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Abstract 
 
Core-drilling into the coke bed of raceway and hearth has been performed in the LKAB Ex-
perimental Blast Furnace (EBF®) during short stoppages aiming to characterize raceway con-
ditions corresponding to different operational conditions. All coke operation, injection of pul-
verized coal and injection of a mixture of coal and blast furnace flue dust (BFD) were evalu-
ated and compared. The samples have been studied regarding particle size and distribution, 
coke have been evaluated with chemical composition and thermal history, i.e. coke graphitiza-
tion degree. In addition, the results have been compared to drilled raceway core samples from 
SSAB industrial blast furnace in Luleå.  
 
Coke in drill-cores consists of bosh, raceway and deadman coke. In comparison with charged 
coke this coke has changed characteristics depending on the exposed conditions which vary 
along the radius of each drilled core. Coke in raceway area has increased ash content due to 
gasification of C and the ash composition is altered due to both reduction and gasification of 
ash minerals as e.g. SiO2 and alkalis in raceway and oxidation/condensation of gaseous com-
pounds and uptake of compounds from the melt. Coke exposed to highest temperatures in the 
raceway area have increased the most in graphitization degree, and subsequent bird’s nest and 
deadman cokes graphitization degrees decreases. K2O-content in coke correlates to the 
graphitization degree as well as the SiO2/Al2O3 quotient which decreases at higher tempera-
tures.  
 
Presence of slag and coke aggregates indicates the formation of bird’s nests at the end of the 
raceway. The end of raceway and position of a significant bird's nest in the industrial samples 
are indicated by the increasing content of K2O and increasing ratio of SiO2/Al2O3 in coke. In 
the industrial BF the pronounced formation of a bird’s nest redirect the gas from moving to-
wards the BF center. As a result the coke in deadman cannot be heated and the temperature 
indicated by the graphitization degree decreases. 
 
Injection of BFD influences the raceway conditions as the combustion peak is moved further 
into the raceway when BFD and PC mix are injected. Analyze of fines shows remaining un-
reacted BFD, which contains iron oxide with oxidation degree between FeO and metallic Fe. 
Increased FeO-content in raceway will decrease the melting point of tuyere slag and therefore 
improve the permeability at raceway end and the fact that the core when drilled could be 
pushed further into the EBF than for the other cores indicates higher permeability after injec-
tion of PC and BFD mixture. 



Introduction 
 
SSAB EMEA in Luleå produces the major part of their coke at their coke plant. The coke is 
characterized by high strength after reaction (CSR) and low reactivity (CRI). The ash content 
of 10-11 % contains high ratio of SiO2 and relatively low contents of Fe2O3, CaO and MgO. 
The coke produced at SSAB is also used for most of the tests in the LKAB Experimental 
Blast Furnace (EBF®). In earlier studies samples from the shaft collected with probes, during 
excavation and charged and collected as basket samples have been investigated [1],[2]. These 
studies show that the SSAB coke persist the internal conditions in the thermal reserve zone 
well and the coke reactivity with CO2 is low. However, gaseous compounds in the EBF at-
mosphere are picked up and reach the highest values just before the cohesive zone.  
 
A stepwise increase in the graphitization degree of coke correlated to the temperature increase 
has been stated in the literature and confirmed in earlier studies. As the coke making tempera-
ture is around 1100°C an increased graphitization degree can be expected at higher tempera-
tures. Vertical probe measurements in the EBF have shown temperatures of approximately 
1050°C in the thermal reserve zone [3]. Therefore, the use of graphitization degree for sam-
ples from the lower part of the BF is valuable as a temperature indicator comparing changes 
of other properties in the coke. The flame temperatures in the combustion zone, i.e. raceway, 
are in general 2000-2300°C when operating with pulverized coal injection (PCI). At these 
temperatures and with the existing gas compositions reduction and gasification reactions oc-
cur. Except for reduction and gasification of alkalis picked up in the shaft, SiO2 in the ash can 
be expected to be reduced and gasified in the high temperature region and these reactions may 
be critical for the raceway coke behavior. Moreover, CaO and MgO have similar behavior [4]. 
Such effects can be studied and compared in raceway samples and contribute in the evaluation 
of coke properties and operational conditions. 
 
In this study the properties of coke collected at the raceway level via core-drilling is compared 
and analyzed relative a quite wide variation in operational conditions before core-drilling and 
includes all coke operation, operation with PCI and operation with injecting a mixture of pul-
verized coal (PC) and blast furnace flue dust (BFD). Additionally, the results are compared 
with core-drillings carried out in the industrial BF of SSAB in Luleå using the same coke and 
injected PC. The effect from hot metal and slag flow is compared for the EBF cases and for 
the different positions in the full scale BF which the position of a tuyere relative the taphole 
may have impact on the flow of melt. 
 
