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Abstract 
 
In spite of the vast amount of research regarding the operation of blast furnace, the gas 
composition change in a single charge material layer in a blast furnace is not an extensively 
studied research area. Iron-bearing material and coke are charged in turn as layers into the 
blast furnace as raw material. With no percolation of layers taken into account, the 
composition of gas varies in turn in the blast furnace shaft, losing its reducing potential in an 
iron-bearing material layer and being reformed in a coke layer.  
 
In this paper, the effect of reactions in sinter, pellet and coke layers on the gas composition 
between the blast furnace top and the cohesive zone has been discussed. The gas was analysed 
on-line on multiple heights of a tube furnace loaded with a material bed of 1.0 m in height and 
uniformly heated at a rate of 2°C/min or 3°C/min up to 1100°C or 1200°C. As a result, the 
H2–H2O gas composition change occurred in a higher temperature than the CO–CO2 change 
in sinter, pellet and coke beds. This led to a conclusion that the reduction of iron oxides by 
hydrogen and gasification of coke by water vapour started in somewhat higher temperatures 
than the reactions with carbonaceous gas components. Additionally, olivine pellets were more 
reducible in moderate temperatures compared with sinter and the utilisation rates of CO and 
H2 gases rose higher in a pellet bed than in a sinter bed, mainly due to the higher hematite 
percentage in pellets. 



 
 

Introduction 
 
The blast furnace (BF) is the dominating process for iron 
several new alternative iron-making technologies have been developed. 
productivity of a blast furnace
descending charge materials on
the reduction of iron-bearing material are the two main 
of the gas atmosphere in the blast fur
an additive, starts to decompose at 
releasing carbon dioxide. The
the upper shaft increases, decreasing the reduction rate of 
reactions for the reduction of iron oxides with carbon monoxide and hydrogen are presented 
in Equations 1 and 2. Similarly, the coke gasificatio
and 4. 
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Figure 1. Schematic profile of 
temperatures and gas composition in the 
vertical direction of the blast furnace
 
Figure 1 presents the schematic 
CO2 and H2) excluding water vapour and nitrogen in the shaft area
temperatures of the gaseous and solid streams are shown 
furnace. In principle, ascending gases lose their reducing potential
leading to decreasing CO and H
in gases. Simultaneously, heat is transferre

is the dominating process for iron production even though recently 
making technologies have been developed. In order to raise the 

productivity of a blast furnace, it is important to know the effect of the 
on the gas composition in the shaft area. Coke 

bearing material are the two main factors affecting the reducing potential
the blast furnace shaft. Furthermore, limestone, occasionally

starts to decompose at temperatures over 700°C [1, 2], 
releasing carbon dioxide. Therefore, the carbon dioxide concentration of the reducing gas

decreasing the reduction rate of iron oxide
reduction of iron oxides with carbon monoxide and hydrogen are presented 

in Equations 1 and 2. Similarly, the coke gasification reactions are depicted in Equations 3 
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Figure 2. Schematic view of g
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gas composition is conventionally thought to
precisely, the iron-bearing a
reduction of iron oxides takes place
reformation occurs in the coke layers
 
Peters et al. [3] point out that 
increase continuously over the height of the BF but the
over two separate ranges in the BF shaft
with minor gas changes is the 
the top of the BF where the 
considerably low due to the low 
 
In this paper, the effect of pellet
furnace top and the cohesive zone has been studied, ignoring t
CO–CO2 change and H2–H2O change have been investigated. 
H2O gas mixture in the BF shaft was estimated to be 8
conventional oil injection level of 100
 
Experimental 
 
Experimental device 
 
The layer furnace (LF), presented in 
composition change in single sint
be set to the LF, consisting
composition can either be changed manually or 
and temperature. The furnace tube
1.0 m high bed of desired mater
 

Figure 3. Schematic layout of t

is conventionally thought to change in a BF in the vertic
and coke layers can be treated separately.

takes place in the iron-bearing material layers, whereas
coke layers [2], as shown in Figure 2. 

