63 Gr CL 4 ------ ------ 
63 A ------ 74 1473 32 

 
BOF slag pre-reduced to 23% and 63% is tested in alumina crucibles without the addition of 
coke. Dripping material is collected at 1401ºC and 1473 ºC for 23% and 63% pre-reduction 
degrees, respectively. The shrinkage of the sample bed decreases when the pre-reduction 
degree is increased. If the BOF slag pre-reduced to 23% is charged between coke layers in an 
alumina crucible, the temperature for start of dripping increases by almost 30°C and the 
shrinkage of the sample bed and the ratio of dripping material decrease. The effect is even 
greater if the coke is mixed with the pre-reduced BOF slag. The dripping temperature is 
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increased from 1440°C to 1458°C and the shrinkage of the sample bed is decreased from 40% 
to 25% if BOF slag (25% reduction degree) and a mixture of BOF slag and coke are 
compared. Both samples are sandwiched between coke layers.  

3.1.4.7 XRD analysis 
Qualitative XRD analysis is performed on 
three samples of BOF slag produced in the 
laboratory tests. The first sample consists of 
untreated BOF slag, the second of BOF slag 
reduced to 63% reduction degree and the 
third one of BOF slag pre-reduced to 63% 
reduction degree and heated in a softening 
and melting test. As can be seen in Figure 
45, calcio-wustite, magnesio-wustite and 
calcium silicates are present in all samples. 
Dicalcium ferrite is detected in the original 
sample as well as in the pre-reduced 

 
Figure 45. Results from XRD analysis of 

original BOF slag, BOF slag pre-reduced to 
59% reduction degree and BOF slag after 

softening and melting test. 

 
Figure 46. High temperature XRD of BOF slag on platinum strip (left) and BOF slag mixed 

with coke on alumina plate (right). The x-axis corresponds to the intensity in counts per 
minute. 
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sample. Peaks corresponding to Femet are detected in the pre-reduced sample and in the 
sample from softening and melting tests.  
 
Figure 46 shows the results from qualitative high-temperature XRD performed on one sample 
of pre-reduced BOF slag and on one sample of BOF slag mixed with coke. The pre-reduced 
sample contains calico-wustite, magnesio-wustite, calcium ferrites, dicalcium silicate and 
Femet. When the pre-reduced BOF slag sample is heated up in N2, Fe present as Fe3+ in ferrites 
and Femet are transferred to Fe2+ and Femet. At 750°C, an intermediate phase of magnetite is 
seen, before wustite is detected at 1000°C, at the same time as the intensity of magnetite is 
decreased. At 1250°C, the sample melts and a residual phase containing dicalcium silicate is 
registered. When the sample of pre-reduced BOF slag mixed with coke is heated up in an N2 
atmosphere, the peak corresponding to Femet decreases significantly in the diffractogram, 
measured at 750°C. At 1000°C, peaks representing Fe3C can be seen and the intensity of 
magnesio-wustite and calico-wustite has decreased. After further temperature increase to 
1200°C, peaks corresponding to dicalcium silicate dominate, but magnesium silicates and 
Fe3C are detected as well. Signs of melting can be seen in the diffractogram registered at 
1250°C. The final residual solid phase contains dicalcium silicate, tricalcium silicate, 
magnesium silicate and some Fe3C. The ash released from the used coke will be dissolved 
into the slag. 
 

3.1.4.8 Discussion 
BOF slag is a dense material with low porosity. The shrinkage of bed is very low during 
reduction, indicating that it is only slightly deformed in the shaft. This fact is correlated with 
what can be visually detected when studying the samples of BOF slag taken at excavation of 
the EBF. It is likely that BOF slag can have some effect on maintaining the permeability of 
the pellet layers if the pellets are deformed in the BF shaft. BOF slag picks up S and alkalies 
in the shaft. When the melting point is measured, an increased K2O content in the BOF slag 
makes it swell more, if the basicity is high. If the basicity is decreased as a result of 
interaction with the pellets, the swelling is similar as for BOF slag with a low potassium 
content. 
 
The reduction of BOF slag is quite low at low temperatures and complete reduction to Femet 
probably occurs when softening and melting starts. When the temperature is increased from 
950°C to 1150°C in the isothermal reduction tests, the reduction rate and the maximum 
reduction degree reached increase significantly. The faster reduction in T2 compared to that in 
T1 in the temperature interval of 900-1000°C is explained by the stronger reducing power of 
the gas in terms of a higher CO/(CO+CO2) and a higher H2 content in T2. A high content of 
H2 is probably beneficial for the reduction because of the low porosity of BOF slag. The 
analyses of the samples taken during excavation of the EBF indicate that the mineralogical 
structure of BOF slag is almost unchanged and that the reduction of BOF slag is quite slow 
until it reaches the level of the cohesive zone, where the temperature and reducing power of 
the gas are quite high. The SEM analyses indicate that the mineralogical structure of BOF 
slag is almost unchanged until softening and melting start and a high reduction degree is 
reached. The slow reduction rate is beneficial for slag formation in the bosh. A low melting 
point results in an effective interaction with the olivine pellets and formation of a slag with 
properties suitable for S refining. Pieces of calcinated lime were found at the raceway level in 
the EBF and in samples taken by core drilling into BF No. 3 at SSAB in April 2004. The fact 
that BOF slag takes part in bosh slag formation earlier is indicated by an increased S content 
and a decreased C content in hot metal produced at BF No. 3, when the main part of BOF slag 
is replaced by limestone. In softening and melting tests done with a Pellet A of basicity B2=1 
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and olivine pellets, the limestone had less negative effect on the melting properties of the slag 
formed. This indicates that limestone will only partly be dissolved in the bosh slag and as a 
result, the bosh slag will have a lower basicity compared to if BOF slag is used. 
 
The XRD analysis of quenched samples shows that the original BOF slag, the 63% pre-
reduced BOF slag and the BOF slag after softening and melting all contain wustite (contains 
Fe, Mg Mn), calico-wustite, calcium ferrite, dicalcium silicate and tricalcium silicate. The 
pre-reduced sample and the BOF slag after softening and melting tests also contain metallic 
iron (Femet ). From the chemical analysis, it is known that the original BOF slag also contains 
Femet, but the content is below the detection limit of the XRD measurement. When the BOF 
slag sample pre-reduced to 63% reduction degree is heated up in an N2 atmosphere, Femet and 
calcium ferrite react and magnetite and wustite are formed. When coke is present, the peak 
corresponding to Femet disappears at 1000°C as well, but magnetite and wustite are not 
detected. Peaks corresponding to Fe3C appear at 1200°C. The calcium ferrites seem to be 
reduced before the magnesio-wustite is reduced. Thermodynamic calculations[48] at intervals 
of 100°C from 1000°C to 1400°C indicate similar behaviour. Femet and dicalcium ferrites in 
the sample have been transferred to wustite at a temperature of 500°C, but some Femet is still 
present. At 600°C, the reduction of wustite has started in the sample containing coke and all 
wustite has been reduced to Femet at 700°C. In this sample, a melt containing all Fe and 
approximately 5.4% C and 0.8% Mn has been formed at 1000°C. The C and Mn contents 
increase as the temperature is further increased. A small amount of slag of approximately the 
same basicity B2 as the BOF slag, but with B4 of 1.3, is estimated at 1400°C. In the sample 
with BOF slag only, a slag melt is estimated at 1000°C. The main components in the slag are 
FeO, MnO, CaO, Al2O3, SiO2 and MgO with 70% FeO and 10% MnO in the first slag melt 
formed. Femet is estimated in the solid phase up to 1400°C. Carburisation of metal and 
reduction of MnO followed by dissolution in the metal cannot occur because C is not present. 
In reality, kinetics will limit the possibility to reach 100% reduction of the BOF slag. 
Therefore, the BOF slag will contain iron oxides and its melting temperature will still be quite 
low when the interaction with pellets starts at the level of the cohesive zone. 
 
In laboratory studies of the operational problem experienced with the fluxed pellets of basicity 
B2=1, it was found that the melting properties of BOF slag differ depending on the presence 
of C. To clarify the effect of BOF slag on the slag formation and its properties with and 
without the presence of C, softening and melting tests were done and the effect of C was 
verified. Dripping material is not collected in the softening and melting tests done in a 
graphite crucible, but if coke was added to the sample in an alumina crucible, dripping 
material could still be collected. The dripping temperature increases when coke is present. 
The temperatures measured at the maximum pressure drop are similar for all tests done in a 
graphite crucible, 1525-1532°C, which is close to the melting temperature of pure iron. Both 
graphite and coke produce a reducing atmosphere leading to reduction of iron oxides to Femet. 
When coke is used, acid ash is released and can be dissolved in the slag. This is indicated at 
high-temperature XRD by the peaks in the diffractogram corresponding to magnesium 
silicate. The coke is more reactive and can more easily be used for carburisation of the formed 
metallic phase. Carburisation decreases the melting point from ~1535°C to the eutectic 
melting temperature, which is 1147°C, according to the meta-stable phase diagram for Fe and 
C. A difference is verified both in the high-temperature XRD performed and in the 
thermodynamic calculations. According to the calculations, approximately the same amount 
of residual solid phase is estimated in both samples. The different behaviour in the softening 
and melting tests can partly be explained by phenomena affecting the flow of melt through the 
packed bed. The viscosity of the slag with a high melting point will be high at these 
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temperatures and slag formed in the crucible will prohibit metallic iron from flowing through 
the bed and drip down. The void fraction between the BOF slag particles is also quite low. 
Another important factor is the carburisation of Femet that is necessary for a metallic melt to 
be formed early in the test. The fact that the material has to flow down through the sample bed 
in the crucible before dripping material is registered explains why the dripping temperature 
will always be higher than the melting point measured in the high-temperature microscope. 
Another important reason is that C is never added when this method is used. 
 
If the BOF slag is injected, it will be reduced to some extent in the raceway and because of 
the low melting point, it is easily dissolved into the coal and coke ashes. The residues of BOF 
slag mainly consisting of di- and tricalcium silicates, but probably also some wustite, will be 
combined with the acid slag generated from the combustion of coal and coke. The changed 
chemical composition and increased basicity will result in significantly improved melting 
properties of the tuyere slag, as has been shown in the laboratory study summarised. 
 
During bosh slag formation, the basicity of the slag formed will have a lower basicity than the 
BOF slag itself if olivine pellets are used, and the melting point of the slag will still be low 
when it is further reduced. On the other hand, if a fluxed pellet (B2=1) is used, slag formation 
problems will occur in terms of formation of a high-basicity slag with a melting point that 
increases significantly when it is further reduced. The formed slag will have a high viscosity 
at the temperatures prevailing in the dripping zone of the BF. When addition of basic fluxes is 
partly made to neutralize the gangue of the pellet, BOF slag is suitable. When all fluxes added 
are supposed to neutralize the coal and coke ash, an excessive basicity of the bosh slag can be 
partly counteracted if a less reactive basic flux as limestone is used. 

3.2 Laboratory studies on the effect of tuyere injection on raceway conditions 
(Papers 4 and 7) 
3.2.1 The effect of injection of basic fluxes on the melting properties of tuyere slag 

3.2.1.1 Melting point measurements 
The results of melting-point measurements are summarised in Table 21. The coke ash has the 
highest softening and melting range – from 1567 to 1608°C, while that of the coal ash is much 
lower – from 1300 to 1430°C, and the BOF slag from 1305 to 1364°C. A sample consisting of 
a mixture of coke ash and coal ash has higher softening and melting points than a sample of 
coal ash, while the softening and melting 
points are lower than those of coke ash. 
 
The results also show that the presence of 
BOF slag, burnt lime or dolomite in the 
specimens lowers the melting temperature 
significantly. The BOF slag also decreases 
the softening and melting-temperature 
interval for all injection levels, while the 
lime gives some decrease only in the two 
cases with high and very high injection rate, 
and the dolomite gives a decrease only in the 
case with a low injection level. The result is 
shown in Table 21 and Figure 47. For the 
specimens corresponding to low and 
medium injection levels of burnt lime and 
high and very high injection levels of 

Table 21. Temperatures (°C) for softening, 
active melting and flow out measured in the 
high-temperature microscope. 

Sample Softening Active 
melting 

Flow 
point 

Melting 
interval

Coke ash 1567 1593 1608 41 
Coal ash 1331 1350 1430 99 
BOF slag 1305 1347 1364 59 
No inj. of fluxes 1435 1477 1570 135 
Low BOF slag 1215 1245 1290 75 
Medium BOF slag 1200 1223 1245 45 
High BOF slag 1207 1217 1225 18 
Very high BOF slag 1196 1203 1241 45 
Low lime 1206 1298 1408 202 
Medium lime 1193 1203 1337 144 
High lime 1163 1198 1219 56 
Very high lime 1185 1213 1250 65 
Low dolomite 1200 1215 1253 53 
Medium dolomite 1185 1200 1290 105 
High dolomite 1163 1229 1330 167 
Very high dolomite 1210 1297 1395 185 
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dolomite, the samples started softening at 
rather low temperatures and the temperature 
intervals between softening and flow out 
were much wider than for other samples. On 
the contrary, the specimens containing BOF 
slag, especially the one corresponding to the 
high injection rate, melted very quickly and 
actively. Some of the specimen material 
even ripped off during melting, indicating a 
very low melt viscosity. The samples 
containing BOF slag normally formed a flat 
bell during melting, while the samples 
containing lime formed a hemisphere. All 
samples start to melt at the top of specimens 
and the slag melt formed wet the alumina 
substrate for all specimens tested. The 
differences in the melting properties of the 
specimens with BOF slag, lime and 
dolomite can also be clearly seen in Figure 
47. The introduction of BOF slag has a more 
beneficial effect on the decrease in the 
softening and melting-temperature interval 
than the introduction of burnt lime and 
dolomite. 
 