Experimental blast furnace, EBF® 
 
The LKAB EBF® has a working volume of 8.2 m3, a diameter at tuyere level of 1.2 m and is 
equipped with a system for injection of reduction agents. The working height from tuyere 
level to stock line is 6 m and there are 3 tuyeres separated by 120°. The blast is normally pre-
heated to 1200°C and can be enriched with O2. Gas, oil or PC can be injected with O2 addition 
to the lance. The oxy-coal system with the swirl-type lance results in high combustion effi-
ciency. A bell-less top is used for material charging to the EBF and the furnace is operated 
with an excess top pressure. The operation of the EBF is similar to a commercial blast fur-
nace, although with a shorter response time. Therefore, it is a valuable tool for detecting dif-
ferences in properties of ferrous burden materials as well as different injection agents and new 
process concepts. The samples evaluated in this study have been collected from the EBF 
raceway during short stoppages and part of the results are also reported elsewhere [5]-[6]. 
Other studies include solid sampling from the hearth [5].   



SSAB EMEA BF No.3 
 
In April 2004 core-drilling into 3 of the 32 tuyeres was carried out at SSAB EMEA BF No. 3 
in Luleå. BF No. 3 is operated on almost 100 % olivine pellets but some dust briquettes and 
additives in terms of BOF slag, limestone and minor amounts of ferromanganese slag are also 
charged. BF No.3 has a working volume of 2 540 m3 and a hearth diameter of 11.4 m. The 
material is charged via belt conveyer and distributed with a bell-less top. The blast volume is 
~ 250 kNm3/h including oxygen enrichment and moisture added to the blast. The blast tem-
perature is ranging between 1100 to 1150°C. BF No. 3 can operate with an excessive top 
pressure of 150 kPa and the average hot metal production is ~ 6 400 tonnes/day. BF No.3 has 
2 tapholes, where one is in use during approximately three weeks before the change of taphole 
and replaceable runners. At the time for core-drilling the PC rate were ~ 135 kg/tHM and the 
average consumption of reducing agents in total ~ 459 kg/tHM. The oxygen content in the 
blast was in average ~ 24 %, the productivity 2.45 tons/m324h and the flame temperature 
reached ~ 2170°C. A low volatile PC was injected via single coaxial lances with air in the 
coaxial part. The purpose of the core-drilling was to characterize the raceway and deadman by 
studying of the core samples and process data of the period prior to the core-drilling [7].  
 
Raceway core drillings 
 
Experimental setup and macroscopic evaluation 
 
The coke used in the BF No. 3 and in LKAB EBF® in this study is produced by SSAB EMEA 
in Luleå. The properties of coke correspond to high quality coke regarding CSR (70.0-72.9 %) 
and CRI (19.2- 20.6 %) as well as the mechanical strength with Micum values of M40 79.5-
80.2 % and M10 7.7-8.0 %. 
 
4 core-drillings into the raceway of the EBF were performed at 3 different campaigns. Prior 
stoppages, the EBF was operating under different injection conditions and process parameters 
settings as presented in Table 1, which also shows data prior core-drilling at BF No. 3. The 
core-drillings at BF No. 3 were carried out using a drilling machine from Ruukki [8] with 
their specially trained personnel. At the EBF, a short stoppage can be made quite quickly with 
maintaining of blast and injection while at BF No. 3 the blast and PCI are stepwise decreased 
and often there is no injection at all just before the stoppage. 
 
Table 1. Average process parameters at around 4 and 8 hours before stoppage and tuyere 
core-drilling in the EBF and in SSAB BF No.3, respectively 

 
Process parameters 

EBF SSAB  
Core 1 Core 2 Core 3 Core 4 BF No. 3  

Injection conditions All coke PCI PCI PC & BFD PCI  
Injection - 154 165 155** 107 g/Nm3 

PCR - 140 150 150** 110 t/HM 
Blast temperature 1190 1217 1189 1188 1100 °C 

Blast velocity 134 139 129 127 200 m/s 
O2 enrichment* - 4.0* 7.6* 7.3* 1.0 % 
Moisture to blast 24 18 19 20 15 g/Nm3 