point out that the utilisation rates of CO, also known as EtaCO values,
increase continuously over the height of the BF but the gas composition change is negligible

ranges in the BF shaft, shown by a series of measurements. The first
the thermal and chemical reserve zone. The other
the reaction rates of the reduction reactions of

the low temperature of the ascending gases. 

the effect of pellets, sinter and coke on the gas composition between 
cohesive zone has been studied, ignoring the effect of limestone. Both 

O change have been investigated. The concentration
BF shaft was estimated to be 8% of the total gas volume, simulating a 

onal oil injection level of 100–120 kg/tHM in a modern Finnish blast furnace

presented in Figure 3, was used to study the blast furnace gas 
sinter, pellet and coke beds. An arbitrary atmosphere profile can 

consisting of N2, CO, CO2, H2 and H2O gas components
can either be changed manually or with a preset programme 

. The furnace tube, having an inner diameter of 80 mm, can be loaded with a 
materials and heated up to 1200°C. 

 
of the layer furnace with auxiliary instruments. 
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The temperature of the pre-heating block is measured with a thermocouple located between 
the pre-heating block and the furnace tube. Therefore, the temperature of the feed gas can be 
levelled to the same temperature as the lowest part of the furnace, preventing low-temperature 
gas entering the tube and cooling the lowest part of the furnace. The material bed is heated by 
three separately controlled resistors, in order to accurately control the furnace temperature in 
the vertical direction. The furnace element resistors are controlled by the temperature values 
acquired by three separate thermocouples at the heights of 15 cm, 48 cm and 81 cm, 
positioned in the centre of the bed in the horizontal direction. The temperature data of all four 
sections are automatically stored on the computer. 
 
The furnace is equipped with six gas sampling points. The lowest gas sampling point, labelled 
as 1, is located between the pre-heating block and the furnace tube below the material bed. 
The gas analysis of the first sampling point represents the feed gas composition and acts as a 
reference point for the other gas analyses. The analysing points labelled as 2–6 are positioned 
in the material bed in the furnace tube at the heights of 5 cm, 10 cm, 15 cm, 48 cm and 81 cm, 
measured from the bottom of the tube. 
 
The gas is sampled via six electromagnetic valves, only one of which is open at a time. The 
valves are computer-controlled and the gas sampling points are automatically changed in 
ascending order of 1 to 6. Any of sampling points can be bypassed if wanted. The sample is 
conveyed by a vacuum pump through a water bath to the RH-T meter, which determines the 
water vapour concentration. After that the gas is led to the freezer where the water vapour is 
condensed with a copper tube equipped with flow deflectors. Next, the temperature of gas is 
levelled in a water bath and further led to the gas analyser (Portable Infrared Coal gas 
Analyzer Gasboard-3100P, produced by Wuhan Cubic Optoelectronics Co., Ltd.), measuring 
the concentration of CO, CO2, H2, CH4 and O2 gas components. Gas concentration values are 
automatically stored to the computer in desired time intervals. Finally, the sampling gas is led 
to the exhaustion flue. In order to prevent water vapour condensation, the gas feed line is 
heated up to approximately 90°C. Moreover, the lines between the layer furnace gas sampling 
tubes and the freezer are heated up to approximately 60°C.  
 
Experimental materials 
 
In the layer furnace experiments, four types of test materials were used, each of them 
separately: sinter, olivine pellets, coke located at the edge of the coke oven battery in contact 
with refractory bricks (“contact coke”) and coke located in the centre of the coke oven 
(“centre coke”). Coke was divided into contact and centre coke visually, following the 
principle that the coke particles with a cracked contact surface were classified as “contact 
coke” whereas the coke particles without a visible contact surface were categorised as “centre 
coke”. Coke lumps used in the tests were cut into a particle size of approximately 30–60 mm. 
 
Before the experiments, sinter and pellets were sieved to the particle size of 8.0–13.4 mm and 
10.0–12.7 mm, respectively. The chemical composition of sinter and pellets used in the tests 
is presented in Table 1. The FeO analysis represents the amount of divalent iron in the test 
material. 
 
Table 1. Main components of sinter and pellets. 

