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Abstract: The blast furnace campaign length is today usually restricted by the hearth life, which is
strongly related to the drainage and behavior of the coke bed in the hearth, usually referred to as
the dead man. Because the hearth is inaccessible and the conditions are complex, knowledge and
understanding of the state of the dead man are still limited compared to other parts of the blast
furnace process. Since a number of publications have studied different aspects of the dead man
in the literature, the purpose of the current review is to compile the findings and knowledge in a
comprehensive document. We mainly focus on contributions with respect to the dead man state,
and those assessing its influence on the hearth performance in terms of liquid flow patterns, lining
wear and drainage behavior. A set of common modeling approaches in this specific furnace area
is also briefly presented. The aim of the review is also to deepen the understanding and stimulate
further research on open questions related to the dead man in the blast furnace hearth.
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1. Introduction

The blast furnace (BF) route still remains the dominant one in the production of liquid iron, which
is the primary raw material for large-scale steelmaking. In recent years, the trend has been to construct
larger furnaces and close small and inefficient ones. Along with the growth of furnace size, more liquid
iron and slag are also stored in the BF hearth, and problems of draining and wear are encountered more
frequently in the practical operation. Furthermore, due to tougher global competition, the furnace
campaign lengths should be extended, and the furnace body should withstand operation under
production rates that vary with the market conditions. It is today commonly recognized that drainage
and wear problems in the hearth region play the key role in determining the BF campaign life [1].

Both practical and theoretical investigations have revealed that most of the draining and wear
problems in the hearths of large furnaces are related to the state and behavior of the porous coke
beds that fill them, i.e., the dead man. In order to fully utilize the potential of large BFs in terms of
high productivity and lower unit costs of production, it is of considerable significance to understand
the governing mechanisms of the dead man behavior in the BF hearth. However, knowledge and
information about the dead man are still severely limited, mainly due to the fact that the hearth is the
most inaccessible part of the BF, lacking direct measurements. Nevertheless, a number of publications
related to or addressing different aspects of the dead man can be found in the literature. The purpose
of the current brief review is to summarize these results in a comprehensive document, where the
main emphasis is put on presenting contributions shedding light on the dead man state and assessing
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its influence on BF hearth performance, with respect to liquid flow patterns, hearth lining wear and
drainage behavior. The basic modeling approaches used in the analysis are also briefly treated.

2. Investigations and Modeling of the Dead Man

The internal state of the BF, as schematically illustrated in Figure 1, has been gradually revealed by
extensive dissection investigations [2,3], which confirmed that there exists a stagnant column of coke
particles in the lower part of the furnace. The stagnant column, where coke particles move downwards
with a highly reduced velocity, was called “dead man” because it was earlier assumed to exert negligible
influence on the whole ironmaking process [4]. However, this assumption was later been found to be
incorrect. As a matter of fact, it is nowadays commonly believed that the dead-man state significantly
affects the gas and liquid flows in the BF lower part, which, in turn, determine the temperature distribution
within the hearth, the liquid drainage, as well as wear of the hearth lining [5]. In addition, the dead man
appears to be rather “active” since it is usually claimed to have an average porosity of ¢ = 0.3 - 0.5 [2],
and can be renewed in periods varying between a few days and some weeks.

Dead man

Cohesive
Zone

Figure 1. Schematic vertical cross-section of the ironmaking blast furnace and its hearth.
2.1. Structure and Renewal of the Dead Man

As depicted in Figure 1, the dead man is located under the active coke zone beneath the cohesive
zone. The upper part of the dead man, which is in the region between the raceways, is cone-shaped
with a rounded top. The inclination from the apex of the dead man to the raceway plane is usually
claimed to be associated with the repose angle of the coke particles that are charged [6], but also other
factors (e.g., charging pattern [7], gas and liquid flow rates) may influence its state. Traditionally,
the solid flow has been studied via small-scale experiments, but along with the emergence of more
efficient software and hardware, it has recently become feasible to study the dead man formation and
the flow of coke in the hearth via the Discrete Element Method (DEM).

