
1. Introduction

It was believed at the end of the XXth century that pro-
duction of pig-iron in blast furnaces would be replaced by
more competitive means for producing iron. At present
times, however, it has been proven that those forewarnings
are not coming around due to the need to maintain the blast
furnace technology within the iron and steel industry. This
results as a consequence of low operative costs and high
production capacity of blast furnaces. Reduction in the
price of steel scrap can alter the balance of steel produced
by basic oxygen furnaces (BOF) and electric arc furnaces
(EAF); nowadays, raw steel produced by the blast furnace
(BF)–BOF route remains at around 65%.

A general consensus for guaranteeing the continuity of
BF during the following years exists.1) Nevertheless, a pes-
simistic outlook for the subsistence of blast furnaces re-
mains, as is forecasted that control of nuclear fission, which
can provide an unlimited amount of hydrogen, will be able
to revolutionize the iron and steel industry, and could alter
the role of blast furnaces within this industry. Until then,
blast furnace technology has various challenges to meet be-
fore considering itself depleted, such as are the increase in
air temperature and gradual enrichment of oxygen or the in-
jection of various types of liquid, gas or solid fuels in the
blast, as are the means to recover heat from molten slag.

Blast furnaces are considered to be strategic tools in the
production of hot metal in modern iron and steel industry
and are still able to attract attention to such a century-old

process. Evolution of technology has occurred in recent
decades allowing the increase of campaign duration five-
and even six-fold.2) The actions that aim to control and pro-
long the operational life of blast furnaces are the following
ones:
• Improvement in operational practices.
• Control of production and improvement in repair and

maintenance technology.
• New designs of crucibles and blast furnaces.

Although none of these actions can guarantee by them-
selves maximum duration of the installations under high
productivity rates, more attention is needed for the search
of new designs for blast furnaces and other ancillary equip-
ment, as such innovations provide the basis that allowed im-
provements in the operation of blast furnaces in recent
decades. The most sensitive area, from a structural point of
view, in a blast furnace is the crucible, which exerts the
greatest influence in its operational life.

The adjustment in composition and the separation and
transfer of the various elements present in the molten
phases (hot metal and slag) takes place in the crucible. This
zone is the most delicate area of the furnace, so it is normal
practice to shut down the installation when repairing or re-
constructing the crucible, causing huge economical losses.
Reconstruction of the crucible translates in many cases into
building a new blast furnace. Therefore, iron and steel com-
panies try to operate the blast furnace for as long as possi-
ble before repairing.

Due to the above mentioned reasons, the main efforts to
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find alternatives that improve the operational life of blast
furnaces result in improvements around the crucible.
Within this line of work, analyses of refractory materials
used for relining, as well as the study of refrigeration sys-
tems play an important role. Together with these innova-
tions, it is of interest to consider the effect that the geome-
try of the installation (size, inclination of walls, etc.) and
the position and number of tap holes exert on the life of the
blast furnace.

Leaving aside the external construction of the crucible
(refrigeration and drainage systems), there is the added dif-
ficulty for finding the best design to reduce repairing and
installation times. Although there are numerous alternatives
that can be used for designing hearths, the time available
limits the possibilities that can be put into practice. Due to
the time-scale of blast furnace campaigns, it is difficult to
assess the success of modifications in the refractory lining
until the end of the campaign is reached, and this is often as
long as ten or fifteen years. Therefore, the practical conclu-
sions of changes made in the design or in the layout and
quality of refractory materials can only be confirmed at the
end of this time.2) It is evident that selecting a given design
goes together with the risk of operating the furnace for
more than ten years with the materials available at the time
of construction. It is not strange that traditional refractory
linings are preferred over alternative new designs. More-
over, a proper and technically correct design might fail due
to incorrect start-up or to undesirable operational practices
occurring throughout the life of the furnace.

