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Abstract

The thesis studies slag and iron flow in the blast furnace hearth and the
complex hearth drainage phenomena by both experiments and numerical
simulation. It also presents a mathematical model by which the
asymptotic state of the hearth lining can be estimated. The main points of
the work were to undertake a quantitative analysis to shed further light
on blast furnace hearth drainage and the corresponding flow and
behavior of the interfaces. A transparent Hele-Shaw (H-S) slot model was
constructed and experiments were undertaken with it. To gain
quantitative tapping information from the experimental model, an image
analysis algorithm was developed to treat and refine the experimental
results. The H-S model has inherent merits for the application of image
analysis, such as low optical distortion. Based on the developed image
analysis method, the role of the blast pressure, slag viscosity, and initial
accumulated liquid amounts on the tapping duration and residual liquid
ratios were examined. Some results were processed to dimensionless
form to employ the findings in the practical BF system. In addition, the
influence of the operational conditions on the tapping end state was
studied. The evolution of liquid levels and volumes, liquid outflow rates
and oil ratio, as well as interface angles was studied to characterize the
hearth draining.

Since it is not easy to use the H-S model to study certain factors, like the
coke-free zone or bed permeability, a simulation model of the H-S was
developed to mimic the experimental counterpart. This computational
fluid dynamics (CFD)-based model was first validated by experimental
data and then applied to analyze the evolution of key process variables.
Even though the real furnace hearth experiences continuous inflows of
iron and slag, the experiments and computational models developed in
this thesis for the sake of simplicity only considered the drainage. To gain
an understanding on how the hearth lining design and boundary
conditions affect the inner profile of the hearth, an asymptotic erosion
model was also developed. The model considers hot metal flow, heat
transfer, lining erosion, and possible skull formation and can be used to
estimate the durability of the hearth. A number of cases were studied to
illustrate the applicability and versatility of the model.






Abstrakt

Denna doktorsavhandling studerar stromningen and jarn och slagg i
masugnens nedersta del, s.k. still, och den komplexa draneringen av
ugnen under tappning. Forskningen baserades pa savil experiment i liten
skala som numerisk simulering. I arbetet utvecklades dven en matematisk
modell for stillvaggens och -bottnens slutliga tillstand for en specifik
stalldesign samt drifttillstdnd hos masugnen.

Doktorsarbetets huvudsakliga avsikt var att undersoka forhallandena
under tappning av masugn och att kvantifiera hur de tva smalta faserna
flédar ut ur ugnen. Speciell tonvikt sattes vid hur gransskikten mellan
fluiderna utvecklades under tappningen. En genomskinlig spaltmodell, av
H-S-typ, byggdes och anvindes i arbetets experimentella delar. I
laboratoriemodellen ersattes jarn och slagg av vatten och olja, som
inbordes visades ha sddana egenskaper att slutsatser om det verkliga
systemet kunde dras pa basis av experimenten.

For att kunna behandla stora datamingder samt erhdlla tillforlitlig
information fran spaltmodellens forsok utvecklades en metodik for
automatisk bildanalys, som via videosekvenser kan detektera fasernas
gransskikt och darfor beskriva dessa numeriskt for vidarebehandling av
informationen. Metoden mdjliggjorde aven en automatisk uppféljning av
vatskevolymerna i H-S-modellen under experimenten, vilket implicit dven
gav utflodeshastigheterna av vatten och olja. P4 basis av metoden
studerades inverkan av blastertryck, slaggviskositet och startvolymerna
av jarn och slagg i masugnsstillet pa tapptiden genom motsvarande
forsok i H-S-modellen, dar resultaten for vatten och olja omformades med
hjalp av dimensionsloésa uttryck sd att slutsatser betraffande de
industriella forhallandena kunde dras. Férsoken gjordes utan att tillfora
vatskor, vilket betyder att endast drdneringen (utflodet) beaktades i
experimenten. Med modellen studerades bl.a. hur omstidndigheterna
paverkade de slutliga vatskemangderna, hur vitskenivaerna och -utflodet
utvecklades samt hur, och i vilken omfattning, gransskikten deformerades
i narheten av tapphalet under tappningens gang. Arbetet klargjorde de
faktorer som ha stor betydelse for tappningsforloppet, samt illustrerade
dven mdjliga avvikande tillstind som kan uppstd under vissa
omstindigheter. Blastertrycket befanns spela en avgdrande roll vid
drianeringen for bade tappningshastigheterna och restvolymerna av
smaltorna da tappningen avslutats. Ett exempel ur avvikande tillstand ar
tappningar som slutar fastdn gransskiktet mellan jarn och slagg dverlag
befinner sig ovanom tapphalets niva.

Da det inte var enkelt att studera vissa parametrar med den
experimentella modellen, sdsom t.ex. biddpermeabiliteten eller en mojlig
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flytning av koksbadden i masugnen, utvecklades d&ven en numerisk modell
pa basis av stromningsmekanik (eng. computational fluid dynamics, CFD)
for H-S-systemet. Den numeriska modellen efterliknar det experimentella
systemet och kan anvandas for jamforelse samt for att analysera variabler
vilkas vdrden inte kan dndras i laboratoriemiljo. Modellen befanns
beskriva den experimentella modellen med acceptabel noggrannhet och
utnyttjades darefter for att teoretiskt studera vissa faktorers inverkan pa
draneringsforloppen. I 6verensstaimmelse med resultat som rapporterats
i litteraturen fann man att utstromningen av vatskorna paverkades
kraftigt av en koksfri zon i bAdden som stracker sig dnda upp till tapphalet.

[ praktiken dr masugnsstéllets dimensioner inte statiska utan forandras
under driften p.g.a. slitage av de eldfasta stillmaterialen samt dven av
mojliga ansattningar av material pa stallviggen och -bottnen. For att 6ka
forstaelsen for hur stilldesign samt driftsparametrar, sdsom
omstindigheterna vid stillets granser, paverkar forloppen utvecklades en
matematisk modell som beskriver det asymptotiska sluttillstindet for
stéllinfodringen. Modellen, som ar tva-dimensionell och statisk, beaktar
stromningen av jarnsmaéltan, virmeoverforing fran smaltan via
stallviggen och -bottnen till omgivningen, och estimerar samtidigt
infodringens slitaget samt mojlig bildning av ansattningar. Den kan darfér
anvandas som ett verktyg for att teoretiskt studera hur stilldesign
(geometri, materialval) samt driftomstindigheter (produktionstakt,
vaggkylning, etc.) paverkar det forviantade fortfarighetstillstandet hos
stallet. Ett flertal intressanta fall studerades med modellen for att belysa
dess anvandningsmojligheter.
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1. Introduction

Steel is one of the most important multi-purpose materials in the world
used for a variety of purposes and products. It has played a central role
for the development of mankind. Steel can be infinitely recycled and
reused, so is an essential material for a successful circular economy. It is
also broadly applied in many fields, ranging from infrastructure and
housing to manufacturing and diverse steel products, which shows its
close relation to modern life (www.worldsteel.org). The steel demand in
the world has shown an increasing trend and the global production of
crude steel also has grown considerably from 1950 to 2020, particularly
so in the 21st century (Figure 1, www.worldsteel.org).