The lower part of the dead man is in the region of the hearth where liquid iron and slag dripping
from the cohesive zone accumulate before they are tapped out intermittently. Thus, the lower part
of the dead man is submerged in a bath of liquid iron and slag, and is thus subjected to a buoyancy
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force that depends on how deeply the coke is submerged in the two liquids. Because of this, it is
not straightforward to deduce the bottom shape and position of the dead man, especially taking into
account the dynamic changes in the liquid levels during the tap cycle, as well as other operation
variables that may affect or interact with the buoyancy force. In principle, the bottom shape and
position of the dead man can be estimated by balancing the forces acting on the dead man, whereby
the buoyancy force (often) varies with the liquid levels. A majority of the studies on the estimation of
the dead man bottom shape and position are summarized in a separate subsection. In this context, it
should be mentioned that some authors use the term dead man only referring to its lower part (i.e.,
the region below the tuyere level), while others use the broader definitions used above (cf. Figure 1).

In the upper part beneath the active coke zone, the renewal of the dead man is relatively fast due
to the short distance to the raceways where coke is intensively consumed. It has been clarified that
there exists a small quasi-stagnant region in the center of the active coke zone where the coke particles
descend slowly towards the raceways. Therefore, the dead-man porosity (and permeability) can be
improved by feeding high-quality coke into the BF center [8-10]. It was also reported that the dead
man can be lifted with a sufficient buoyancy force, and the coke right beneath the tuyere level can be
“pushed” into the raceways. Renewal thus occurs as the “old” particles are forced to go out of the dead
man and “new” particles enter to fill the voids through the upper surface of the dead man [11-15].
In the lower part, especially below the taphole level, it is, however, difficult for the coke to flow
upwards into the raceways. Various other renewal mechanisms have been presented and the prevailing
ones include FeO reduction, carbon solution loss and carbonization of liquid iron [16-20]. Data from
a radioactive tracer test indicated that coke in the peripheral region within the hearth is consumed
in 2-3 days, due to a more intensive flow of liquid iron that dissolves coke carbon. This number
can be deduced from a simple carbon balance of the hearth, as follows: Consider a large BF with a
hearth diameter of 14 m and a daily production rate of 9000 tons, where the hearth coke (85% carbon)
occupies about 1000 m3, with a dead man voidage of ¢ = 0.35. If the iron that enters the hearth has a
carbon content of 2.5% and a content of 4.5% at tapping, an average renewal rate of about 3 days is
obtained. However, in the core region of the dead man, the coke is much more gradually dissolved,
which is often claimed to occur within a few weeks [3]. It is expected that the dead man in the hearth is
heterogeneous with respect to permeability, since the renewal processes are all strongly dominated
by liquid flow and heat transfer, which are usually non-uniform in the hearth [21]. Another aspect
that indicates a non-uniform permeability distribution is that smaller coke particles may move up and
down with the hearth liquids in the voids formed between larger coke particles [5].

The permeability of the dead man can be estimated qualitatively by studying the residence time
distribution of tracers injected through a tuyere, or via a probe inserted into the dead man at the
tuyere level. The tracer particles dissolve in the iron and/or the slag and are measured in the runner
afterwards. By analyzing the response of the tracer in the outflow, information about the flow pattern
inside the hearth can be obtained. If the tracer particles are injected at different locations along the
radius using a probe, the residence time can be used to evaluate the permeability of different zones of
the hearth coke. In some industrial trials with radioactive coke particles, it was found that the core of
the dead man in the hearth was very impermeable [22,23].

