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ABSTRACT 
The aim of the present thesis was to study the heat flows in the blast furnace hearth lining 
by experimental measurements and numerical modeling. Thermocouple data from an 
operating furnace have been used throughout the work, to verify results and to develop 
methodologies to use the results in further studies. The hearth lining were divided into 
two zones based on the thermocouple readings: a region with regular temperature 
variations due to the tapping of the furnace, and another region with slow temperature 
variations. In an experimental study, the temperatures of the outer surfaces of the wall 
and bottom were measured and compared with lining temperature measured by 
thermocouples. Expressions to describe the outer surface temperature profiles were 
derived and used as input in a two-dimensional steady state heat transfer model. The aim 
of the study was to predict the lining temperature profiles in the region subjected to slow 
temperature variations. The methodology to calculate a steady state lining temperature 
profile was used as input to a three-dimensional model. The aim of the three-dimensional 
model was primarily to study the region with dynamic lining temperature variations 
caused by regular tappings. The study revealed that the replacement of original lining 
with tap clay has an effect when simulating the quasi-stationary temperature variations in 
the lining. The study initiated a more detailed study of the taphole region and the size and 
shape of the tap clay layer profile. It was concluded, that in order to make a more 
accurate heat transfer model of the blast furnace hearth, the presence of a skull build-up 
below the taphole, erosion above the taphole and the bath level variations must to be 
taken into consideration. 
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1  INTRODUCTION 
 

The blast furnace is an ironmaking process with a long history: the oldest known blast 
furnace in Sweden can be dated to the 12th century. Research and engineering efforts to 
improve the process have presumably been going on since the first furnace was built. 
That has contributed to the fact that the blast furnace has maintained its unchallenged 
position as the dominating process in the ore-based steel production route.  

Throughout the years, large efforts have been put on finding ways to increase the 
productivity and extend the campaign length. The state of the hearth has by many been 
identified as the most important factor for a long campaign length. This lower region of 
the furnace is exposed to liquid iron and slag at high temperatures that could be in direct 
contact with the lining, causing erosion and corrosion of the lining material. The most 
aggressive environment is found in the region closest to the taphole. It is exposed to 
thermal stresses and liquid iron and slag at high flow rates. An increased productivity 
results in higher load on the furnace, which potentially can shorten the campaign length. 
To strive to optimize both these goals, it is important to carefully control the state of the 
hearth.  

Other challenges in blast furnace research are to reduce the coke rate and the amount of 
exhaust gases. The average coal consumption for the Swedish blast furnaces was 467 kg, 
based on statistics from 2009. [1] Hence, the Swedish domestic coal consumption for 
producing pig iron is close to the theoretically required amount. However, the coal 
consumption increases temporarily during unsteady blast furnace operation. Thus, to keep 
the total coke consumption at low levels, it is important to eliminate disturbances as far as 
possible. 

Accordingly, the ability to control the state of the hearth and maintain a steady operation, 
are two key issues in blast furnace practice. It is therefore of importance to understand the 
process and be able to interpret its behavior. The aim of the present thesis is to study the 
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heat flows in the blast furnace hearth lining, by experimental measurements and 
numerical modeling. 

Most blast furnaces are equipped with thermocouples, measuring lining temperature. 
Monitoring the information provided by the thermocouples can give instant information 
about the lining temperature, but also enable studies of the temperature evaluation on 
both long-term and short-term basis. Thermocouple data from an operating furnace will 
be used to evaluate the results in all parts of the present thesis.  

1.1 LITERATURE SURVEY 
 Mathematical modeling, and in particular heat transfer and fluid flow modeling, 
combined with process measurement data, have during the recent decades been widely 
used to provide knowledge about the blast furnace process. [2-17] Previous heat transfer 
models performed by other authors are reviewed in a literature survey. During the 
development of a model, the two main steps are the formulation of boundary conditions 
and the validation of calculation results; this review has focused on these two steps.  

There are two ways of approaching a heat transfer problem: direct and inverse heat 
conduction, known as DHCP and IHCP respectively. [18] The DHCP formulation is used 
when boundary conditions and thermophysical properties of the system are known, and 
temperature or heat flux can be defined as boundary condition for the lining surfaces. For 
the IHCP approach, either the thermophysical properties or the boundary conditions can 
be unknown; instead, the temperature of the interior has to be known for some points of 
the domain. An IHCP model is based on the solution of the boundary surface conditions, 
e.g. the temperature of the hot surface, by utilizing measurements from inside the lining. 
[2-4] 

Heat transfer models included in fluid flow models are formulated in the same way as 
DHCP models. [5-7] In some models the inner surface temperature is set to equal to the 
temperature of the melt. [5-6] For these cases it is assumed that the melt is in direct 
contact with the wall, which is not always the case in an industrial blast furnace. Models 
created specifically for transient simulations of tapping sequences can be found. 
However, these focus primarily on the liquid flow of iron and slag, rather than the heat 
flows. [8-9] A model that specifically investigates the thermal behavior in the taphole 
region was presented by Ko et al. [10] who developed transient two- and three-
dimensional models of the taphole region, where the temperature distribution in the lining 
was studied during tapping sequences. In both the two- and three-dimensional models the 
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hearth lining was initially assumed to be intact. Furthermore, the melt was assumed to be 
in direct contact with the wall. 

The most common model validation method is to compare calculated temperatures with 
data measured by thermocouples. The extent to which previous models have been 
validated varies from comparisons with a large number of thermocouples measurements, 
to no comparison at all. What is considered to be good agreement between calculated and 
measured temperatures varies from minus 40 to plus 50°C in the studied papers. Some 
authors have extended the validation by trying to find correlations between the thermal 
state of the hearth and different process parameters, such as tap data, [2, 17, 19-21] hearth 
volume and productivity. [4] 

Table 1 Summary of literature survey. The values in Accuracy of model are read by the 

author from text, graph or table.  

Reference Heat 

flow 

Fluid 

flow 

Heat and 

fluid flow 

2D 3D Steady 

state 

Transient Accuracy  

Torrkulla et al. [3]  X   X  X  - 
Kurpisz et al. [12] X   X  X  +43/-10 
Kumar et al. [11] X   X  X  +37/-40 
Rex et al. [4] X    X X  - 
Roldan et al. [13] X    X X  +40/-20 
Nishioka et al. [9]  X  X   X - 
Panjkovic et al. [7]   X  X X  +50/-10 
Yan et al. [5]   X  X X  Average 

12.7% 
Guo et al. [15]   X  X X  - 
Huang et al. [16]   X  X X  - 
Takatani et al. [6]   X  X  X - 
Ko et al. [10]   X  X  X - 
Iida et al. [8]   X  X  X - 
Supplement 2 X   X  X  +/- 3 
Supplement 3 X    X  X - 
Supplement 4 X    X  X - 

 

A summary of the literature survey can be seen in Table 1. The table shows whether the 
studied models are 1) separate heat transfer or fluid flow models, or combined heat and 
fluid flow models, 2) two- or three-dimensional or 3) steady state or transient. If the paper 
presents a comparison between calculated temperatures and measured lining 
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temperatures, then the accuracy of the model is shown in Table 1. The authors have read 
the values from text, graph or table in the respective paper. In general, the largest 
differences are presented in degrees Celsius, but in one case the average difference is 
given. 