2. Modelling

Selecting the proper design for a crucible require criteria
different than trial and error. Experience obtained from low
temperature physical models, mathematical modelling and
refractory corrosion tests can provide such information.
The present study focus on design criteria derived from
computational methods used to simulate different condi-
tions occurring within the furnace. The results obtained by
these methods are compared with data obtained from corre-
sponding industrial conditions and provide the numerical
values for the heat transfer coefficients of slag in contact
with the refractory walls, temperature distribution within
the crucible and the refractory layer, etc. Recent develop-
ments of specialised hardware and software allow model-
ling the different mechanisms that take place in the hearth
with the precision that only a few years ago seemed impos-
sible to reach. It is feasible that advances in computing ca-
pacity will continue over the following years, providing for
the tools to improve the design and control of these installa-
tions.

The present work describes the Nodal Wear Model
(NWM), which was conceived as a tool to interpret and
quantify different corrosion phenomena that affect the 
refractory layer in contact with molten metal. NWM was
designed to simulate corrosion profiles in blast and electric
furnace crucibles, and has been recently applied to the
analysis of wear in Pierce-Smith copper converter
coatings.3–7) However, one aim of this study is to make a
much greater use of NWM by using its methodology to
help decision making in selecting the material layout which

should be most adequate for use in crucibles. NWM is in-
corporated into a finite element code, COSMOS/M in the
present case, as this software provide the solution for the
differential equations that describe the energy and mass
transfer within the crucible.

The chemical corrosion rate, vcor–q/i at a given point of the
refractory-slag interface (node, i) is a function not only of
the absolute temperature at the node i, Ti, but also of the
difference in temperature between that node and its adja-
cent, i�1, DTi. That is:

vcor–q/i�f(Ti; DTi) .............................(1)

The temperature distribution in the blast furnace hearth
can be obtained at any moment of the campaign by means
of thermocouples and heat flux sensors installed while re-
fractory is placed, and this information help to calibrate the
results of mathematical models. A series of criteria can be
set to study wear of the refractory bricks. In the present
case, the value of 1 150°C is used for carbon-based materi-
als and that of 1 350°C for materials from the SiO2–Al2O3

system.8–11)

The study of various chemical erosion mechanisms oc-
curring to refractory materials in blast furnace crucibles, or
in any other pyrometallurgic system, has to consider the ex-
istence of a boundary layer at the molten metal and refrac-
tory interface. Study of erosive mechanisms can be omitted
by neglecting this interface layer, which is only 10 to
20 mm in depth; the temperature at the interface can be as-
sociated to that of the molten metal, which can be measured
experimentally. Models based on the finite element or in
computational fluid dynamics can be used to predict the
temperature distribution or the corrosion profile of the re-
fractory lining through the campaign using an uniform tem-
perature of reference, which is related to that of molten
metal within the crucible (between 1 450°C and 1 550°C).
However, corrosion rates predicted at the nodal points re-
sult uniform and far greater than those actually occurring.

The problem with the nodal temperatures at the interface
between refractory and molten metal, Ti in Eq. (1), is that
they cannot be measured experimentally. However, the tem-
perature at the interface is a function of the heat transfer co-
efficient at the boundary layer in contact with the refractory,
hg, which depends on several parameters:

hg�f(T ∞�Ti; d(T); ni; L).......................(2)

where T ∞�Ti is the difference in temperature between the
molten metal (which can be measured experimentally) and
that at node i, of the interface, d(T) is the thickness of the
thermal boundary layer, L represents the lineal dimension
characteristic of the system being studied (diameter of the
crucible or height of a wall) and ni represents the thermo-
physical properties and characteristic of molten metal (spe-
cific heat, density, viscosity and thermal conductivity, etc.).

In short, the nodal temperatures, Ti, are used to calculate
the magnitude of corrosion attack at every point of the re-
fractory–molten metal interface. Quantitatively, chemical
corrosion of the hearth layer is determined assuming con-
vective and diffusional phenomena, calculated with the
equations given in detail in Table 1.11–13) Coupling the ther-
mal profiles with those derived from chemical corrosion at
each node of the interface with time constitutes the basic
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working tool aimed for designing crucibles able to achieve
longer campaigns with increased productivity.