2.2. Floating State of the Dead Man

The bottom shape and position of the dead man depend on the liquid levels in the hearth and
on the force acting on the bed from above. In a normal tap cycle, the liquid levels vary with varying
outflow rates of iron and slag, due to the intermittent tapping, as the taphole is eroded during tapping,
and because of the “competition” between iron and slag flow in the taphole [24]. Mainly based
on balance equations of mass and force, the liquid levels in the BF hearth with two different dead
man floating states were estimated and are shown in Figure 2, where the corresponding filtered
electromotive force (emf) signals measured at the hearth shell are also depicted [25]. By comparison of
simulated liquid levels and emf, Brannbacka [26] found that the iron level corresponds better to the
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emf signal. Comparing the maxima of the iron and slag level with the emf, this observation can also be
confirmed in Figure 2. However, it should be mentioned that the variation in true liquid levels is very
hard to measure, even though some indirect measuring methods have been proposed [27-29].
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Figure 2. Estimated slag (upper solid curves) and iron (lower solid curves) levels in two BFs with different
dead man floating states: sitting (upper panel) and floating (lower panel). Scaled emf signals (dashed
curves) and the taphole levels (dotted lines) are also depicted. Reproduced with permission [25].

In an operating furnace, the dead man state in the hearth cannot be measured directly or monitored,
owing to the high temperatures, wear, and extremely hostile environment. The dynamic behavior of
the dead man has therefore mainly been investigated by utilizing scale models and/or mathematical
models under simplified conditions. By visual inspection, it was found that the dead man moves
vertically in a cyclic manner during a tap cycle [11,30]. The dead man sits completely on the hearth
bottom (i.e., fully fills the hearth) when the liquid levels measured from the hearth bottom are low,
while it floats to some degree of height or fully if the liquid levels are high, thus creating a free passage
(i.e., coke-free zone) for the liquid flow. Since the iron, with a density of about 2.5 times that of slag,
exerts a stronger buoyancy, it is generally considered that the distance between the hearth bottom and
the inner end of the taphole (“sump depth”) is decisive for dead man floating [31]. In the experimental
runs with a pilot model where air was blown in through several tuyeres located in the sidewall and
particles were discharged near the tuyeres (in order to mimic the coke consumption by combustion),
the dead-man bottom was demonstrated to assume a profile with higher floating levels near the
sidewall. This bottom shape has been confirmed in a set of quenched furnaces and two examples are
presented in [32,33].

A sophisticated mathematical model [34] also taking into account BF hearth geometry and operation
parameters categorized the floating state of the dead man into four different groups: (A) completely
floating with a flat bottom, (B) completely floating, but floating higher near the wall, (C) partly floating
at the wall, and (D) completely sitting. The results are shown in Figure 3a, where the hearth depth is
defined as the distance between hearth bottom and the taphole level. It can be seen that the floating state
of the dead man depends strongly on the hearth (“sump”) depth and liquid level. The corresponding
conditions of some Japanese furnaces were also examined by the mathematical model. As elucidated in
Figure 3, the prevailing conditions (i.e., types B and C) of Japanese furnaces appear left of the vertical
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dashed line, while the aforementioned floating type A (i.e., completely floating with a flat bottom
profile) appears right of the dashed vertical line, and is thus in conflict with the prevailing conditions.
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Figure 3. Influences of liquid level and hearth depth on the dead-man state, where Y, Z and Ry refer to
the liquid level from hearth bottom, hearth depth, and hearth radius, respectively. (a) Critical liquid
level as a function of hearth depth; (b) operating liquid levels of Japanese blast furnaces. Reproduced
with permission [34].

2.3. Modeling of Dead Man State

The dead-man state can be estimated by conducting a balance between the buoyancy of iron and
slag in the hearth and the force pressing down on the dead man. The buoyancy force, which is a
function of liquid level and dead man porosity, is relatively straightforwardly expressed. Nevertheless,
the vertical force pressing down on the dead man is more complicated, since it is related to a set of
furnace operating conditions, e.g., raceway length, gas drag and burden weight, as well as liquid holdup
above the hearth liquids [34]. The BF lower part is schematically illustrated in Figure 4, where the dead
man is divided into two particular regions based on the raceway length/gas drag intensity, i.e., a central
region and a region under raceways [35].

