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Abstract 
 
Tests in the LKAB Experimental Blast Furnace (EBF) were carried out under different pre-set 
process conditions. The choice of injection coal, an HV coal and an LV coal, affected the in-
furnace conditions, which was assumed to contribute to the differences in reduction degree in 
pellets taken out with the upper shaft probe. A higher pellet reduction degree was attained 
during operation with the HV coal compared to injection of the LV coal. The differences in 
pellet reduction degree receded through the shaft and no correlation between pellet reduction 
degree and pre-set process conditions was observed in samples taken out with the lower shaft 
probe. For the HV coal, a higher pellet strength and an increase in Fe and C losses with the 
top gas were observed compared to operation with the LV coal.  
 
Blast-furnace-simulating laboratory reduction for simulated PCR, based on measurements in 
the EBF, was carried out. The increase in reduction potential and temperature level resulting 
from an increase in simulated PCR compensated for the decrease in reduction time between 
the simulated low and high PCR. Laboratory reduction under isothermal conditions showed 
an increased reduction rate at increased temperature as well as with an increased H2 content in 
the reduction gas.  



Introduction 
 
In modern blast furnace ironmaking, continuous efforts are made to reduce coke consumption 
by replacing coke with e.g., an increased amount of injected pulverized coal. As the ore-to-
coke ratio increases, so does the load on the charged materials. An increased pulverized coal 
injection rate (PCR) will among other things affect the composition of the ascending 
reduction gases, the in-furnace temperature isotherms and possibly the position of the 
cohesive zone; all parameters important for the reduction of iron oxides. In-furnace isotherms 
for 1000˚C, determined with a feed-type vertical probe, have been shown to move upward in 
the shaft with the increase of pulverized coal injection (PCI) [1]. As a consequence, the 
cohesive zone will move upwards, resulting in an increase in high-temperature furnace 
volume and a decrease in low-temperature furnace volume, and thus a possible decrease in the 
amount of indirect reduction of pellets. Due to the amount of volatile matters in the coal, 
increased PCR increases the H2 content in the reducing gas [2]. H2 acts as a stronger reducing 
agent than CO at sufficiently high temperatures relevant to the blast furnace process. A high-
volatile (HV) coal will generate more H2 compared to a low-volatile (LV) coal type.  
 
It is of interest to study the effect of different PCR on pellet reduction properties and to 
determine how the in-furnace conditions are affected. According to Loo et al. [3], low-
temperature disintegration increases the longer materials are subjected to low temperatures in 
the range 300-600˚C. From this point of view, the low-temperature disintegration would 
decrease if the PCR were increased. The loss of pellet strength depends on the reduction gas 
composition [4]. Investigations by Peters et al.[5] show that the amount of dust in the blast 
furnace gas increases with a higher PCR. The phenomenon is ascribable to higher gas 
velocities caused by the increase in ore-to-coke ratio and the more fine-grained nature of 
burden compared with coke.  
 
The influence of PCR and coal type on olivine pellet reduction properties, reduction gas 
compositions and in-furnace conditions was investigated during a test in the LKAB 
Experimental Blast Furnace (EBF). To determine pellet reduction properties under different 
controlled blast furnace operating conditions, laboratory reduction tests simulating different 
PCR were carried out. Test design was based on measurements in the EBF. Isothermal tests 
were carried out to study the influence of temperature and H2 content on pellet reduction rate.  
 
Material 
 
Commercial olivine pellets were used in the investigations performed. Material samplings for 
the laboratory investigations simulating PCR were carried out at the LKAB pelletizing plant 
in Malmberget and for the isothermal tests at the SSAB BF pellet-charging stream in Luleå. 
The chemical composition of the MPBO olivine pellets can be seen in Table 1. 
 

Table 1. Chemical composition of MPBO in percent[6] 
Pellet Fe FeO CaO SiO2 MgO Al2O3 CaO/SiO2 
MPBO 66.8 0.5 0.35 1.7 1.5 0.32 0.21 

 
In the EBF tests two different coal types were used: an LV containing 19.6 percent volatile 
matters and an HV containing 38.0 percent volatile matters. Other additions corresponded to 
operation at the SSAB BF No. 3, except for quartzite, which was charged to provide for the 
SiO2 in the slag and reach the desired slag volume. 



Experiments 
 
LKAB experimental blast furnace (EBF) 
 
The EBF at MEFOS 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 [7]. The height from tuyere level 
to stock line is 6 m and there are three tuyeres separated by 120°. During operation, in-burden 
probes are used for sampling of the burden and for the measurement of the horizontal 
temperature- and gas profiles [8]. The shaft probe material is divided in sub-samples.  
 
