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1. INTRODUCTION

When describing the mechanisms of wear in the lining, and of metal flow around the
dead man (inactive coke) that may be present in the crucible of a blast furnace during its
work life, the following considerations and work methods aimed at tackling the problem
may be found in specialized references [1-3].

a) These are complex phenomena, in which a great number of variables take part, so
a quantitative estimation of wear suffered by the materials and of the density/intensity of
the current lines for the melt along the operation life of the crucible are difficult to find.

b) On the other hand, it is usual for different corrosion mechanisms to act in parallel,
making the evaluation of the participation and importance of each of one of them in the
wear process of the lining very difficult [4]. Furthermore, the fluid velocities in the
crucible are not homogenous as they depend on the occupation degree (geometry), and
characteristics (porosity) and quality of the dead man.

¢) Attempts have been made to reproduce and simulate, at a laboratory scale, the opera-
tion conditions the hearth of the blast furnace may withstand (with fluid-refractory
relative velocities of 0.5 cm/s) and design the furnace lining in accordance to the
results obtained in samples in contact with corrosive fluids (pig iron and slag).

d) Finally, an attempt is being made to understand the movement of the melt inside the
crucible through the use of room temperature physical models.
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These models are also accompanied by measurements using radioactive tracers to
study the characteristics of the pig iron flux in contact with the dead man in the hearth
below the nozzles level. Figure 1 shows a 3D finite element simulation of the melt flow,
where the complexity of the results makes it difficult to estimate wears.
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Fig. 1. 3D finite element simulation of melt flow in a dead man hearth, showing mesh and element
distribution (a) and fluid velocity (b)

A fact that differentiates the NWM in respect to other practices aimed at understanding
this problem, is that both wear and scab growth, as well as dead man characteristics, circula-
tion velocities of the fluids (pig iron and slag), furnace operation (production) parameters,
geometric design characteristics and nature of the crucible materials, are not independent
variables and, the values each one of them may reach, slightly or strongly determine all the
others. For example, when trying to explain the behavior of refractory linings submitted to
corrosive action (pig iron and slag), different wear mechanisms or physical characteristics
or geometries the dead man may adopt inside the hearth are described, as if these results
were not a consequence of a determined operation (production) practice, under which the
blast furnace has been demanded to produce for specific periods of time.
The novelty of the NWM is to admit that wear, blast furnace production and dead man
physical and geometric characteristics are connected and dependant phenomena. On the other
hand, the variables that may explain the bidimensional (2D) behavior of a specific section of
the blast furnace crucible, according to the NWM, are reduced to the following four properties:
— global heat transport coefficient between pig iron and lining hgl_gi_'m"/ lining ,

— nodal temperature at the pig iron-refractory interface 7},

— nodal position variation (increase or decrease) of the abscissa in the pig iron-refractory
interface Ax;,

— nodal position variation (increase or decrease) of the ordinate in the pig iron-refrac-
tory interface Ay;.

While the temperature of the melted components inside the hearth of the blast furnace
(tapping temperature 7,.) is an important parameter in order to control the furnace operation,
the temperature at the refractory-melt interface (nodal temperature 7;) or the global heat
transport coefficient between the pig iron and the lining h;l_gi_lm"/ liing o ren’t variables
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accessible to direct experimental determination [5]. Nevertheless, in all situations studied so
far, experimental data supports the hypothesis, theories and developments of the NWM.

However, the characteristics of problems laid out in blast furnace crucibles, bottom
and walls of electric furnaces, or copper metallurgy PS convertor linings, have only a few
points in common [6, 7]. o o