 Fetot (wt-%) FeO (wt-%) CaO (wt-%) SiO 2 (wt-%) MgO (wt-%) Al 2O3 (wt-%)  

Sinter 60.50 10.3 7.09 3.41 2.10 0.63 
Pellet 67.0 0.6 0.39 1.75 1.27 0.31 



 
 

Research programme 
 
Sinter and pellet experiments were run in a reducing atmosphere, in which the temperatures of 
the furnace and pre-heating elements were uniformly raised at a rate of 2°C/min up to 1100°C 
where it was maintained for 50 minutes. The coke experiments were carried out in a different 
gas atmosphere and the furnace, along with the pre-heating element, was heated at a rate of 
3°C/min up to 1200°C. 
 
In terms of how gas composition fed to the furnace tube was controlled, two types of 
experiments were run. Sinter and pellet tests were carried out with stepwise and linear (Tables 
2 and 3) changes between the gas composition definition points. In these tests, the gas 
composition and temperature simulate the conditions over the blast furnace shaft. Table 4 
depicts the experimental programme for the coke gasification tests. The changes in the feed 
gas composition and in the flow rate in the coke tests relate to another study not discussed 
here. The concentrations of the reactive gas components in the feed gas were determined in a 
way the mixture of H2–H2O and CO–CO2 gas components was in equilibrium throughout 
each test. 
 
Table 2. Reducing programme for sinter and pellet experiments in stepwise 
N2-CO-CO2-H2-H2O atmosphere. 

t (min) T (°C) 
Total gas flow 

rate (l/min) 
N2    

(vol-%) 
CO  

(vol-%) 
CO2 

 (vol-%) 
H2     

(vol-%)  
H2O  

(vol-%) 
0 30 15 50  21.0 21.0 5.0 3.0 

135 300 15 50 21.0 21.0 5.0 3.0 
385 800 15 50 25.2 16.8 5.0 3.0 
435 900 15 50 31.1 10.9 5.5 2.5 
485 1000 15 50 35.3 6.7 6.0 2.0 
535 1100 15 50 35.3 6.7 6.0 2.0 
585 Cooling 15 100 - - - - 

 
Table 3. Reducing programme for sinter and pellet experiments in linearly changing 
N2-CO-CO2-H2-H2O atmosphere. 

t (min) T (°C) 
Total gas flow 

rate (l/min) 
N2   

 (vol-%) 
CO 

 (vol-%) 
CO2  

(vol-%) 
H2  

   (vol-%)  
H2O 

 (vol-%) 
0 30 15 100  - - - - 
85 200 15 50 21.0 21.0 5.0 3.0 
160 350 15 50 21.0 21.0 5.0 3.0 
335 700 15 50 22.0 20.0 5.1 2.9 
385 800 15 50 25.0 17.0 4.9 3.1 
410 850 15 50 29.0 13.0 5.3 2.7 
485 1000 15 50 31.0 11.0 5.0 3.0 
535 1100 15 50 35.3 6.7 5.7 2.3 
585 1100 15 50 35.3 6.7 5.7 2.3 
586 Cooling 15 100 - - - - 

 
Table 4. Experimental programme for coke gasification in N2-CO-CO2-H2-H2O atmosphere. 

t (min) T (°C) 
Total gas flow 

rate (l/min) 
N2    

 (vol-%) 
CO 

 (vol-%) 
CO2 

 (vol-%) 
H2   

  (vol-%)  
H2O 

 (vol-%) 
0 30 10 100  - - - - 

123 400 15 50 12.6 29.4 2.2 5.8 
390 1200 15 50 25.2 16.8 3.0 5.0 
402 1200 10 50 25.2 16.8 3.0 5.0 
414 1200 20 50 25.2 16.8 3.0 5.0 
426 Cooling 15 100 - - - - 



 
 