Central

Taphole\ \: region >7
The //2 \ /

mud
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mass \ /

Region under the raceway

Figure 4. Schematic sketch representing the lower part of the blast furnace. Reproduced with permission [35].
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It should be stressed that both the buoyancy force and the downward-acting force are often expressed
per unit area, i.e., in the form of pressure. The downward-acting stress at the tuyere level (cf. Figure 4),
which was investigated by conducting both experimental runs and numerical calculations [34], is depicted
in Figure 5. As can be seen in the figure, the stress is highly reduced in the region where the raceway
is located. This can be explained by the drag of the upward-flowing gas from the raceway, which
compensates for a portion of the burden weight above the tuyere level. In the region under the raceways,
consequently, the dead man could float higher if the buoyancy force is sufficient.
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Figure 5. Lateral distribution of the downward-acting stress at the tuyere level. Reproduced with
permission [34].

As the radial distribution of the downward-acting force per area, p4, may vary with the operating
conditions, Brannbacka et al. [25,26,36-38] suggested the simple but flexible parameterized expression

pPd = { ;jd (r—?’o)" e (1)

Pq —al ifr>ry

where p, r and rg are the overall downward pressure, radial position as well as radius of the central
region where the downward-acting pressure is unaffected by the raceways, respectively. R is the hearth
radius and 4 is a scaling factor, while 1 is a parameter that influences the arising shape of the dead
man bottom under the raceways. The magnitude of the overall force can be obtained by calculating
the burden weight as reduced by the lifting force of the gas drag and the friction of the furnace wall.
The vertical position of the dead man bottom deduced from the force balance is

Pd .
Zgl — ppsllg(l_s) , if0<pq < pg,‘:lx
Zdm = 9 Zir T p_isr(zsl - Zir) - Pirg((li—f) if p{)r’lsalx <pgq < pgjsalx + P{)Ijiarx (2)
Zhb if pd > pgj:lx + pbm,{arx
with
Pg};x = pslg(l - 5)(251 - Zir)? Pf,r}{arx = Pirg(l - 5) (Zir - Zhb) 3)

where pj;, ps, § and zyp, are the densities of liquid iron and slag, gravitational acceleration and the
vertical position of the hearth bottom, respectively, while ¢, z;; and zg are the dead-man porosity and
the levels of liquid iron and slag, respectively.

If the parameters of Equation (1) are given, the dead man bottom profile can be calculated based
on the quantities of hearth liquids and an average dead man porosity. Figure 6 shows the estimated
evolution of the iron and slag levels and the bottom shape of the dead man during a tap cycle in a
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BE, where the inner hearth profile was estimated by solving an inverse heat transfer problem [25].
The corresponding three-dimensional coke-free zones beneath the dead man are depicted in Figure 7,
where the black bar indicates the location of the taphole.
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Figure 6. Evolution of the iron and slag levels (upper panel) and the dead-man bottom profile (lower
panel) during a tap cycle in an eroded blast furnace. Reproduced with permission [25].
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Figure 7. Three-dimensional illustration of the coke-free zones in cases 1-3 of Figure 6. The black horizontal
bar marks the location of the taphole. Reproduced with permission [25].

2.4. Effect of Dead Man State on Hearth Performance

2.4.1. Liquid Flow Pattern and Flow-Induced Shear Stress

In the hearth, the floating state of the dead man plays a key role in determining the lining wear and
the pattern of liquid flow [31]. Through dissections of quenched furnaces and based on observations at
the campaign end when the hearth is relined, the wear profile of the hearth lining has been investigated.
The profiles reported in such investigations usually indicate an elephant-foot-shaped profile with
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severe erosion of the lining in the lower periphery of the hearth. It has been recognized that an elephant-
foot-shaped profile is caused by the intensive circumferential flow of hot metal that can occur when the
permeability in the dead man’s core deteriorates and/or the dead man floats partly, forming a coke-free
zone (“gutter”) at the hearth corner [39,40]. A bowl-shaped profile, where the lining in the middle of
the hearth bottom is excessively eroded, has also been reported. This pattern could be the result if the
dead man floats completely, or if the porosity of the dead man is fairly uniform and it occupies the
whole hearth. The latter can be expected for hearth designs where the sump depth is large.