As already mentioned, both T; and hg’_%_lm"/ lining e not variables accessible through
direct experimentation. They may be, however, indirectly determined if the crucible is
equipped with a temperature measurement system (7 < 600 °C) and the corresponding algo-
rithm to determine the position of isotherms inside the lining throughout the furnace opera-
tion life. The flowchart and input and output variables that take part in the thermal 2D prob-
lem posed in the NWM are shown in Figure 2 and Table 1, respectively, in order to study
specific sections of the crucible in a blast furnace (Fig. 3). Particularly, under “zero wear”
conditions the values of both Ax; and Ay; would be null. Nevertheless, at the end of three, six
or nine months of operation, the situation would have changed and each node at the interface
would have experimented a negative variation (corrosion) or a positive one (growth). The
usual procedure would be to calculate the geometric and thermal parameters at the pig iron-
refractory interface nodes in a 2D section after 9 months, using as a starting point, in the
convergence iterations to be executed, the Ax;, Ay,, T; and hé”_‘%_’m" /lining 2 lues, obtained
for this same section of the crucible, for example, after a 6 months operation period (Fig. 2).

Input variables to solve the NWM for Boundary conditions :
a determined time interval: * Temperature of the cooling fluid at

* Tapping temperature = pig-iron temperature the walls and bottorp of the hearth.
in the hearth (bulk temperature). Other boundary variables necessary to
solve the thermal problem:

oh Lf’ff”;’”” along the refractory pig-
iron interface.

* Geometrical and thermal characteristic of the
materials in the lining of the hearth: thermal
conductivity of the materials.

l v

Solving the thermal problem
using COSMOS (FEM)

Output data from the thermal problem solution:
Position of the isothermal temperatures in the lining of the hearth and
nodal temperatures, T}, at the pig-iron refractory interface.

Comparison of the isotherms nodal (FEM) positions obtained from
experimental results (input variables).

If convergence is not adequate, repeat the calculation process.

[
»

Fig. 2. Determination of nodal properties: hé{’i%_im"/ lining_und T, of different 2D sections of a blast
furnace hearth
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Table 1. Input-output variables in the 2D section study of the NWM of the blast furnace hearth

INPUT VARIABLES

Tapping temperature, 7, (mean value between time
periods studied).

Geometry of hearth at the beginning the periods
studied.

Lining materials conductivity.

Mean temperature of water cooling between time
periods studied.

Mean temperature of oil cooling between time periods

studied.

»il» global transport coefficient in the oil at the

h f
bottom of the hearth.

h ‘{am, global transport coefficient in the water at the
walls of the hearth.

h gigiiimn /lmmg, nodal global transport coefficient

across pig-iron refractory interface.

OUPUT VARIABLES

® Nodal temperatures, 7;, across the pig-iron

refractory interface.

e [sotherms inside the refractory lining.

® Nodal wear values: Ax or Ay.

way:
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CORROSION OF MATERIALS IN THE CRUCIBLE
OF THE BLAST FURNACE AND THE NWM

If the NWM is considered, the wear-growth of scabs in 2D sections of the materials in
contact with corrosive fluids at the blast furnace hearth, the profiles to be drafted after long
operation periods, may be considered dependant of the following variables:

global heat transport coefficient between pig iron and lining hgigi_im"/ lining ,

equivalent thermal conductivity of the materials at the lining A lining »
mean values of the global heat transport coefficient from the cold zone of the refracto-

ry towards the cooling exterior system h; , and

nodal geometric variables of either wear or growth (Ax; and Ay;) referred to the initial
geometry of the pig iron-refractory interface at “zero wear” conditions.

Thus, according to the NWM, the behavior of a 2D section S1 (Fig. 3) of the crucible
along a period of time A¢, of the blast furnace campaign, would be defined in the following

Model-2D-S1 (hgigi‘m’”/ lining . Mining ; h;;Axi;Ayz')

M




G81A14 1516 117 18 19 ‘G6A
G7A

Fig. 3. Position of the twelve sections and tap-holes (TH-1, TH-2 and TH-3) for a blast furnace
hearth with 10.0 m of diameter at the tuyeres level. Porosity € (%) of the dead man (inactive coke) in
the hearth is indicated

Depending on the operational characteristics of the blast furnace (load and gas move-
ment, pig iron/slag production and quality of raw materials), a value of the hg’_%_”o"/lmmg
parameter will show that, besides being a nodal variable, it may also have considerable
variations along the melt-refractory interface (walls, bottom or corners of the crucible),
corresponding, for example, to the S1 section in Figure 3. In other words, the operation
characteristics of the furnace are related to the hgi‘%_lm"/ lining " alue along the pig iron-
refractory interface.