RAFT (flame temp.) ~2260 ~2220 ~2250 ~2240/2208† 2100 °C 
*including oxygen to lances 
**PC & BF flue dust mixture of 27 % of BF flue dust and 73 % of PC, 110 kg PC & 40 kg BFD/tHM  
†flame temperature estimated with consideration of iron oxide in injected mix  



After the stoppage of the EBF, the tuyere No. 2 was taken out and a steel tube with an inner 
diameter of 185 mm was pushed into the tuyere. The tube was plugged and cooled with N2 
gas. After opening of the tube, the core was photographed and divided into 10 cm sub-
samples as can be seen in Figure 1. The cores were emptied and each sub-sample was 
screened. Fractions >5 mm were sorted into coke, slag and metal (magnetic) material. Chemi-
cal analyzes were made on coke and fine material <0.5 mm. X-Ray Diffraction (XRD) ana-
lyzes of coke have been made in order to determine the graphitization degree. The graphitiza-
tion degree is represented by the Lc value and is calculated using Scherrer’s equation [1] on 
XRD measurements at the (002) carbon peak position. Lc is defined by the medium height of 
the graphite crystal and a higher value represents a higher degree of ordering in the carbon 
structure and increases at higher temperatures. Coke in sub-samples from core 3 and 4 have 
been scanned at wider angle interval and evaluated. 
 
No. 1 
 
All coke 
 

 

No. 2 
 
PCI 
 

No. 3 
 
PCI 

No. 4 
 
PC & 
BFD 
mix 

Figure 1. Raceway cores taken out of tuyere No. 2 at the EBF 
 
Macroscopic evaluation shows that core 1 contains coke pieces covered with drops of melt 
and partly coated with slag; leading to coke glued together forming aggregates. In core 2, cor-
responding to PCI of 154 g/Nm3, the coke pieces are “cleaner” with metal and slag drops on 
coke mainly found in rounded raceway coke and almost no aggregates found. Coke in core 3, 
after PCI of 165 g/Nm3, contains higher amount of metal drops generating some coke ag-
glomerates and there are also a higher ratio of greyish, rounded coke blasted by the gas. When 
opening core 4, taken after a period with mixed PC and BFD injection prior drilling, the first 
impression was that the core contained a large amount of fines. However, when emptying the 
core, quite large coke pieces were found. Slag droplets can be observed at the coke surface 
and coke pieces are quite black with sharp edges. Some agglomerates are also found in core 4, 
mainly glued together with slag. 
 
The positions of the drill-cores taken out from tuyeres 1, 8 and 12 at SSAB BF No. 3 are 
shown in Figure 2. The sample tube was 200 mm in diameter and had a length of 6 m, long 
enough for reaching the center of BF No. 3. More detailed description of the drilling and 
sample evaluation is reported elsewhere [7]. After drilling the cores were sealed and cooled 
with N2 from the inside and with water on the outside. The cores were photographed and di-
vided into 25 cm sub-samples after opening of the tubes. The drill-core from tuyere 1 is  



shown in Figure 3. Each sub-sample were screened and 
fractions >10 mm were sorted in coke, slag and metal 
(magnetic). Coke in fractions >20 mm and fines <0.5 mm 
were used for chemical analyzes. XRD analyzes of coke 
from tuyere 1 have been made in order to determine the 
graphitization degree. 
 
Based on previous tests of raceway depth measurements 
by a steel rod and the results when emptying the cores, 
different zoning could be made as shown in Figure 4. 
Cores from tuyere 1 and 8 are measured to 2.75 m and the 
core from tuyere 12 to 2.25 m. The maximum depths rec-
orded by the drilling machine were larger as the material in the cores were compressed by 
0.22 m in tuyere 1, 0.12 m in tuyere 8 and 0.55 m in tuyere 12.  
 

 
 

 
Figure 3. Raceway core drilled from tuyere 1 at SSAB BF No. 3 
 

Coarser coke with sharper edges was found at 
the beginning of the cores, originated from the 
bosh area and have fallen down into the race-
way cavity when the BF was stopped. Smaller, 
rounded raceway coke was found further in. 
At the end of the raceway, denser material 
with a higher content of fines forms the bird’s 
nest. Around this position a network of metal-
lic iron surrounds the coke particles. The last 
part of the cores corresponds to deadman. No-
tably, in the core from tuyere 1, a large area of 
iron agglomerates was present after the bird’s 

nest, indicating a larger amount of melt is travelling in the area between the tapholes. 
 