As shown in Table 5, the amounts of BOF 
slag and burnt lime have been chosen 
equitably to generate tuyere slags with the same basicity B2 (B2=wt.%CaO/wt.%SiO2). 
However, if the MgO and Al2O3 contents in the slags are included and considered as CaO and 
SiO2 on a molar basis, the values of basicity B4 
(B4=[(wt.%CaO+1.4wt.%MgO)/(wt.%SiO2+0.59wt.%Al2O3)] of the slags formed will be 
quite different for the specimens containing BOF slag, burnt lime and dolomite, respectively. 
Due to a high MgO content, especially the specimens containing dolomite, but also the ones 
containing BOF slag, will have a much higher basicity B4 than the specimens containing 
lime. For instance, three samples with almost the same basicity B2, 1.17 for the BOF-doped 
specimen, 1.16 for the lime-doped specimen and 1.18 for the dolomite-doped specimen, differ 
considerably with respect to basicity B4; 1.35 for the BOF-doped specimen, 0.93 for the lime-
doped specimen and 1.75 for the dolomite-doped one. This means that injection of BOF slag, 
lime and dolomite will give a different basicity B4 in tuyere slag, although basicity B2 is the 
same. Injection of BOF slag will give the tuyere slag an intermediate basicity B4, compared to 
lime and dolomite, but still with a rather low melting point and a narrow softening and 
melting-temperature interval. This implies that the injection of BOF slag, as compared to 
injection of lime, might also be more beneficial for desulphurisation in front of the tuyeres. If 
the softening and melting temperatures are compared based on approximately the same 
basicity B4, the addition of BOF slag gives the same or a lower flow point as compared to 
addition of lime or dolomite. The softening and melting-temperature interval of the specimens 
containing BOF slag is also narrower. 

 
Figure 47. Measured softening and flow out 
temperatures of the specimens based on no 
injection and injection of BOF slag (a), burnt 
lime (b) and burnt dolomite (c). The basicity B4 
on the x-axis corresponds to the different 
injection levels. 
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Theoretical estimations 

Table 22. Estimated temperatures of the first melt formed, when > 85% of the sample has 
melted and the ratio of melt at 1650°C. 

BOF slag Burnt lime Burnt dolomite  

Temp. 
of first 

melt, °C

Temp. 
of >85 

% 
melt,  
°C 

Ratio of 
melt at 

1650°C, 
% 

Temp. 
of first 

melt, °C

Temp. 
of >85 

% 
melt, 
°C 

Ratio of 
melt at 

1650°C, 
% 

Temp. 
of first 

melt, °C 

Temp. 
of >85 

% 
melt,  
° C 

Ratio 
of melt 

at 
1650°C

, % 
None 1100 1500 86 1100 1500 86 1100 1500 86 
Low 1050 1250 91 1100 1400 89 1100 1350 92 
Medium 1000 1300 97 1250 1350 94 1100 1350 99 
High 1000 1250 100 1250 1400 99 1150 1400 98 
Very high 1000 1350 98 1250 1400 99 1150 1450 99 

As can be seen in Table 22 the estimations 
show that the BOF slag decreases the 
temperature at which the firs melt is estimated 
for all injection levels assumed, while burnt 
lime and burnt dolomite increase the 
temperature of start of melting. The 
temperatures corresponding to 85% of melt 
formed from the mixture decrease for all 
additions of fluxes. The temperature interval for 
melting is narrower when fluxes are added to 
the mixture of coal and coke ash. The 
proportion of melts formed at 1650°C increases 
when fluxes are added. Examples of this can be 
seen from the melting curves in Figure 48. The 
first melt formed is in general a low-basicity 
slag melt, which contains the main part of the 
manganese and iron oxides. When an increased 
temperature is assumed, mainly CaO, but also 
MgO and Al2O3, are dissolved into the slag 
melt. The final basicity achieved in the tuyere 
slag depends on the assumed injection level of 
fluxes. 

 
Figure 48. Estimated ratio (%) of melt 
formed, at different temperatures, in tuyere 
slag specimens corresponding, low and high 
injection level of fluxes. 

 
The addition of BF flue dust will also increase 
the basicity of tuyere slag, but only slightly. 
B2 increases from approximately 0.04 to 0.09 
with an injection level of approximately 17 
kg/tHM, which is necessary for recycling all 
the BF flue dust recovered at BF No. 3, 
considering the amounts generated in 2002 
and in 2003. Estimation of the melting point 
with the quaternary phase diagram of CaO-
MgO-SiO2-Al2O3 indicates that the melting 
point is over 1700°C with coal injection only 
and decreases by ~100°C when BF flue dust 
is injected. An estimation shown in Figure 49 
is made with Chemsage based on two 
different assumptions: 1) hematite in BF flue 
dust is reduced to metallic iron and not 

 
Figure 49. Estimated melting point of tuyere 
slag formed with and without injection of BF 
flue dust. BF dust inj and BF dust inj FeO 
corresponds to reduction of hematite to 
metallic iron and FeO, respectively. 
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included in the slag and 2) hematite is reduced to wustite that is included in the slag. This 
second assumption is in correlation with the reaction mechanisms for hematite injection into 
the raceway that is found in the literature and summarised in the literature survey (see 
1.3.2.3). When FeO is assumed to be part of the slag, the melting behaviour is significantly 
changed (see Figure 49, the curve BF dust inj. FeO). 
 
3.2.2 The effect of tuyere parameters and injected additives on coal combustion 
efficiency  

3.2.2.1 Combustion efficiency in the fixed bed model 
The results obtained from each of the test 
series are shown in Table 8. The measured 
effect of each parameter on the 
combustion efficiency can be found in 
Table 23. The effects given correspond to 
the absolute effect on the combustion 
efficiency; e.g., when the temperature is 
increased from min. to max. value the 
combustion efficiency is increased by 10 
percentage units. The confidence intervals 
show that all factors are significant, except 
for the particle size of BOF slag and BF 
flue dust. The values of R2

adj and Q2 indicate good fitness and predictability of the regression 
model. In both test series, the results indicate that an increased temperature and a decreased 
amount of coal improve the combustion efficiency. The addition of BOF slag decreases the 
combustion efficiency, while the BF flue dust increases it. As can be seen in Table 23, the 
effect of temperature and coal amount is much higher in the test series with BF flue dust 
compared with the test series with BOF slag. This might be due to an interaction between two 
or more of the test parameters. 

Table 23. Effects on combustion efficiency for 
each parameter in the fixed bed tests. 
BOF slag Effect Conf.int 

(±) BF flue dust Effect Conf.int 
(±) 

Temperature 10.0 2.4 Temperature 20.4 3.1 
Coal amount -6.5 2.4 Coal amount -14.1 3.1 
BOF slag 
amount  -6.4 2.4 BF flue dust 

amount 7.7 3.1 
Particle size 
of BOF slag 1.6 2.4 Particle size of 

BF flue dust 2.4 2.7 
Q2 0.85  Q2 0.93  

R2
adj 0.89  R2

adj 0.95  
RSD 1.97  RSD 2.50  

Conf. level 0.95  Conf. level 0.95  

 

3.2.2.2 Combustion efficiency in the blowpipe model 
The results obtained in each of the test series in the high-temperature blowpipe model can be 
seen in Table 9. Sometimes a parameter, such as the particle size of BOF slag, deviates from 
a linear increase/decrease when the parameter level is changed, and others can be influenced 
by the level of some other parameter. As can be seen in Figure 50, the combustion efficiency 
reaches a minimum when BOF slag of the intermediate particle size is used. Therefore, 
quadratic terms and interaction have to be used when estimating the effects on coal 
combustion efficiency. Table 24 shows the effects on combustion efficiency of each of the 
parameters in the blowpipe model tests. As 
can be seen, the values of R2

adj and Q2 are 
higher for the test series with BOF slag than 
for that with BF flue dust. However, the 
values of R2

adj and Q2 still indicate good 
fitness and predictive power of the 
regressions of both test series. 

 
Figure 50. Average combustion efficiency of 
coal with addition of BOF slag of different 
particle sizes 

 
In both test series, the main parameters, i.e., 
the amount of BOF slag or BF flue dust, 
amount of coal, O2 enrichment and blast 
temperature, have significant effects on the 
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combustion efficiency. The combustion 
efficiency is decreased when the amount 
of coal and the amount of BOF slag or BF 
flue dust are increased. The combustion 
efficiency is increased when the blast 
temperature or O2 enrichment is 
increased. The particle size has a great 
effect in the test series with BOF slag, but 
has an insignificant effect in the test 
series with BF flue dust.  

Table 24. Effects on combustion efficiency for each parameter in the blowpipe model 
tests. (PSize=Particle size, BOF=BOF slag, BF=BF flue dust) 
BOF slag Effect Conf.int 

(±) BF flue dust Effect Conf.int 
(±) 

Psize BOF*Psize BOF 16.6 4.9 O2 enrichm.*Coal amount 23.5 9.6 
BOF amount* PSBOF -7.7 3.9 Temp* O2 enrichm. -20.4 11.6 
O2 enrichm.*Coal amount -7.7 4.0 Coal amount -17.3 7.3 
Coal amount -7.7 2.7 BF amount -16.2 8.0 
BOF amount -7.5 2.8 Temp. 10.3 7.1 
Temp. 6.6 2.8 O2 enrichm. 9.3 6.7 
O2 enrichm. 3.0 2.7 Psize BF -6.7 6.7 
Psize BOF 1.2 2.6    

Q2 0.84  Q2 0.67  
R2

adj 0.91  R2
adj 0.84  

RSD 1.97  RSD 5.2  
Conf. level 0.95  Conf. level 0.95  

 
An example of the effect of one 
parameter on the combustion efficiency 
being influenced by the level of another 
parameter is the amount of BOF slag. The 
combustion efficiency is almost 
unchanged if the BOF slag added is of the 
fraction with <60 µm particles. The most 
negative effect on combustion efficiency 
is found with the intermediate fraction, 75 
µm. Another example of this is O2 
enrichment and temperature in the BF 
flue dust test series. An increased O2 
enrichment increases the combustion 
efficiency in the test series at all levels of 
coal amount when the temperature is at a 
low or an intermediate level. At high 
temperatures, the increased O2 
enrichment increases the combustion 
efficiency at the highest coal amount, but 
not at an intermediate or a low amount of 
coal.  

 
Figure 51. Gas composition of off gas measured 
during DTA/TG tests. The diagrams from top to 
bottom show the gas compositions measured 
during the testing of coal, coal and BOF slag and 
coal and BF flue dust. 
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3.2.2.3 Reaction behaviour of coal with and without addition of BOF slag or BF flue 
dust at increased temperatures in air atmosphere 
All samples tested with coal as the main 
component show in general similar behaviour 
and the properties of the HV coal will dominate 
the results. If the combustion degree is 
estimated based on the amount of combustible 
material in the sample, the combustibility of the 
samples is ~80%. The measured gas 
compositions during DTA/TG test for the three 
samples mixed with coal can be seen in Figure 
51. In general, the three samples show a similar 
behaviour. Moisture is released during the first 
part of the test, coinciding with broad endothermic peaks. Chemically bound water is released 
and the content of H2O in the gas has a peak in the temperature interval of 400-500°C. The 
CO2 evolution starts at 250°C. At approximately 300 ºC, hydrocarbons (CH4, CxHy) are 
detected, indicating that volatile matter is released. The maximum of the peak corresponding 
to H2 occurs at ~600°C and this peak coincides with an endothermic peak. At ~600°C, the 
generation of CO2 and H2O is increased coinciding with a slightly decreased O2 intensity. As 
can be seen in Figure 52, the decreased O2 intensity is especially significant in the samples 
containing BF flue dust. From 750°C until the end of the test, there is a CO2 evolution. Small 
endothermic peaks around 1000°C coincide with an increased evolution of CO2 in the 
samples of coal with BOF slag or BF flue dust added. No corresponding endothermic peak is 
detected in the sample with coal only. The rate of weight loss is quite similar during the whole 
test. The total weight losses for the tests are 76%, 61% and 67% for the samples with coal, 
coal and BOF slag and coal and BF flue dust, respectively. 

 
Figure 52. Intensity of O2 measured with 
mass spectrometer during DTA/TG tests.  