The pig iron is the main raw material for steelmaking and is produced
primarily by two routes: smelting reduction (SR) and direct reduction
(DR) (Seshadri, 2014). As the core equipment of the SR route, the blast
furnace (BF) is the dominating unit. It has existed and been developed for
a few hundred years and it supplies about 70% of the pig iron used for
steelmaking (www.worldsteel.org). Even though new ironmaking
techniques have appeared and are being developed, like the Corex process,
most of them are still not economically competitive compared to the BF
for large-scale production. Despite the present view that the carbon-based
steelmaking must be replaced by alternative, more sustainable
technologies, such as hydrogen-based direct reduction furnaces, it is still
safe to assume that the BF will maintain its predominant role as an iron
producer to support large-scale steelmaking in the coming decades.

To keep the competitive position of the BF and to simultaneously reduce
its carbon dioxide emissions, continued efforts have to be made to develop
and improve the overall performance of the BF, e.g., in terms of higher
production rate, lower reductant rate, and longer campaign life (Shao,
2013). The lowermost part of the BF, the hearth, is the heart of the system
and a stable hearth state is a prerequisite for a smooth and efficient BF
operation as well as a long campaign life. A well-controlled drainage is a
key issue for a stable hearth state, because a non-smooth hearth drainage
causes uncontrolled fluctuations in the levels of liquids in the hearth,
which may lead to an unstable burden descent and gas permeability
problems, which disturb the entire BF operation (Roche, 2020). This is the
reason why many researchers have studied various problems and aspects
of the BF hearth by different methods, including physical experiments and
numerical simulations, to gain an understanding of the complex hearth
phenomena. However, more investigations are still needed to get a deeper
understanding of the hearth drainage especially to gain a more detailed
and quantitative view of the drainage process. This is one of the main
motivations behind the presented thesis work.


http://www.worldsteel.org/
http://www.worldsteel.org/
http://www.worldsteel.org/

The operation of the BF hearth also affects the state of the lining. Since
large hearth refractory repairs cannot be undertaken without a full
stoppage and complete emptying of the furnace, the BF campaign is
limited by the hearth life length (Cameron et al. 2020). To gain an
understanding of the factors that affect the wear of the hearth refractories,
a large number of mathematical models have been developed. Most
models have focused on estimating the present wear of an operating BF,
based on thermocouple signals from the lining, while models
simultaneously considering both liquid flow and lining state are scarce
(Brannbacka and Saxén, 2008). This lack was addressed in the thesis by
developing a model of the asymptotic lining state of a hearth of a given
design operated under specific boundary conditions.
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Figure 1. Total global production of crude steel from 1950 to 2020 (Data
Source: www.worldsteel.org).
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Based on the motivations above, the main research questions of the
present thesis were:

Q1) Is it possible to gain useful information about blast furnace
tapping by cold model experiments in the laboratory?

Q2) How can results from such experiments be captured reliably and
consistently by measurements?

Q3) Is it possible to develop a computational counterpart that can
reproduce the experiments and extend the analysis to study the
effect of variables that cannot be varied in the laboratory
experiments?

Q4) Can the blast furnace hearth wear be estimated by a CFD model
that considers simultaneous fluid flow, heat transfer, refractory
erosion, and skull formation?

Research question Q1 is addressed in Papers Il and 111, which describe the
development and application of a laboratory-scale Hele-Shaw slot model
that studies drainage of two liquid phases. The work studies the tapping
behavior with respect to residual liquid ratios, tapping end states, the
evolution of the liquid levels and volumes, outflow rates and oil ratio, as
well as interface angles during the tapping. Paper I mainly addresses Q2.
It demonstrates that an image analysis-based method can be successfully
applied to make quantitative analyses of the tapping experiments after
solving a set of problems that arises from the treatment and compilation
of the visual information. Paper IV focuses on research question Q3 and
addresses drawbacks of the experimental method by developing a
computational counterpart, which makes it possible to study the effect of
an extended set of variables. Finally, research question Q4 is tackled in
Paper V, where a CFD model is developed to consider fluid flow, heat
transfer, refractory erosion, and skull buildup simultaneously in one
computational domain. The paper outlines the general structure and
solution procedure of the model and demonstrates its applicability and
versatility to studying the expected asymptotic wear of blast furnace
hearths of different designs and operated under different conditions.

The brief summary of the thesis that follows provides a basic introduction
to the field. Various studies about the BF hearth and hearth drainage are
reviewed, especially focusing on the literature closely related to the focus
of the present work. Finally, the methods applied and the main findings of
the thesis are presented, followed by a section where conclusions are
drawn.






2. Blast furnace and its operation

This chapter briefly introduces the BF ironmaking process, paying
particular attention on the hearth region and its operation.

2.1. Overview of the blast furnace ironmaking process

A BF is an efficient large-scale countercurrent chemical reactor and heat
exchange apparatus with a remarkable extent (85-90%) of heat utilization
(Biswas, 1981). Complex chemical reactions, heat exchange, and mass
transfer occur in the BF when iron-bearing minerals are reduced to
molten iron for further processing in the downstream steelmaking
process.

The BF includes multiple sections (or zones), i.e., throat, shaft, belly, bosh,
and hearth (Figure 2, Geerdes et al. 2015). The furnace geometry and
dimension in each zone are decided by the furnace working methods,
operational conditions, burden materials, etc. The furnace design should
promote a smooth burden descent and a uniform ascent of gases,
distributing over the whole furnace cross-section. The iron-making raw
materials, i.e., iron ore, coke, and flux, are charged from the top part of the
furnace through the charging system. During the charging, the coke and
iron ore (with flux) dumps are charged separately, forming coke and ore
layers which generate a layer-structured burden (Shao, 2013). The ores
are heated and reduced gradually by the ascending hot reducing gas
during the burden descent and at some point this material starts softening
and melting in a region called the cohesive zone.

The hot reducing gas is generated in the lower part of the furnace, the
furnace bosh. Here, the hot air enriched with oxygen and auxiliary fuels
(like pulverized coal or natural gas) is blown into the furnace via a group
of channels distributed around the BF peripheral and through a set of
nozzles, named tuyeres. The coke particles that descend from the cohesive
zone and the auxiliary injected fuels combust with the blast air in front of
the tuyeres to supply the energy and reducing gas for the BF system in a
local hollow space, raceway, formed in front of the tuyere (Geerdes et al.
2015). The use of auxiliary fuels, such as pulverized coal, can reduce the
consumption of the expensive coke, but the amount of auxiliary reductant
should be controlled carefully to avoid problems of reduced bed
permeability or incomplete conversion of the reductant. The generated
reducing gases (carbon monoxide and hydrogen) flow upwards through
the dribbling zone, pass through the cohesive zone via the coke slits and
then flow through the shaft section, heating and reducing the descending
solids. The distribution of the ascending gas in the shaft and throat
depends on the cohesive zone shape, which, in turn, depends on the
burden distribution (and mainly the radial ore-to-coke ratio). An overall



uniform reducing gas distribution over the shaft cross-section is preferred
for achieving a high heat and gas utilization. Finally, the gas reaches the
top part of the furnace and flows out through the gas uptakes.
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Figure 2. Schematic of the blast furnace unit and its charging system
(Geerdes et al. 2015).