1.2 PRESENT WORK 
In the experimental study, manual measurements were carried out on the outer surfaces of 
the furnace wall and bottom, and thereafter compared with lining temperatures. To the 
authors’ knowledge, measurements of surface temperatures have not been presented 
before in the open literature. The experimental study is presented in detail in Supplement 

1. The specific aim of the study was to establish a relation between outer surfaces and 
lining temperatures.  

The results from the experimental study were used to develop a two-dimensional steady 
state heat transfer model. The methodology of the model is presented in detail in 
Supplement 2. The aim of the model was to predict the temperature profile in the lining, 
and to study the long-term lining temperature changes. Furthermore, the aim was to 
establish a relation between the lining temperatures and the inner surface temperatures.  

The relation between lining temperatures and outer surface temperatures established in 
Supplement 1, and the relation between lining temperatures and inner surface 
temperatures established in Supplement 2, were used when developing a three-
dimensional transient heat transfer model. The methodology of the model is presented in 
detail in Supplement 3. The aim of the model was to simulate the short-term lining 
temperature variations with focus on the taphole region. In Supplement 3, the model was 
used in a first approach to simulate the taphole region. In Supplement 4, the model was 
used to perform a more detailed and applied study of the taphole region. 

A summary of the work performed in Supplement 1-4 is presented in Figure 1. The 
figure summarizes the outlines of each study, and its contribution to the next 
supplements. The small figures represent a cross-section of the furnace hearth seen from 
above. The taphole is located at the dashed line. The hearth region that each study 
comprises is marked in the figure; a solid line for surfaces and a shaded area for lining.  

 

 



5 

 

 

Figure 1 Summary of Supplement 1-4. The small figures represent a cross-section of the 

furnace hearth seen from above. The taphole is located at the dashed line. 
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2 PLANT DESCRIPTION 

 

2.1 SSAB OXELÖSUND 
SSAB Oxelösund is an integrated ironworks, steelworks and rolling mill; the production 
chain starts with raw iron material and ends with a finished plate. The ironworks has two 
blast furnaces: Blast Furnace No. 2 and Blast Furnace No. 4. Both are charged with 
pellets as the iron-bearing material and coke from the company’s own coke plant. The pig 
iron is transported with torpedoes to the steelworks, where it is converted into steel and 
the composition of the steel is set. The steel is then cast into slabs. The slabs are rolled 
into heavy plate, heat treated and hardened in the rolling mill. In 2008, the production of 
heavy plate was 640,000 metric tonnes. The company’s special fields are quenched and 
tempered steels with brand names such as HARDOX and WELDOX. [22] 

2.2 DETAILS OF BLAST FURNACE NO. 2 
The current study is performed on Blast Furnace No. 2. It has a working volume of 1130 
m3 and a capacity to produce 2000 metric tonnes of pig iron a day.   

2.2.1 HEARTH LINING MATERIALS  

The furnace hearth is constructed by several refractory zones. Figure 2 shows two-
dimensional cross sections of the hearth schematically outlined. Each of the cross sections 
represents an angle from the taphole (which is at 0 degrees) within a specified interval. 
The left part of Figure 2 represents the geometry in the region within 60-300 degrees 
from the taphole, and the right part represents the region within 0-60 and 300-360 
degrees. The taphole position is marked with dashed lines.  

The outside of the hearth is covered with a steel shell (a in Figure 2). The wall and 
bottom is constructed by five types of refractory materials, each with its specific 
properties depending of what types of environment the region is exposed to.  The wall (b) 
is made of a carbon material. It has a relatively high heat conductivity to keep the inner 



8 

 

wall at a low temperature. It is important that the pig iron in the hearth is carbon 
saturated, to decrease the driving force for dissolving carbon from the refractory. The 
upper layer of the bottom (c) is a ceramic plate with the composition 23.5 % SiO2, 73.5 % 
Al2O3 and some additives. It has a high resistance to mechanical wear to keep the bottom 
layer intact and avoid cracks. That is important to avoid liquid iron to penetrate and 
solidify in the lower bottom layers (d), since this would have an impact on the heat flow. 
Between the steel shell and the bottom refractory is a layer of ramming paste (e). The 
taphole region (f) is made of a carbon refractory. It has very high heat conductivity to 
transport heat from the taphole during tapping and reduce the thermal stresses in the 
region.  

 

  

Figure 2 The blast furnace hearth schematically outlined. The taphole is located at the 

dashed lines. 

2.2.2 MONITORING OF TEMPERATURES 

The lining is equipped with permanently installed thermocouples registering the lining 
temperature every minute. The thermocouples are placed in eight levels, numbered from 
0 to 7; the levels are schematically marked in Figure 2. The wall lining thermocouple 
configuration for the region within 0-90° from the taphole is seen in Figure 3. At each 
position, two thermocouples are placed at different depths.  The specific id numbers of 
the thermocouples are marked in the figure. 

The bottom lining thermocouple configuration for the region within 0-90° from the 
taphole is seen in Figure 4. At each position, two or three thermocouples are placed at 
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different depths (the depths correspond to Level 0, Level 1 and Level 2).  The specific id 
numbers of the thermocouples are marked in the figure. 

2.2.3 HEARTH COOLING CONDITIONS 

The steel shell wall is water cooled to a position just above the bottom; the water flows 
down to a vessel placed at level 1. Subsequently, the steel shell at levels 2-7 is constantly 
cooled with water, while levels 0-1 are exposed to the surrounding air. The bottom is 
equipped with pipes for water cooling; the pipes are placed 30 cm apart. Each pipe is 
connected to the adjacent pipes and the water circulates through all pipes. The cooling is 
turned on when it is decided to be needed.   

 

Figure 3 Configuration of wall thermocouples in the region 0-90° from the taphole.  

 

Figure 4 Bottom thermocouple configuration.  



 

2.3 CHARACTERIZATION OF THE STATE OF THE HEARTH
In an earlier study, the state of the hearth was characterized as the blast furnace was taken 
out of operation to be relined. Figure 5 is a photograph t
the furnace. Material zones and skull are marked in the figure

 

Figure 5 Photograph of the hearth taken during the characterization study.

Photo: Maria Swartling 
 

Visual observations showed tha
in Figure 2) was almost intact, but the pores were penetrated by drops of iron. However, 
overall there was not much erosion of the bottom lining. Some erosion of the wall had 
occurred. It is seen in the figure that the wall lining blocks do not have their original 
rectangular shape. Nevertheless, the erosion was considered to be minor. Thus, 
considering the state of the hearth, the campaign length could have been extended. In 
addition, during the end of the campaign, thermocouples had registered high 
temperatures, indicating erosion of the lining. The phenomenon causing the high 
temperatures were probably plates of iron that had solidified in cracks and seams. [23]  
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3  EXPERIMENTAL STUDY 
 

In the experimental study the temperature was measured at the outer surfaces of the 
hearth wall and bottom using a hand-held thermocouple. When measuring the wall 
surface temperature, the thermocouple was put in direct contact with the surface. 
Measurements were performed at heights corresponding to levels 1-4 (see Figure 3). For 
water cooled levels 2-4, the water was not turned off or in any other way removed. When 
measuring bottom surface temperature, a thermocouple with a long wire was attached to a 
bar. The bar was inserted through a cooling pipe a certain distance. The rod was pulled 
out of the cooling pipe a short distance at the time, measuring the temperature at each 
distance. In addition, the bottom measurements were performed when no water cooling 
was needed. Figure 6 shows the bottom measurements in progress.  