The nodal temperatures throughout the interface with
molten metal vary with time while the campaign lasts. Nor-
mally, the temperature tends to decrease as the residual
thickness of the refractory is reduced in different zones of
the hearth. If the NWM criteria are applied to a blast fur-
nace hearth in operation, the thermal conditions at the re-
fractory interface could be obtained in real time, as well as
heat transfer coefficients and the thickness of the associated
thermal boundary layer at each node.

The present study simulates the resistance of refractory
materials against chemical corrosion of molten metal, and it
is necessary to carry out the simulation in different time in-
tervals, so that the magnitude of nodal wear, Dei, for each
interval can be expressed by:

Dei�vcor–q/iD t ................................(3)

where D t is the time elapsed at each of the intervals being
considered. A safety criterion for the total time of operation
can be that the remaining refractory thickness is higher than
10% of the original thickness.

Figure 1 summarizes the parameters used to compute the
wear rate of refractory materials installed in the hearth, to-
gether with three different types of profiles found to occur
during operation. The thermal boundary layer is indicated
as d(T) in this figure. The heat transfer coefficient at the in-
terface (hg) is computed at the end of each cycle (D t) from
the value at that particular time (hi), the thermal conductiv-
ity of the molten iron (l) and the thermal boundary layer.
Wear profiles normally encountered in blast furnace cru-
cibles (known as mushroom, elephant foot and central
pool)3,4,14) are illustrated in Fig. 1.

3. Results and Discussion

Figure 2 presents the schematic diagrams of four differ-

ent models constructed to evaluate the effect of using re-
fractory materials of different thermophysical properties.
The models were constructed with an internal wall 100 mm
thinner at the right hand side to evaluate the effect of bleed-
ing the furnace, which results in accelerated degrading. The
thermophysical properties of the materials used to construct
the models are shown in Table 2. The external walls in all
the models considered in Fig. 2 are assumed to be made of
a medium thermal conductivity graphite (22 W m�1 K�1),
the vertical walls and the top portion of the crucible in
models identified as HAB1, HAB3 and HAB4 are made of
sialon (3.4 W m�1 K�1), the bottom portion of the crucible
in HAB1 and HAB4 is made of anthracite (12 W m�1 K�1),
whereas that zone in HAB3 is made of the medium conduc-
tivity graphite; the whole hearth of HAB5 is made of an-
thracite. High conductivity graphite (44 W m�1 K�1) is
added to the corners of models HAB3, HAB4 and HAB5. It
should be noticed that one of the external walls of HAB3 is
made of anthracite, as it is desired to evaluate the effect of
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Table 1. Parameters and equations that are used to compute the wear of refractory in contact with molten iron.

Fig. 1. Parameters used to compute wear and schematic diagram
of different worn profiles.



having materials with different properties.
Figure 3 shows different models developed to evaluate

the effect of geometry combined with the use of different
materials. HAC2 and HAC4 use the same materials as
HAB4, but the internal walls are inclined; the wall thick-
ness of HAC2 is half as that of HAC4. HAC4 and HAC5

have the same geometry, but the later one has the bottom
made of carbon graphite. HA3 corresponds to a different
design, as the walls are vertical, and it is made almost ex-
clusively of fireclay (1.4 W m�1 K�1), although the external
walls are made of anthracite.

Figures 4 and 5 show the wear profiles after different
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Fig. 2. Schematic diagrams of four different models constructed to evaluate the use of refractory materials of different
thermophysical properties.

Fig. 3. Schematic diagrams of four different models constructed to evaluate the geometry of the hearth and the use of
different refractory materials.