Particle size of coke and material distribution 
 
Weighed amounts of coke >5 mm in the raceway cores taken out of the EBF are shown in 
Figure 6, together with total amount of material >5mm and fines <0.5 mm. Larger gaps be-
tween coke and total material >5 mm indicates presence of magnetic material, slag and ag-
glomerates. Comparing the cores with PCI prior drilling, core 2 have higher amounts of coke 
and lower amount of other material while core 3 has quite high ratio of magnetic material, 
aggregates and slag, indicating melt dripping trough raceway area. The blast velocity seems to 
have greater impact on restricting the melt through raceway than PCI since the blast velocity 
is 10 m/s higher before drilling of core 2. In addition, the amounts of fines are low in core 2 
suggesting that the higher gas velocity have blown them away. No indication of bird’s nest 
was found in core 2. The highest amount of fines in all cores is found at 30-40 cm position in 

Figure 2. Position of tuyeres and 
tapholes at BF No. 3 

Figure 4. Zoning of the raceway drill-cores 
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core 3. The coarser coke increases afterwards, indicating the back side of a bird’s nest, and the 
coke degradation decreases as the amount of 10-16 mm, but especially 5-10 mm coke, is low-
er. In core 2, the coke degradation is high and quite uniform along the length of the core. In 
core 1, after all coke operation, the coke degradation varies but is lower towards the center of 
the EBF indicating bird’s nest formation at position ~ 40 cm as the amount of fines increases 
afterwards. The weighed material in core 4, after injection of PC and BFD mixture, was in 
general lighter than the other cores although some magnetic material, slag and aggregates 
were found at positions 40-60 cm, especially in fraction 5-10 mm. The first 2 sub-samples of 
the core consisted mainly of coarse coke >16 mm. The coke degradation was lowest of all 
drilled cores as the amount coke larger than 16 mm was high and fractions 5-10 mm, but also 
10-16 mm, were low. This indicates that the fines observed when opening the core may origin 
from injected BFD and/or PC fines. The highest coke degradation was found at position 30-40 
cm and subsequent sub-sample had highest amount of metal, aggregates and fines, indicating 
a bird’s nest. 
 

Figure 6. Weighed coke (in grams) in fractions >16, 10-16 and 5-10 mm and total amount of 
material >5 mm and <0.5 mm  
 

Particle sizes of total amount of material >20 
mm and fines <0.5 mm in SSAB BF No. 3 
drill cores are shown in Figure 5. . The bosh 
and raceway coke present in the first 2 sub-
samples of each core results in a high ratio of 
>20 mm in all cores. Further into the raceway 
the ratio decreases and a minimum value is 
found at the end of the raceway. The amount 
of slag and magnetic material increases in 
bird’s nest position in tuyere 1 and 8, but al-
most no slag was found in core taken from 
tuyere 12, indicating absence of a distinct 
bird’s nest. Sub-samples towards the furnace 
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Figure 5. Fractions >20 mm and <0.5 mm in 
drill-cores from SSAB BF No. 3. 
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center have the lowest content of >20 mm particles. Small amount of fines are found in race-
way position and the amounts increases after the bird’s nest position and further towards 
deadman. The lower amount of fines at tuyere 1 position may be a result of direct reduction of 
FeO and other oxides consuming coke fines as more melt most likely travels between the tap-
holes at BF No. 3. 
 
Chemical composition 
 
The ash content in coke in raceway drill-cores from the EBF, here represented by the sum of 
oxides in the XRF analyze is shown in Figure 7. All sub-samples have higher ash content than 
the charged coke. The cores drilled after PCI, core 2 and 3, do not vary to a large extent to-
wards the center of the EBF, while large variations occur after all coke operation, core 1, and 
injection of PC and BFD mix, core 4. Coke from core 1 has notably high ash content at posi-
tion 10-40 cm and core 4 coke has quite low content at position 20-40 cm. Figure 8 shows the 
ash content in drilled core coke >20 mm samples from industrial size BF No. 3. The ash con-
tent is higher than charged coke and increases at bird’s nest position of tuyere 1 and 8 and 
further into the deadman in all 3 cores. Especially high ash contents occur at position of iron 
agglomerates in tuyere 1. The last sub-sample of tuyere 12 deviates in all analyzes. 
 

Figure 7. The ash content, represented by the 
sum of oxides, in drill-cores from the EBF 

Figure 8. The ash content in drill-cores from 
SSAB BF No. 3 

 
In Figure 9, the K2O-content and SiO2/Al2O3 quotient in coke samples from EBF is compared 
to values of charged coke. At high temperature in raceway combustion area silica and alkali 
compounds in coke ash are reduced and SiO gas as well as alkali metals will evaporate. All 
drill-core samples have lower SiO2/Al2O3 than charged coke, indicating SiO2 reduction and 
gasification. The quotient as well as the alkali content is general higher in the first sub-
samples and decreasing further in, but the positions varies with different injection setups.  
 