 

Figure 6 Bottom temperature measurements in cooling pipe in progress.  

Photo: Maria Swartling 
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The temperature was read when the display showed a stable value which fluctuated less 
than 2-3°C. The thermocouple used was a CIE 305 Thermometer with a probe of type K 
(NiCr-NiAl). The accuracy of the instrument was ±0.3% + 1°C in the measuring interval. 
The accuracy of the probe was ±0.75% of the temperature in °C or ±2.2°C (whichever is 
greater). 
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4  MATHEMATICAL MODELS 
 

Summaries of the heat transfer models are given below. Details of the two-dimensional 
model are given in Supplement 2, and details of the three-dimensional model are given 
in Supplement 3. The geometries are created and meshed with Gambit software version 
2.3.16 [24] and the equations are solved with Fluent software version 6.3.26 [25].  

4.1 TWO-DIMENSIONAL MODEL 
The two-dimensional model comprises the region with slow temperature variations. In 
this region, steady state can be assumed.  

4.1.1 COMPUTATIONAL DOMAIN 

A two-dimensional cross-section of the domain can represent any cross-section within the 
region 60-300° degrees from the taphole (which is at 0°). A schematic picture of the 
domain is seen in the left part of Figure 2. It is important to remember, however, that 
axial symmetry is not assumed, since each cross-section is unique in the real furnace. The 
angles 0-60° degrees and 300-0° degrees are not represented by the model; that part of the 
hearth has different geometry and material properties. Also, that part subjected to cyclic 
temperature variations due to the tappings. Steady state calculations are therefore not 
relevant in that region. 

4.1.2 EQUATIONS 

The equation of energy, in a Cartesian coordinate system is expressed as equation 1:  

ρ
������

��
� 	
�kT�         (1) 

where ρ is the density, Cp is the specific heat capacity, T is the temperature, t is the time 
and  k is the thermal conductivity.  
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4.1.3 BOUNDARY CONDITIONS 

The upper wall, the symmetry plane through the taphole and the intersection plane that 
delimits the domain are treated as adiabatic walls, meaning that no heat is transported 
across these boundaries.  

On all surfaces, a temperature value is given as a boundary condition. The methodology 
to calculate the outer wall and bottom surface temperatures were determined in 
Supplement 1 and given in detail in Supplement 2. The temperature of the inner wall 
and bottom surfaces are initially guessed according to a procedure given in Supplement 

2.  

4.1.4 CALCULATION PROCEDURE 

First, data from thermocouple readings are inserted to the model and the initial boundary 
conditions are determined. Thereafter, the energy equation is solved. As a result from the 
calculation, the temperatures from the coordinates corresponding to the thermocouple 
positions are returned. Then, the calculated values are compared to the measured lining 
temperatures. If necessary, the boundary conditions are adjusted and a new calculation is 
performed. A complete two-dimensional temperature profile of the lining is returned as a 
final result. The methodology of the calculation procedure is summarized in Figure 7. 

 

Figure 7 Calculation procedure of steady state calculations.  
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The condition to terminate the procedure is when the calculated and measured lining 
temperatures agree within ±3 °C for all thermocouple positions.  

4.2 THREE-DIMENSIONAL MODEL 
The three-dimensional model has special focus on the taphole region with the objective of 
studying the short-term temperature changes due to the regular tappings. The tapping of a 
blast furnace starts with outflow of iron only. When the interface between iron and the 
slag has descended to the taphole level, iron and slag are tapped simultaneously. At the 
end of a tapping, the taphole is closed by injecting taphole clay. At the beginning of the 
next tapping, the taphole is again drilled open. It is most likely that the drilling angle, 
diameter and position can vary from one tapping to another. Consequently, part of the 
original lining material will be replaced with taphole clay. In a long-term perspective, the 
part of the lining that is replaced with taphole clay will grow larger. The three-
dimensional model is developed with the hypothesis that this has an effect on the heat 
flow in the wall region around the taphole, due to the different material properties of the 
taphole clay compared to the properties of the original lining. 

4.2.1 COMPUTATIONAL DOMAIN 

The geometry is three-dimensional and represents a quarter of the hearth (the region 
within an angle of 90° from the taphole). The computational domain is seen in Figure 8. 

4.2.2 EQUATIONS 

The equation of energy was given above in equation 1. The equation of continuity is 
expressed as equation 2: 

�ρ

��
� �

��
�ρ��� �

�

��
�ρ��� �

�

��
�ρ��� � 0     (2)  

where v is the velocity. The equation of motion is expressed as equation 3: 

ρ
��

��
� �	p � μ	��+ρg        (3)  

where g is the gravitational acceleration, p is the pressure and µ is the viscosity. The fluid 
flow is assumed to be laminar. In addition, it is assumed that there is no heat or mass 
generation within the system.  
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Figure 8 Computational domain of the three-dimensional model.   

4.2.3 BOUNDARY CONDITIONS 

A tap cycle has two significant stages: an opened taphole with a flow of melt, and a 
closed taphole with no flow of melt. These two stages are in the model expressed as three 
parts:  Flow-, Plug- and No flow-simulations. The Flow-phase represents the conditions 
of an opened taphole. It is followed by the Plug-phase representing the phase where 
taphole clay at room temperature is injected into the taphole. The No flow-phase 
represents the phase where the taphole is closed and the taphole clay is heated.  

The taphole zone has different boundary conditions during the three parts of the tap cycle. 
During the Flow-simulations, the taphole zone is defined as liquid iron of a constant 
temperature. During the Plug- and No flow-simulations, the taphole is defined as a solid 
zone (taphole clay). During the Plug-simulations, the temperature of the solid zone is set 
to a constant value of 25°C, while this zone is heated by heat transfer from the adjacent 
regions during the No flow-period.  

The upper wall, the symmetry plane through the taphole and the intersection plane that 
delimits the domain are treated as adiabatic walls.  

On the outer bottom surface, a temperature value is given as a boundary condition. The 
methodology to calculate the temperature was determined in Supplement 1. On the outer 
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wall surface, a cooling effect from the cooling water is given as a boundary condition. 
The value is held constant at a value of 100 W/m2K and the temperature of the cooling 
water is set to 20°C. 

On the inner wall and bottom surfaces, the surface temperature is given as a boundary 
condition. The methodology to calculate the temperature was determined in Supplement 

2. 