One sample of BF flue dust is also tested. The main results correlate with studies reported in 
the literature[55] and are summarised in Figure 
53. The O2 content of the gas is lower during 
this test compared with the one during the 
other tests and CO is generated. Peaks 
corresponding to chemically bound water or 
hydrocarbons, which are found in all samples 
containing coal, are not detected in this 
sample and there is no weight loss below 
500°C. Decomposition of carbonates occurs in 
the temperature range of 500-750ºC, 
coinciding with an endothermic peak and CO2 
evolution. The CO2 generated reacts further 
with C producing CO that can be used for 
reduction of e.g., iron oxides, resulting in a 
second peak of CO2 coinciding with a narrow 
endothermic peak that is detected at 
approximately 800°C. When the temperature 
reaches 850°C the CO generation starts to 
increase and at ~950°C a large endothermic 
peak coinciding with CO2 is detected. 

 
Figure 53. Results obtained from DTA/TG 
test with a sample of BF flue dust 

 
BF flue dust is analysed by XRD in air at elevated temperatures also. The results can be seen 
in Figure 54. Carbon, quartzite and hematite are detected in the original sample. The peak 
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corresponding to carbon decreases between 440 and 750ºC. However, the peak corresponding 
to carbon is quite small in the diffractogram measured at 540ºC. Peaks on the diffractogram 
measured at 850ºC indicate wustite and Femet and peaks on the diffractogram measured at 
950°C indicate Femet in addition to residual hematite and magnetite. 

 

 
Figure 54. Results obtained from high temperature XRD made with a sample of BF flue dust. 

3.2.3 Discussion - the effect of tuyere injection on raceway conditions 

3.2.3.1 The effect of co-injection on melting behaviour of tuyere slag 
Different melting behaviour between the specimens containing BOF slag, lime and 
dolomite 
According to the laboratory results obtained, the improvement of slag formation in front of 
the tuyeres can be expected if injection of fluxes into the blast furnace is used. Although BOF 
slag, lime and dolomite can decrease the melting point of the tuyere slag significantly, it 
seems that the injection of BOF slag improves the properties of the tuyere slag more than the 
injection of lime or dolomite does, in terms of lower melting point and narrower temperature 
interval between softening and flow out and possibly also a lower viscosity, at all injection 
levels studied. 
 
This may be explained by the following. 

a) The BOF slag contains a larger amount of components such as FeO, MnO, TiO2 and V2O5 
that are included neither in the basicity formulas nor in the phase diagrams. These 
components could further decrease the melting point or/and the viscosity of the slag 
formed. Estimations in Chemsage show that the first slag melt formed is a low-basicity 
slag containing the main part of the iron and manganese oxides. 

b) The BOF slag injected is a slag already formed in the converter having a comparatively 
low melting point, while the burnt lime used has a high content of CaO and the dolomite 
used has a high content of CaO and MgO, both of which have a much higher melting 
point. Therefore, the former will be re-melted and dissolved much easier into other 
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components than the latter two, which probably require more time and an even higher 
temperature for dissolution. 

c) The concentration of alumina in the tuyere slag will be lower in the case of BOF slag 
injection than in the case of lime injection, because a larger amount of BOF slag is needed 
compared to that of lime to give the same basicity B2 in the tuyere slag. The concentration 
of alumina will also be lower with BOF slag injection as compared to dolomite injection, 
although the difference is smaller. 

 
Comparison of measured melting temperatures and melting temperatures estimated with 
Chemsage 
The results obtained from melting-point measurements and from estimations of melting points 
with Chemsage are compared in Figure 55. The flow-out temperature is compared with the 
estimated temperature for >85% of melt formed in the computer calculations. When 
comparing these results it is important to 
realise that the relationship between the 
amount of melt formed and flow out is 
effected by the viscosity of the melt just 
above the melting temperature. The 
correlation is quite good for BOF slag. For 
burnt dolomite, the tendency of the curves 
for measured and estimated values is the 
same, but the estimated temperatures are 
higher, except for the case without injection 
of fluxes. There is good correlation for the 
cases with low and medium injection level of 
burnt lime, but not for the cases of high and 
very high injection levels. The reason might 
be that the lime dissolves only partially in 
the slag melt. It could be expected that the 
BOF slag dissolves into the slag melt better 
than burnt lime and burnt dolomite, as a 
result of the lower melting temperature of 
the former. There is a risk that the burnt lime 
and burnt dolomite are not totally dissolved 
into the slag melt and therefore the melting-
temperature interval will correspond to a 
lower injection level than assumed. 

 
Figure 55. Comparison of measured and 
estimated flow points of tuyere slag specimens 

Quaternary systems of Al2O3-CaO-MgO-SiO2 and of Al2O3-CaO-FeOx-SiO2

The chemical compositions of the specimens according to Table 5 are transferred into four 
main oxides; CaO, MgO, SiO2 and Al2O3 and CaO, FeO, SiO2 and Al2O3, respectively. 
Estimations of melting temperatures according to the phase diagrams[43] and by calculations in 
Chemsage are listed in Table 25. 

3.2.3.2 The effect of co-injection on coal combustion efficiency 
Comparison of conditions in laboratory, pilot-scale and full-scale tests 
The amount of material used in the laboratory tests is small compared with what is used in the 
BF tests. Based on the blast flow, the time for the gas to pass the raceway is estimated to <10 
ms at BF No. 3 and <5 ms at the EBF. The time it takes for the gas to pass the furnace in the 
laboratory equipment is 50-60 ms. In a 3D numerical simulation based on BF data, the 
average residence time of coal particles in the raceway was estimated to 29 ms. It was found 
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that gas and coal particles recirculate in the raceway [11]. The PC/Oxygen ratio (kg/Nm3) is 
estimated to be 0.5 in EBF, 0.6 in BF No. 3 and 0.4 in the laboratory test for conditions 
corresponding to 4% O2 enrichment and 150 kg PC/tHM in the BF. In BF No. 3, an O2 
enrichment of 4% is normal, but in the EBF tests the blast was enriched with approximately 2-
3% O2. However, the O2 supply to each coal particle can be more affected by the lance 
design[8][12][13][15] than by the amount of O2 supplied. In BF No. 3, a coaxial lance is used and 
at the EBF, a oxy-coal lance of swirl type is used. Both types improve the mixing between 
coal and O2. In the laboratory equipment, a tube is used. 
 
In an industrial BF, the residuals of the injected coal reach the end of the raceway and can be 
used either in direct reductions reactions with e.g., FeO, or take part in solution loss reaction. 
This will increase the efficiency of the use of coal. In the laboratory-blowpipe model 
equipment, the combusted sample is collected in water. In the fixed bed tests, these reactions 
may occur and consequently the combustion efficiency will be greater than that of the 
blowpipe-model tests, 48-49% and 62-63%, respectively. In Corus Netherlands (formerly 
Hoogovens Ijmuiden), laboratory tests with injection through a full-scale blowpipe and tuyere 
into an empty furnace (size 2*2*6.5 m and with ambient pressure) gave a combustion 
efficiency of 65% for HV coal at a position 1 m and 10 ms from the tuyere nose (blast 
temperature 1100°C). When the coal was injected into a furnace containing a void inside a 
coke bed with a temperature of 1500°C, the combustion efficiency, as measured from the 
fines captured inside the coke bed and fines leaving the coke bed, was increased to 80-90% at 
injection levels up to 200 kg/tHM[14]. 
 
The absolute value of combustion efficiency achieved in the laboratory tests cannot be 
directly compared with an actual BF, but based on the analyses above it can be concluded that 
changed conditions in the laboratory tests increasing the combustion efficiency also can be 
expected to increase the combustion efficiency under BF conditions. 
 
The effect of BOF slag on combustion efficiency 
In the fixed bed test an increased temperature increases the combustion efficiency, but an 
increased coal amount or BOF slag amount decreases it. The combustion tests in the blowpipe 
model indicate as well that an increased temperature improves the combustion efficiency. O2 

Table 25. Comparison between the measured flow points obtained in this study and estimated 
values from phase diagrams (*)of the quaternary systems of Al2O3-CaO-MgO-SiO2 and 
Al2O3-CaO-FeOx-SiO2 and estimations by calculations in Chemsage(**)  

Based on Al2O3-CaO-MgO- 
SiO2

Based on Al2O3-CaO-FeOx-
SiO2

Tuyere slag mixture 

Estimated* 
melting point, 

°C 

Estimated ** 
melting temp. 
interval, °C 

Estimated* 
melting point, 

°C 

Estimated ** 
melting 

interval, °C 

Measured 
flow point, °C

No injection of fluxes 1640 1200-1500 1680 1200-1500 1570 
Low injection of BOF slag 1400 1200-1400 1390 1150-1350 1290 
Medium injection of BOF slag 1350 1200-1350 1320 1150-1350 1245 
High injection of BOF slag 1360 1300-1400 1210 1100-1350 1225 
Very high injection of BOF slag 1460 1300-1400 1330 1050-1350 1241 
Low injection of burnt lime 1500 1250-1450 1450 1150-1450 1408 
Medium injection of burnt lime 1390 1250-1450 1370 1150-1400 1337 
High injection of burnt lime 1350 1350-1400 1300 1300-1400 1219 
Very high injection of burnt lime 1440 1350-1450 1350 1300-1450 1250 
Low injection of burnt dolomite 1400 1200-1350 1450 1150-1450 1253 
Medium injection of burnt dolomite 1390 1300-1450 1380 1150-1400 1290 
High injection of burnt dolomite 1495 1400-1550 1300 1300-1400 1330 
Very high injection of burnt dolomite 1680 1450-1550 1450 1300-1450 1395 
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enrichment increases the combustion efficiency also, but the effect of temperature is greater. 
The combustion efficiency measured in the blowpipe model is also decreased when the 
amount of coal or BOF slag is increased. The coal combustion efficiency measured in the 
blowpipe model is almost unchanged with an increased addition of BOF slag, if the fraction 
<60 µm is used. According to fractional analyses of BOF slag, the chemical compositions of 
different fractions are quite similar. There is considerably lower effect on the combustion 
efficiency found with an increased addition of BOF slag when using the 60 µm fraction 
compared to when using BOF slag of fractions 75 µm and 100 µm. This may be explained by 
the fact that the decreased particle size of the BOF slag is beneficial to fast heating and 
melting[20] and dispersion into the flow of coal. BOF slag particles in contact with the coal 
surface may be dissolved into the coal ash that is released when the temperature is increased 
and combustion starts. The melting properties of the tuyere slag will be significantly 
improved by dissolving BOF slag of a high basicity into the ashes from coal and coke 
produced at combustion. Further studies are necessary to explain the fact that the use of a 
fraction <75 µm had most negative effect on the PC combustion efficiency both in fixed-bed-
model and blowpipe-model tests. One reason may be that the <60 µm is reduced and evenly 
distributed among the coal particles and dissolved into coal ash on the surface of the coal 
particles. The <75 µm is also reduced, but not so well dispersed and dissolved into the coal 
ash, which might cause the formation of a slag of a high melting point, thereby decreasing the 
reaction surface of the coal particles. The formation of a slag of high melting point may be 
avoided in the <100 µm fraction, because of incomplete reduction of the low-porosity BOF 
slag particles. 
 
As can be understood from the description of the test method of the blowpipe model, the 
combusted sample is collected in water. In a real BF, the injected material will reach the end 
of the raceway. According to the literature, FeO in the BOF slag may be directly reduced by 
char and coke fines and the total efficiency (combustion in the raceway and consumption of 
char by direct reduction at the end of the raceway) of the use of coal will be increased 
[20][19][25]. Fines of char are consumed preferably to coke fines [8]. The combustion efficiency is 
in general much higher in the fixed-bed tests compared to the one in the blowpipe model test; 
average combustion efficiencies are 56% and 48%, respectively. The difference might be 
explained by the fact that more time is available for reaction in an air atmosphere. An 
increased temperature is most effective when the combustion efficiency in the fixed bed is 
increased. The supply of O2 released from BOF slag is probably small, because of its low 
reducibility at low temperatures. The reduction rate is significantly increased when the 
reduction temperature is increased to 1150°C in isothermal reduction tests, but final reduction 
occurs when softening and melting start. 
 
The thermal test with coal and BOF slag shows similar behaviour as with coal only, except for 
some indications of direct reduction producing CO2 at around 1000°C and a slightly lower 
total weight loss during the test. Considering the effect when co-injecting coal and BOF slag 
into the BF, this will reduce the flame temperature slightly. On the other hand, several studies 
have indicated a decreased activity of SiO2 in the tuyere slag and therefore a decreased SiO(g) 
generation when injecting basic components. The SiO(g) generation is also an endothermic 
reaction. 
 