On the other hand, the design of the crucible depends on the geometry, nature and
distribution of the materials used during construction. Besides physical, mechanical
and chemical characteristics, it may be stated that one of the critical factors (though not the
only one) in the lining design is the equivalent thermal conductivity lemg. In this way, by
taking into account this physical property, the model includes (equation 1) a representation
of the variable that best represents the products used during construction.

The geometrical variables that play a role in the nodal wear (or growth), are repre-
sented in the 2D model by the Ax; and Ay, parameters.

Also, one of the variables with special consequence in the study of this process is
related, according to the NWM, with the cooling system characteristics acting on the cold
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face of the refractory. Major differences would be observed when using forced cooling by
water, air or oil. The k], parameter makes reference to the numerical value of the global heat
transport coefficient between the refractory and the cooling fluid being used.

Depending on the nature and thickness of materials used during the blast furnace con-
struction, cooling at the beginning of the campaign may be inefficient: the elevated capacity
to evacuate heat by the external cooling system may be baffled by the high thermal resis-
tance of the crucible refractories or by a production capacity well below the furnace nomi-
nal standard.

On the other hand, for some metallurgical installations experimental identification of
isotherms in the lining and variables product of the NWM may be calculated through one
single expression, just as indicated by equation 1. However, the calculations for the blast
furnace are more complex [8, 9].

Along the interface of the refractory with the melt in the hearth of the blast furnace,
there isn’t a unique value for A” i‘%_iron/ lining Generally, different values for the global heat
transport coefficient are reached at the bottom, corners and walls of the crucible. Being
more precise, not even at the characteristic length of both the corners nor the bottom, the
magnitude of hgl_“’;_"on/ lining i 2 constant, due to the fact that the transition of nodal values
from a corner towards a wall, takes place not in an abrupt or discontinuous way, but in
a progressive one. Because of this, at least three similar expressions of equation 1 should be
used to define the 2D section of a blast furnace: one for the wall, one for the bottom and,
finally, one for the corners.

Finally, another aspect that complicates the definition of the crucible with an expres-
sion in accordance to equation 1 is the fact that during the campaign, changes in production
practices may cause disruptions in the value of hg’_%_lm"/ lining a1, thus, from that specific
moment in the operation life of the furnace, modifications in the wear mechanisms of the
crucible may occur.

3. CHARACTERISTICS OF THE DEAD MAN (INACTIVE COKE)
IN THE CRUCIBLE OF THE BLAST FURNACE AND THE NWM

When production in the blast furnace is started and the blowing-in process takes place,
all of the available volume from the collecting-vat and hearth is occupied by coke. At the
tuyeres level, the furnace is slowly heated by the partial combustion of the coke. This
material at the mentioned level is consumed and substituted by the same material from the
upper inlet until reaching a threshold temperature at the hearth, that will allow the ferric
load to be added [2, 10].

Once the proportion of ferric-reduction load fed to the furnace reaches stationary con-
ditions, the situation of the coke after a three-month operation period won’t be very diffe-
rent to the one represented by Figure 4a: dead man resting over the base of the hearth.

Taking as a starting point the 7; and hgl_gi_’m"/ lining "\ alues, the product of the NWM
analysis in one of the crucible sections (Fig. 2), Table 2 presents a briefing of expressions
used to calculate the most representative variables at different zones of the crucible
throughout the work campaign of the furnace (Fig. 4).
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y Tuyeres level

Tap-hole level

----- Raceway 7
hearth region

Tuyeres level

Tap-hole level

Raceway
hearth region

Fig. 4. Different possibilities in design and position of the inactive coke region (dead man and hearth
raceway) in a blast furnace

Table 2. Equations to calculate the porosity, mean value of coke particles size and superficial velocity
of fluids in the blast furnace hearth

Porosity at the center (0,0) of the static bed of inactive coke particles (Fig. 3) [11].