4.2.4 CALCULATION PROCEDURE 

The calculation procedure starts with a steady state calculation with the conditions of an 
opened taphole. With this initial calculation, a starting temperature distribution of the 
lining is created with the boundary conditions and calculation procedure as were 
established in the two-dimensional model. The simulation procedure continues with 
transient calculations where the Flow-, Plug- and No flow-simulations are repeated in a 
number of cycles. Unless otherwise mentioned, the durations of the phases are 7200, 180 
and 3000 s, respectively. 

During the Flow-simulations the equation of motion and the equation of energy are 
solved simultaneously. During the Plug- and No flow-simulations only the equation of 
energy is solved. The size of a time step is 1 second.  

4.2.5 MODIFICATION OF MODEL  

The three-dimensional model developed in Supplement 3 was used in a more detailed 
study of the taphole region in Supplement 4. Prior to that study some minor 
modifications was carried out. These are stated below: 

• The number of cells in domain was increased by 24%. 
• The inclination of taphole increased from 0° to 8°. 
• Only heat transfer calculations were considered. 
• The time step size increased from 1 second to 10 seconds.  

4.3 LOGGING OF TEMPERATURES DURING CALCULATIONS 
During the calculations, temperature is logged in all points corresponding to the 
thermocouple positions described in Figure 3 and Figure 4. During the steady 
calculations, the temperature was read after steady state was reached. Furthermore, during 
the transient calculations, temperature was logged with specific time intervals throughout 
the calculation procedure.  
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4.4 MATERIALS 
The required material properties are density, thermal conductivity and specific heat 
capacity; for the fluid also the viscosity is required. The densities are assumed to be 
constant for all materials. In addition, thermal conductivities and specific heat capacities 
are expressed as functions of temperature if the value changes significantly with 
temperature, and if the temperature within the specific lining zone ranges over a large 
interval. The required thermophysical and thermodynamic properties of all included 
materials are listed in Table 2. [25-27] The lining materials are denoted a-e according to 
Figure 2. 

When expanding the model from two to three dimensions, more precise descriptions of 
some material properties were required. Therefore, some materials properties were 
adjusted. In those cases, the propertied used in the two-dimensional model are given in 
brackets.  

Table 2 Material properties. [25-27] 

Material  Density 

[kg/m3] 

Thermal conductivity 

[W/mK] 

Specific heat capacity 

[J/kgK] 

a Steel shell 8030 30 449 

b Hearth wall 

lining  

1610 8·10-6T2 – 0.0151T + 
19.523 
(17) 

 -0.0024T2 + 4.6833T – 
463.9  
(1.49T+367.5) 

c Ceramic plate  2500 2 1100 
(1200) 

d Bottom lining  1570 10  -0.0025T2 + 4.5417T – 
411.84 
(1.739T+486.1)  

e Ramming 

material 

1610 60 1.739T+486.1 

f Taphole lining  1820 2·10-5T2 – 0.0652T + 
77.216  

 -0.002T2 + 4.216T – 
357.29  

 Taphole clay 2300 4 920 
 Liquid iron  6840 33 850 
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5 RESULTS AND DISCUSSION 
 

In the first part of this chapter, thermocouple process data from the operating furnace will 
be discussed. Then some of the results from the experimental study are highlighted. 
Finally, calculation results from the mathematical models will be presented and 
discussed. 

5.1 EVALUATION OF THERMOCOUPLE PROCESS DATA 
The hearth lining can be divided in to two zones. One region subjected to cyclic 
temperature variations due to the regular tappings, referred to as short-term temperature 
variations, and one region with slow temperature changes, referred to long-term 
variations. By studying thermocouple readings, a rough estimation of the extent of these 
regions can be made. However, since the number of thermocouples is limited and 
sparsely configured, a distinct surface between the two zones cannot be defined. To be 
able to characterize process data measured in these regions, the measurements Average-

Difference and peak-to-peak amplitude were defined. 

5.1.1 LONG-TERM TEMPERATURE VARIATIONS 

Lining temperature data from thermocouples located on level 1 and level 2 in the furnace 
bottom are presented in Figure 9. For levels, see Figure 2. Both thermocouples are placed 
at the same radius at an angle of 120° from the taphole, where no cyclic temperature 
variations occur that can be correlated to the regular tappings. Included in the figure is an 
Average-Difference value. This represents the current temperature difference between 
level 2 and level 1 minus the average temperature difference over the last 14 days. During 
steady blast furnace operations the Average-Difference-value is equal to zero (i.e. when 
the current temperature difference between level 2 and level 1 is equal to the average 
value of the last 14 days). If the lining temperature variations are slow, then the Average-

Difference-curve remains around zero. Unsteady blast furnace operation is often 
connected to a rapid temperature increase or decrease. These rapid temperature changes 
are registered in one of the levels before the other, and are therefore seen as local peaks in 
the Average-Difference-curve.  
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Figure 9 Bottom lining temperature data from November 2006 to May 2008.  

 

Figure 10 Lining temperature during a 90 days period. 

Figure 10 shows the lining temperature at three thermocouple positions during a time 
period of 90 days, where a large and rapid lining temperature increase occurs. Two of the 
positions are located in the bottom (level 1 and level 2) and one position is in the wall 
(level 3) at an angle of 120° from the taphole. The figure shows that the level 1 
temperature is stable at 170-180 °C until it starts to rise at day 32. Finally, it reaches a 
temperature of 270 °C at its maximum almost three weeks later at day 48. At day 70, the 
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lining temperatures are nearly back to the same levels as before. Hence, the temporary 
temperature increase lasted 40 days.  

5.1.2 SHORT-TERM TEMPERATURE VARIATIONS 

The thermocouples located within a 10° angle from the taphole show a cyclic behavior 
that can be correlated to the tapping times. It should, however, be noted that there are no 
thermocouples placed between the angles 10-22.5° from the taphole, as seen in Figure 3. 
This region is in a quasi-stationary state, where the temperature in a point fluctuates 
around a level.  

Figure 11 shows data measured on a minute basis from the thermocouple with id no. 
1364. The thermocouple is placed at the taphole level at an angle of approximate 10° 
from the taphole, as seen in Figure 3. Data from three days are presented in the figure; the 
data are taken from different points in time from year 2006 to year 2009 (the present 
campaign). Tap cycle starting times are marked with dots on each line. A tap cycle is the 
time elapsed between taphole openings. 

  

Figure 11 Data from thermocouple with id no. 1364 from three days. It is located at the 

same height as the tap hole, as shown in Figure 3. The dots show the tap cycle starting 

times. 
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To determine the magnitude of the temperature variations, the peak-to-peak amplitude is 
calculated for a total number of 48 tap cycles, defined as the difference between the 
maximum and minimum temperature experienced within a tap cycle. The peak-to-peak 
amplitude was calculated for every thermocouple showing a cyclic behavior. The values 
were sorted in order of magnitude. To eliminate the effect of extreme values, the 10th and 
90th percentile were determined. Also, the 50th percentile was determined; henceforth 
referred to as the median value. An example of the calculated peak-to-peak-amplitudes is 
seen in Figure 12. The 10th and 90th percentile and the median value are marked in the 
figure.  