Pilot-scale tests performed at the EBF with injection of BOF slag up to an amount of 36 
kg/tHM resulted in improved process stability and decreased consumption of reducing agents. 
Based on the results in this study, decreased combustion efficiency could have been expected 
when BOF slag was co-injected with coal. The negative effects of a decreased combustion 

 66



efficiency in the raceway can be counteracted by an improved permeability caused by the 
consumption of unburnt char and coke fines by FeO [20][27] supplied by the BOF slag. The 
improved melting properties of tuyere slag may also be expected to improve the permeability. 
The mixture of BOF slag and HV coal will have a lower volatile content compared to coal 
only, which will have an effect on the ignition of coal. The increased basicity of tuyere slag 
will decrease the activity of SiO2 in the slag followed by a decreased SiO(g) generation and Si 
content of hot metal[18][19][21]  and therefore a decreased consumption of reducing agents. 
 
The effect of BF flue dust on combustion efficiency 
The combustion tests in the blowpipe model indicate that an increased temperature and O2 
enrichment increase the combustion efficiency. The combustion efficiency is decreased, when 
the amount of coal or BF flue dust is increased. The particle size of BF flue dust has no 
significant influence on the combustion efficiency. The particle size of both fractions of the 
BF flue dust tested is small enough for fast heating to temperatures at which the hematite is 
reduced and the limestone calcinated. The fractionated analyses of the BF flue dust showed 
that the iron is predominant in the finer fractions and it is possible that the particle size is 
almost similar in the two fractions tested. The decreased positive effect of an increased O2 
enrichment on the combustion efficiency at elevated temperatures can be caused by an 
increased reduction rate and/or thermal decomposition of hematite at high temperature 
supplying O2 for combustion of coal [20][25][28]. By increasing the temperature or O2 
enrichment and decreasing the amount of coal, the combustion efficiency can be maintained 
when addition of BF flue dust is made. At high temperatures, the O2 enrichment increases the 
combustion efficiency only at the highest coal amount. An increased O2 enrichment enhances 
the diffusion of O2, but decreases the volume of the combustion gas that transfers heat to the 
PC. At the highest coal amount, the diffusion of O2 might be the main factor that limits the 
combustion rate. 
 
According to the literature, the hematite in the BF flue dust can be partly reduced or 
decomposed in the raceway [20][25][28]. Magnetite or wustite is directly reduced with char and 
coke fines e.g., at the raceway end, and the total use of the injected coal is thereby increased. 
In the blowpipe model, the sample is collected in water and the direct reduction reaction 
cannot occur. The combustion efficiency is in general much higher in the fixed-bed tests 
compared to the one in the blowpipe-model test, 63% and 49%, respectively. Increased 
combustion efficiency in the fixed-bed tests can be caused partly by the increased time 
available for reaction and partly by increased contact surfaces between coal and BF flue dust 
increasing the supply of O2 from hematite for combustion of coal. In the blowpipe model, O2 
can be supplied from hematite when it is reduced with CO or thermally decomposed. In the 
fixed-bed tests, direct reduction with C can occur. In the literature, it is stated that in 
laboratory tests the combustion efficiency of char was improved with an increased ratio of 
hematite/char[25]. The different effects of BF flue dust and BOF slag when added to the coal in 
the fixed-bed tests might be caused by the calcinations of limestone and the direct reduction 
of hematite starting at a low temperature, according to the thermal analysis. CO2 released can 
react with C producing CO. The high-basicity slag with a high melting point formed when 
BOF slag is reduced is not formed when BF flue dust is used. A small endothermic peak at 
800°C and CO generation during the thermal test shown in Figure 53 coincides with the 
reduction to wustite and Femet detected with high-temperature XRD shown in Figure 54. The 
XRD pattern in Figure 54 indicates that the reduction proceeds further between 850 and 
950°C. Reduction of iron oxides in BF flue dust at a low temperature and calcination 
reactions in BF flue dust will consume energy in the same temperature range as the 
volatilisation of coal occurs. Therefore, the effects of an increased temperature and an 
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increased coal amount on the combustion efficiency will be higher when BF flue dust is added 
compared to when BOF slag is used. Reduction and calcination are enhanced by an increased 
temperature. The reactions supply O2 and CO2 that can be used for oxidation of C contained 
in PC. 
 
Pilot-scale tests performed at the EBF with injection of BF flue dust up to an amount of 30 
kg/tHM together with PCI resulted in improved process stability, decreased Si content in hot 
metal and a decreased fuel consumption. At SSAB in Luleå, full-scale tests, on all 32 tuyeres, 
with a controlled addition of BF flue dust up to 15 kg/tHM indicated good performance 
concerning process stability. The decreased combustion efficiency measured in the laboratory 
tests when BF flue dust was added can be expected to occur under BF condition, too. 
However, the negative effects on the BF operation that could be expected by a decreased 
combustion efficiency of coal are counteracted by the consumption of char and coke fines by 
FeO in the raceway slag [19][27][8], giving a higher efficiency of the total use of coal. The 
consumption of char and coke fines and the decreased melting point of tuyere slag due to 
increased FeO content will improve the permeability in the raceway end and is probably the 
main cause of a decreased heat load and an improved S distribution in the full-scale test. The 
mixture of BF flue dust and HV coal will have a lower volatile content compared to the coal 
only. 

3.3 Feasibility of co-injection of coal and BOF slag or BF flue dust into a BF-
pilot scale and full-scale tests (Paper 5, 6 and 9) 
3.3.1 Injection of BOF slag into the EBF  
Trials with co-injection of BOF slag with coal in the tuyeres have been conducted at the EBF. 
A proposal to inject basic fluxes via the tuyeres instead of charging from the top to enhance 
the slag-formation process at very low slag volumes has been made by Ma[2]. As has been 
described, the results from laboratory tests aiming to study the effects on the slag formation in 
the bosh and in the raceway when changing from top-charging to tuyere-injection of basic 
fluxes indicates that co-injection of basic fluxes with coal can be expected to improve the slag 
formation process of the BF. Two shorter experiments with injection of fluxes into the EBF 
have been performed. The results of these two earlier experiments were very promising, but 
the effects on the process in terms of process stability, hot metal and slag composition, alkali 
refining and sulphur refining had to be further studied. During a two-week period in 
November 2000, an experiment with simultaneous injection of pulverized coal and BOF slag 
was carried out in the EBF. The results from this longer injection trial are discussed below. 
Table 26. Original trial plan 

Period 
Duration 

Hours 
Slag volume 

kg/tHM 
Pellets type 
A/B   %/% 

PCI 
kg/tHM 

BOF slag inj. 
kg/tHM 

Top charged 
slag formers 

Reference 48 140 70/30 100 0 Yes 
Period 1 72 140 70/30 100 25 Yes 
Period 2 24 125 70/30 100 25 Yes 
Period 3 96 115 70/30 100 25 Yes 
Period 4 120 100 100/0 100 36 No 

 
Table 27. Chemical compositions of the raw 
materials 
 Pellet A Pellet B BOF slag Limestone Quartzite
Fe 66.6 66.7 15.67 0.28 0.83 
CaO 1.60 0.35 38.2 53.4 0.60 
SiO2 1.60 2.10 12.3 1.91 93.0 
MgO 0.35 1.45 9.47 1.12 0.55 
Al2O3 0.40 0.20 5.55 0.07 3.34 

3.3.1.1 Test plan  
The trial was divided into five periods, the 
first being a “reference” period; i.e., without 
any BOF-slag injection. Periods 1 and 2 
were transition periods, to carefully reduce 
the slag volume, step-by-step. Periods 3 and 
4 were the substantial test periods. The 
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original test plan is shown in Table 26. The trial was carried out with a mixture of 70% Pellet 
A and 30% Pellet B, except for the last period, which was operated with 100% Pellet A. The 
reason for mixing two types of pellets was to achieve a suitable slag composition. The last 
period was operated with Pellet A as the only ferrous material in order to reach an acceptable 
slag basicity when no fluxes were charged through the top. The chemical compositions of the 
ferrous burden and of the fluxes are stated in Table 27. 
 
The particle size of the injected BOF slag was slightly smaller than that of the pulverized coal, 
of which 80% of the particles were smaller than 100 µm. Pulverized BOF slag was selected as 
injection material because it had been found to improve the tuyere-slag formation at a wide 
interval of injection levels. Its material properties make it easy to handle in the pneumatic 
system. 
 

3.3.1.2 The effect of BOF slag injection on the BF process 
The operational results were excellent, and the trial was performed without any major 
disturbances. Burden descent and permeability, as well as all other process parameters, were 
smooth and stable. The results of calculated mass balances for each period are provided in 
Table 28. 

Table 28. Results of calculated mass balances for each period. 
 Hours 

total 
Prod. 

tonnes/h 
Slag vol. 
kg/tHM 

Coke 
kg/tHM 

PCR 
kg/tHM 

BOFslag inj 
kg/tHM Top-charged slag formers 

Reference 34 1.33 136 439 98 0.0 Limestone, Quartzite, BOF slag 
Period 1 57 1.39 138 444 93 23.3 Limestone, Quartzite, BOF slag 
Period 2 20 1.38 129 446 99 24.3 Limestone, Quartzite, BOF slag 
Period 3 92 1.43 110 440 93 24.3 Limestone, Quartzite, BOF slag 
Period 4 110 1.42 101 428 98 36.9 None 

 
Tuyere and Top-Gas Parameters 
The blast temperature and the flame temperature, were kept relatively constant at 1130°C and 
2145-2160°C, respectively, during the whole trial. The gas utilization, ηCO, was similar for 
all periods, approximately 47%, which is normal for this kind of burden in the EBF. The top 
gas content of hydrogen was approximately 2.70-2.80%. 
 
Hot-Metal Quality 
The trial showed that the silicon content in hot metal significantly decreased, while the carbon 
content stayed at a relatively constant level when BOF slag was co- injected with PC. Period 
4, which was operated with the BOF-slag injection as the only added slag former, had lower 
Si and C contents at the end of the period. The reason for this was a conscious decrease in the 
fuel rate to see if there would be any operating problems at a reduced heat level in the furnace. 
No problems occurred.  
 
During period 4, the standard 
deviation for silicon content in the 
hot metal stabilized at a lower level. 
This indicates that the blast-furnace 
process was stable. The hot metal 
analysis results for each period are 
presented in Table 29. The silicon 
content in relation to the hot metal 
temperature is considerably higher during the reference period compared to the periods with 

Table 29. Average hot-metal component 
concentrations for each trial period 
Trial 
period 

Temp
°C 

C 
wt-%

Si 
wt-%

Si 
stdv C/Si Mn 

wt-% 
P 

wt-% 
S 

wt-% 
(S)/[S]
%/% 

Reference 1416 4.12 1.28 0.31 3.17 0.16 0.044 0.120 11.5
Period 1 1418 4.31 1.09 0.27 4.01 0.17 0.043 0.095 12.5
Period 2 1431 4.51 1.16 0.25 3.91 0.16 0.040 0.057 26.0
Period 3 1426 4.37 1.04 0.19 4.20 0.13 0.037 0.078 21.1
Period 4 1423 4.24 1.00 0.18 4.09 0.14 0.035 0.082 22.8

 69



injection of fluxes. The silicon contents for periods 3 and 4 were 0.3% lower than for the 
reference period, as illustrated in Figure 56. 
 
The Si content of hot metal at a 
certain hot metal temperature 
decreases significantly when BOF 
slag is injected through the tuyeres, 
probably because of the increased 
tuyere slag basicity and content of 
iron oxides. One important 
mechanism providing the hot metal 
with Si is considered to be SiO(g) generation at the high temperatures in the flame zone and 
reduction of SiO2 in the slag by C in the coke at temperatures above 1700ºC. When BOF slag 
is injected, the basicity of the tuyere slag increases significantly and the activity of SiO2 in the 
tuyere slag is decreased and the SiO(g) generation therefore decreased [18][19]. MgO is reduced 
and Mg(g) evolved in an endothermic reaction that might occur preferably to the reduction of 
SiO2 to SiO(g) [19]. The increased MgO content also decreases the wettability of coke by the 
slag and therefore the SiO(g) generation from the tuyere slag is decreased[1]. It is also possible 
that the fine powder of BOF slag absorbs SiO(g) generated, as has been found for other basic 
fluxes[21].  

 
Figure 56. Silicon in relation to hot-metal temperature 

 
In the laboratory tests done as one part of this study (Paper 8 in this thesis), it was found that 
the BOF slag has low reducibility and is finally reduced directly by coke during melting. This 
means that the BOF slag probably contains wustite when it reaches the end of the raceway. 
Measurements of the partial pressure of oxygen at the end of the raceway indicate that it is 
controlled by the wustite content of the slag found here. The partial pressure of SiO(g) 
decreases when the partial pressure of oxygen is increased, according to thermodynamic 
estimations[20]. Wustite can be used in a desiliconisation reaction that can occur according to 
the reaction Si +2FeO ⇄ SiO2+2Fe [20][24]. The rate of this reaction increases with increased Si 
content in hot metal and the decrease of C and Mn by oxidation will be limited[24]. 
Considering the EBF, this reaction should be important, as it operates with high Si contents in 
hot metal. According to laboratory studies, the wustite is partly consumed by coke and the 
direct reduction caused by coke increases with decreased particle size. FeO can be reduced by 
char as well. If the partial pressure of SiO(g) is very high at the tuyere level, decarburisation 
of the hot metal can occur due to the reaction SiO+C⇄Si+CO, which can predominate over 
the carburisation reaction [1].  
 