The SiO2/Al2O3 quotient in coke from drilled cores from BF No. 3, see Figure 10, increases at 
birds nest and deadman position and are slightly higher or around the value of charged coke. 
However, in bosh and raceway coke the value is lower, indicating gasification of silica com-
pounds. In addition, almost all K2O have been reduced and evaporated in the raceway, while 
the content is still high at birds nest and deadman position, especially in tuyere 1.  
 
C and Fe dominate in fines <0.5 mm and the total amounts are shown in Figure 11 for both 
EBF drill-cores and SSAB BF No. 3. The basicity B2 is also shown in the same figures. The 
C-content in sub-samples from the EBF vary between 11-60 % and Fe between 19-54 %. Un-
like the EBF cores, C- and Fe-contents in fines from drill-cores from BF No. 3 are high in 
bosh and raceway areas and decreases in deadman. Tuyere 8 shows the trend most distinctly 
indicating good reduction of FeO by coke fines. Drill-cores from industrial size BF No. 3 

10
11
12
13
14
15
16
17
18
19
20

0-10 10-20 20-30 30-40 40-50 50-60 60-70

SU
M

 o
f o

xi
de

s (
%

)

Position (cm)

C1 all coke C2 PCI C3 PCI C4 PC&BFD mix

0

10

20

30

40

50

60

0-0.25

0.25-0.5

0.5-0.75

0.75-1.0

1.0-1.25

1.25-1.5

1.5-1.75

1.75-2.0

2.0-2.25

2.25-2.5

2.5-2.75

A
sh

 (%
)

Position (m)

Tuyere 1 Tuyere 8 Tuyere 12



shows l
tion. Ba
drilling.
of bird’
 

Figure 9
charged
 

Figure 1
 

Figure 1
and from
 
 

0

1

2

3

4

5

6

0-0.25

K
2O

 (%
)

0

20

40

60

80

100

0

Fe
 &

 C
 (%

)
lower basici
asicity in fin
. Unlike the
s nest have 

9. The K2O-
d coke 

10. K2O-con

11. Sum of 
m SSAB BF

0.25-0.5

0.5-0.75

0.75-1.0

Tuyere 1

0-10 10-20 20-3
P

Fe & C in C1
Fe & C in C3
B2 C1 all coke
B2 C3 PCI

ity in the ra
nes from EB
e industrial 
been notice

-content and

ntent and Si

C- and Fe-c
F No. 3 (rig

 

1.0-1.25

1.25-1.5

1.5-1.75

Position, (m)

Tuyere 8

30 30-40 40-50
Position (cm)

Fe & C
Fe & C
B2 C2 
B2 C4 

aceway area
BF cores di
size BF, B2

ed.  

d SiO2/Al2O

iO2/Al2O3 q

content and 
ht) 

1.75-2.0

2.0-2.25

2.25-2.5

Tuyere 12

50-60 60-70

C in C2
C in C4

PCI
PC & BFD mix

a and B2 in
iffers depen
2 in fines se

O3 quotient 

quotient in >

B2 in drill-

2.5-2.75

0

1

2

3

4

Si
O

2/A
l 2O

3

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

B
2 

(C
aO

/S
iO

2)

0

20

40

60

80

100

Fe
 &

 C
 (%

)

ncreases at 
nding on con
eems to dec

in coke from

>20 mm cok

-core fines <

0-0.25

0.25-0.5

0.5-0.75

Tuyere

0-0.25

0.25-0.5

0.5-0.75

Fe & C T1
B2 T1

bird’s nest 
nditions in r
crease in po

m EBF drill

ke samples 

<0.5 mm fro

0.75-1.0

1.0-1.25

1.25-1.5

Position (

e 1 Tuyer

0.75-1.0

1.0-1.25

1.25-1.5

1.5-1.75

Position 

1 Fe & C T8
B2 T8

and deadm
raceway pri

ositions whe

l-cores and 

from BF No

om the EBF

1.5-1.75

1.75-2.0

2.0-2.25

(m)

re 8 Tuye

1.75-2.0

2.0-2.25

2.25-2.5

2.5-2.75

(m)

8 Fe & C T1
B2 T12

man posi-
ior core-
ere signs 

in 

o. 3  

F (left) 