In this region, also the long–term temperature changes have an impact. A seen in Figure 
11, the overall level of the curves can move down- or upwards without variation in the 
peak-to-peak amplitude. 

 

Figure 12 Peak-to-peak amplitude calculated from the measured data of thermocouple no 

1364. It is located at the taphole level at an approximate angle of 10°.  

5.2 EXPERIMENTAL STUDY 
The experimental measurements were performed during steady blast furnace operation, 
when the Average-Difference-curve was near zero for most comparable thermocouples.  

5.2.1 WALL SURFACE TEMPERATURE 

Wall temperature measurements from one measuring occasion are presented in the left 
part of Figure 13. The height along the outside of the shell is on the vertical axis and the 
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horizontal axis shows the temperature. The lines represent different the angles from the 
tap hole. Furthermore, the markers on each line represent the four measuring positions at 
represent levels 1-4 (see Figure 2). 

The wall temperature is constant along the height of the water-cooled part of the furnace 
wall (levels 2-4 at height -0.6 to 1.6 m), but the temperature varies with the angle from 
the taphole. Furthermore, the wall temperature is 5-10°C higher at the non-cooled part of 
the wall (level 1 at height -1.2 m). Since the wall is water cooled to just above the 
measuring position at level 1, a more likely wall temperature profile is proposed in the 
right part of Figure 13. It can also be determined that the un-cooled part of the wall is a 
hot spot on the steel shell.  

 

Figure 13 The left panel shows the measured temperature profile along outer wall for 

different angles from the taphole. The right panel shows a proposed temperature profile. 

At levels 3 and 4, the thermocouples registering the lining temperatures are placed 170 
and 370 mm from the point where the surface measurements were carried out. Figure 14 
shows the temperature profile along level 3 and 4 at 45° from the taphole. The 
measurements are performed on the same occasion. The temperature is given on the 
vertical axis and the distance from the outside of the shell is given on the horizontal axis. 
The distance 0 mm represents the experimentally measured surface temperature and 
distances 170 and 370 mm represents lining temperatures measured by thermocouples.  
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A linear adaptation between the lining temperatures at 170 and 370 mm is made. The 
function is then extrapolated to the surface, at 0 mm. The surface temperature was 
calculated with this procedure. Furthermore, the calculated surface temperature was 
compared with the measured surface temperature and presented in Figure 15.  

The vertical axis shows the temperature difference and the horizontal axis shows the 
angle from the taphole. On level 3, the difference between the temperatures calculated by 
extrapolation and the measured temperatures are less than 6°C for all investigated angles. 
On level 4 the difference is small at large angles from the taphole, but at an angle of 45° 
from the taphole, the difference was up to -32°C.  

 

 

Figure 14 Temperature as a function of distance from the wall surface. At distance 0 mm 

are the manually measured surface temperatures, and at distances 170 and 370 mm are the 

lining temperatures measured by thermocouples. 
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Figure 15 Difference between measured and calculated wall surface temperature for levels 

3 and 4.  

One explanation could be that the method to calculate the surface temperature by 
extrapolation is only applicable where the hearth is in a thermal steady state. However, in 
section 5.1.2 Short-term temperature variations, it was stated that it is only the 
thermocouples within a 10° angle that show a regular variation that can be correlated to 
the tap times. Hence, the angle 45° from the taphole should be in the region where steady 
state can be assumed. Additional measurements at different occasions should be 
performed to characterize the region closer to the taphole. However, due to security 
reasons, measurements of wall temperature were not performed closer to the taphole than 
45°. 

5.2.2 BOTTOM SURFACE TEMPERATURE 

The bottom surface temperature measurements are presented as the temperature along the 
radius for specific angles from the tap hole. Examples of the results are seen in Figure 16 
where the temperature is plotted along the radius for the angles 0° and 150° from the 
taphole. The filled circles represent experimentally measured surface temperatures. 
Furthermore, the unfilled circles correspond to lining temperatures measured by 
thermocouples at level 1 along the same radius.  

The bottom temperature profiles have a plateau near the center of the furnace, which can 
be seen in both the experimental measurements and the lining temperature measured by 
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thermocouples. Comparing the surface and lining curves, the lining temperature curve is 
parallelly shifted upwards. 

The temperature profiles can be described by two linear functions, where the line 
describing the center part of the bottom has a less steep slope than the slope of the 
peripheral part. The points of intersection between the two lines are approximately at a 
radius of 1-1.25 m. Since the lining and surface temperature profiles have the same 
slopes, it is possible to determine the functions describing the surface temperature profiles 
based on thermocouple readings, given that at least three thermocouples are located along 
the specific radius.  

 

Figure 16 Bottom temperature profiles of lining and surface temperatures.  

5.3 TWO-DIMENSIONAL STEADY STATE CALCULATIONS 
Heat transfer calculations were performed to study the long-term lining temperature 
variations, where the temperature variations are so slow that steady state calculations are 
sufficient to study the heat flows in the hearth. The calculation methodology presented for 
the two-dimensional model can be applied to any cross-section within the angles 60-300° 
from the taphole. However, the model is only used for the angles where there are 
thermocouples located, to be able to determine the boundary conditions and validate the 
calculation results. 
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In Figure 10 the lining temperature was presented for a period of 90 days. During the 
period a temperature increase occurred. In the figure, 5 days were marked: day 32, 40, 48, 
56 and 70. For each of the chosen days, the temperature profile of the hearth lining has 
been calculated. The results are shown in Figure 17 where isotherm lines of the following 
temperatures are marked: 400, 500, 600, 700 and 800 K.  When comparing the five cross-
sections, it can be seen that a temperature rise is registered in the bottom and the wall at 
the same time, on day 40. More specifically, an increased temperature is detected by 
isotherms moving towards the outer walls. On day 48, the temperature continues to 
increase in both the bottom and the wall. On day 56, the temperature has decreased in the 
wall and reached normal levels. Finally, on day 70 it has decreased in the bottom. 
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Figure 17 Calculated predictions of temperature profiles in the hearth lining. 
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5.4 THREE-DIMENSIONAL TRANSIENT CALCULATIONS 
Transient calculations were performed to enable studies of the short-term temperature 
changes in the taphole region. When studying the taphole region, an assumption of steady 
state cannot be made. Instead, the region can be considered to be in a quasi-stationary 
state.  

When performing a calculation, a number of tap cycles have to be simulated before the 
quasi-stationary state is reached. The calculation procedure is terminated when a cyclic 
trend has occurred and the peak-to-peak amplitude remains the same from one tap cycle 
to another. Figure 18 shows the calculated temperature in the point corresponding to 
thermocouple no. 1364. The dashed line represents the temperature in the center of the 
taphole. During the Flow-simulations, the taphole temperature is equal to the melt 
temperature. It is followed by plugging of the taphole, where the temperature instantly 
decreases to 25°C. During the No flow-simulations, the line describes the heating of the 
taphole clay. After approximately 500 min of simulation a quasi-stationary state is 
reached, so the simulation is terminated after eight tap cycles. 