Pellet properties attained at the probe positions during operation with high and low PCR and 
injection of the HV and the LV coal were investigated. Using the LV coal the average PCR 
was 152 and 79 kg/tHM, respectively, and for the HV coal 152 and 94 kg/tHM. The material 
sampled from the shaft probes was sieved and the pellet fraction >6.3 mm recovered. The 
strength of pellets taken out with the upper shaft probe were tested in an I-drum with a 
diameter of 130 mm and a length of 700 mm. 300 grams of pellets in the size range 10-12.5 
mm were rotated 600 times at 20 rpm. Flue dust and sludge were sampled every fourth hour 
during the test periods with different process conditions. Estimation of the positions of the in-
furnace temperature isotherms was done by allowing a thermocouple to descend with the 
burden. During the different pre-set process conditions, process data including burden decent 
rates were stored. 
 
Laboratory furnace 
 
The experimental apparatus used for BF simulating and isothermal reduction tests were 
described elsewhere [9]. For the isothermal tests, nine pellets of about the same size were 
used. Each sample for the tests simulating PCR consisted of dry pellets with a starting weight 
of 80 to 83 grams. The sample material was placed in a basket. At the test starting 
temperature, a nitrogen flow of 12 l/min was introduced. The temperature and N2 gas flow 
were held at constant values for a few minutes before the sample was introduced into the 
furnace. As soon as the sample had been introduced into the constant temperature zone, the 
test was started. After the test, which could be interrupted at any optional point, the sample 
was cooled in pure N2 in the water-cooled top. Total gas flow was maintained at 12 l/min 
during the entire test. The reduction degrees were based on the weight loss and it was 
assumed that the total weight change during reduction was caused by removal of oxygen. 
 
Isothermal reduction 
Isothermal reduction was carried out at 800°C and 1000°C. Three different gas compositions 
were used for each temperature. 
 

• 40% CO and 60% N2 
• 5% H2, 40 % CO and 55% N2 
• 10% H2, 40 % CO and 50% N2 

 
Simulated PCR 
Heating rate and gas profiles for the simulated PCR profiles were estimated from 
measurements made in the EBF during operation at the high and low PCR during injection of 
the LV coal type. The heating rate profiles were estimated from: 



• Horizontal temperature profiles at the position of the shaft probes 
• CO/CO2 ratio at the position of the lower shaft probe for temperature estimation from 

an oxygen potential diagram 
• Average burden decent rates 
• Vertical temperature measurements 

 
For the high and the low PCR, a fast heating rate was estimated to simulate a centre profile 
and a slow heating rate was estimated to simulate an intermediate/wall profile. The reduction 
gas compositions were estimated from the top gas analysis and the gas composition at the 
position of the upper and lower shaft probes. The gas compositions used together with the fast 
heating rates were estimated from the centre gas composition in the EBF. For the slow heating 
rates, the gas compositions at an intermediate position in the EBF were the basis of the 
reduction gas composition. N2 was filled up to a gas flow of 100 percent. Test conditions are 
shown in Figure 1. 
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Figure 1. Heating rate and gas composition profiles for simulated high (left) and low (right) 
PCR. Heating rate and gas profiles were estimated from measurements in the EBF. 

One set of experiments was interrupted at a furnace temperature of 1100˚C and one set was 
interrupted at a reduction degree of approximately 40 percent. Table 2 gives an overview of 
the simulated PCR experiments performed.  
 

Table 2 Schematic overview of BF PCR simulating experiments performed 

High PCR Low PCR High PCR Low PCR
A X X X
B X X X
C X X X
D X X X
E X X X
F X X X
G X X X
H X X X

Slow
PCR

Test
Test End

High Low Red. Degree 40 % Temp. 1100˚C

Heating Rate
Fast

 
 



Results 
 
EBF 
 
Figure 2 shows the horizontal profile of the reduction gas composition as percentages H2 and 
ηCO at the position of the upper shaft probe during the four test periods. An increase in the H2 
content was observed when the PCR increased and was most distinct during HV coal 
injection. The vertical probing indicated that the temperature of the thermal reserve zone was 
independent of the PCR, but an increase in temperature was observed earlier during high PCR 
compared with low [10]. The reserve zone temperature was reached below the position of the 
upper shaft probe during all pre-set process conditions.  
 