Below the cohesive zone, the molten iron and slag droplets trickle down
through the active coke zone and the stagnant packed coke bed (dead
man), and then accumulate in the furnace hearth as two separated layers,
with the lighter slag floating upon the heavier iron. When the accumulated
liquids (are estimated to) reach a certain level inside of the hearth, the
taphole on the sidewall is opened by drilling, so the molten iron and slag
can be drained. The hearth drainage is ended by plugging the taphole
using the taphole mud. This intermittent draining procedure is normally
repeated 10-12 times per day.



2.2. Burden charging, burden distribution and gas flow

A rational gas flow is essential to achieve a stable and efficient BF
operation. For the BF system, controlling burden distribution is the main
way to manage the BF ascending gas flow. The burden distribution is the
result of the alternative charging of the different burden materials (i.e.,
coke and iron ore with flux) by the BF charging system.

Before the 1970s, the two-bell charging system was used for BF charging.
Since engineers from Paul Wurth developed a rotating chute (bell-less)
charging system, it has dominated almost all new blast furnaces (Cameron
et al. 2020). A schematic of two kinds of charging systems is shown in
Figure 3 (Cameron et al. 2020). Compared to the bell charging system, the
bell-less system can achieve a very flexible burden distribution, which can
assign different burden materials anywhere on the stockline. The burden
charging will start when the burden descends to the level below the
stockline, which is measured by radar. In general, the burden descends
smoothly but sometimes the non-normal burden descending also happens
such as burden hanging (little or no burden descent) and burden slips
(fast and uncontrolled burden descent). Such abnormal descending
phenomena disturb the gas flow and cause adverse effects for the BF
operation. To study and improve the burden distribution, many charging
models based on DEM and fast mathematical calculations have been
established (Mitra and Saxén, 2014; Park et al. 2011; Fu et al. 2015;
Chibwe et al. 2020).
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Figure 3. Schematic of blast furnace charging systems. Left panel: two-bell
charging system. Right panel: bell-less charging system with three hoppers
(Cameron et al. 2020).



After the charging, a layer-structured burden is formed in the shaft.
Because the coke is much larger than the pellet (or sinter), the coke layer
has a higher permeability, so the gas flow can be controlled by managing
the radial distribution of the ore-to-coke (0/C) ratio. There are two basic
types of gas distribution for the BF: central working furnace and wall
working furnace, which can be achieved by different burden distribution
patterns.

For a central-working furnace, the center part of the furnace is only
occupied by the coke. A schematic of the central working furnace and the
corresponding burden distribution in the throat is illustrated in Figure 4
(Geerdes et al. 2015). It shows that the central gas flow is the dominant
and the gas is distributed through the coke windows from the furnace
center to the peripheral side. This gas-flow pattern is the result of the
decreasing ore-to-coke ratio from the furnace wall to the center, which
forms an inverted “V”- or even inverted “U”-shaped cohesive zone. The
opposite operation state is the wall-working furnace (Figure 5, Geerdes et
al. 2015). It shows that the ore-to-coke ratio in the throat is relatively
uniform, forming a “W”-shaped cohesive zone. The softening and melting
iron ore in the furnace center constrains the center gas flow and directs
the gas towards the peripheral area.
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Figure 4. Schematic of a central-working furnace (left panel) and the
burden distribution in the throat (right panel) (Geerdes et al. 2015).
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Figure 5. Schematic of a wall-working furnace (left panel) and the burden
distribution in the throat (right panel) (Geerdes et al. 2015).

The central-working BF is known to generally run with stable and good
performance, characterized by high productivity and good hot metal
quality. However, it has some drawbacks, e.g., a relatively low root of the
cohesive zone which may could disturb the furnace permeability, and also
cause problems at disturbances. For the wall-working furnace, the root of
the cohesive zone is higher, which gives some margin of operation, but
this state has some other problems. A main problem is the severe heat
losses caused by the strong gas flow close to the wall, which can raise the
fuel rate. In addition, it also intensifies the refractory wear or may even
destroy the cooling system in the shaft. Considering both cases, an ideal
burden distribution should be one case where coarse coke is charged in
the furnace center to ensure the dominant center gas flow and some nut
coke also need to be charged in the wall area to lower requirements of the
heat and reduction gas near the wall area.

2.3. Cohesive zone, dribbling zone and raceway

During the burden descent, the iron-bearing materials are heated and
reduced gradually by the ascending hot gas. When they are heated up to
around 1100 °C, the indirect reduction of iron-bearing materials is almost
finished, and gradually soften and slag separation starts in the upper part
of the cohesive zone. The burden compresses the softening iron-bearing
materials in rings while slag is squeezed out. The coke layers between the
metal rings remain practically intact and work as paths for the ascending
gas flow; these are often named coke slits or coke windows. With the hot
gas flowing through the coke slits, the metal is further heated, and when
its temperature exceeds 1200 °C, the metal melting begins, which forms
the lower boundary of the cohesive zone. The cohesive zone thus consists



of a softening and gradually melting metal layer and coke layer with
alternative distribution (cf. Figure 2 of Geerdes et al. 2015). A typical
profile of the cohesive zone is of inverted V shape and the root of the zone
is generally located in the bosh.

The dripping zone is the space under the cohesive zone where the molten
iron and slag droplets drip down, passing through the voids between the
coke particles, and finally enter and accumulate in the hearth. The iron
and slag droplets are diverted by the strong gas flows from the raceways
when they are passing the tuyeres level.

The raceways are a group of cavities which form in front of the tuyeres
when the hot blasts injected through the tuyeres results in combustion of
coke and injected reductants. The coke particles, supplied from above
primarily from the active coke zone (Omori 1987) between the lower
boundary of the cohesive zone and the upper boundary of the stagnant
coke region (dead man, cf. next subsections), circulate and crumble in
front of the tuyeres during the combustion process. Finally, small particles
are accumulated in the deeper locations of the raceway and are
combusted when the new coke enters in the cavity. These fines may also
partially clog the back boundary of the raceway, forming a region called
“bird’s nest” (Shen et al. 2014).

2.4. Hearth and hearth linings

The hearth, located in the lowest section of the BF, works as a temporary
storage of molten iron and slag (cf. Figure 2, Geerdes et al. 2015). Below
the active coke zone, a packed coke bed, the dead man, is the only material
in solid form. From here onwards, the term dead man and hearth coke bed
are used as synonyms, even though the former sometimes is used only to
refer to the core of the latter. The voidage of the dead man is generally
assumed to be between 0.3 and 0.5 (Kanbara et al. 1977), which indicates
that only 30-50% of the hearth volume is available for the hot metal and
slag in the case with a sitting dead man.