Results and discussion 
 
In general, reactions start in the lower parts of the furnace tube when rising gases partly lose 
reduction or gasification potential and ascend towards the top part of the material bed in the 
furnace tube. Thus in figures below, the gas composition change increases as a function of the 
distance measured from the bottom of the furnace tube. For readability reasons, only CO2 and 
H2 concentrations are presented in the figures. It should be noted the changes in CO and H2O 
concentrations are opposite to the changes in CO2 and H2, respectively. It is of great 
importance that the flow rates and the amount of test materials used in these tests are notably 
smaller than the ones occurring in a full-size blast furnace. Therefore, the changes in the gas 
composition over a certain height of a material layer are not comparable between the layer 
furnace and a blast furnace. No methane was formed in the coke gasification reactions, which 
was verified by the gas analysis data. The absence of any other hydrocarbons may be 
assumed, as well. Therefore, the only forms in which elementary hydrogen can exist are 
hydrogen and water vapour, both in gaseous form. Additionally, it is assumed that carbon 
only appears in carbon monoxide and carbon dioxide. 
 
Sinter and pellet experiments in stepwise N2-CO-CO2-H2-H2O atmosphere 
 
Figures 4 and 5 show the gas composition change in a sinter and pellet bed in the reducing 
atmosphere presented in Table 2. The first increase in CO2, occurring in a sinter bed at 400°C 
(Figure 4) and in a pellet layer at around 380°C (Figure 5) in N2-CO-CO2-H2-H2O 
atmosphere, is a mark of hematite beginning to reduce to magnetite. After all the hematite has 
transformed into magnetite, the CO2 concentration starts to decrease. At higher temperatures, 
depending on the sampling point, the CO2 concentration starts to increase again until all the 
magnetite has reduced into wüstite. The reduction of iron oxides proceeds quite similarly in 
the lowest parts of the sinter and pellet beds. However, the reduction proceeds considerably 
further in the sinter bed than in the pellet bed in the highest parts of the material bed. The gas 
composition is proportional to the gas utilisation rates: concentrations high in CO2 indicate 
high EtaCO, whereas low H2 values depict high EtaH2. 
 

 
Figure 4. The measured CO2 and H2 concentrations as a function of time and temperature in a 
sinter bed in N2-CO-CO2-H2-H2O atmosphere. 
 



 
 

 
Figure 5. The measured CO2 and H2 concentrations as a function of time and temperature in a 
pellet bed in N2-CO-CO2-H2-H2O atmosphere. 
 
Sinter and pellet experiments in linearly changing N2-CO-CO2-H2-H2O atmosphere 
 
Figures 6 and 7 illustrate the gas composition change in sinter and pellet beds in a 
continuously controlled N2-CO-CO2-H2-H2O atmosphere, presented in Table 3. Comparing 
with stepwise tests, the first gas composition changes, representing hematite–magnetite 
reduction, occur earlier, at a temperature approximately 50°C lower. Comparing with the 
sinter test with stepwise feed gas changes, the reduction behaviour in the highest parts of the 
furnace is markedly similar. The very low H2 concentrations in both pellet tests indicate the 
EtaH2 values are extremely high at the uppermost sampling point of the furnace. On the other 
hand, the high CO2 values in pellet tests depict high EtaCO values. 
 

 
Figure 6. The measured CO2 and H2 concentrations as a function of time and temperature in a 
sinter bed in a continuously controlled N2-CO-CO2-H2-H2O atmosphere. 
 



 
 

 
Figure 7. The measured CO2 and H2 concentrations as a function of time and temperature in a 
pellet bed in a continuously controlled N2-CO-CO2-H2-H2O atmosphere. 
 
Coke experiments in N2-CO-CO2-H2-H2O atmosphere 
 
Figure 8 presents the measured CO2 and H2 concentrations in a “centre coke” bed in N2-CO-
CO2-H2-H2O atmosphere and Figure 9 illustrates the CO2 and H2 concentrations in a “contact 
coke” bed. The CO2 gas concentration change occurs in a “centre coke” bed in comparison to 
a “contact coke” bed somewhat earlier at around 30°C lower temperature. The H2 gas 
concentration change begins somewhat later than the CO2 change. A similar phenomenon was 
observed in the sinter and pellet experiments. Both CO2 and H2 concentration changes are 
larger in a “centre coke” bed than in a “contact coke” bed, indicating the “centre coke” is 
gasified somewhat more intensively. In the coke tests, the differences in the gas analyses 
between the two uppermost sampling points are relatively small, indicating the gasification of 
coke mainly occurs in the lowest part of the furnace. 
 