0.0981A (1 + ﬁ]
€centro (%) = 100

(@)
s[4
dt
Nodal superficial velocity, v,_; (m- s™). Ranz—Marshall-Kitaiev equation [12-14].
_ 1/1.30 1/1,30
2 05 -05 )
; hy_; p;” W 0.60 Pr- 3
o (C - RMK)* T2 Nu; = 2.0
Mean value of coke particles size distribution at the static bed, ﬁp. Kitaiev equation [12].
~ 09 7030 1/0.75
D, = (C—K)—Hh‘ 4 @)
g1
Median superficial velocity, v,_;, and porosity, ¢, at bed. Ergun equation [15-17].
— 2 —
AP _ 150w 7, (1-8) | L75p v2 (1-¢) )
L D; e’ D, &
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The symbol € in equation 2 of Table 2, corresponds to the porosity at the center of the
hearth and may be obtained from the production of pig-iron A (t-hr_l), slag production E
(kg-t pig-iron~"), crucible surface S (m) and pressure variation referred to a one hour time
unit (dP/dt), consequence of the furnace operation (decrease during tapping and raise
when the tap-hole is sealed) [11].

The nodal surface velocity v,_; of the fluid around coke particles in contact with the
bottom, corners or wall of the crucible are calculated from the following nodal properties of

the fluid:

— nodal temperature T},

— viscosity W,

— density p,,

— Prandtl number Pr,,

— Nusselt number Nu; and

— global heat transport coefficient between the melt and the refractory
hgl_‘(’;_’mn/ lining hg_; in expression 3 of Table 2 [12-14].

The mean size of coke particles D at the region of the dead man inside the hearth, is
a function of v,_;; T;; hgig;_imn/lmi"g =h,_; and of the characteristic linear dimension of
the system analyzed L: bottom, corner or wall of the crucible in equation 4 of Table 2 [12].

Finally, the mean surface velocity v,_; and porosity € at the bed of inactive coke parti-
cles, are related with the Ergun equation through the following variables: D, H;, p;, L and
AP (pressure variation in the crucible due to tapping or sealing of the tap-hole) as indicated
by equation (5) in Table 2 [15-17].

Figure 4 shows some of the different options that the influence zones of the dead man
may present, along with regions fitted for the free circulation of the melt (raceway of the
hearth). In order to estimate the thickness of these regions where the melt will freely circu-
late, without the barriers imposed by the bed of coke particles, the following equation must
be considered:

[0 (T;) — W (T)] Ae=C (6)

Where p(T;) represents the viscosity of the melt in contact with the wall, corner or
bottom of the crucible, |1,(7..) is the viscosity at the interface of the dead man influence zone
and melt separation, Ae(Ax o Ay) is the thickness of the raceway of the hearth and C is
a constant which characterizes the region of the crucible being studied.

Finally, the following have been published recently: the first outputs of speed pig iron,
size of particles of coke and porosity of dead man in the hearth of blast furnace in the begin-
ning blowing-in [18, 19].

4. CONCLUSIONS

The nodal wear model represents an efficient complement to work with and interpret
experimental isotherms at the lining of any given 2D section of a blast furnace crucible, and
the possibility to obtain the following:
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. The resulting differential wear of the refractories that constitute the working lining of

the furnace crucible at any specific zone: walls, corners or bottom.

. In the same way noticeable wear at corners or central part of the crucible may be de-

tected in a 2D section. Formation of protective scabs at the walls or bottom may also be
detected.

. The erosion of the lining reflects in the values of 7; and of hé,’i‘gl'-_im"/ lining - indepen-

dently from the fact that the wear mechanism acting is of the chemical or mechanical
type.

Starting from the T; and hgi%_im"/ lining " \;alues, in a determined 2D section of the cru-
cible, coke properties may be estimated, along with the major or minor influence of the
dead man region with respect to the zones where the melt freely circulates (raceway of
hearth).

Considering the results in different 2D sections of the crucible for a specific moment in
the operation life of the furnace, a 3D representation may be possible, including both
of the refractory lining profiles as well as those corresponding to the dead man influ-
ence zone.
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