 

Figure 18 Results of the transient calculations corresponding to the position of 

thermocouple no. 1364. It is located at the same level as the taphole, as seen in Figure 3. 
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5.4.1 EFFECT OF TAP CLAY LAYER – A FIRST APPROACH 

Calculations were performed where the effect of a tap clay layer around the taphole on 
the lining temperature variation was studied. The tap clay layer was included by locally 
changing the material properties of the taphole lining to the properties of the taphole clay. 
To simplify the geometry a cylindrical shape was assumed. Note, that it is the material 
properties of the lining that are locally changed around the taphole; the size of the taphole 
remains the same as in the previous simulation. A schematic picture of the modified 
geometry is seen in Figure 19. Calculations with layer thicknesses of 5, 10 and 15 cm 
were performed.  

 

 Figure 19 Schematic picture of the taphole geometry with and without a layer of tap clay. 

 

Figure 20 shows the results from a calculation where the thickness of the tap clay layer 
was 10 cm. A reference case with no tap clay layer was performed, referred to as the Base 

case. The results shown are for the position corresponding to thermocouple no. 1364. The 
results presented are from the part of the simulation where the quasi-stationary state has 
been reached and a regular cyclic behavior is seen. It should be noted that there are 
different ranges of the two temperature axes. However, the temperature steps on the axes 
are equal. It can be clearly seen that the amplitude of the curve has decreased when the 
tap clay is included in comparison with the Base case, namely from 13 °C to 4.1°C in the 
specific case of a 10 cm layer.  

The results can be compared with Figure 12, where the measured peak-to-peak amplitude 
of the same thermocouple was presented. The calculated peak-to-peak amplitude of the 
Base case is higher than the 90th percentile of the measured values. When including the 
tap clay, the amplitude decreased to 4.1°C, which is in the interval between the median 
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value and the 90th percentile. Hence, including a tap clay layer in the model better 
captures the behavior of the operating furnace. 

 

Figure 20 Simulation results with and without a layer of tap clay around the taphole. The 

results shown are for the position corresponding to thermocouple no. 1364, positioned at 

the taphole level.  

5.4.2 EFFECT OF TAP CLAY LAYER – DETAILED STUDY 

The initial study of the influence of the taphole clay layer on the lining temperature 
initiated a more detailed study; in reality it is more realistic that the size and shape is 
more complex than a cylinder around the taphole. Four calculation cases were performed, 
with different tap clay geometries. The Base case is a reference case with no tap clay 
layer. Cases A, B and C are cases with different geometries of the tap clay layer.  

Figure 21 shows the tap clay geometries of Cases A, B and C. The upper figures depict 
the tap clay layer profiles in the yz-plane. The solid lines illustrate the contours of the tap 
clay layer at the position of the thermocouples, while the dashed lines give the contour of 
the tap clay layer at the taphole inlet. The lower figures are schematic pictures of the tap 
clay profile around the taphole in the xz-plane (compare with the right part of Figure 2), 
while the upper figures are projections in yz-plane of the lower figures. The positions of 
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the cross-sections in the upper figures are marked with solid and dashed lines. For axis-
directions, see Figure 8. 

 

Figure 21 Schematic pictures of the tap clay layer profiles in yz- and xz-plane. For axes, see 

Figure 8. The solid line is the contours of the tap clay layer at the position of the 

thermocouples. The dashed line is the contour of the tap clay layer at the inlet.  

The tap clay geometry in Case A is based on assumptions of possible deviations in 
drilling angle. When the taphole is drilled opened, the aim is to drill with and angle of 8° 
downwards. However, the angle can vary slightly from one drilling to another. In extreme 
cases, the drilling can even be performed straight in at an angle of 0°. An angle change of 
8° results in a 21 cm difference of the position of the inlet, since the taphole is nearly 1.5 
m long. In Case A it is assumed that the tap clay layer comprises the region between the 
angles 0° to 8° above the taphole, and 3° below the taphole. Also, the deviation in Y-
direction is assumed to be 3°. 

In Case B the profile of the tap clay layer is determined by choosing the thickness 
individually for the directions of hypothetic lines through the center of the taphole and the 
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thermocouples. The thickness is either increased or decreased depending on the 
agreement between calculated and measured temperatures of the study presented in 
section 5.4.1 Effect of tap clay layer – a first approach. Thus, the profile becomes more 
complex than the cylindrical shape. Case C is a further adjusted profile based on the 
calculation results from Case B.  

Examples of the calculation results from the Base Case and Case A, B and C are 
presented as unfilled circles in Figure 22-Figure 24. The results presented are the peak-to-
peak amplitudes as a function of the thickness of the tap clay layer. A linear function is 
adapted to the calculated values. The function is used to calculate backwards what 
thickness the measured peak-to-peak amplitudes would correspond to, according to the 
calculations. The calculations are performed for the 10th and 90th percentiles and the 
median value. The results are plotted as filled circles and marked with 10th, M and 90th, 
respectively in the figures.  

The calculation results show that the taphole region can be divided into three categories 
based on how well the model can describe the measured process data: above, at and 
below taphole level.  

Above the taphole level, the measured lining temperature variations are generally larger 
than the calculation results. In this region there are several other parameters that may 
influence the temperature and the temperature variations associated with the tappings, for 
example the bath level. During the tapping the liquid levels drops and when the slag-gas 
interface reaches the taphole level the tapping is terminated and the liquid levels starts 
increasing again. Considering the delay in the variations induced by the changes in the 
internal boundary conditions in the real data, this may be a plausible explanation for the 
large temperature variations recorded by the thermocouples in some of the tap cycles. 
Also, visual observations of the taphole zone have indicated that the area above the 
taphole could be severely eroded. [28] Cracks in the taphole region filled with iron or slag 
would create “bridges” that strongly enhance the heat transfer. 

The thermocouple with id no. 1364, seen in Figure 23, is placed at the same level as the 
taphole. At this level, the model can describe the behavior of the operating furnace. The 
four calculation cases show that even a small increase of the clay layer thickness has a 
significant effect on the temperature variation, due to the short distance between the 
taphole and the thermocouple in question. The 90th percentile of the measured data is 
approximately of the same magnitude as the variations obtained for Case C, while the 10th 
percentile corresponds to Case B. Hence, 80% of the measured data fall within the 
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interval spanned by Case C and B in the simulations. This corresponds to a tap clay layer 
of 11-16 centimeters in the direction of the thermocouple. 

Below the taphole level, the measured lining temperature variations are smaller than the 
simulated variations. A study previously performed by the author, where the state of the 
hearth of the actual furnace was characterized during relining, observations showed a 
large skull build-up below the taphole level. [23] A large skull reduces the heat variations 
in the lining, and it was discussed that it could be a contributing explanation for the poor 
agreement between the calculated and measured values. The maximum clay layer 
thickness in that study was 15 cm. In this current study, a calculation with as much as 32 
cm thickness was performed (Case C), but the agreement is still very poor. 