The hearth represents a high-temperature zone, so it is necessary to use
refractory materials to line the region (Figure 6, Houde et al. 2013). The
environment is extremely hostile with flows of hot, molten materials,
chemical reactions, mechanical wear, dissolution of components into the
hearth liquids, etc. Thus, it is unavoidable that lining erosion occurs. A
strong hearth erosion leads to the need of hearth repairs and relining,
which is the most expensive maintenance activity for the whole BF. In
addition, long BF stoppages are also needed for the hearth maintenance,
which disturbs the hot metal production and further increases the
economic costs. In case of sudden and severe erosion, a breakout can
occur, where hot metal (and slag) flow out uncontrolled. This is one of the
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main disturbances in the BF operation and it can have serious economic
and safety consequences. Therefore, it is essential to optimize the lining
design and to control the internal conditions in the hearth to extend the
campaign life.

Hearth di @12 m
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\\ | ] Graphite

______________________________________________ + Cooling pipes

Figure 6. Industrial blast furnace hearth and lining design (Houde et al.
2013).

Different refractory materials (like carbon, graphite, mullite) are used in
the different locations of the hearth structure to better exploit their
advantages. For instance, the microporous (or super-microporous)
carbon bricks with superior thermal conductivity are installed in the
region close to the taphole to efficiently remove the local high heat load
and extend the lining life. Some water cooling elements such as cooling
staves and plates are also integrated into the lining to enhance the cooling
efficiency. The metal materials used for the cooling elements are also
different; most commonly copper and cast iron are chosen. A schematic of
the installation and application of different cooling elements is depicted
in Figure 7 (Geerdes et al. 2015). Except for the design optimization of the
lining integrated with coolers, controlling the protective buildup, i.e., skull,
formation on the hot face of the lining to isolate the lining from liquids is
another strategy for lining protection.
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Figure 7. Schematic of the installation and application of different cooling
elements. Left panel: plate coolers. Middle panel: stave coolers. Right panel:
hybrid coolers (Geerdes et al. 2015).

To maintain the stable and efficient hot metal production, simultaneously
not endangering the campaign life of the BF, a reliable and timely
monitoring and assessment of the hearth lining status and thickness is
crucial. There are two main ways, i.e., a direct and indirect one, that have
been applied to determine the lining status of the BF. The direct
measurement is the most accurate approach but it cannot be used when
the furnace is running. During BF relining and maintenance, the lining
condition and thickness can be assessed directly by careful drilling and
sampling from the refractory lining in the different regions of the hearth.
After drilling, the remaining lining thickness is known and the samples
can be analyzed to determine changes of the lining composition and state.
However, ideally, the BF operators should always know the lining
thickness and status of the operating furnace to take appropriate control
actions. Therefore, online techniques are necessary to estimate the lining
thickness of a running BF. A relatively mature method is to apply inverse
heat conduction models to estimate the lining profile and thickness based
on the temperature readings from the thermocouples in the hearth lining.
This type of models has been developed by different researchers
(Torrkulla and Saxén, 2000; Gonzalez and Goldschmit, 2006; Brannbacka
and Saxén, 2008). The main drawback of the method is its accuracy
heavily depends on the number and distribution of the installed
thermocouples as well as the precision of the thermocouple readings and
the accuracy of the values of the thermal conductivity of the lining
materials. Other indirect methods also reported and tested are based on
infrared thermography, acoustic emission, etc. (Bolf, 2004; Cameron et al.
2020).
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2.5. Dead man dynamics

The stagnant coke packed bed was named the dead man because it was
earlier (incorrectly) taken to be an inactive part in the lower zone of the
furnace (Nishio et al. 1977). However, the dead man is gradually
consumed in the furnace because of the carbonization of the hot metal, the
reduction reactions with some oxides like FeO, and the consumption by
combustion in the raceways. The descending coke especially in the center
of the furnace acts as the source for the dead man renewal. A full renewal
of the dead man has been claimed to require a few weeks, but it is believed
that a faster renewal occurs in the peripheral area due to a stronger local
liquid flow. The permeability of the dead man is likely to be heterogeneous,
which is attributed to the non-uniformly distributed renewal process
caused by the spatially varying liquid flow and heat transfer in the hearth
(Sugiyama 1996). Some industrial trials have been conducted by applying
radioactive tracers to study the dead man permeability and it shows the
dead man core is more impermeable (Negro et al. 2001).

The position and the bottom shape of the dead man in the hearth change
dynamically during the furnace operation and is related to the force
balance on the dead man and liquid levels of the hearth. The forces acting
on the dead man are the integrated downward forces (e.g., the gravity of
the burden column and the holdup of dribbling liquids reduced by the
drag of the ascending gas and the friction of the wall) and the buoyancy of
the liquids (iron and slag) in the hearth. The liquid levels in the hearth
depend on the balance of the accumulation and drainage of the molten
iron and slag, so they also vary dynamically. In addition, the above-
mentioned gas drag acting on the dead man is gradually decreased from
the peripheral of the dead man to the center. Considering this, the dead
man state has generally been classified into four categories: completely
sitting, completely floating with a flat bottom, completely floating with a
higher level close to the wall, and partly floating near the wall, as shown
schematically in Figure 8. Thus, the dead man floating state may vary
during the furnace operation along with changes in the liquid levels,
blasting conditions, and burden distribution. As the molten iron exerts a
stronger buoyancy than slag because of its higher density, the dead man
state heavily relies on the sump depth, i.e., the distance between the
hearth bottom and the entrance of the taphole (Andreev et al. 2017). As it
is not feasible to measure or monitor the dead man state directly,
simplified physical models and mathematical models have been
developed to investigate the dead man dynamics (Takahashi et al. 2002).
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Figure 8. Different dead man floating states in the blast furnace hearth. (a)
sitting, (b) floating with horizontal bottom, (c) floating with a higher
floating level at the wall, and (d) partially floating.

The dynamic dead man state is closely related to the liquid flow and
hearth lining erosion. For a floating dead man, a coke-free zone exists
under the dead man, which affects the liquid flow path significantly. A
partly floating dead man causes an intensive circumferential flow and a
flow-induced shear stress on the lining in the area between the hearth
sidewall and the bottom. This is assumed to be the primary cause of an
“elephant-foot-shaped” erosion profile reported for many furnaces after
the campaign. A “bowl-shaped” erosion profile is also possible and is likely
to arise in the case of a completely sitting dead man. To study the effect of
the dead man floating state on the flow-induced shear stress, Shao and
Saxén (2012a) established a CFD model. An example of the arising shear
stress distribution on the hearth bottom is shown in Figure 9 (Shao and
Saxén, 2012a). These findings indicate that a fully floating dead man could
relieve the shear stress to some extent since a quite uniform shear stress
distribution is seen to develop.
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Figure 9. Shear stress distribution on the hearth bottom for the different
dead man floating states (Shao and Saxén, 2012a).