Table 2. Thermophysical properties of the refractory materials used in Figs. 2 and 3.



time have elapsed for the models shown in Figs. 2 and 3. It
can be considered that NWM is able to reproduce the dif-
ferent corrosion profiles that occur in crucibles during cam-
paigns of a blast furnace,3,4,14) see Fig. 1. Simulation of an-
thracite hearths with inadequate refrigeration at the bottom
develop a mushroom wear profile in a very short period of
time that results in perforation below the tap-hole level,3) as
it is shown to occur in the model for HA3 in Fig. 5.

NWM is used to evaluate the wear rate to which refrac-
tory material is subjected to. Tables 3 and 4 show the re-
sults computed for configurations shown in Figs. 2 and 3.
Table 3 presents the maximum values detected at any point
in the interface at the start of the campaign, after 15 years
(assuming that this is the operational life) and the maxi-
mum value detected at any time. Table 4 shows the corre-
sponding values averaged on the interface for similar condi-
tions. The times and rates of wear encountered when the in-
terface reaches a different refractory material are indicated
in Tables 3 and 4. NWM confirms that the high corrosion
rates to which refractory materials are subjected at the start

of the campaign weakens over the years, reaching a much
reduced rate that depends on the characteristics, quality and
layout of the materials used,4,15,16) Tables 3 and 4. Table 5
indicates that the rates of corrosion of materials installed in
the blast furnace are different than those reported in labora-
tory trials. In agreement with these results, it can be consid-
ered the inadequacy of layout criteria based on solely static
or dynamic corrosion tests.17,18)

NWM can be used to analyze and evaluate different al-
ternatives being used for the construction of crucibles. The
characteristics shown in Figs. 2 to 5 were modelled to ob-
tain information related to design criteria:
1. Evaluation of the effect that positioning and location of

refractory materials available exert on crucible life; it is
of particular interest to know which of the common
used criteria, ceramic cup or thermal model, is more
adequate.

2. Evaluation of the effect of designing criteria used in
America (thin walls and bottom made from thick car-
bonaceous materials with little refrigeration) or in Eu-
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Fig. 4. Wear profiles after one and fifteen years in the hearths shown in Fig. 2.

Fig. 5. Wear profiles after one and fifteen years in the hearths shown in Fig. 3.



rope (thick walls and bottom).
3. Evaluation of the effect of walls with different degrees

of inclination and thickness, or constructed in stair
manner.

NWM indicates that designing the hearths using the ce-
ramic cup or the thermal model (crucible made of carbona-
ceous materials with different thermal characteristics) does
not exert a marked different, see models HAB4 and HAB5
in Fig. 4, although the solution for the thermal model,
HAB4, provides for less wear at the central pool of the cru-
cible than in those constructed following the ceramic cup
criterion, HAB1 and HAB5, although, from the point of
productivity, such wear contributes to increments the pro-
duction rate of iron. It is not clear how to interpret the re-
sults from modelling designs based on the ceramic cup cri-
teria, as most industrial data are inconsistent, as there are
reports indicting operation for a number of years without
damage, and cases in which the blast furnace has to be stop
due to perforation. The rates of corrosion predicted by
NWM, shown in Tables 3 and 4, for designs based in the
thermal model are more consistent than those for blast fur-
naces designed around the ceramic cup, even in the case in
which the dead man laying at the bottom of the crucible
does not cover the whole diameter of the furnace, Fig. 6.
Use of ceramic cup on top of carbonaceous materials have
shown to cause radial contraction and vertical dilation that
does not allow for the development of a proper joint be-
tween the different materials and reduce the operational life
of the ceramic cup to less than five years.19)

NWM reproduces improvements obtained by using re-
frigeration at walls and bottom; following the same trend,
NWM shows that the use of materials with higher thermal
conductivity reduces the risk of developing mushroom or
elephant foot profiles, see Fig. 1, within the crucible; the
profiles predicted for models HAB1, HAB3, HAB4 and
HAB5 in Figs. 2 and 4 and HAC4 and HAC5 in Figs. 3 and
5 are of the central pool type. Old blast furnaces relied on
the use of fireclay for the crucible, with the consequence of
accelerated wear and development of mushroom type pro-
files; see HA3 in Figs. 3 and 5. The size of the hearth af-

fects the corrosion rates predicted by NWM; different runs
were carried out modifying the diameter of the crucible, it
was found that such a rate increases when the diameter is
below 9 m, confirming observations that big blast furnaces
are able to operate longer than smaller ones.20)