To summarize the calculation cases, a schematic picture of a proposed tap clay layer 
profile is presented in Figure 25. The results indicated that the replacement of original 
lining with tap clay is mainly concentrated in the direction straight below the taphole, and 
to a lesser extent sideways and above the taphole. However, due to the presence of a skull 
build-up below the taphole, the erosion above the taphole and the bath level variations 
must be taken into account when discussing the state of the taphole region. 

 

Figure 22 Calculation results and measured values of peak-to-peak amplitude plotted 

against the tap clay layer thickness, in the direction of thermocouple no. 1330, located 

above the taphole level (Figure 3). 
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Figure 23 Calculation results and measured values of peak-to-peak amplitude plotted 

against the tap clay layer thickness, in the direction of thermocouple no. 1364, located at 

the taphole level (Figure 3). 

 

Figure 24 Calculation results and measured values of peak-to-peak amplitude plotted 

against the tap clay layer thickness, in the direction of thermocouple no. 1308, located 

below the taphole level (Figure 3). 
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Figure 25 Contours of proposed tap clay layer profile (dashed lines). The filled circles 

represent the thermocouple positions.  

 

5.4.3 SIMULATION BASED ON PROCESS DATA 

A calculation was performed where the duration of the Flow- and No flow-stages in the 
tap cycles and the melt temperatures were based on actual process data from Blast 
Furnace No. 2. Part of the simulation scheme is seen in Table 3. A total number of 27 tap 
cycles were simulated and the total simulation time extended over nearly four days of 
blast furnace operation. Note, that in the end of the simulation scheme, at tap cycle no. 
26, the duration of the No flow-phase is much longer than what is normal. Apart from that 
long period with a plugged taphole, the process data are taken from a time period that can 
be considered as normal for Blast Furnace No.2.  
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Table 3 Calculation scheme for simulation based on process data.  

 
Figure 26 and Figure 27 shows the calculated and measured temperatures at the 
thermocouples nos. 1364 and 1330. The time axis starts after seven simulated tap cycles 
to ensure that the calculation have reached its quasi-stationary state. The results cover a 
time span of 4200 minutes.  

The tap clay layer was treated as a cylinder with a 10 cm thickness, as described in 
section 5.4.1 Effect of tap clay layer – a first approach. As already discussed, the size and 
shape of the tap clay layer is more complex. Therefore the peak-to-peak amplitudes of the 
calculated results do not agree with its corresponding thermocouple readings, and are not 
expected to do. However, the primary aim of these calculations were to find out if the 
simulations can capture the overall behavior over several tap cycles, based on the actual 
process data.  

For thermocouple no. 1364, the overall agreement between calculations and 
thermocouple readings is good. Towards the end of the simulation time the temperatures 
decreases rapidly due to the long period with a closed taphole. And even at that 

Tap cycle 

no. 

Phase  

 

Melt temperature 

[°C] 

Duration 

[s] 

Total simulation time 

[min] 

1 Flow 1490 Steady 
state 

0 

 Plug  180 3 

 No Flow  3120 55 

2 Flow 1441 7620 182 

 Plug  180 185 

 No Flow  3060 236 

3 Flow 1465 8760 382 

 Plug  180 385 

 No Flow  3840 449 
¦ ¦ ¦ ¦ ¦ 

26 Flow 1466 9660 4789 

 Plug  180 4792 

 No Flow  30840 5306 

27 Flow 1446 11880 5504 

 Plug  180 5507 

 No Flow  3120 5559 
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disturbance in the blast furnace operation, the calculation results can describe the overall 
tendency of the measured temperatures. 

Regarding thermocouple with id no. 1330, the correlation between process data and 
calculated data is very good in the beginning. After about 2200 simulated minutes the 
lining temperature significantly decreases while the calculated temperatures remain on 
the same level. However, the correlation between the two curves recommence when the 
lining temperatures have stabilized on a new level.  

 

Figure 26 Calculated and measured temperatures for thermocouple no. 1364. It is 

positioned at the taphole level.   
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Figure 27 Calculated and measured temperatures for thermocouple no. 1330. It is 

positioned above the taphole level.   

The initial surface boundary conditions (the inner wall temperature and the outer wall 
cooling effect) are held constant throughout a simulation. When performing simulations 
that spans over several days, these needs to be adjusted to maintain a good correlation 
between calculated and measured temperatures. The long-term temperature variations 
have an effect on the lining temperature that cannot be simulated in these transient 
calculations that focuses on short-term temperature changes. In order to simulate both 
long-term and short-term temperature changes, the wall and bottom boundary conditions 
need to be adjusted during the calculations. Therefore, long-term changes in lining 
temperature cause inaccuracies in simulations that spans over such long time as 4 days of 
blast furnace operation. 

5.5 THERMOCOUPLE POSITIONS 
The more thermocouples, the better are the possibilities for controlling the lining 
temperatures. However, economical aspects limit the number of thermocouples that can 
be installed. Therefore, it is necessary to put the available ones in the most useful 
positions. The studies presented in this thesis have identified regions where additional 
thermocouples would either improve the on-line process control and the long-term 
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temperature evaluation or improve the possibility to create and verify numerical models 
of the heat flows.  

In an earlier study briefly presented in section 2.3 Characterization of the state of the 

hearth, it was concluded that the inner corner was exposed to the most wear during the 
last campaign. Also, a skull build-up was found. [23] In the three-dimensional heat 
transfer model, where the short-term lining temperature variations were studied, it was 
discussed that the skull build-up in the corner region reduces the temperature variations in 
the lining. It was identified as one possible reason that the model could not capture the 
behavior of the operating furnace in a sufficient way. In this exposed region, no 
thermocouples are located, and consequently, the heat transfer models are difficult to 
validate. Additional thermocouples in this region would improve the validation of the 
models, and also enable reliable skull layer and erosion calculations in the corner region.  

In the two-dimensional model, that comprises the region where studies of long-term 
temperature changes are mainly of interest, the highest temperature occurs at the inner 
bottom. The top layer of the bottom lining is a ceramic plate. It has a high resistance to 
mechanical wear to keep the bottom layer intact and avoid liquid iron to penetrate and 
solidify in cracks, since this would have an impact on the heat flows in the bottom region. 
To ensure a good control of the state of the hearth, it would be of interest to monitor the 
temperature in the seam between the ceramic plate and the carbon refractory.  

The suggested positions of additional thermocouples in the corner region and the seam 
between the ceramic plate and the carbon refractory are pointed out with cross-markers in 
Figure 28. The current thermocouple configuration is marked with filled circles.  

In the taphole region, where cyclic lining temperature variations are seen, a number of 
thermocouples are located. See the configuration of thermocouples within the 10° angle 
from the taphole at levels 3-5 in Figure 3. With current configuration, two thermocouples 
are positioned in pairs at different depths from the outer steel shell along the taphole 
direction. 