The pattern of liquid flow in the BF hearth has been investigated by using both physical and numerical
models. Physical studies utilizing scale models have usually considered only steady-state iron flow
through a heterogeneous dead man with zones of different permeability. The modeling results can still
give insightful information concerning the liquid flow close to the hearth bottom, where the lining
erosion is mainly attributed to iron flow.

A number of computational fluid dynamics (CFD) models, focusing on the phenomena in the BF
hearth and considering liquid flow and/or heat transfer, have also been built in the past. Usually, the dead
man is taken as a fixed packed bed, and Darcy’s/Ergun’s equation can be applied. The influences of dead
man properties, such as packing structure and floating state, on the liquid flow paths and distribution of
temperature in the hearth lining have been thoroughly evaluated [41-50]. Figure 8 (based on unpublished
results using the model outlined in [48]) illustrates the general streamlines of hot metal in one half of the
hearth. These results indicate that a partly floating dead man leads to an intensive circumferential flow,
thus exerting a strong heat load on the lining at the hearth corner. However, some simulation results
have implied that the distribution of temperature at the hearth bottom is less sensitive to the dead man’s
properties, since the local heat transfer is controlled by the high thermal resistance of the hearth lining
refractories (i.e., ceramic pad) [47].

Coke-free zoneT

f . Dead man

Figure 8. General streamlines of iron flow in a hearth with a partially floating dead man.

The possible hearth lining wear mechanisms include chemical reactions between the lining
materials and molten liquids, abrasion and friction caused by coke particles in the hearth, as well as
thermo-mechanical stress and flow-induced shear stress. The last one that is caused by the near-wall
flow field can lead to lining erosion alone, and a combination of it with other mechanisms could give
rise to more wear, eventually resulting in severe hearth damage. Thus, it is imperative to understand
the shear stress in terms of its generation and distribution so that appropriate precautions can be taken
to reduce the shear stress in order to prolong the campaign life of the hearth. The flow-induced shear
stress has been studied mainly using CFD models, since no direct measurements of the BF hearth
state variables exist [48-53]. The contours of the shear stress on the hearth bottom under different
dead man states, calculated in [48,49], are depicted in Figure 9. It can be seen that with a sitting dead
man, the high shear stress zone emerges in the interior of the hearth bottom, particularly below the
taphole entrance. Nevertheless, the zone moves to the peripheral region when the dead man partly
floats, with a coke-free zone emerging at the hearth corner. In addition, a fully floating dead man state
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could mitigate the hearth bottom shear stress to some extent, since the shear stress distributes quite
uniformly. This would imply that in furnaces where the dead man has started floating completely,
the hearth bottom erosion would not progress much.
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Figure 9. Influences of dead man floating state on the shear stress exerted on the hearth bottom.
Reproduced with permission [48].

It was also reported that the high shear stress and heat load in the vicinity of the taphole can be
effectively reduced with a longer taphole, since the overall liquid flow is forced to bend towards the
center of the dead man, and the circumferential flow caused by a partly floating dead man, or a dead
man with a blocked core, can be restrained [52]. This is actually the main reason why a long taphole is
usually a prerequisite for protecting the hearth lining near the taphole from severe erosion. A long
taphole is often associated with a high carbon content of the liquid iron, which supports the above
hypothesis. Furthermore, it has been demonstrated [35] that to achieve a longer taphole, the injected
mud must be in good contact with the dead man. Thus, if the dead man floats excessively at the wall,
the taphole becomes short, and severe sidewall erosion may follow. In summary, the dead man state is
strongly associated with hearth lining erosion, as discussed in the following subsection.