2.6. Hearth drainage

The hearth drainage, or tapping, of the BF is the process to extract the
accumulated molten iron and slag from the hearth through the taphole.
The taphole is an opening channel drilled through the hearth sidewall and
it plays an essential role in the hearth drainage. Smooth drainage is a
prerequisite for a stable and efficient BF operation and production
because a poor or uncontrolled tapping may cause excessively high liquid
level, which disturbs the burden descent and the flow of reducing gas from
the raceways. Therefore, it is important to monitor the liquid level inside
of the hearth in real time. Gaining the information of the hearth liquid
levels in time is also very helpful for the furnace operators to manage the
hearth liquid levels by a proper choice of drill rod or for starting or
interrupting a tapping. Unfortunately, it is still not feasible to measure the
liquid levels inside of the hearth directly due to the extremely hostile
conditions in the hearth. To tackle this problem, researchers have
developed online tapping models to estimate the liquid levels in the
hearth (e.g.,, Dong and Saxén, 2001; Roche et al. 2019). Such models are
based on the process data about the production and the tapping rates,
where the former is usually based on material balances for the gas and the
latter on the weight of or liquid level in the torpedo/ladle. One inevitable
drawback of these models is the data drift caused by the data errors and
model simplification, so it is necessary to employ the appropriate filters
to correct the drift in order to get realistic estimates of the liquid levels.
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The drainage starts as the taphole is drilled and it is ended by injecting
clay into the taphole using a mud gun. Small furnaces have only one
taphole, so the tapping is not continuous and the time gap between two
taps is necessary to allow for the injected taphole clay to solidify properly.
This usually causes more notable liquid-level variations in the drainage
cycle compared with the situation in a large furnace with (almost)
continuous tapping. Middle- and large-size furnaces typically have 2-4
tapholes and two of them are used alternately to achieve a practically
continuous tapping (Geerdes etal. 2015). During the drainage, the taphole,
and in particular the area near the taphole entrance, is eroded heavily
because of the action of the hot and eroding liquids that continuously flow
through the taphole. Therefore, at the taphole plugging process an excess
of taphole clay is injected to cure and rebuild the taphole. The excess clay
will further accumulate around the inner entrance of the taphole to
generate a local protective zone (often named mushroom), as shown in
Figure 10. The mushroom can extend the taphole further towards the
inner parts of the hearth, which promotes liquid flow through the dead
man center, restraining circumferential flow. The extended taphole also
decreases the tapping rates because the main frictional losses occur here.
Thus, the existence of the mushroom is favorable for hearth lining
protection and for keeping the dead man center active. Yet another effect
of the mushroom is that it is possible to empty the hearth to a lower level
since the extended declining taphole lowers the taphole entrance. In
practice, it is possible to form the stable mushroom only if the dead man
and the injected taphole clay make a good contact close to the taphole
inside the opening. This can be achieved by managing the blasting to
control the raceway size above the taphole (Tsuchiya et al. 1988). The
taphole clay quality is also essential for a stable tapping: high-quality clay
has a better durability against the strong thermal and chemical attack as
well as the stress exerted by the flowing liquids. This makes it possible to
maintain the relatively intact tapping channel during the tapping. The
taphole clay can also affect the taphole wall roughness and in this way
affect the taphole stream (He et al. 2002).

16



Original lining

Clay which has replaced
original lining

Mushroom-shaped mass of clay
replenished every caset

Clay which has replaced
original lining

Figure 10. Schematic of the mushroom formation from taphole clay
(Cameron et al. 2020).

According to the initial slag-iron interface (I-1 interface) level, the tappings
can be divided into three types: iron-first, simultaneous, and slag-first
flow, which roughly indicates the 1-1 interface level at the start of the
drainage to the furnace operator. The iron-first flow occurs if the slag-iron
interface is above the taphole level at the start of the drainage. This
tapping pattern begins with iron-only flow, but slag will start to flow out
as the I-1 interface reaches the taphole opening. Then, in general, a
simultaneous flow of both liquids continues until gas escapes from the
taphole, which leads to a termination of the tapping. During this process,
the time between the start of the iron flow and the start of the slag flow is
called slag delay. Conversely, a slag-first flow happens when the initial 1-1
interface is (far) below the taphole, which is more likely in a large furnace
with multiple tapholes. The iron flow will not occur at the start of tapping
if the pressure gradient induced by the slag flow is not sufficient to lift the
iron. However, with only slag flowing out, the 1-1 interface (with a local
upward bending near the taphole) raises gradually along with the iron
accumulation in the hearth. After a time period (i.e., negative slag delay),
the iron also starts to flow out when the I-1 interface is high enough to
establish a stable two-liquid flow. Therefore, the slag-first flow pattern
also results in a simultaneous flow of both liquids until the end of the tap.
The third flow pattern is characterized by a simultaneous flow of both
liquid phases. This pattern occurs if the 1-1 interface locates at, or very
close to, the taphole at the beginning of the drainage. The big pressure
gradient in the slag phase can lift and drain iron from the level well below
the taphole. Therefore, the final I-1 level can be very low. This means that
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both interfaces bend considerably toward the taphole at the end of the
drainage (Figure 11).

Figure 11. lllustration of initial and final interface states at tapping. Liquid
levels at the start (solid lines) and at the end of drainage (dashed lines).
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3. Studies on the blast furnace hearth phenomena

This chapter gives a brief description of some experimental and numerical
works on BF hearth phenomena, particularly hearth drainage. It mainly
focuses on the models and approaches closely associated with the work
conducted in this thesis.

3.1. Hearth lining condition and hearth erosion

The furnace hearth, as the core part for the BF system, exerts considerable
influence on the integrated performance of the BF and its lining state is
closely related to the BF campaign life length. The furnace hearth is in an
extremely hostile environment characterized by high temperature, high
pressure, and flow of chemically aggressive molten iron and slag. Thus, it
is almost inevitable that the hearth lining will suffer erosion during the
campaign. It is necessary to stop the furnace operation for hearth
maintenance, which leads to big production and economic losses.
Therefore, a timely and well-planned lining repair is essential. Otherwise,
the erosion may cause severe lining damage with the catastrophic
outcome which may terminate the campaign in an unplanned fashion.
Many researchers have studied hearth erosion based on different
simplified models considering heat transfer and/or fluid flow. Such
models give some guidance for the BF operators for the optimization of
the lining protection and campaign life extension.