Simulation results for thermocouple no. 1362 are presented in Figure 29, showing the 
peak-to-peak amplitude as a function of the distance from the taphole in the direction of 
the thermocouple. The solid circles on the curves represent seven positions along the line 
where temperature was logged during the simulations, marked schematically with cross 
markers in the right part of the figure. The current thermocouple position is marked in the 
figure by an arrow. As can be seen, the closer to the taphole, the larger is the temperature 
variations in the point, as expected. However, what can be noted is that the difference in 
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peak-to-peak amplitude between the different calculation cases increases closer to the 
taphole; even at a 10-20 cm distance a significant difference is seen.  

When studying the cyclic temperature variations, it would be of interest to study how two 
thermocouples behave in relation to each other, placed in a direction perpendicular to the 
taphole. Installing two thermocouples approximately 20 cm apart, along a hypothetic line 
crossing the taphole center, would make it possible to study how these two thermocouples 
behave in relation to each other. Consequently, a better estimate of the state of the taphole 
region could be obtained in real time. This would be useful for supervising the state of the 
lining, the operation of the taphole drill and for maintenance of the taphole region. 

 

 

Figure 28 Suggested positions of additional thermocouples are pointed out with cross-

markers. The current thermocouple configuration is marked with filled circles.  
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Figure 29 Simulated peak-to-peak amplitude as a function of distance from the taphole in 

the direction of thermocouple no. 1362. The right part of the figure is a schematic figure of 

the point where temperature was logged during the simulations. 
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6 CONCLUSIONS 
 

The aim of the present thesis was to study the heat flows in the blast furnace hearth lining 
by experimental measurements and numerical modeling. The thesis was based on four 
supplements, summarized in Figure 1.  

Thermocouple data from an operating furnace have been used throughout the work, to 
verify results and to develop methodologies to use the results in further studies. The 
hearth lining were divided into two zones, based on the thermocouple readings: a region 
with regular temperature variations due to the tapping of the furnace, and a region with 
slow temperature variations. It was found that, based on the current configuration of the 
thermocouples, no distinct line between these two regions can be defined. To be able to 
characterize process data measured in these regions, the measurements Average-

Difference and peak-to-peak amplitude were defined.  

The Average-Difference –value is based on how two thermocouples behave in relation to 
each other over time. The value is used in the region not subjected to regular temperature 
variations. This region can potentially be in steady state. If so, the temperature difference 
between two comparable thermocouples is equal or changes slowly over time, and the 
Average-Difference –value is close to zero. If something causes a rapid temperature 
change in the lining, then the difference between the two thermocouples increases or 
decreases; that can be seen as a local peak in the Average-Difference –curve.  

In the region subjected to regular temperature variations, the peak-to-peak amplitude was 
defined to determine the magnitude of the temperature fluctuations. It is defined as the 
difference between the maximum and minimum temperatures experienced within a tap 
cycle. 

In the current thesis, four studies were carried out. First, an experimental study was 
performed. The temperatures of the outer surfaces of the wall and bottom were manually 
measured and compared with lining temperatures measured by thermocouples. In the 
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study, the specific conclusions were as follows: The outer bottom temperature profile can 
be described with linear expressions which can be determined by utilizing thermocouple 
data. The outer wall can be divided into two zones: the water-cooled zoned and the un-
cooled zone. The water-cooled zone has a constant temperature along the height, but the 
temperature varies with angle from the taphole. The temperature of the wall can be 
determined by adapting a linear function based on the lining temperatures at the specific 
angle, and then extrapolate the data to the wall surface. The un-cooled part of the wall 
could not be correlated to lining temperatures, but it was determined that it was 
approximately 5-10°C warmer than the water-cooled part. Furthermore, it was found that 
the expressions derived to describe the wall surface temperature profiles can only be used 
for the hearth regions at angles larger than 45° from the taphole. For the angles closer to 
the taphole, additional measurements need to be performed. 

The expressions to describe the outer surface temperature profiles were used as input in a 
two-dimensional heat transfer model. The aim of the study was to predict the lining 
temperature profiles in the region not subjected to temperature variations that can be 
correlated to the regular tappings. In this region, the temperature changes are so slow that 
steady state calculations are sufficient to estimate the state of the hearth. Due to the 
insecurities regarding the experimental results for wall surface temperatures at angles 
closer that 45° from the taphole, the region is limited to 60-300° from the taphole. From 
the calculation results, it was concluded that the region where the highest temperature 
were seen are the inner bottom surface. Due to the high temperatures, this would 
consequently be the most sensitive region concerning lining wear. However, the 
previously performed study, where the state of the hearth was characterized, indicated the 
most lining wear in the inner corner region where the inner wall and bottom meets. In this 
region, there are no thermocouples located to validate the calculation results. Hence, 
currently it is difficult to control the state of the hearth in this very sensitive region. 

The methodology to calculate a steady state lining temperature profile was used as input 
to a three-dimensional model. The aim of the three-dimensional model was primarily to 
study the region with dynamic lining temperature variations caused by regular tappings. 
This region is not in a steady state. However, it is in a quasi-stationary state where the 
temperature in a point fluctuates around a level. A study of this region revealed that the 
replacement of original lining with tap clay has an impact on the dynamic temperature 
variations in the lining.  

The initial study initiated a more detailed study of the taphole region and the size and 
shape of the tap clay layer profile. A tap clay layer profile around the taphole was 
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proposed, where the replacement of original lining with tap clay is mainly focused to the 
region directly below the taphole and to a lesser extent sideways and above the taphole. 
However, it was concluded, that in order to make a heat transfer model that better 
captures the behavior of the operating blast furnace hearth, the presence of a skull build-
up below the taphole, erosion above the taphole and the bath level variations need to be 
taken in consideration. 

In blast furnace practice, it is important to have a good control of the state of the hearth, 
and maintain a steady blast furnace operation. Erosion of the hearth lining and 
disturbances in the blast furnace operation can often be detected by variations in the 
lining temperatures. Thermocouple data are easy accessible and can give important 
information to the furnace operators and process engineers.  

In the region in thermal steady state, positions of additional thermocouples were 
suggested. Those should mainly be installed in the inner corner region, and in the seam 
between the ceramic plate and the carbon refractory. This would improve the validation 
of the numerical models, enable reliable skull layer and erosion calculations as well as 
improve the possibility to monitor the temperature in the most sensitive regions of the 
hearth.  

In the region with dynamic temperature variations, it was proposed to install additional 
thermocouples approximately 20 cm apart, along a line crossing the taphole center. 
Installing thermocouples perpendicular to the taphole region would enable studies of how 
these two behave in relation to each other. Consequently, a better estimate of the state of 
the taphole region could be obtained in real time. This would be useful for supervising the 
state of the lining, the operation of the taphole drill and for maintenance of the taphole 
region. 
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7 FUTURE WORK 
 

Based on the results in this doctoral thesis, the following suggestions for future work are 
recommended: 

• Perform experimental measurements to determine the specific heat capacity, 
density and diffusivity of the taphole clay used in the actual furnace. 

• Dissect the blast furnace hearth during next relining, with special focus on the 
erosion in the taphole region.  

• If additional thermocouples are installed, extend the validation of the models. 
• Include bath level variations and calculations of skull layer, erosion and mushroom 

size. 
• Extend the three-dimensional model to enable studies of both long-term and short-

term temperature variations. 
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