2.25-2.5

2.5-2.75

ere 12

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5

2
5

2
75

B
2 

(C
aO

/S
iO

2)

12



XRD 
 
The graphitization degrees, represented by the Lc values, in coke samples from the EBF are 
shown in Figure 12. Generally, the Lc value of bosh coke in the first sub-sample, have lower 
Lc than subsequent raceway coke. Lc in the last sub-sample in the cores from EBF decreases 
slightly. Core 3, with injection of 165 g/Nm3, has the highest level of Lc indicating the highest 
temperatures in raceway followed by core 2, with PCI of 154 g/Nm3. In core 4, with injection 
of PC and BFD mixture, Lc is initially low in raceway and increases to a quite high level at 
position 40-50 cm. The ash content is also lower, suggesting that coke is less affected by gasi-
fication reactions. Indications of remaining BFD at position 0-30 cm were found in fines <0.5 
mm [6] and may influence combustion characteristics in raceway. It seems like the combus-
tion takes place further into the raceway, at position 40-60 cm, than with PCI. 
 

Figure 12. Lc values (Å) in coke from EBF 
raceway core-drilling 

Figure 13. Lc values (Å) in coke from SSAB 
BF No. 3, drill-core from tuyere 1  

 
Lc of coke in bosh, raceway and bird’s nest area, and one sub-sample of deadman coke (posi-
tion 2.25-2.5 m), in the core drilled from tuyere 1 at BF No. 3 are shown in Figure 13. The 
highest Lc occurs in the beginning of raceway and decreases towards the end. The deadman 
sub-sample has lower graphitization corresponding to lower temperature. This trend coincides 
with other raceway core drillings made [9]-[10].  
 
Coke in drill-cores from the EBF has been analyzed in XRD and compounds found are shown 
in Figure 14. Sub-samples at the position of 0-10, 10-20 and 50-60 cm from core 3, after PCI, 
and core 4, after PC and BFD injection, have been studied.  
 

Figure 14. XRD pattern for coke from core 3 (left) after PCI, and in core 4 (right) after 
injection with PC and BFD mixture. Original charged coke is indicated to the right  
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At position 0-10 cm and 10-20 cm in core 4, coke looks more like original coke than in core 
3. Mullite, 3Al2O3.2SiO2, is the major silicon-aluminum compound in original coke, and can 
also be noticed in the first sub-sample at position 0-10 cm. As comparison, original coke be-
fore charging is also shown Figure 14. The coke peak is positioned at 2θ ~ 26° and has an 
additional peak of graphite at all positions in core 3 but only further into core 4 at position 50-
60 cm. In addition, gehlenite, Ca2Al2SiO7, is found in all sub-samples after PCI but only at the 
position of 50-60 cm in the core after injection of PC and BFD mixture. However, akerman-
ite, Ca2MgSi2O7, can also be present as the peaks are overlapping in many cases. Fe is also 
found further into the EBF center in both cores. Some iron silicon and SiC may be present in 
core 3. In addition, SiC is noted in core 4 sub-sample 10-20 cm. Peaks pointing at presence of 
MgAl2O4 spinel are noticed in core 3 and in the 50-60 cm sub-sample in core 4, suggesting 
these samples have been subjected to higher temperatures. Gornostayev et. al. [11] found spi-
nel crystals of MgAl2O4 in tuyere coke which believed to be a product of altered minerals 
during the decent in the BF reacting with reduced Mg (g) and H2O (g).  
 
Concluding discussion 
 
Coke in drill-cores consists of bosh coke from above the raceway, raceway coke and deadman 
coke. In comparison with charged coke this coke has changed characteristics depending on 
the exposed conditions which vary along the radius of each drilled core. The changes include 
changed particle shape due to turbulence, high temperature and oxidation conditions and 
therefore the raceway coke is smaller and more rounded than bosh and deadman coke. The 
degree of coke degradation depends on raceway conditions such as blast velocity. Coke in 
raceway area have increased ash content due to gasification of carbon which is more pro-
nounced in core 1, after all coke operation, due to absence of other injected carbon containing 
material. Slag/metal droplets occur on coke surface and, in the case of deadman coke in indus-
trial size BF, oxidation/condensation of compounds from BF gas in low temperature regions. I 
addition, the ash composition is altered due to both reduction and gasification of ash minerals 
as e.g. SiO2 and alkalis in raceway and oxidation/condensation of gaseous compounds and 
uptake of compounds from the melt. Coke exposed to highest temperatures in the raceway 
area have increased the most in graphitization degree, and subsequent bird’s nest and dead-
man cokes graphitization degrees decreases. K2O-content in coke correlates to the graphitiza-
tion degree, i.e. the temperature, as well as the SiO2/Al2O3 quotient which decreases at higher 
temperatures. Coke particles have different macroscopic appearance dependent on raceway 
conditions, as slag coating during all coke and PC and BF flue dust injection, metal coating 
for high PCI etc.  
 