0

2

4

6

8

-60 -40 -20 0 20 40 60

Position (cm)

H
2
 (

%
)

LV Coal, High PCR LV Coal, Low PCR
HV Coal, High PCR HV Coal, Low PCR  

0

10

20

30

40

50

-60 -40 -20 0 20 40 60

Position (cm)

%
η
C
O

=
1
0
0
•%

C
O

2
/(

%
C
O

+
%

C
O

2
)

LV Coal, High PCR LV Coal, Low PCR
HV Coal, High PCR HV Coal, Low PCR  

Figure 2. H2 and ηCO profiles at the position of the upper shaft probe in the EBF during tests 
with different PCR and an LV and an HV injection coal type. Position 0 indicates the centre 
of the EBF and the positive and negative extremes the periphery. 

Figure 3 shows the particle size distribution of material taken out with the upper shaft probe 
and the Fe, C, K2O and Na2O content in the <0.5 mm fraction. The fine fractions, <6.3 mm, 
constituted a larger part of the material using the HV injection coal compared to operation 
using the LV coal. The Fe and K2O content in the <0.5 mm fraction increased at the same 
time as the C content decreased when the HV coal was injected at high PCR. The K2O and 
Na2O content in the <0.5 mm increased in the material taken out with the lower shaft probe 
compared to the upper shaft probe, see Figure 4 and the right part of Figure 3. 
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Figure 3. Particle size distribution in the total material samples taken out with the upper shaft 
probe (left) in the EBF for different process conditions. Fe, C, K2O and Na2O content in the 
<0.5 mm fraction for corresponding samples (right). 
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Figure 4. K2O and Na2O content in the <0.5 mm fraction taken out with the lower shaft 
probe. 

The total amount of fines leaving the furnace with the top gas reached the highest level when 
the HV coal was injected, see Figure 5. Figure 6 shows the losses of Fe, C and some 
compounds per tonne of hot metal.  
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Figure 5. Amount of flue dust and sludge generated per tonne of hot metal at high and low 
PCR of the HV and LV coal. 
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Figure 6. Losses of Fe and C (left) and compounds (right) with the flue dust and sludge per 
tonne of hot metal at high and low PCR of the HV and LV coal.  

Injection of the HV coal resulted in the highest reduction degree of pellets taken out with the 
upper shaft probe, see the left part of Figure 7. Correlations between the pellet reduction 
degree and operation parameters were not observed at the level of the lower shaft probe. The 
result from the I-drum tests on pellets taken out with the upper shaft probe showed that the 
highest amount of the fraction >6.3 mm was found at an increased reduction degree. This 
result indicated low disintegration, but at the same time, the highest amount of abrasion in the 
<0.5 mm fraction was observed. As can be seen in the right part of Figure 7 a linear relation 
was obtained between the pellet reduction degrees and the disintegration. The highest pellet 



strength and the highest reduction degree were observed in samples taken out during injection 
of the HV coal. 
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Figure 7. Pellet reduction degrees in sub-samples 1-3 (left) and relation between pellet 
reduction degree and pellet disintegration in probe samples (right) taken out with the upper 
shaft probe in the EBF. 

 
Isothermal reduction 
 
Figure 8 shows the reduction profiles for the isothermal tests. Increased reduction temperature 
from 800°C to 1000°C, as well as an increase in H2 content in the reduction gas, increased the 
reduction rate. In this range of conditions a temperature increase of 200°C had a greater 
impact than a 5 percent increase in H2 content. 
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Figure 8. Reduction profiles for isothermal reduction at 800°C and 1000°C in 0, 5 and 10% 
H2, 40% CO and N2. 

 
Laboratory experiments simulating PCR 
 
Figure 9 shows the reduction profiles for tests A-H. For the same level of simulated PCR, at 
the test end temperature of 1100˚C, a higher reduction degree was attained for the slow 
heating rates when tests D and B and tests H and F were compared. After reduction 
simulating the fast heating rate profiles, tests B and F, approximately equal reduction degrees 
were attained independent of simulated PCR. A higher reduction degree was attained for the 
slow heating rate at the end of test D, simulated high PCR, compared to test H, simulated low 
PCR. In tests A, C, E and G, the reduction was interrupted at a reduction degree of 
approximately 40 percent. 
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Figure 9. Reduction profiles for laboratory tests A-H. Test B, D, F and H interrupted at the 
test end temperature of 1100˚C and tests A, C, E and G at an attained reduction degree of 
approximately 40 percent. 

 
Differences in the Femet texture in the pellet periphery were observed. Tests simulating high 
PCR resulted in a porous Femet texture compared to a denser texture after tests simulating low 
PCR, see Figure 10.  
 