3.1.1. Erosion of hearth lining

There are many reasons for hearth lining erosion like the carburization of
the hot metal, thermal stress and shear stress induced by liquids flow,
exceptional water leakage, as well as chemical attack from alkali, zinc
oxides, etc. (Cameron et al. 2020; Raipala, 2003; Vats and Dash, 2000).
Severe lining erosion may cause an “elephant-foot-shaped” or a “bowl-
shaped” lining profile which has been found at the hearth dissections of
quenched furnaces (Inada et al. 2009; Gao et al. 2020; Jiao et al. 2016; Jiao
et al. 2015). The “elephant-foot-shaped” erosion occurs mainly near the
corner between the sidewall and bottom of the hearth. It usually arises in
a hearth with a strong circumferential iron flow which is generated by a
dead man with a bad permeability in the center or/and a partially floating
dead man. The “bowl-shaped” erosion pattern is characterized by an
intensive erosion in the center part of the bottom lining. This erosion
pattern is more likely to occur for a hearth with a totally sitting dead man
(of uniform permeability) or a totally floating dead man.

The “elephant-foot-shaped” lining erosion is more common and it is also
more likely to cause hearth breakout compared to the “bowl-shaped”
erosion. Therefore, it is essential to find solutions to prevent or control
“elephant-foot-shaped” erosion. One solution is to suppress the
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circumferential liquid flow in the hearth. A common way to restrain the
circumferential flow is designing a hearth sump with enough depth to
yield a dead man in a fully floating state (Liu et al, 2012). In addition,
extending the taphole length is also helpful to suppress the peripheral
flow since this drains liquids from the hearth center (Shao, 2013). The
other solution for controlling hearth erosion is by generating stable self-
protective skulls on the inner wall of the hearth to avoid a direct contact
of the hot liquids and hearth lining. A protective layer can be formed by
adding certain components (e.g., titanium) to the charged materials or by
injection of such through the tuyeres to form a protective layer with a high
melting point (Gao et al. 2020). Intensifying the cooling of the sidewall and
bottom of the hearth can also yield a protective layer of iron or slag.
However, overcooling may generate a too thick skull which decreases the
hearth volume. Excessive bottom overcooling may also cause dead man
inactivation because it solidifies the lower region of a sitting dead man
(Raipala, 2003). Thus, a good strategy is necessary for controlling the skull
layer thickness to a proper extent.

3.1.2. Hearth erosion models

To monitor the hearth state, a large number of thermocouples are
installed inside the bottom and sidewall linings to measure the local
temperature, which can be employed for real-time lining thickness
estimation. Inverse heat conduction models are commonly applied to
predict the erosion profile of the hearth based on temperature readings
from thermocouples (Torrkulla and Saxén, 2000; Gonzalez and
Goldschmit, 2006; Brannbacka and Saxén, 2008). The 1150 °C isotherm is
usually taken as the boundary between molten iron and the solid material
(i.e., buildup or lining materials) in the hearth, so the essence of the
models is estimating the location of the 1150 °C isotherm. This type of
model can indicate the hearth lining profile to help the BF operators
understand the furnace state. However, it is not possible to get a very
accurate estimate of the erosion profile since the model is affected by
measurement errors of the thermocouples and also by differences
between the real and assumed material properties, thermal contact
between refractory blocks or bricks, etc. Furthermore, the model provides
little explanation of the internal conditions that caused the estimated
wear.

Some CFD models also have been established to further study hearth
erosion considering only heat transfer, only liquid flow, or both. To study
the effect of the shear stress caused by the liquid flow on the hearth
erosion, some researchers (Vats and Dash, 2000; Dash et al. 2001, 2004;
Shao and Saxén, 2012a) developed CFD models to examine the influence
of various operating factors. The models only consider hot metal flow and
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run in a steady state. Still, they can provide useful indications about flow-
induced hearth erosion, especially for the lower part of the hearth where
hot metal is the only liquid. Dash et al. (2001, 2004) investigated the effect
of the taphole conditions (taphole length and angle) on the shear stress
acting on the hearth sidewall. The main findings were that a longer
taphole generally reduces the peak of the shear stress but the optimum
taphole length is also related to the dead man floating state. An optimum
taphole angle, 159, was determined for both floating and sitting dead man
states. Shao and Saxén (2012a) studied the role of the dead man state on
the hearth bottom erosion and found that a completely floating dead man
yields a more uniform shear stress distribution on the hearth bottom,
which can relieve the hearth bottom erosion to some extent. CFD models
with conjugated the heat transfer and liquid flow in the furnace hearth
have also been proposed (Shibata et al. 1990; Guo et al. 2008; Dong and
Zulli, 2020; Lai et al. 2021). In this approach, the hearth is explicitly
divided into a liquid zone (hot metal pool) and a solid zone (refractory
linings). Although these models are more realistic and comprehensive,
there are still some shortcomings for this type of models, e.g., that skull
formation is seldom considered.

3.2. Laboratory-scale physical modelling studies of hearth
drainage

Experimental studies of BF hearth drainage, as the base for drainage
investigations, have been started in the 1970s. Early experimental work
conducted by Fukutake and Okabe (1976) examined the slag flow during
hearth drainage to clarify what resulted in the over-accumulation of the
liquids in the hearth. For the experiments, the flow of an aqueous solution
of glycerol in a three-dimensional packed bed model was applied to
simulate the slag flow in the hearth. To quantify the experimental results
in a generalized way, an important dimensionless variable characterizing
the hearth tapping, a flow-out coefficient, was proposed. It was found that
the flow-out coefficient is closely related to the residual slag ratio, i.e., the
ratio of the residual slag amount at the end of the drainage and the initial
slag amount in the hearth. Fukutake and Okabe assumed that the slag-iron
interface stays horizontal and static at the taphole level as the slag flows
out. Thus, they only designed the single-liquid (slag) flow experiments
ignoring the molten iron phase flow and its effect on the slag tapping.

Later, this assumption was re-examined by conducting the two-liquid flow
experiments in a two-dimensional tapping model, a H-S cell (Tanzil et al.
1984; Tanzil 1985). The H-S cell consists of two parallel and transparent
plates with a small (around 1 mm) gap between plates, as shown in the
upper panel of Figure 12 (Tanzil et al. 1984). It can be mathematically
shown that the liquid flow in the H-S cell can mimic the flow in a three-
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dimensional packed bed based on the viscous flow analog. Different bed
permeabilities can be simulated by adjusting the gap between two plates.
A natural advantage of the H-S cell is the good flow visualization that
allows for observations of the interface behavior during the drainage. For
the experiments, different mixtures of water and glycerol, as well as
mercury were used as the analogues for the molten slag and iron,
respectively. Experiments were conducted with different interface levels,
slag viscosity, and flow rates. The experimental results indicated that it is
possible to drain out hot metal from a level well below the taphole. They
also showed that in general a simultaneous flow of the two liquids is
dominant during the whole drainage period, which corrected the earlier
findings of Fukutake and Okabe. During the simultaneous flow period, a
substantial local pressure gradient is generated near the taphole in the
more viscous phase and this induces a bending of the two interfaces
towards the taphole. To compare the differences between the single-
liquid and two-liquid flows in the H-S cell, single-liquid flow experiments
were also undertaken and the experimental data were merged to describe
the correlation between the flow-out coefficient and residual glycerol
ratio. The results illustrated that the single-liquid experiments result in an
underestimation of the residual ratio of the more viscous phase, especially
for the case with a high outflow rate of it.