The amount of Si reduced from SiO2 in the slag is also expected to decrease, owing to the 
gradually decreased slag volume. However, the results indicate that the effect of the changed 
conditions in the raceway is the main reason for the decreased Si content in the hot metal. 
According to the test results provided in Table 28 and Table 29, the Si content in the hot 
metal during Period 1 is much lower than during the reference period. The slag amount is 
slightly lower, the carbon content and the HM temperature are slightly higher, but the Si 
content is considerably lower during Period 1 than during the reference period. No further 
decrease in the Si content was found, when the slag volume was lowered. 
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The effect of BOF slag injection on slag 
formation and slag properties 

Table 30. Average slag component concentrations for each trial period 
Period CaO 

wt-% 
SiO2
wt-% 

Al2O3
wt-% 

MgO 
wt-% 

K2O 
wt-%

K2O- 
yield 

S 
wt-%

S-distr. 
(%) /[ %]

MnO 
wt-% 

Basicity 
CaO/SiO2

Bell’s (1)
Basicity 

Reference 32.1 38.6 14.7 11.6 0.59 0.64 1.28 11.5 0.42 0.83 1.04 
Period 1 34.1 37.5 14.6 11.5 0.43 0.50 1.31 12.5 0.34 0.91 1.12 
Period 2 34.3 34.0 16.0 11.7 0.34 0.41 1.63 26.0 0.22 1.01 1.23 
Period 3 33.4 33.6 17.7 11.8 0.41 0.46 1.70 21.1 0.22 0.99 1.21 
Period 4 34.5 33.3 18.9 9.5 0.51 0.54 1.96 22.8 0.20 1.04 1.20 

During the trial, the slag volume decreased 
from 140 to 100 kg/tHM. The average slag 
composition for each period is shown in 
Table 30. The low slag volume, and 
accordingly higher slag Al2O3 content, did not 
cause any problems regarding the slag 
viscosity. The change in slag composition is 
shown by the arrow in Figure 57. As can be 
deduced from the phase diagram, a further 
increase in the content of Al2O3 or CaO could 
cause a problem by increasing the melting 
temperature. 
 
In Table 31, estimated chemical component 
concentrations of the bosh slag after 100% 
reduction of the iron oxide are given for the 
reference period and period 4. As can be seen, 
the basicity (B2) values are quite similar, but the 
Bell’s basicity 
[(wt.%CaO+0.69*wt.%MgO)/(0.93*wt.%SiO2+
0.18*wt.%Al2O3)] is much lower for period 4 
compared to the reference period. Table 31 also 
presents the estimated chemical composition 
data of the tuyere slag. The basicity of the 
tuyere slag significantly increased and the 
alumina content decreased considerably when 
BOF slag was injected. The melting behaviour 
of the tuyere slag, shown in Figure 58, was 
estimated by calculations done using the 
computer program Chemsage[48]. This 
program uses a thermodynamic data 
file[49][50][51][52][53]for multi-component slags. 
The temperature for formation of the first melt 
is increased, and the temperature at which 
>80% of the slag has melted is decreased. This 
results in a narrower softening and melting-
temperature interval for the tuyere slag, and it 
could be expected that the viscosity also 
decreases when BOF slag is injected. This might be the reason why a bird’s nest is not formed 
at the end of the raceway. 

 
Figure 57. Phase diagram showing the 
change in slag composition during the trial 

Table 31. Estimated chemical compositions 
(wt%) of the bosh and tuyere slag formed 
during the trial 

Bosh slag Tuyere slag 
 

Reference Period 4 Reference Period 4 
CaO 35.9% 33.1% 1.0% 28.7% 
MgO 11.2% 7.2% 0.9% 7.4% 
SiO2 39.9% 38.5% 59.9% 39.0% 
Al2O3 5.5% 10.1% 27.6% 15.5% 
Na2O 0.7% 1.6% 0.7% 0.4% 
K2O 0.5% 0.6% 1.5% 0.8% 
MnO 2.1% 1.0% 0.2% 2.6% 
B2 0.90 0.86 0.02 0.74 
Bell’s Ratio 1.64 1.19 0.03 0.95 

 
Figure 58. Estimated melting behaviour of 
the tuyere slag formed during the trial. 
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The effect of BOF slag injection on the output of alkalies 
The absorption of alkalies by the slag was 
also slightly improved in this trial as shown 
in Figure 59. No problems associated with 
the accumulation of alkalies were noted in 
spite of the fact that the slag basicity was 
higher at the end of the trial. 
 
Pellet included in material samples taken 
with the inclined probe at the upper level of 
the cohesive zone was studied by SEM 
analysis. Condensed slag phases were found on the pellet surface as well as in areas of high 
porosity. The slag phase quite often contained oxides with high contents of K in combination 
with Si and Al. These oxides were found in all samples studied from the reference period as 
well as from the test periods. 

 
Figure 59. Potassium and basicity in slag 

 
The K refining did not change significantly when the slag rate was considerably decreased to 
only 101 kg/tHM. Both K and Na are re-circulated as a result of reduction and gasification 
from slag droplets trickling through the dripping zone and from coke and coal burning in the 
combustion zone. If the basicity of the dripping slag is decreased, the activity of potassium in 
the slag phase will be decreased and the re-circulation of potassium will be limited. The 
temperature at which K is reduced from potassium-silicates is decreased, when CaO is 
present. The re-circulation will decrease when the addition of limestone is decreased. The 
ascending gaseous alkalies condensate from 1000 ºC and the highest concentration in the iron 
ore is reached just before melting. The distribution of alkali is highly dependent on the shape 
of the cohesive zone as well as on the raceway conditions [1][56]. If Bell’s basicity is 
considered, the basicity will be significantly lower during period 4 compared to during the 
other test periods and the reference period. No limestone was added from the top either. This 
might partly explain the fact that the recovery of alkalies was also high during the last period 
of the test, when the slag volume was 101 kg/tHM.  
 
Sulphur Distribution 
With the injection of BOF slag, the slag in the lower shaft becomes less basic, while the 
tuyere slag becomes almost neutral. That causes the sulphur released from the combustion of 
coke and coal to be absorbed by the slag more easily. This trial showed that the sulphur 
distribution was improved when BOF slag was injected (Table 30). However, due to a very 
low slag volume, the sulphur concentration increased in both the hot metal and the slag.  
 
From the estimations made, it was found that the properties of the tuyere slag greatly changed 
when BOF slag was injected through the tuyeres. The increased length of the raceway and the 
porous end found when examining the raceway after quenching of the EBF indicate that the 
tuyere slag properties improved. The tuyere slag amount is increased and its melting point and 
viscosity decreased, which can explain the gradually improved sulphur distribution during the 
test periods[3]. Improved desulphurisation and Mn/MnO ratio have been found in other 
studies[19].  
 
The effect of BOF slag injection on the consumption of reducing agents 
The consumption rate of reductants decreased in total by 11 kg/tHM during the last period 
compared to during the reference period. The change was made primarily in the coke rate. 
The coal injection was kept constant as much as possible. It was mainly the fact that it was 
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possible to operate the furnace with a lower and more stable silicon level in the hot metal as 
well as a lower slag volume that led to the reduced reductant rate. The decreased Si content in 
the hot metal also corresponds to a decrease in consumption of reducing agents of 
approximately 10 kg/tHM [3]. However, the heat level of the BF was still high in this test, the 
average hot-metal temperature increased from 1416°C during the reference period to 1423°C 
during period 4. At the same time, the C content increased from 4.12% to 4.24% by weight. 
According to the literature, the decrease of 35 kg/tHM in slag volume corresponds to a 
decrease of ~7 kg coke. 
 
Raceway Conditions 
The effect of BOF slag injection on the raceway conditions was studied during two 
dissections. The first time injection was performed the injection was different in each of the 
three tuyeres during the final 8 hours of operation of the campaign in the EBF. The injection 
in each tuyere was as follows: in tuyere No. 1, no injection was made; in tuyere No. 2, coal 
was injected, and in tuyere No. 3, coal and BOF slag were injected. In each of the two tuyeres 
with coal injection, the amount of coal injected was 45 kg/tHM. In the tuyere with flux 
injection, the amount of BOF slag injected was 8 kg/tHM. After eight hours, the furnace was 
stopped and quenched with nitrogen. After cooling down, the furnace/burden was excavated 
from the top to the tuyere level, and an examination of each raceway was done. 

 

 
Figure 60. From left: tuyeres and raceway view from above; raceway view from above; bottom 
shape of raceway view from side 

The difference between the raceways was significant. The raceway corresponding to “normal” 
conditions, i.e. coal injection, had a characteristic “bird’s nest” shape. The raceway with “all 
coke” and the raceway with injection of slag former together with coal powder both had a 
shape without any bird’s nest, which means that the end of these raceways was porous 
(Figure 60). A bird’s nest is formed by the acidic slag from coal and coke, which has not 
been drained due to poor drainage in the raceway surroundings, and coke and char particles 
that hit the wall at the end of the raceway. 

Table 32. Chemical compositions of the slag samples taken at the raceway ends 
 Fetot CaO SiO2 MnO P2O5 Al2O3 MgO Na2O K2O V2O5 TiO2 LOI
No inj. 13.19 28.1 35.6 0.66 0.07 7.46 10.78 0.69 0.89 0.74 2.40 -6.4
Coal inj. 1.34 36. 9 35.9 0.27 0.02 8.17 10.85 0.98 1.30 0.16 2.17 -2.8
Coal and BOF slag inj. 7.98 22.5 39.0 0.82 0.05 13.03 12.61 0.80 1.26 0.38 2.96 -5.0

 
Table 32 shows the chemical compositions of slag in the respective raceways. According to 
the LOI measured, the slag samples increase in weight, which indicates e.g., that the partly 
reduced Fe is oxidised. The Fe content is highest in the raceway without injection and lowest 
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in the raceway, where coal is injected. This can be explained by the higher reactivity of coal 
fines compared to the reactivity of coke fines. Coal char reacts easier with Fe3O4/FeO in the 
reaction FeO+C ⇄ Fe +CO than coke fines do. By injecting BOF slag the FeO content of the 
raceway slag is increased and a higher amount of coal and coke fines can react, thus 
increasing the amount of ash released, which explains the higher content of alumina and silica 
in this slag sample. The direct reduction reactions at the raceway end probably continues 
during the N2 quenching of the blast furnace and therefore it is not possible to know if the 
quantitative difference is the same during operating conditions. However, according to the 
literature, pO2 at the end of raceway is controlled by the FeO content of the raceway slag and 
pO2 decreases when coal is injected and can be increased by injecting iron ore fines or FeO-
containing material[24][25]. 
 
According to the literature[8], coal injection might lead to an increased raceway depth, but also 
to the formation of a dense wall at the raceway end. The flow of slag from the upper part of 
the furnace will take place between the tuyeres and in the centre beyond the raceway. When a 
hard shell is formed at the end of the raceway, the small drops of ash released during 
combustion will leave the raceway through the roof of the raceway ascending with the gas. 
This might lead to an increased basicity of the slag at the raceway end during coal injection. 
The higher content of alkalies in the raceways with coal injection and coal and BOF slag 
injection implies that the temperature has been lower here. 
 
The results obtained from XRD analyses of the tuyere slag samples can be seen in Figure 61. 
All three samples contain calcium-magnesium silicates The samples taken from the raceways 
with no injection and coal injection are quite similar, except for some peaks corresponding to 
Ca3Mg(SiO4)2 and dicalcium silicate detected in the sample with coal injection. The sample 
taken from the tuyere with coal and BOF slag injection contains several iron oxides that are 
not found in the other samples and the peaks corresponding to magnesio-wustite are greater as 
compared to the two other samples. This sample contains alumina silicates that probably 
originate from coal and coke ash.  

 
Figure 61. Results from XRD analyses of the samples taken at the three raceway ends, 
curves from bottom to top correspond to; no injection; coal injection; and coal and BOF slag 
injection. Labels used correspond to the different phases as follows; 

o   Magnesiowustite  ∇  Fe  +  Ca2SiO4 ■  Mg2SiO4 
ø  MgFe2O4  •   Fe3O4   H  Fe2O3 K  Al2SiO5 
A  Ca2MgSi2O7  M  Ca3Mg(SiO4)2 
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Figure 62. From left: tuyeres and raceway view from above; raceway view from above; 
bottom shape of raceway view from side.  
 