 
Figure 8. Measured CO2 and H2 concentrations in a “centre coke” bed in N2-CO-CO2-H2-H2O 
atmosphere. 



 
 

 
Figure 9. Measured CO2 and H2 concentrations in a “contact coke” bed in N2-CO-CO2-H2-
H2O atmosphere. 
 
Conclusions 
 
In this study, gas composition change was investigated in atmospheres simulating BF shaft 
conditions with unique laboratory equipment named the Layer Furnace. The purpose of the 
study was to compare the differences between sinter and pellet operation and to estimate how 
the presence of H2 and H2O gas components affects the gas atmosphere in the BF shaft. In 
addition, the gasification behaviour of two types of Finnish metallurgical coke originating 
from different horizontal locations in a coke oven battery was investigated. It should be kept 
in mind the flow rates and the amount of charge materials used in this study are markedly 
smaller than in a full-size blast furnace. Most likely the gas composition changes are over-
emphasised in the presented results due to the longer residence times of the gases in the layer 
furnace compared to a blast furnace. 
 
In each sinter, pellet and coke experiment, the H2 concentration change occurred in higher 
temperatures than the CO2 concentration change. In conclusion, the reduction by H2 gas and 
the gasification by H2O both start in a somewhat higher temperature in comparison with the 
reactions with carbonaceous gas components (CO and CO2). Additionally, H2 is found to be 
an inferior reducing gas to CO in an ore bed in a simulated BF atmosphere up to the 
temperature of 1100°C. 
 
According to the results, EtaCO and EtaH2 rise higher in pellet operation than when using 
sinter as iron-bearing material. This is clearly because of the high hematite content in pellets. 
The difference between EtaH2 in sinter and pellet bed is significant. At the height of 81 cm in 
the pellet bed EtaH2 is close to 100%, whereas in the sinter bed the value is around 50%. The 
high utilisation rates of gases lead to a lower heat value of the top gas, which indicates 
enhanced thermal efficiency in the blast furnace. Some increase in the EtaCO values in a 
Finnish blast furnace has been noticed during a full scale research test with 100% pellet 
operation [5]. 
 
The reduction proceeds considerably further in the sinter bed than in the pellet bed in the 
highest parts of the material layer. Factors affecting this behaviour are the higher hematite 



 
 

concentration in pellets and different particle size, porosity and reduction degradation, among 
others. In BF operation, this means the height of the pellet layer should be somewhat lower 
than that of the sinter layer. 
 
The results show that “centre coke” appears to be more reactive than “contact coke”. The gas 
composition change in the furnace occurs at a lower temperature when charged with “centre 
coke” compared with “contact coke”. Furthermore, at high temperatures CO2 and H2 changes 
are larger in a “centre coke” bed compared with a “contact coke” bed. Thus, the horizontal 
location of coke in the battery during the coking process is confirmed to have a significant 
influence on the coke behaviour in high temperatures. In terms of the gas composition change, 
the BF operates like a single ore layer up to the temperatures around 800–850°C where coke 
starts to gasify. In addition, the gasification of coke occurs mainly in the lower parts of the 
furnace; the gas composition changes in the upper half of the furnace are considerably low. 
 
Both “centre coke” and “contact coke” experiments show the H2 concentration starts to rise in 
a higher temperature compared with the decrease of the CO2 concentration. In conclusion, the 
coke gasification by water vapour occurs in a higher temperature than by carbon dioxide 
under simulated BF conditions. 
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List of symbols and abbreviations 
 
BF Blast Furnace 
LF Layer Furnace 
HM Hot Metal, liquid iron 
kg/tHM  Kilograms per a ton of produced hot metal 

EtaCO Utilisation rate of CO gas in the blast furnace, 
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EtaH2 Utilisation rate of H2 gas in the blast furnace, 
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