834 mm
Light liquid . 171 Heavy liquid
reservoir . % 2 i e 2 ° reservoir

o o
o °
VemPress i o ° o ° © 3
o o

3 ° ° ° 600 mm
o
°

Vacuum N
3,
11\ L
=@ Taphole Spacer Bolts |°
R e !
T \
Liquids receiver Drain Spacer
— —- x1¢
s = =1 mm
"Spacer bolt Perspex wall
f~=a——— 300 mm (D) ———==
Packed bed
Casting stream 400 mm
Sealed ﬁ Ball T Slag -------
chamber e aeay Vali THeeeeee o
Ao s ron
2 /\ \_‘
Manometer ‘ Taphole 75 vlnm
3 F
Rubber
sopper
N
U‘\
7 \ Flask
Vacuum =7
pump \

Figure 12. Hele-Shaw cell (upper panel, Tanzil et al. 1984 ) and packed bed
model (lower panel, He et al. 2012).
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Based on the findings of Tanzil et al. (1984), Zulli (1991) made more two-
liquid flow experiments in the H-S cell and packed-bed model. To account
for the effect of the iron flow, he corrected the expressions of the flow-out
coefficient for both the flow in the H-S cell (Eq. (1)) and packed bed model
(Eg- (2)). The modified flow-out coefficients are given as

(l )2 1 U D 1.94
Fo=180—4 Ko = (1)
€ Pdp p g Hl-g,O_ch
5 1.4
7 = 1500 _f) L ulef Dy 2)
€ dy p 8 Hl—g,O_ch

Where ¢ is the porosity of the bed, d, is the particle diameter, ¢ is the
sphericity of the particles, Uy is the mean superficial velocity,  and p are
the viscosity and density of the more viscous phase, respectively, g is the
gravitational acceleration, D is the width of the H-S cell, Dy, is the diameter
of the packed bed model, Hi.go is the initial liquid-gas (1-g) interface level
above the base of the model, and Hy, is the taphole level. Bean (2008)
further revised the flow-out coefficient expression to consider the
variation of tapping rate, continuous production of liquid, and sump
depth.

More drainage experiments have been done by He et al. (2006, 2009,
2012) to study the gas-liquid interface instability phenomenon, i.e.,
viscous fingering, during the drainage. The authors proposed the
hypothesis that viscous fingering is the main root for unexpected
premature discharge of the gas in the BF, which can strongly shorten the
tapping time and also cause excessive taphole stream splashing. The
experimental modelling studies were conducted by applying both the H-S
cell (cf. the upper panel of Figure 12 (Tanzil et al. 1984)) and the packed
bed model (cf. lower panel of Figure 12 (He et al. 2012)). During the
experiments, mineral oil and 70% ZnCl; solution were employed to
simulate molten slag and iron in the hearth (He et al. 2006, 2009, 2012).
Using the H-S cell, the effect of the draining rate on the tapping time was
studied (He et al. 2006, 2009). The upper panel of Figure 13 (He et al.
2009) shows how the gas break-through time decreases with the draining
rate and that the tapping time becomes very short when viscous fingering
occurs. Thus, the gas break-through time could act as an indicator for
judging if the viscous fingering occurs for the cases with fixed initial liquid
volumes. Depending on whether viscous fingering occurs, the drainage
can be divided into three types and three relevant examples of the
interface profiles at the end of tapping are illustrated in the lower panel
of Figure 13 (He et al. 2009). It shows, for high draining rates, that some
(one or many) air channels develop in of oil phase in the local region near
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the taphole during the tapping, which is called viscous fingering. The
packed bed model was also used to study the role of the permeability of
uniform beds and the effect of the bed heterogeneity on the drainage time.
This demonstrated that viscous fingering is more likely to appear for a bed
with lower permeability or a heterogeneous bed.
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Figure 13. Effect of draining rate on gas break-through time (upper panel)
and interface profiles of three types of drainage at the end of tapping (lower
panels) (He et al. 2009).

To gain a deeper understanding on the viscous finger and early gas
discharge during hearth drainage, He et al. (2012) undertook more
experiments in the packed bed model to examine how the furnace
operating conditions and a coke-free zone affected the gas break-through
time. To apply the experimental results to the practical system, the results
were presented in both the dimensional and dimensionless format. The
main findings were that the gas break-through time decreased with the
draining rate, slag viscosity, but increased with the initially accumulated
liquids in the hearth. The existence of a coke-free zone increased the
tapping time significantly if the zone extended into the slag phase. It
should be noted that the same conclusions about the role of the coke-free
zone on the hearth drainage were drawn by Zulli (1991).

Nouchi et al. (2003) designed a three-dimensional continuous drainage
model to investigate the role of the coke-free space on the hearth drainage
efficiency. A schematic of the experimental model is shown in Figure 14
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(Nouchi et al. 2003). For the experiments, nitrogen, fluoride fluid, and
liquid paraffin were employed as the substitutes for the blast gas, molten
iron, and molten slag in the system. The vessel was first charged by plastic
beads with 6 mm diameter and the size of the coke-free space was
controlled by a net that could keep the bead bed on different levels. Both
the fluoride fluid and liquid paraffin were supplied from the top surface of
the model through a distributor to study a continuous tapping.

l— N,(30kPa) Fluoride fluid

Liquid paraffin

1

e " Flow control
valve

:§: (e e

[C’;\

Sampling tool

(it
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Figure 14. Schematic of the continuous drainage model (Nouchi et al. 2003).

Drainage experiments were conducted for both cases with and without a
coke-free space. The results illustrated that the quantity of residual
paraffin decreased greatly at the end of the drainage for the case with
coke-free space shown in (a) and (b) of Figure 15 (Nouchi et al. 2003). It
is mainly caused by the paraffin flows along the peripheral region, i.e,, in
the coke-free space, when the coke-free space exists, as seen in (c) and (d)
of Figure 15, which decreased the paraffin flow resistance sufficiently and
improved the drainage efficiency. Panels (e) and (f) of Figure 15 show for
a bed with a coke-free space, that the fluoride outflow rate saturates
quickly and that the paraffin outflow rate increases especially in the latter
stage of drainage. The effect of an asymmetric coke-free space on the
continuous drainage was also studied by a case with coke-free space only
at the taphole one side (i.e., half of the coke-free space in (b) of Figure 15
was filled by particles). The investigators observed that the tap is longer
when the liquids were drained through the taphole on the coke-free space
side because the paraffin-gas interface level remained higher after
tapping from the other side, i.e., through the packed bed. In addition, the
longer tap time also makes the paraffin flow rate and volume ratio of
paraffin to fluoride in the outflows higher.
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Figure 15. Bed state, flow path of paraffin, and liquid outflow rates. (a) bed
without coke-free space, (b) bed with coke-free space, (c) paraffin flow path
without coke-free space, (d) paraffin flow path with coke-free space, (e)
liquid flow rates evolution for the case without and (f) with coke-free zone
(Nouchi et al. 2003).