In the second dissection, coal and BOF slag were injected into all tuyeres (the amounts are 
given in Table 28). The raceways were studied and measured during dissection and samples 
were taken and later analysed with a SEM. Figure 62 shows the inner and outer length 
measured and the positions at which the analysed samples were taken. The inner widths of the 
raceways were 0.26 m, 0.27 m and 0.24 m for the raceways of tuyere 1, 2 and 3, respectively. 
The tap hole is positioned between tuyeres 2 and 3 and during the dissection, a metallic 
resolidified melt was found between the raceways of tuyeres 2 and 3. The top of the metallic 
block was positioned approximately 0.2 m above the upper part of the tuyere. On the inner 
walls of the end of the raceway, slag and metal droplets were seen. In the raceway of tuyere 1, 
rounded pieces of coke were found and at the bottom, coke breeze was visible. The inner 
walls of the raceways of tuyeres 2 and 3 had a vertical shape and the wall of the raceway of 
tuyere 3 was the thickest. A lot of coke was stuck inside the raceway of tuyere 3 and some 
metal was detected on the “roof “of the raceway.  
 
According to the SEM analyses, both 
similarities and differences can be found 
between the three tuyeres, when the 
same injectants are used in them. Femet 
analysed at S1 has a Si content of 
approximately 2% (1.6 to 2.5%), while 
the Si content is about 4% (3.3-5.1%) at 
S2. Nitrides of Ti and/or V are detected 
at S1 in front of tuyeres 2 and 3, metallic 
compounds consisting of different 
combinations of Fe, V and Ti were 
detected at both sample positions in 
front of tuyere 1 and at S1 in front of 
tuyere 3. The main constituents of the 
slag phases analysed are listed in Table 
33. As can be seen there are some 
differences; e.g., Al2O3 is detected only 
in the raceways of tuyeres 2 and 3. 
Actually, the slag analysed in the 
raceway of tuyere 1 may originate 
largely from the injected BOF slag. BOF 

Table 33. Oxides in the main phases analysed in 
the tuyere slag samples, T= Tuyere, S1, S2 = 
Sample position according to Figure 62. 

 T1 
S1 

T2 
S1 

T3  
S1 

T1  
S2 

T2  
S2 

T3 
S2 

CaO X   X   
MgO X      
CaS  X X   X 
Slags consisting of       
CaO, SiO2    X*   
MgO, SiO2       
CaO, MgO, SiO2 X*   X   
CaO, Al2O3   X   X* 
MgO, Al2O3  X   X  
MgO, SiO2, Al2O3       
CaO, SiO2, Al2O3  X* X  X*+  
CaO, MgO, SiO2, 
Al2O3

 X*   X* X* 

CaO Fe2O3   X*    
FeO CaO Al2O3   X*    
FeO CaO SiO2 
Al2O3

  X    

Fe2O3 SiO2      X 
* Contains sometimes S, +contains sometimes K.
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Figure 63. Basicity (B4=(wt%CaO+wt%MgO)/(wt%SiO2+Al2O3)) of the slag 
phases analysed with a SEM. The left diagram corresponds to S1 and the right to S2. 

slag itself has a low content of alumina. The SiO2 content is higher in samples taken at S1 
compared to those taken at S2. K is only detected in the sample taken at S2 in the raceway of 
tuyere 2. The quite high basicity of the tuyere slag promotes the reduction and vaporisation of 
potassium. As can be seen in Figure 63, the basicity B4 of the slags analysed in the samples 
taken in the raceway of tuyere 1 is higher compared with the basicity of the slags analysed in 
the samples taken in the raceway of tuyeres 2 and 3. Fe containing compounds are detected in 
all samples, but slag containing iron oxide is only found in front of tuyere 3. Sulphur can be 
found as CaS or in calcia containing phases; however, S is rarely detected in the analyses of 
samples from the raceway of tuyere 1, but quite often detected in samples from the other 
tuyeres. The thickness and shape of the wall at the end of the raceway of tuyere 1 do not 
indicate that permeability at this position was more problematic than at the ends of the other 
tuyeres. However, the chemical composition of the slags analysed in the samples taken here 
indicates that residual BOF slag is present here. Tuyere 1 is positioned on the opposite side of 
the furnace relative to the tap hole, and a large metallic block was found in the centre of the 
furnace during excavation. This might have limited the flow of slag towards the tap hole.  
 
3.3.2 Injection of BF flue dust into the EBF and BF No. 3 at SSAB Tunnplåt, Luleå 
The purpose of this study is to evaluate the possibility of recycling the flue dust into the blast 
furnace by tuyere injection instead of as one component of the dust briquette. Two pilot-scale 
tests – a 2-day pre-test and a 5-day test – have been carried out in the EBF. Based on the 
results achieved in the EBF tests, two test campaigns were conducted at BF No. 3 at SSAB 
Tunnplåt in Luleå. 
 

3.3.2.1 Experimental conditions in the EBF trials 
The choice of raw materials was based on the raw 
materials used at SSAB Tunnplåt in Luleå. The iron 
burden consisted of olivine pellets - MPBO from 
LKAB in Malmberget. Pulverised coal from the coal 
injection plant and BF flue dust from the gas 
cleaning equipment of BF No. 3 were used as 
injectants. The raw materials used during the test are 
listed in Table 34 and their chemical compositions 
in Table 35. 
The flue dust contains fine particles of the blast 
furnace burden materials. The main components are pellet fines and coke fines, and therefore 
the flue dust contains approximately 20-30% Fe and 40-50% C. In Table 35, a typical 
chemical analysis of the flue dust is shown. In an earlier injection trial the flue dust was 
ground in a rod mill to k80 <80 µm. In that case, it was very sticky and clogged in the pipes. 

Table 34. Raw materials used 
during the EBF test, kg/tHM. 

  Reference Test 
Pellets 1368 1368 
Limestone 30.2 35.6 
Quartzite 23.1 20.2 
BOF slag 64.6 52.4 

Top 
charging 

Coke 444 412 
Coal 101 103 
Flue dust 0 23.4 

Injection 

O2 enrich. 2.71% 2.75% 
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The reason is that the particles that are 
easy to grind become very fine before the 
hard particles have decreased to 80 µm, 
see Figure 64. Laboratory tests have 
shown that the ground flue dust does not 
show any water absorption at all, because 
the porous coke breeze is ground to a 
homogenous material. 
 
For the 2nd test, unground flue dust was 
chosen, which means that it was taken 
directly from the cyclone at BF No. 3 at 
SSAB in Luleå. BF flue dust is 
windscreened when it follows the blast 
furnace off-gas out of the blast furnace. 
This means that the particles have the 
same velocity of fall, independent of 
density. For fluidisation of flue dust together with 
coal powder, this is a big advantage. The 
unground flue dust, primarily the coke fines 
contained in it, is porous. Because of that, the 
unground flue dust shows a high water 
adsorption, but if the unground flue dust has been 
stored under dry conditions, it is easy to fluidise 
and to transport pneumatically. Due to the content 
of coke fines and iron ore particles, the flue dust 
causes wear in the pipes. 

Table 35. Chemical composition of the raw 
materials used. 
 Pellets Lime 

stone
Quart 
site 

BOF 
slag Coke Coal Flue 

dust 
Fe 66,8 0,20 0,73 21,4 0,38 0,44 23,4 
CaO 0,29 0,99 0,71 41,1 0,020 0,25 7,27 
MgO 1,46 1,08 0,46 10,8 0,060 0,11 1,53 
SiO2 2,15 0,51 92,4 8,61 5,73 4,13 5,42 
Al2O3 0,41 0,010 3,10 1,39 2,81 1,49 1,70 
TiO2 0,23 0,030 0,090 1,65 0,17 0,060 0,23 
V2O5 0,23  0,060 4,71   0,20 
Na2O 0,034    0,060 0,050 0,020
K2O 0,027 0,080 0,88 0,020 0,120 0,150 0,081
S 0,001 0,050 0,020 0,040 0,54 0,73 0,41 
MnO 0,049 0,020 0,020 3,79  0,050 1,07 
C     90,5 78,8 46,9 
Volatile     0,90 39,1  
Ash     9,90 6,90  
CO2  43,0      
Moistur
e 0,17 1,0 0,40 0,50 2,30 1,00 0,10 

 
Figure 64. Particle size distribution of 

injected materials. 

 

3.3.2.2 The effect of BF flue dust injection on 
the process conditions of the EBF 
Injection  
The injection of flue dust and coal mixture worked well and there were no problems with the 
pneumatic transportation. However, because of the layout of the injection system, the control 
of coal injection rate was affected by the addition of flue dust. This also resulted in slightly 
increased variation in the gas efficiency (EtaCO). The average injection rate during the test 
was 23 kg of BF flue dust per tonne of hot metal. 
 
Process stability 
Both the reference period and the test period were characterised by a stable blast furnace 
operation in terms of an even burden descent rate and a stable chemical composition of hot 
metal. However, the variation in burden descent rate decreased significantly when flue dust 
was injected. The average of EtaCO was 45.9% during the reference period and 46.4% during 
the test period. As mentioned above, the variation in EtaCO was slightly higher during the test 
period than during the reference period. The burden resistance index is higher during the test 
period than during the reference period, but it varied less during the test. 
 
Hot metal and slag 
The Si content in hot metal was lower during the test period than during the reference period. 
As shown in Table 36 and in Figure 65, the Si content decreased from 2.18% during the 
reference period to 1.78% during the test period. At the same time, the difference in C content 
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was very small. The C content was 4.49% during 
the reference period and 4.45% during the test 
period.  
 
The hot metal composition was stable during the 
injection test. The decreased Si content was 
probably a result of changed conditions in the 
raceway. The estimated amount of tuyere slag 
increases from 29 kg/tHM to 32 kg/tHM when flue 
dust is injected. As a result of the content of fines of 
BOF slag and limestone in the flue dust, the 
basicity of the tuyere slag is increased. The 
Fe2O3 corresponding to 23.4 wt.% of Fe in the 
flue dust is supposed to be reduced in the 
raceway. In the literature it is reported that 
Fe2O3 in injected materials is reduced to 
wustite before the end of the raceway is 
reached[20][24]. The FeO content has been 
found to be related to the partial pressure of 
oxygen measured at the same location[20]. 
Thermodynamic estimations indicate that the 
partial pressure of SiO(g) is decreased with 
increased partial pressure of oxygen. FeO can oxidise Si in the hot metal according to the 
reaction Si +2(FeO) ⇄ SiO2 +2Fe. With a high initial Si content in hot metal, as in the EBF, 
the reaction rate of this desiliconisation reaction will be high[20][24]. 

Table 36. Chemical composition of 
hot metal and slag. 
  Reference Test 

Temperature 1461ºC 1448ºC 
%C 4.49 4.45 
%Si 2.18 1.78 

Hot Metal

%S 0.030 0.037 
%CaO 30.7 30.6 
%SiO2 34.3 35.3 
%MgO 18.9 19.3 
%Al2O3 15.3 14.1 

Slag 

B2 0.87 0.89 

 
Figure 65. Contents of C and Si in hot metal. 

 Table 37. Estimated chemical 
composition of tuyere slag. All 
amounts in wt.%. 
 Reference Test 
CaO 0.95 6.21 
MgO 0.83 1.86 
SiO2 59.7 55.8 
Al2O3 27.6 25.1 
TiO2 1.58 1.53 
Na2O 0.65 0.58 
K2O 1.45 1.33 
MnO 0.16 0.93 
B2 0.02 0.11 
Bells Ratio 0.03 0.14 

Table 37 shows the estimated chemical composition of the 
tuyere slag formed based on the assumption of a 100% 
reduction of the iron oxide present in the raceway. As can 
be seen, the chemical composition of the tuyere slag is 
changed and the basicity (B2) increases from 0.02 during 
the reference period to 0.11 during the test period.  
 
Increased basicity decreases the activity of SiO2 in the 
slag[18][19] and the fine particles of BOF slag and lime 
included in the dust can absorb SiO(g) generated[21]. 
However, the contents of these compounds in the BF flue 
dust are quite low and cannot be expected to have 
any significant impact on the siliconisation of hot 
metal. 
 
Figure 66 shows the melting behaviour estimated 
in Chemsage[49][50][51][52][53] by thermodynamic 
calculations from 1000 ºC and intervals of 50 ºC 
up to 1600 ºC. The chemical compositions used 
for the tuyere slag formed during the reference 
period and test period, respectively, are stated in 
Table 37. The melting behaviour is slightly 
improved when flue dust is injected. 
Approximately 85% of the slag is liquid at 

 
Figure 66. Estimated melting behaviour 

of the tuyere slag formed during the 
reference period and the test period 
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1400°C with the reference conditions and at 1350°C with the test conditions. If the estimation 
is based on the assumption that the hematite included in the BF flue dust has been reduced to 
wustite when the material reaches the end of the raceway, the tuyere slag starts to melt at a 
lower temperature. Close to 85% of the tuyere slag has melted at 1250°C. An estimation of 
the melting point according to a phase diagram of the system Al2O3-CaO-MgO-SiO2 indicates 
a melting point of 1700°C for the tuyere slag formed during the reference period and of 1500-
1600°C for the tuyere slag formed during the test period [43]. At the same time, the viscosity is 
also expected to decrease. The results from the estimations in Chemsage show that the solid 
phase of both the reference period and the test period contains chemical compounds 
containing Na2O or K2O bound to SiO2 and Al2O3. The alkalies of these compounds are 
transferred into the gas phase and not into the slag phase under assumed reducing conditions. 
Constituents, such as Na, K NaCN and KCN, are found in the gas phase at high temperatures. 
 