2.4.2. Hearth Wear Profile

The internal geometry of the scale models and the computational domains that represent the
hearth profile have usually been simple and regular in physical experiments and in CFD simulations.
However, as discussed above, the inner hearth profile may assume different states, partly as a result
of the dead-man state. When the hearth lining is cooled at the cold face, the local temperature and
velocity of liquid iron in the vicinity of the hot face could become insufficient to keep the iron in liquid
form. As a result, the iron may gradually solidify, forming a skull layer on the hot surface of the
remaining lining. Therefore, as is often seen by observing the evolution of thermocouples embedded
in the hearth lining, the internal geometry of the hearth varies during the campaign [54].
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In view of the inherent coupling between liquid flow and heat transfer, an intensive circumferential
flow leading to severe erosion is usually linked with an increased heat load on the hearth lining
materials. Temperatures measured by thermocouples embedded in the hearth lining can therefore
be utilized to predict the hearth wear profile. In practice, the 1150 °C isotherm is often regarded as
the internal liquid—solid interface in the hearth. In order to estimate this isotherm, mathematical
models where an inverse problem of heat transfer is solved have been proposed [31,54]. It should be
stressed that 1150 °C is the lowest temperature at which carbon-saturated iron is present in liquid form,
and consequently only heat conduction is solved in this kind of hearth wear profile model. A basic
algorithm for estimating the hearth wear profile is outlined in Figure 10.

‘ Guess a hearth wear profile

l <—[Modify the hearth wear profile

O Specify other boundary conditions
O Generate a corresponding grid for
numerical calculation

'

O Obtain temperature distribution by

solving heat conduction equations Hearth wear
O Retrieve temperatures at the locations found

where thermocouples are embedded

Retrieved temperatures
match thermocouple
readings?

Yes

Figure 10. Basic algorithm of a hearth wear profile estimation model.

As a rule, wear models detect the inner profile of the intact lining by matching the most severe
erosion experienced during the campaign. If later points correspond to less severe erosion, this is
taken as an indication of the formation of a skull layer. It is still a complicated task to accurately
identify the remaining sound lining and the skull thickness, particularly for cases wherein the
historical thermocouple readings are not available for the whole furnace campaign. A systematic and
two-dimensional approach is needed in order to estimate the progress of erosion, and also the formation
of skull, during the campaign [31,54,55]. The erosion and skull lines estimated with such an approach
for two different BFs (unpublished results using the model outlined in [55]) are presented in Figure 11.
It can be seen that the two furnaces have different but characteristic wear profiles, i.e., bowl-shaped
and elephant-foot-shaped profiles, which are likely to reflect the state of the iron flow in or below the
dead man during the campaigns.

Hearth wear profile estimation models are commonly implemented as monitoring and diagnosis
tools to aid the operation of BFs. By analyzing the estimated hearth wear profile, indications may be
obtained pertaining to the need to adjust the operation towards conditions less prone to cause erosion,
e.g., by reducing the production rate or by blanking tuyeres. The latter means both reducing the local
inflow of iron “from above” and suppressing a possible local floating of the dead man. On the other
hand, it may be argued that such blanking may instead promote liquid flow, as the liquid holdup
decreases at a lower local bosh gas flow. It seems that the efficiency of such actions depends on the
state of the furnace when the change is implemented.

The estimated erosion profile can be used to support the interpretation of the liquid flow pattern
and dead man floating state that are intimately related to hearth erosion. For instance, a too strong
peripheral flow or too low carbon content of the hot metal may be counteracted by the center charging
of strong and large coke, which (in the long run) will promote a more uniform flow of iron through the
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dead man, enhancing the contact of it with the hearth wall. Still, it should be kept in mind that the
accuracy of erosion models depends on the validity of the modeling assumptions. In particular, brittle
lining layers of low conductivity may lead to inaccurate estimates of the progress of the erosion profile,
and the occurrence of such should be detected by other means [56,57].