Presence of slag and coke aggregates indicates the formation of bird’s nests at the end of the 
raceway. The K2O-content, as the content is nearly zero in raceway, is a good indicator of 
temperature and the transition from raceway to bird’s nest and deadman can clearly be seen in 
the cores from the industrial sized BF and less significant in the EBF. The end of raceway and 
position of a significant bird's nest in the industrial samples are indicated by the increasing 
content of K2O and increasing ratio of SiO2/Al2O3 in coke. In the industrial BF the pro-
nounced formation of a bird’s nest redirect the gas from moving towards the BF center. As a 
result the coke in deadman cannot be heated and the temperature indicated by the graphitiza-
tion degree decreases. Ash released during combustion cannot reach the basic slag formers 
charged from the top and a uniform distribution with comparably low basicity of fines <0.5 
mm in the raceway and higher B2 from the bird’s nest towards the center of the BF is found.  
 



Different injection conditions may explain part of the differences found between pilot and 
full-scale. The injection conditions at the EBF include oxy-coal injection with a swirl-tip 
lance. The change to oxy-coal system made it possible to increase the PC injection rate up to 
170 kg/tHM with stable conditions, probably due to improved combustion efficiency of PC. 
In the EBF, gas flows with relatively long penetration depths which resulted in a rather uni-
form temperature distribution, stated by the graphitization degree, of cores after operation 
with PCI. The highest temperature indicated by the graphitization degree of core 3 hints that 
the combustion is efficient also at the higher injection rate. In addition, higher PCI results in a 
higher amount of volatiles released by the coal particles and therefore a higher release of heat 
when ignited [12]. At BF No. 3 a straight coaxial lance with air in the coaxial part is used. In 
this lance it is possible that air travelling in parallel to the coal plume hinder the hot blast with 
higher oxygen content from reaching the coal particles efficiently. Another difference is the 
raceway area relative the total cross section area and the raceway length relative the radius, 
which is higher in the EBF compared to in the industrial BF where the center region is filled 
with a large volume of deadman coke [1],[3].  
 
In BF No. 3 the flow of melt through raceway area is most likely related to the position rela-
tive the tapholes. The largest amounts of slag and iron agglomerates were found in tuyere 1 
drill-core positioned between the tapholes. Tuyere 12, positioned at the opposite direction has 
not as distinctive signs of bird’s nest and also had the largest compression. Slag found on coke 
pieces in EBF core 1, after all coke operation, can hinder both gasification and temperature 
rise, as the graphitization was lower than expected based on the calculated theoretical flame 
temperature. Reported studies with PCI and coke showed that slag with high viscosity may 
cover the coke surface while slag with lower viscosity falls down from the surface [13]. Mol-
ten coke ash has high melting point and high viscosity and thermodynamic calculation indi-
cates that ash from the PC used decreases the melting point of the ash released [5] when the 
actual PC is injected.  
 
Injection of BFD influences the raceway conditions [6] as reduction of iron oxides in BFD are 
assumed to lower the flame temperature and reduce melting temperature and viscosity of tuy-
ere slag. The graphitization degree, K2O-content and SiO2/Al2O3 quotient in coke in the first 
part of raceway in core 4 indicate lower temperatures. In addition, the ratio of coke particles 
>16 mm are less affected, based on material distribution, ash content, chemical composition 
and the coke shape with quite sharp edges. XRD measurements on coke at this position show 
similarity of charged coke with presence of mullite and quartz in the first sub-sample. Pres-
ence of gehlenite in is found in coke subjected to higher temperatures, based on the graphiti-
zation degree of core 3 and sub-sample 50-60 cm in core 4. It cannot be stated if present geh-
lenite origin from slag droplets on the coke surface or from the ash itself. However, at posi-
tion 40-60 cm the temperature has raised significantly, indicating that the combustion peak 
position is moved further into the raceway when BFD and PC mix are injected. As BFD con-
tains practically no volatiles, the amount of volatiles in injected PC is diluted and the fast igni-
tion initially in raceway might have been delayed. Analyze of fines <0.5 mm [6] shows re-
maining unreacted BFD in the first 3 sub-samples as the Zn-content was higher. Moreover, 
estimation of the oxidation degree of iron oxide showed a reduction degree between FeO and 
Femet in core 4. The amount of fines <0.5 mm were less than in core 3 but higher than in the 
other cores. Fines noted when opening the core indicate some unconsumed BFD. Increased 
FeO-content in raceway will decrease the melting point of tuyere slag and therefore improve 
the permeability at raceway end [14] and the fact that the drill-core could be pushed further 
into the EBF than for the other cores indicates higher permeability after injection of PC and 
BFD mixture.   