Consumption of reducing agents 
As can be seen from Table 34, the consumption of reducing agents based on mass balances 
was 544 kg/tHM during the reference period and decreased to 523 kg/tHM during the test 
with injection of flue dust. The injected flue dust had a carbon content of 46.9%. The C 
content in the injected amount of flue dust corresponds to approximately 14 kg of pulverized 
coal. A very low amount of this C is present as carbonate. No significant difference in the heat 
level of the blast furnace was noticed except for a significantly lower Si content in the hot 
metal during the test period compared to during the reference period, Table 36. The gain of C 
was very high and the replacement ratio is estimated to be approximately 1.5. The decreased 
Si content in hot metal is the main reason for the high gain. 
 
Improved use of coal, when flue dust was added to the coal, might also have some effect. As 
mentioned, the hematite is reduced to wustite in the raceway. FeO is not only used for 
desiliconisation, it is also directly reduced by char and coke fines at the raceway end[24]. The 
efficiency of total use of C within coal, BF flue dust and coke can be improved by this 
mechanism.  
 
Dust generation  
The generation of flue dust was 5.1 kg/tHM during the reference period and 5.0 kg/tHM 
during the test period. The content of solid material in the sludge was lower during the test 
period than during the reference period. The noticeable changes in the chemical composition 
of the generated flue dust 
can be explained by 
changes in the moisture 
content of the top-charged 
burden additives. 

Table 38. Average ( x ) and variation (σ ) of some process 
parameters for each reference and test period.   

2nd Campaign 
  

  Ref 1a Test 1 Ref 1b Ref 2 Test 2 Ref 3 Test 3

x  Blast flow kNm3/h 257 263 263 262 247 260 250 

x   Blast temperature °C 1126 1127 1126 1097 1099 1099 1099

 σ, Blast temperature  2.3 2.5 4.0 3.4 1.1 1.0 0.4 

x  O2 enrichment % 4.0 4.0 4.4 4.5 4.4 4.3 4.0 

x Blast moisture g/Nm3 4.7 10.7 7.1 7.6 10.3 7.2 5.8 

x Blast velocity m/s 215 216 219 211 207 209 210 

x Blast pressure(gauge) kPa 285 281 278 280 267 283 267 

x Top pressure(gauge) kPa 105 101 98 104 99 113 96 

x Gas efficiency % 54.9 54.5 55.0 55.5 55.3 55.4 55.7
 σ, Gas efficiency.  0.47 0.70 0.38 0.25 0.43 0.26 0.38

x Total heat loss MW 30 32 31 27 27 29 26 

 
3.3.3 The effect of BF 
flue dust injection at BF 
No. 3 SSAB Luleå works 
(Paper 9) 

3.3.3.1 Process 
conditions  
Besides the difficulties in 
maintaining a constant flow 
of BF flue dust, because of 
uneven mixing during the 
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1st campaign and wear of the pipes during the 2nd campaign, additional BF related 
disturbances also occurred during the campaigns. During the 1st test campaign, there were 
problems with the charging equipment, decreased blast temperature, due to temporary failure 
of one hot stove and three BF stoppages that resulted in increased variations in process data. 
During the 2nd campaign, the availability of the BF was close to 100%. Because of this, only 
the 2nd campaign will be discussed further. Some process parameters during the reference and 
test periods of the 2nd campaign are stated in Table 38 
 

Gas distribution  
A low burden level followed by an increased 
central gas flow occurred during the 2nd test 
campaign. During the second and third test 
period of the 2nd test campaign, the heat 
losses at the tuyeres decrease (Figure 67) 
when the BF flue dust is injected. For the 
same period, the total heat loss varies 
independently, whether BF flue dust is 
injected or not.  Figure 67. Tuyere heat losses during the test 

periods 2 and 3 of 2nd campaign.  

3.3.3.2 Hot metal and slag 
The composition of hot metal and slag can be found in Table 39. During the 2nd test 
campaign, the chemical compositions are in general quite stable, with low variations during 
all reference and test periods. The S content in the hot metal and the S distribution ratio 
((S)/[S]) are slightly reduced during the test periods compared to the corresponding reference 
periods.  

Table 39. Hot metal composition and variation during the 2nd test campaign. The time in the 
table below corresponds to the time used for evaluation excluding the periods of change. 

 Time, 
h 

x  C 
wt.% 

σ C x  Si 
wt.% 

σSi x  S 
w% 

σ S x Temp. 
°C  

σ Temp. 
°C B2 B4 (S)/[S] Slag 

kg/tHM

Ref 1a 96 4.55 0.17 0.26 0.092 0.047 0.015 1473 18 1.02 1.13 28 168 
Test 1 96 4.59 0.12 0.27 0.074 0.041 0.011 1479 15 1.02 1.13 32 169 
Ref 1b 96 4.60 0.12 0.29 0.086 0.042 0.013 1480 16 1.02 1.14 31 165 
Ref 2 72 4.64 0.08 0.27 0.061 0.038 0.010 1481 12 1.02 1.14 35 166 
Test 2 44 4.68 0.12 0.35 0.106 0.036 0.011 1486 17 1.03 1.15 38 168 
Ref 3 72 4.58 0.10 0.29 0.064 0.047 0.013 1490 9 1.00 1.12 31 165 
Test 3 72 4.65 0.11 0.29 0.089 0.037 0.010 1481 14 1.02 1.15 34 171 

 
The Si content of the hot metal was 
significantly decreased during the previous 
BF flue dust injection tests done in the 
EBF. As can be seen from Figure 68, 
there is a decrease of approximately 0.02% 
in Si content at the first test during the 2nd 
test campaign. The same evaluation of the 
hot metal composition has been made for 
the other two test periods during this 
campaign. The second test indicates 
similar behaviour for C and Si during the 
reference period and test period. The last 
test period of 2nd campaign indicates 

 
Figure 68. Si contents of hot metal during 
reference and test periods of the 2nd test campaign. 
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higher C and Si contents during the test compared with the reference periods.  

3.3.3.3 Reducing agents 
Table 40 shows the averages of 
PCR, BF flue dust rate and coke 
rate for each period of reference 
and test. The injected BF flue dust 
is included as PC equivalents, 
based on the C content, in the total 
amount of reducing agents. The 
consumption of coal and coke is in 
general unchanged or lower when 
BF flue dust is injected compared 
to when only coal is used, except for the test 1 period of the 2nd test campaign, when the 
consumption of reducing agents decreases during the reference period after the test (ref 1b). 
During this test period, the blast moisture was significantly higher compared to the reference 
period, because steam was added to the blast.  

Table 40. Consumption of reducing agents during the 
2nd test campaign 

2nd Campaign 
   

Ref 1a Test 1 Ref 1b Ref 2 Test 2 Ref 3 Test 3

Coke rate kg/tHM 325 324 323 326 327 327 325 
PC  kg/tHM 157 155 150 141 138 142 130 
BF flue dust kg/tHM  7.7   7.7  11.3 
Injected PC 
equivalents  kg/tHM 157 159 150 141 141 142 137 

Total kg/tHM 482 482 473 468 468 469 461 

 

 
Figure 69. Cross section of a lance and different stages of wear, from bottom to 
top cross section, wear on inner lance, severe damage close to the lance tip and 
a damaged blowpipe. 

3.3.3.4 Wear 
One problem that occurred during the campaigns was wear in pipes, especially from the coal 
distributor to the blast furnace and the lances. The wear was much more pronounced during 
the 2nd campaign compared to the 1st campaign.  
 
Figure 69a shows the cross section of a lance with the space between the inner and outer 
lance used for cooling with air. Figure 69b and Figure 69c show the wear of the lances and 
Figure 69d shows the most severe occasion of wear, when lance failure caused the 
breakdown of a blowpipe. Wear in the inner lance results in a hole, which allows coal and BF 
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flue dust to enter the space between the inner and outer lance (Figure 69b). The consequence 
is wear in the outer lance and a reduced cooling capability. When the cooling is reduced, more 
severe damage can occur. In this case, the damage is close to the tip of the lance (Figure 69c). 
If the outer lance fails, the flow of coal can be directed toward the blowpipe, finally causing a 
breakdown (Figure 69d). 
 
3.3.4 Discussion 
Full-scale injection trials with BF flue dust have been conducted earlier, for example at the 
Donetsk Steel Plant BF 1 in Ukraine [28]. Compared to the trials made at the Donetsk Steel 
Plant [28], which did not show any problems with grinding or wear in pipes and lances, the 
trials at SSAB have shown that the abrasiveness of the BF flue dust is a problem that has to be 
taken into account. Differences in layout of the two plants and in the properties of the injected 
materials can explain this. The BF flue dust at SSAB contains, for example, more carbon, 
which implies that there is more coke fines in the dust. The fact that wear of the pipes did not 
occur during the 1st test campaign, when the BF flue dust was ground, indicates that grinding 
of the material both decreases the particle size and reduces the abrasiveness of the particles. 
One experience at both plants was that the process and the hot metal quality were not changed 
significantly in any negative way.  
 
The C included in the BF dust seems to be efficiently used. The total consumptions of 
reducing agents are unchanged or decrease in most of the tests when BF dust is added to the 
PC. When comparing the reference and test periods of the 1st campaign, the stoppages and the 
significantly lower blast temperature during the test period have to be considered. During the 
2nd campaign, the total consumption of reducing agents of test 1 is similar to that of the 
reference period before the test, but higher than the reference period after the test. To avoid 
excessively high flame temperatures, steam was used to increase the blast moisture when the 
injection was out of operation. According to the literature, the used amount of steam 
corresponds to an increase of approximately 8 and 3 kg/tHM of reducing agents for the test 1 
and reference 1a periods, respectively.  
 
The reduction of Si in hot metal that was noticed in the test at the EBF was not found in the 
full-scale test at SSAB. One explanation can be a high SiO(g) generation in the EBF, because 
the raceway occupies a large area of the total cross section compared to BF No. 3. The 
influence of iron oxide on the flame temperature and partial oxygen pressure [24] will then be 
more pronounced in the EBF operation. Another explanation can be the initial Si content of 
hot metal that is much higher in the EBF compared with that in BF No. 3. When injecting 
hematite- or FeO-containing materials, the FeO content of the raceway slag will increase. FeO 
can take part in the desiliconisation reaction of hot metal according to the reaction Si +2(FeO) 
⇄ SiO2 +2Fe. The reduction rate is increased when the Si content in hot metal increases. FeO 
is also directly reduced by C in char and coke fines. The amount of char normally increases 
with an increased PCR, and the PCR is considerably higher at BF No. 3 compared with the 
EBF [8][20][24].  
 
Injection of BF flue dust will increase the amount of tuyere slag. The slag basicity B2 will 
increase from 0.02 to 0.11 and the MnO content will increase as well. According to the 
literature, hematite is indirectly reduced to wustite in the raceway [25]. An increased FeO 
content will have a positive effect on the melting point and viscosity of the tuyere slag 
formed. An estimation of the melting point, according to a phase diagram of the system 
Al2O3-CaO-MgO-SiO2, indicates a melting point of over 1700°C for the tuyere slag formed 
during the reference period and that it decreases more than 100°C during the test period[43]. If 
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the increased content of FeO is taken into account, the melting point drops even more. The 
effect on the tuyere slag properties might have a direct effect on the S behaviour in the 
raceway region and affect it indirectly by improving the permeability at the end of raceway.  
 
The decreased heat losses at the tuyeres may be explained by an increased gas permeability at 
the end of the raceway caused by improved tuyere slag properties and consumption of char 
and coke fines by FeO. The decreased content of VM in a mixture of coal and BF flue dust, 
which probably cause slightly delayed ignition, might also have some effects.  
 
4. SUMMARISED DISCUSSION  
4.1 Bosh slag formation 
Figure 70 shows the contribution of the 
burden materials to the slag formation 
estimated based on the burden used at 
BF No. 3 in Luleå. It can be seen that the 
main part of the slag is the gangue of the 
pellets. The fluxes are added for 
neutralisation of the ashes released from 
coal and coke and the gangue of the 
pellets, to reach the aimed value of 
basicity B2 of the final slag. If a fluxed 
pellet of basicity B2=1 is used, the basic 
fluxes are added for the neutralisation of 
only the coal and coke ashes.  

 
Figure 70. An example of how the contribution 
from the burden materials to the slag can be.

 
Uneven distribution of the low amount of basic fluxes (40-50 kg/tHM of BOF slag) and of 
limestone added to the pellets used at SSAB BF No. 3 can be expected. This was shown in the 
samples taken from the EBF shaft during dissection after the 1st and 2nd campaigns. Uneven 
distribution will lead to significantly higher bosh slag basicity at the locations with basic 
fluxes compared to locations without basic fluxes. 
 