Skull layer

Remaining hearth lining

(b) Blast furnace B (elephant-foot shaped wear profile)

Figure 11. Erosion and skull lines in two industrial furnaces estimated based on inverse heat transfer calculation.

2.4.3. Drainage Behavior

In the BF hearth, the void space is occupied by the immiscible liquid iron and slag. As a result of
gravity, the rivulets of molten iron and slag from the cohesive zone [58] will eventually separate into
two different layers, i.e., the upper slag layer and the lower iron layer. Two interfaces, i.e., gas—slag
and slag—iron, are thus formed in the hearth. In practice, a tap starts when one taphole is drilled open.
A substantial pressure drop in the vicinity of the taphole can be formed as the high-viscosity slag is
driven to flow through the dead man towards the taphole. As a result, the gas—slag interface is tilted
down locally near the taphole [24,59-62]. Thus, the overall gas-slag interface is above the taphole level
at the moment when gas bursts out and the tap is terminated. This is actually the reason why some
amount of slag still remains in the hearth at the tap end, and a “dry hearth” is impossible in practice.

It was earlier commonly assumed that the slag—iron interface is horizontal at the level of the taphole
when the slag phase approaches the taphole during tapping. Based on this assumption, extensive
physical experiments were carried out by Fukutake and Okabe in order to estimate the tap end slag
residual ratio [63-65]. By analyzing the experimental results mainly using the theories of fluid dynamics,
the authors proposed a dimensionless flow-out coefficient that was found to correlate monotonically
with the slag residual ratio defined. The flow-out coefficient is strongly affected by the state of the
dead man, including its voidage and coke particle size. Later, the aforementioned assumption of
a horizontal slag—iron interface was found to be incorrect, since both practical observations and
physical experiments with two immiscible liquids indicated that the lower phase (liquid iron) can be
pumped up from some level below the taphole during the period when slag and iron are drained
out simultaneously [59,66,67]. In the BF hearth, a substantial pressure drop is induced in the taphole
vicinity when the high-viscosity slag flows through the dead man. This large pressure drop is sufficient
to compensate for the flow resistance of the low-viscosity iron, and to overcome the gravitational force
when iron is drained up from some level below the taphole. The iron and slag levels at the end of a tap
in the BF hearth are sketched in Figure 12, where the hearth internal profile is idealized.

The flow-out coefficient [63—-65] was later modified by other authors [68,69] to take into account
the non-horizontal slag—iron interface as it is depicted in Figure 12, the coke-free zone beneath the
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dead man, the varying drainage rates of iron and slag due to taphole erosion, and the continuous
production of the liquids. Both observations in the practical operation of the hearth and CFD-based
simulations [70,71] have shown that an increase in the slag residual ratio is often attributed to a decrease
in dead man permeability, or an increase in draining rate or in slag viscosity. It has also been found
that a coke-free zone beneath the dead man directly affects hearth drainage only if it extends close
to or above the taphole level [32,68,72]. However, even a partial floating of the dead man may have
implications for the drainage via the accumulation and depletion of liquid iron in the coke-free zone
during the tap cycle, which affects the liquid levels [25,37,38] and therefore the pressure-loss terms of
iron and slag in front of the taphole [24].

| Far-taphole | Near-taphole |
| 1) |
7] Gas-slag interface Psli //
%
Zsi,e / Az, Ptn
BN e G
Zth é Azir,e pir,ft ]
20 Z Slag-iron interfacey
7

Figure 12. Schematic of the gas—slag and slag-iron interfaces at the end of a tap, where zg ¢, zg and
ziro refer to the vertical distances from the overall gas-slag interface, centerline of taphole, and slag-iron
interface to the hearth bottom, while pg}, pg, and pj. ¢ refer to the static pressure at the overall gas—slag
interface, in front of the taphole, and at the overall slag—iron interface, respectively.