Acknowledgements 
 
The research work presented in this paper has been carried out within the projects of Flex-
inject and Hearthefficiency funded by the Research Fund for Coal and Steel (RFCS). Swedish 
Energy Agency is greatly acknowledged for additional financial contribution. Members of the 
Swedish Steel Producers’ Association JK21064 project are acknowledged. Special thanks to 
LKAB and SSAB for support and assistance in the work. The paper is a contribution from 
CAMM, Centre of Advanced Mining and Metallurgy, at Luleå University of Technology. 
 
References 
 

[1] M. Lundgren, U. Leimalm, G. Hyllander, L. Sundqvist Ökvist and B. Björkman: “Off-
gas Dust in an Experimental Blast Furnace Part 2: Relation to Furnace Conditions”, ISIJ 
Int., 50 (2010), 1570-1580 

[2] M. Lundgren, L. Sundqvist Ökvist and B. Björkman: “Coke Reactivity under Blast Fur-
nace Conditions and in the CSR/CRI Test”, Steel Research Int., 80 (2009), 396-401 

[3] L. Sundqvist Ökvist, B. Jansson and P. Hahlin: “Effect of coal properties, injection rate 
and O2 addition on BF conditions”, ICSTI 2006, Osaka, Japan, 327-330 

[4] The Iron and Steel Institute of Japan: “Blast Furnace Phenomena and Modelling”, Else-
vier Applied Science Publishers Ltd, Essex, 1987, ISBN 1 85166 057 7 

[5] L. Sundqvist Ökvist, M. Lundgren, J-O. Wikström and N. Eklund: “Raceway and hearth 
conditions relative process conditions in the LKAB experimental BF”, 6th European 
Coke and Ironmaking Congress (ECIC) 2011, Düsseldorf, Germany 

[6] L Sundqvist Ökvist, M. Lundgren, G. Hyllander, M. Hensmann, E. Olsson, O. Antila 
and S. Schuster: “Injection of alternative carbon containing materials into the Blast Fur-
nace”, TMS 2012 141st Annual Meeting & Exhibition, Orlando, Florida, USA  

[7]  B. Jansson, M. Lundgren and L. Sundqvist Ökvist: “Characterisation of raceway and 
deadman of BF No. 3 in Luleå”, 5th European Coke and Ironmaking Congress (ECIC) 
2005, Stockholm, Sweden 

[8] O. Kerkkonen: “Tuyere Drilling Coke Sample Data from Rautaruukki’s Blast Furnaces 
No. 1 and 2”, AISTech 2004, Vol I, Nashville, Tennessee, USA, 469-482 

[9] B.J. Monaghan, R. Nightingale, V. Daly and E. Fitzpatrick: “Determination of thermal 
histories of coke in blast furnace through X-ray analysis”, Ironmaking and Steelmaking, 
35 (2008), 38-42 

[10] S. Dong, N. Paterson, S.G. Kazarian, D.R. Dugwell and R. Kandiyoti: “Characterization 
of Tuyere-Level Core-Drill Coke Samples from Blast Furnace Operation”, Energy & 
Fuels, 21 (2007), 3446-3454 

[11] S. Gornostayev and J. Härkki: ”Spinel Crystals in Tuyere Coke”, Metallurgical and Ma-
terials Transactions B, 36B (2005), 303-305 

[12] K. Ishii: “Advanced Pulverized Coal Injection Technology and Blast Furnace Opera-
tion”, Elsevier Science Ltd, Oxford, 2000, ISBN 0 08 043651 X 

[13] K. Khairil, D. Kamihashira and I. Naruse: “Interaction Between Molten Coal Ash and 
Coke in Raceway of Blast Furnace”, Proceedings of the Combustion Institute, Vol. 29, 
2002, 805-810 

[14] L. Sundqvist Ökvist, D. Cang, Y. Zong and H. Bai:“The Effect of BOF Slag and BF 
Flue Dust on Coal Combustion Efficiency”, ISIJ Int. 44 (2004), 1501-1510 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