It was found that the American criterion for design en-
hances the central pool profile, HAC in Figs. 3 and 5, aug-
menting with it the volume of the crucible and its produc-
tivity. No effect was detected in relation with the inclination
of the walls, HAC2, HAC4 and HAC5 in Figs. 3 and 5, al-
though normal practice prefers vertical walls. The introduc-
tion of stairs in the walls enhances the central pool profile;
this effect can be attributed to the location of inactive coke
towards the corner causing the effect of a floating dead
man, models HAC4 and HAC5 in Figs. 3 and 5.

Modelling the chemical attack to refractory is based on
the thermal equilibrium reached between the iron and the
refractory; the temperature of 1 150°C, which corresponds
to the Fe–C eutectic, is taken as a reference to account for
the damage of carbonaceous materials, The case for sys-
tems based in Al2O3–SiO2, which various degrees of nitrid-
ing, does not have such a characteristic temperature.21,22)

NWM indicates that the corrosion rate at the molten metal
interface is reduced to zero when the thermodynamic equi-
librium among the different phases is achieved; in such a
case, wear of the crucible stops and the possibility for de-
veloping protecting layers is enhanced.

NWM can be used to evaluate the effect of different op-
erational parameters on the rate of corrosion; among the
variables to study are the bulk temperature of the iron, T∞,
and the position of the dead man, see Fig. 6. NWM can
also be used to analyze the effect ilmenite, FeO ·TiO2,
added to prolong the operational life of blast furnaces.23,24)

NWM has analyzed the case of using different grades of
carbonaceous materials in a blast furnace, as it is model
HAB3 in Figs. 2 and 4, which is not attempted at an indus-
trial level, as the results shown in Fig. 4 indicate how the
side with the material of lower thermal conductivity is sub-
jected to higher wear. It is frequent to observe that bricks
made of different materials are located within the wall of
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Table 3. Maximum values of the corrosion rate (m · s�1) for different models.

Table 4. Average values of the corrosion rate (m · s�1) for different models.

Table 5. Comparison of corrosion behaviour observed in blast furnaces and that from static tests.



blast furnaces to study their behaviour, but the conclusions
from such studies may be erroneous, especially in the case
in which materials with marked differences in thermophysi-
cal properties.

The use of different layers in furnaces is based on the
possibility of using corrosion resisting materials in contact
with molten iron, while isolating layers reduce thermal
losses. From this point of view, the optimum design will be
that in which minimum values of Ti and DTi, are achieved
while the difference of T∞�Ti is maximized.25)

4. Conclusions

The conditions for incrementing the life of blast furnaces
are justified on terms of the heat extracted from walls or
bottom of the crucible either by using high conductivity
materials or refrigeration. Assuring high values of T∞�Ti

implies low nodal temperatures at the molten metal–refrac-
tory interface, Ti, and, consequently, the differences be-
tween adjacent nodes, DTi, is reduced.

NWM predictions indicate that the occurrences of mush-
room or elephant foot profiles are eliminated by an ade-
quate disposition of high conductivity refractory materials.
The use of high conductivity materials at the corners of the
hearth enhances the central pool profile, which reduces the
risk of perforation while increases the productivity of the
furnace.

NWM shows that the temperatures at the interface are
critical, but these values are difficult to obtain, and this tool
can be used in conjunction with traditional measurements
carried out in the bulk or in the slag to improve the opera-
tion of blast furnaces.

Care has to be taken when using corrosion rates from
static tests, as NWM shows that rates occurring within the
blast furnaces are much reduced than those observed in
static tests, and that the corrosion rate diminishes with time.
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Fig. 6. Different layouts of the dead man in the blast furnace crucible.