With reference to Figure 12, the asymptotic relation between the tap end iron and slag levels that
are related to the dead man state can be derived based on a simplified pressure balance [66,67]:

AZir,e o Psl
AZsl,e Pir — Psl

4)

where z and p are the vertical distance and liquid density, and where subscripts ir, sl and e denote iron,
slag and tap end, respectively.

Equation (4) has been adopted as an asymptotic relation in some hearth drainage studies to
validate the calculated results [25,73]. It should, however, be noted that the end points of individual
taps may depart considerably from the above relation, simply because the “initial” volume of slag is
not sufficient: if too little slag is drained, the duration of the tap is not long enough for the liquids to
reach this asymptotic state. The occurrence of local liquid levels in a BF with an impermeable dead
man further complicates the general interpretation [62,74-76].

3. Concluding Remarks

Over the years, several aspects regarding the BF dead man have been studied by means of
dissection investigations, physical experiments, and theoretical and numerical calculations. Today,
the importance of the dead man state and its influence on the performance of the BF hearth have been
commonly recognized, even though direct (long-term) measurements of the pertaining state variables
are still impossible.

The structure and renewal mechanisms of the dead man have been clarified. It has been demonstrated
that the dead man is heterogeneous in terms of its permeability distribution, and that the permeability
can be improved in practice by charging high-quality coke into the BF center. The dead man bottom
shape and position strongly depend on the balance between the buoyancy force exerted by the in-hearth



Processes 2020, 8, 1335 13 of 16

liquid iron and slag, and the downward-acting force that is reduced towards the furnace wall due to
the drag of the upward-flowing gas from the raceways and wall friction. In general, the dead man sits
completely on the hearth bottom when the levels of the in-hearth liquids are low. If the liquid levels are
high, however, the dead-man bottom assumes a profile where it floats higher at the hearth corner.

Observed hearth lining wear profiles, i.e., elephant-foot-shaped and bowl-shaped, are intimately
related to the dead man floating state and its permeability distribution. The lining profile can be estimated
utilizing hearth wear models, whereby an inverse problem of heat conduction is solved to predict the
position of the 1150 °C isotherm. Such models are today used in several BFs as monitoring and diagnosis
tools. The estimated profile can be used to assist the interpretation of the in-hearth liquid flow pattern
and the floating state of the dead man. By analyzing the estimated hearth wear profile, indications may
also be obtained pertaining to the need to change the operation towards conditions less prone to cause
erosion, including lowering of the production rate, blanking of tuyeres in regions with strong local hearth
wear, or modifying the tapping strategy.

The drainage of the BF hearth is complicated and a dry tap is impossible because some amount of
slag always remains in the hearth at the end of a normal tap. It has been shown that the slag residual
ratio at the tap end can be correlated with the flow-out coefficient. In practice, an increase in the slag
residual ratio is often attributed to a decrease in dead man permeability, or an increase in draining rate
or in slag viscosity. The complexity of the hearth drainage behavior is basically due to the multiphase
flow of immiscible fluids (gas, slag and iron), the existence of the dead man and the erosion of the
taphole. As a tap proceeds, both the gas-slag and slag-iron interfaces gradually tilt towards the taphole.
Therefore, the overall slag and iron levels are located above and below the taphole at the tap-end,
respectively. This interface titling phenomenon has been investigated, and an absolute asymptotic limit
has been derived and can be applied to validate the related modeling results. However, much work is
still required in order to understand the effects of, e.g., local permeability changes in the dead man or
local dead man motion on the drainage patterns from individual tapholes. A deeper understanding of
the drainage can be the basis of a better design of the tapping operation, which can be influenced by
the duration of the inter-cast period, the drill diameter and the taphole angle. The role of the taphole
length, e.g., how this variable can be controlled and how it affects the dead-man state, are also factors
that should be studied and clarified in the future.
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