  
Figure 10. Pellet peripheries after laboratory reduction simulating high (left) and low (right) 
PCR. Iron oxide=Grey, Femet=White, Pores=Black. 

 
Discussion 
 
Isothermal laboratory reduction tests showed that the reduction rate increased with an increase 
in the H2 content of the gas as well as an increase in temperature. Temperature measurements 
in the EBF indicated that temperature isotherms in the reserve zone moved upward in the 
shaft when the PCR was increased. Effects of this phenomenon, and the expected increases in 
H2 content as a result of increased PCR, were studied under controlled conditions in the 
simulated PCR tests. A higher reduction degree was attained at the higher PCR at an equal 
reduction time. The increase in reduction potential and temperature level resulting from an 
increase in simulated PCR compensated for the decrease in reduction time between the 
simulated low and high PCR. 
 
Injection of the HV coal in the EBF generated the highest amount of fine material in the 
fractions 0-6.3 mm taken out with the upper shaft probe. When the share of the 0-0.5 mm 
fraction increased in the total material samples, the analysis of corresponding samples showed 
an increased amount of Fe and K at the same time as the C content decreased. The highest 
pellet strength was observed at the highest reduction degrees attained when HV coal was 
injected; however, an increased abrasion in the 0-0.5 mm fraction was also evident. The 
losses of Fe and C with the top gas increased during operation with the HV coal and the 
chemical composition and amount of the sludge changed. The results indicated that the in-
furnace conditions changed as a result of the coal type used. Different Femet textures, caused 



by different start reduction temperatures, temperature increase and reduction potential, were 
obtained in the laboratory tests simulating different PCR. In the EBF, additional parameters 
such as alkali content, basicity, etc., changed as a result of the choice of injection coal. It was 
assumed that these differences affected the texture in the pellet periphery and contributed to 
the increased amount of Femet fines during injection of the HV coal.  
 
In the present EBF study, it was not clear whether PCR affected the dwell time in the range 
300-600°C. Therefore, any correlations between low-temperature disintegration and dwell 
time in the low-temperature range, as suggested by Loo et al. [3], could not be investigated. 
However, using the same type of injection coal, the amount of fine material leaving the EBF 
with the top gas increased with an increase in PCR; an observation in agreement with the 
results presented by Peters et al. [5]. 
 
In the EBF, the H2 content of the gas increased at the position of the upper shaft probe with 
increasing PCR and was independent of the coal type. The differences in ηCO were quite small 
and, consequently, the changes in reduction potential under different process conditions 
seemed to be more or less dependent on the H2 content. Because of central coke charging, the 
reduction potential of the gas was higher in the centre. Although there were differences in 
reduction potential of the gas, no significant differences in reduction degrees could be 
correlated to PCR at the position of the upper shaft probe. On the other hand, a higher degree 
of reduction was observed in pellets taken out during injection of the HV coal compared to 
LV coal operation. The H2 content at the level of the upper shaft probe was higher during high 
PCR and HV coal operation compared to during injection of the LV coal. The increased K 
content in the <0.5 mm fractions taken out with the upper shaft probe during HV coal 
operation indicated a higher alkali level in the furnace. K functions as a catalyst for reduction 
of iron oxides [11], which contributed to the higher reduction degree in pellets. Since no 
correlation between the increase in H2 content and reduction degrees were observed, it was 
assumed that the differences in other in-furnace conditions, caused by the choice of injection 
coal, contributed to the differences in pellet reduction degree in pellets taken out with the 
upper shaft probe. In pellets taken out with the lower shaft probe, significant differences in 
average reduction degree were not found. The results indicated that the test conditions, in 
terms of the reduction potential of the gas, temperature profile, time for all cases and other in-
furnace conditions, resulted in an extension of the thermal reserve zone that was sufficient for 
reduction of pellets under all the investigated process conditions.  
 
Conclusions 
 
The MPBO pellets were well suited for blast furnace operation at different PCR; a conclusion 
supported by laboratory tests as well as EBF investigations.  
 
The pellet reduction degree in the upper shaft was affected by the choice of injection coal 
type. Injection of the HV coal generated a higher pellet reduction degree compared to 
operation with the LV coal. The differences in pellet reduction degree receded through the 
shaft. The choice of injection coal type was also conclusive for the pellet strength and fines 
generation. Less fine material left the EBF with the top gas during injection of the LV coal 
compared to injection of the HV coal. Consequently, with respect to the generation of fines, 
the LV coal type should be chosen for operation at high PCR. 
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