The reduction degree of the pellets reached at the level of the softening and melting zone will 
have an effect on the melting point of the pellets and the height of the softening and melting 
zone. A lower reduction degree of the pellets means a higher amount of FeO, which will 
decrease the melting point and increase the softening and melting interval. The effect of 
changed FeO content on the melting point is greater at higher basicities. When olivine pellets 
are used, their content of MgO will increase the melting point of a less reduced pellet with a 
high FeO content and thereby limit the negative effect of low reduction degree on the height 
of the softening and melting zone. It is known that MgO decreases the reducibility of the iron 
oxide it is dissolved in[39] and this might lead to higher content of FeO in the bosh slag 
compared to when a super-fluxed pellet with high reducibility is used. If a super-fluxed pellet 
with basicity B2=1 is used, the dissolution of fluxes into the early-melting pellet slag will 
increase the basicity and reduction of FeO will significantly increase the melting point. Low 
reduction degree of the pellets at the level of the cohesive zone can be caused e.g., by 
problems with the charging equipment causing a low burden level, a high content of residual 
magnetite in the pellets, an increased particle size of the pellets caused by raw-material 
handling problems and uneven gas distribution with channelling and decreased gas utilisation.  
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The high-temperature properties of the fluxes will have an effect on the bosh slag formation. 
BOF slag has gone through a melting process in the BOF converter and has a comparably 
lower softening and melting temperature. Limestone goes through calcination when heated in 
the BF shaft. Limestone is a mineral, and CaO generated during calcination has a very high 
melting point. Interaction between BOF slag and pellets starts at a relatively low temperature 
at the level of the cohesive zone and is completed at the level of the dripping zone. Interaction 
between pellets and lime starts when the softening and melting of pellets starts and the 
dissolution of lime is not completed at tuyere level. Pieces of lime can be found below the 
tuyere level. Similarly, high-basicity sinter reacts more easily with acid pellets or iron ore 
than with quartzite. This means that dependent on the properties of the iron burden, the most 
suitable basicity-adjusting raw material should be used to get the desired properties of the 
bosh slag and the final slag. If a fluxed pellet with a low gangue content and a basicity B2=1 
is used, the pellet slag has a low melting point and the addition of BOF slag will lead to 
formation of a high-basicity bosh slag. During final reduction of the bosh slag, the melting 
point of the slag will increase and a high viscosity slag that might partly resolidify is formed. 
Use of limestone will result in less deterioration of melting properties, because only part of 
the limestone takes part in the bosh slag formation; however, negative effects will persist. It 
will be difficult to use a fluxed pellet with a low gangue content that will result in a total slag 
amount of 120-130 kg/tHM if all basic fluxes are to be top-charged together with the pellets. 
If, on the other hand low-basicity olivine pellets are used, part of the addition of basic fluxes 
will be used for neutralisation of the gangue of the pellets. The slag amount is higher, 
approximately 145-155 kg/tHM, and the bosh slag formed has a much lower basicity than that 
one formed with the super-fluxed pellets. When BOF slag is used together with the olivine 
pellets, the bosh slag basicity will be higher compared to when limestone is used, provided the 
aim is a final slag with the same basicity. A higher bosh slag basicity will be favourable for S 
refining and as a result the use of BOF slag gives lower S content and higher C content in hot 
metal compared to if limestone is used. By injecting basic fluxes into the BF, the slag amount 
can be significantly decreased and the bosh slag properties much improved, especially when 
using fluxed pellets with basicity B2=1. 
 
Compounds present in the gas phase containing sulphur, sodium and potassium will condense 
on the surfaces of the burden and penetrate and condense in the pores of the material. These 
compounds will be part of the bosh slag and their behaviour is greatly dependent on the bosh 
slag composition. Sulphur refining is favoured by a higher basicity of the bosh slag, but also 
by a low viscosity, and a low FeO content in the slag coexisting with the hot metal improves 
the desulphurisation of hot metal. Alkalies are reduced from the dripping slag at the level of 
the dripping zone. A lower basicity of the dripping slag improves the yield of alkalies in the 
final slag. The hot metal quality is strongly dependent on the properties of the BF slag, and by 
changing the slag composition, the S and Si content of hot metal can be more or less 
controlled. A low S content in hot metal will also be beneficial to the carburisation of the hot 
metal.  
 

4.2 Raceway conditions 
As discussed in the introduction, coal injection might result in the formation of a dense shell 
at the raceway end. During all-coke operation, the tuyere slag contains FeO that is beneficial 
for its melting properties. When coal is injected, FeO will be consumed by coal char and the 
melting point of the tuyere slag is increased. The shell is composed of this tuyere slag and 
fines of coke and coal. When a shell is present at the end of the raceway, the released ash will 
have to leave the raceway upwards with the ascending gas. A high-basicity slag will be 
present beyond the shell in the centre of the BF, because radial transport of the acid tuyere 
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slag is obstructed by the shell. The transport of coal and coke ashes upwards and the high Si 
content in hot metal at the tuyere level are two phenomena that explain why the basicity of 
slag samples taken at the end of the raceway have a higher basicity than estimated based on 
the chemical composition of coal and coke ashes. This means that when the permeability at 
the end of the raceway is good, the tuyere slag basicity will decrease and when the 
permeability is decreased, the basicity will increase as a result of coal and coke ash ascending 
with the gas. 
 
The addition of basic fluxes to coal and coke ash will improve their melting properties. The 
addition of lime and dolomite will increase the basicity of the tuyere slag. With the optimum 
amount of lime or dolomite used, the melting properties of tuyere slag will be improved in 
terms of decreased melting point and softening and melting-temperature interval. According 
to the literature, SiO(g) generation will decrease because of a decreased activity of SiO2 of the 
tuyere slag at higher basicity. When using BOF slag, the basicity and the amount of iron 
oxides of the tuyere slag will increase. Additionally, the content of manganese and vanadium 
oxides will increase. This also has a positive effect on the melting properties of the slag. FeO 
can react with Si in the hot metal that will be desiliconised and SiO2 is transferred into the 
slag. This effect is especially important in a BF with initially high Si content of hot metal. The 
decreased Si content results in decreased consumption of reducing agents. Corresponding 
effects of increased FeO content can be achieved if iron-ore or iron-oxide containing dust is 
injected. By this additional injection, the formation of a shell at the end of the raceway can be 
avoided and the permeability of the BF maintained. 
 
The combustion efficiency measured corresponding to combustion in the raceway is 
decreased when iron oxide containing BF flue dust is injected, but can be unaffected when 
BOF slag is injected, if very fine particles are used. Very small particles of BOF slag are 
easily melted and dissolved in the ash released when coal is combusted. At lower 
temperatures, when the volatiles are released, no energy-consuming reactions will occur in the 
BOF slag. CO2 in the carbonates is released at 500–600°C and the reduction of hematite in the 
BF flue dust starts at temperatures of 700-800°C. These energy-consuming reactions will 
probably have an effect on the release of volatile matters and delay the ignition. However, in a 
BF the residual coal char and FeO will end up in the coke bed and direct reductions may 
occur. This is probably the reason for the increased combustion efficiency measured in the 
fixed-bed tests with addition of BF flue dust. In the blowpipe-model tests, oxygen is provided 
by indirect reduction and in the fixed bed, with close contact between the particles, both 
indirect reduction and direct reduction might occur. The BOF slag cannot provide oxygen for 
combustion in a similar way as the hematite because, according to DTA/TG analyses, the 
reduction of it will start much later. 
 

4.3 Feasibility of injection – What will the future be? 
From point of view of process, the co-injection of coal with BOF slag or BF flue dust in the 
BF has been successful. At the end of the day, whether or not the new way of operation will 
be adopted depends on the economic benefits achieved by the changed operating conditions. 
Additional equipment for handling and injection of the additives will increase the 
maintenance costs and the flexibility to operate without the additional injection facility is 
necessary to safeguard the available production time. The injection of BF flue dust to improve 
the recycling is of great interest both economically and technically. A feasible technical 
solution is needed if the failures dependent on the abrasive properties of the BF flue dust are 
to be avoided. If the erosion problems can be solved, it is likely that the injection of BF flue 
dust and filter dusts will be part of the standard operation in the future.  
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The injection of basic fluxes can move the limit of maximum PCR because of the improved 
permeability achieved in the raceway. The adaptation of the BF process to decrease emissions 
of CO2 may change the economic benefits of PCI, and in case of injection of gas or oil, the 
injection of basic fluxes are not likely to have the same significant effect on the raceway 
permeability as with coal. If basic fluxes are injected, the minimum slag rate possible will as 
well be moved beyond what is possible with the blast furnace practice of today. This would be 
positive, in that it would lead to a decrease in the consumption of reducing agents, increase 
productivity and decrease the amount of BF slag that has to be recycled.  
 
5. CONCLUSIONS 
The interaction between pellets and fluxes starts when softening and melting starts in the 
cohesive layer. By choosing fluxes of a high melting point the dissolution of them in the bosh 
slag can be delayed and the excessive basicity of the bosh slag can be limited. A basic flux 
with a low melting point will easily dissolve into the bosh slag causing its basicity to increase, 
which is beneficial to S refining when pellets of low basicity are used.  
 
The formation of a bosh slag of excessive basicity (which causes BF operation disturbances, 
because its high melting point, increases further during reduction) can be avoided by tuyere 
injection of basic fluxes with the coal. The positive effect is greatest when a fluxed pellet of 
basicity B2≥1 and with a high Fe content is used as ferrous burden. In this case, the slag 
amount can be significantly decreased. 
 
BOF slag has suitable high-temperature properties for use as a basic flux in combination with 
e.g., olivine pellets. It has a low softening and melting temperature, does not shrink, is slowly 
reduced in the BF shaft and its properties are almost unaffected by the partial reduction 
occurring in the shaft of the BF. BOF slag absorbs a low content of alkalies, which causes 
volume increase at elevated temperatures when the basicity is still high. 
 
Co-injection of BOF slag or BF flue dust with PC has positive effects on the BF operation.  
 
The injection of BOF slag  
 
► decreases the Si content in HM by  

• an increased basicity of the slag formed during combustion leading to a decreased 
activity of SiO2 in the slag  
• an increased FeO content in the tuyere slag that will be reduced by SiFe in the metal 
at the tuyere level, if the SiFe is initially high 

► decreases the consumption of reducing agents because of  
• a decreased Si content in HM 
• a decreased slag amount 

► improves the permeability by prohibiting the formation of a shell at the raceway end 
because of 

• improved melting properties of tuyere slag caused by an increased basicity and 
FeO content  
• consumption of coal and coke fines by FeO 
• improved radial transport of tuyere slag  

► improves the bosh slag because 
• an excessive basicity caused by top-charged fluxes added for neutralisation of coal 
and coke ashes is avoided 
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• non-uniform slag formation caused by uneven distribution of top-charged fluxes is 
avoided 

► increases productivity because of the possibility to decrease the slag amount 
► can be done without negative effects on combustion efficiency by using very finely ground 
BOF slag and because of improved total consumption of coal and coke fines by direct 
reduction in the coke bed  
 
The injection of BF flue dust 
 
►decreases the Si content in HM by an increased FeO content of the tuyere slag that will be 
reduced by SiFe in the metal at the tuyere level, if the SiFe is initially high 
► decreases the consumption of coal and coke because of  

• a high content of coal 
• a decreased Si content in HM 

► improves the permeability by prohibiting the formation of a shell at the raceway end 
because of consumption of coal and coke fines by FeO that will also improve the melting 
properties of the tuyere slag and thereby promote the radial transport of the tuyere slag 
► can be done without negative effects on the total consumption of coal and coke fines by 
direct reduction in the coke bed 
► supplies oxygen for combustion, but because of endothermic reactions such as reduction of 
hematite and calcination of limestone occurring in the BF flue dust at the same temperatures 
as release and disintegration of VM, it will have a negative effect on the combustion of HV 
coal  
 
SSAB Luleå and SSAB Oxelösund have started up projects aiming to make tuyere-injection 
of BF flue dust part of the standard BF operation. 
 
6. FUTURE WORK 
To verify and further clarify the bosh-slag-formation mechanisms in the BF further studies are 
needed. The slag formation will be different when the types of fluxes or pellets used are 
changed. Apart from interaction between pellets and fluxes reactions involving coke and 
assimilation of coke, ash occurs in the lower part of the BF. Gaseous components and ashes 
generated in the raceway, which are components of the bosh gas, can as well take part in the 
slag formation. These phenomena have to be studied as well. High reducibility of pellets 
means improved gas efficiency in the BF but whether this is the best for bosh slag formation 
is not clear.  
 
The tuyere slag formation is highly dependent on the hearth conditions and gas distribution of 
the BF because of the influence on the radial transport of coal ash. Further studies of samples 
from the raceway taken e.g., by core drilling can combined with process data give some 
explanation these phenomena. 
 
The study shows that co-injection of BOF slag or BF flue dust with coal is possible from BF 
process point of view. However, further work will be needed to find a feasible technical 
solution that secure high availability of the injection system. The benefits that have been 
stated e.g., decreased consumption of reducing agents, improved permeability and improved 
process stability still need to be verified in full-scale tests, especially with the injection of 
BOF slag.  
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