Except studying the integrated hearth tapping directly, some drainage
experiments also have been finished to focus on other respects about the
drainage. Luomala et al. (2001) built a three-dimensional packed-bed
model with different bed conditions to investigate the hot metal flow path
in the hearth during the drainage. Only water was fed into the model and
a set of sensors was installed to help determine the flow path of water.
The experimental results revealed that the existence of coke-free space
shortens the hot metal residence time in the hearth during the drainage,
but a center-blocked dead man leads to an opposite effect, which is the
result of a different hot metal flow paths.

3.3. Numerical models of hearth drainage

The hearth of a running BF is an extremely harsh environment, so it is
almost impossible to access the hearth and study its drainage directly by
measurements. Cold experiment modelling, as one of the important tools,
plays a key role to help researchers understand the basic mechanism of
the hearth drainage. However, there are some limitations of the
experimental methods, such as high economic and labor costs, especially
for a large-scale experiment, difficulty in information extraction, etc.

26



Considering these limitations, many mathematical models have been
developed to study the drainage further.

3.3.1. Online models

For the BF operator, a real-time detection and prediction of the liquid
levels inside the hearth are necessary, because bad drainage may cause an
excessive liquids accumulation in the hearth, thereby further disturbing
the normal running of the whole furnace (Brannbacka, 2004). Real-time
liquid-level information could guide furnace operators to adjust operation
strategies in time, if necessary. In order to predict the hearth liquid levels
for a running furnace, some online models have been established mainly
based on mass balances or measured electromotive force (EMF) between
sets of electrodes installed in the lining or on the hearth shell.

The EMF is an interesting signal related to the liquid levels in the hearth,
but it often exhibits serious noise and drift, which is probably partly
caused by other process variables, such as the thermal state and hearth
pressure. Thus, using the EMF signal directly to predict the liquid levels is
not feasible. The EMF is still a simple, continuous and practical variable
reflecting the hearth liquid level. Filtering can be used to address the
signal drift and noise problem to some extent. Some promising
applications of EMF have been reported for hearth liquid level estimation
in real time (Alter et al. 2013; Hattink et al. 2011). Advanced EMF-based
prediction models have also been established by integrating the EMF
signal with methodologies such as time series models and neural
networks (Gomes et al. 2011, 2017). These authors reported a successful
application predicting the hearth liquid level in a BF in Brazil for up to 30
minutes (Gomes et al. 2011). Later, Gomes et al. (2017) developed a more
accurate model, i.e., a time-delay neural network model and this model
presented better performance as well as longer forecasting time (up to
one hour ahead). The liquid level information one hour ahead could guide
and help the furnace operators to control and optimize the furnace
operation. Despite the reported success and the straightforward use of
such models for online applications, the approach also suffers from
several drawbacks: since the true liquid levels are unknown, the quality
of the predictions cannot be assessed. Further, a purely data-driven
technique does not (necessarily) yield liquid-level estimates that obey the
material balance equations. Yet another is the difficulty to predicting the
slag and iron level separately, as there is still not even a consensus on
whether the EMF signal reflects the iron level, the slag level, or a
combination of both.

Another common method for liquid-level prediction in the hearth is to use
the mass balance equations based on the inflows and outflows of the iron
and slag. To realize online liquid-level tracking, the production and
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drainage rates of the liquids should be measured or calculated in real time.
The production rate of the molten iron can be calculated using an oxygen
balance based on the top gas and blast gas components as well as the oxide
content in the iron-bearing materials. Assuming a fixed slag ratio, then the
slag production rate is also obtained. The iron outflow rate is often
predicted by measuring the hot metal level change in the ladle/torpedo
monitored by radar or through direct weighing. The slag outflow rate, in
turn, is usually estimated by measuring the heat transfer to the cooling
water in the granulation unit or by weighing the granulated slag. The
balances give estimates of the accumulated liquid volumes in the hearth,
and using this the iron and slag levels can be estimated if the dead man
state (i.e., porosity and floating state) and hearth profile are known. This
gives a possibility to track the short-term changes of the liquid levels. Like
other online liquid level estimation models, the mass balance-based
model also shows drifting estimates due to noise and errors in the process
data. Therefore, proper data processing and filtering strategies are
essential to correct the estimated levels. Such mass balance models have
been developed based on the assumption that the dead man fills the
hearth and that the hearth profile is fixed (Brannbacka and Saxén, 2001;
Agrawal et al. 2016; Nightingale et al. 2001). Correction factors of the
tapping rates of slag and iron or more sophisticated filters (such as a
Kalman filter) were introduced to achieve more feasible estimates. Based
on the basic model, Brannbacka and Saxén (2004) developed a more
advanced model, which considers both the time-varying hearth profile
(due to lining wear) and dead man floating state. Later, Roche et al. (2019)
applied the mass balance-based online model to a multi-pool system to
estimate the liquid levels of a hearth with three tapholes. The multi-pool
design divides the hearth into two or more regions, which makes it is
possible to consider local level differences induced by the tapping from
alternating tapholes in a large BF.

3.3.2. Offline models

The offline hearth drainage models mainly include two categories, i.e.,
mathematical models expressing simplified fluid mechanics relations and
the more detailed partial differential equation-based computational fluid
dynamics (CFD) models. The latter also includes sophisticated models
integrating CFD with the discrete element method, i.e, CFD-DEM. The
general advantages of the first category models are faster computation
speed and higher flexibility for adjustment. However, there are also many
merits of the CFD-based models, e.g., rigorous treatment of the mass,
momentum, and energy balance equations, more comprehensive and
detailed results as well as better visualization facilities. Both types of
models have been successfully applied to study the effect of different
factors on the drainage.
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Nouchi et al. (2005) developed a simplified mathematical model to study
the role of process parameters (like hot metal production rate, coke
diameter, slag viscosity, etc.) and tapping strategies on the amount of
residual liquids in the hearth. The main findings were that hearth
permeability has a more significant effect on the residual slag amount
than slag viscosity, and that applying a drill rod with a big diameter and
high-quality taphole clay can lower the maximum slag level. Brannbacka
and Saxén. (2003) applied a simple mass balance based model, assuming
constant inflow and outflow rates of hot metal and slag, to study the effect
of production, dead man state, hearth diameter, plugged time, etc. on the
liquid levels and slag delay for a one-taphole BF. The model was extended
by Shao and Saxén (2012b) to include time-dependent tap rates by
considering the complex two-phase flow conditions in the taphole. The
model was used to simulate slag delays over 20 days of a practical BF for
model validation: the results were compared with the industrial
measurements showing that the model could track the changes of slag
delay.

Also considering the effect of the taphole on the drainage, lida et al. (2008)
established a tapping model which considers the pressure drop of the
liquids in the coke bed (at the entrance of the taphole) and in the taphole
channel. In addition, the model included the influence of the coke
consumption in front of the taphole caused by the carburization of hot
metal and oxidation by slag, and the gradual enlargement of the taphole
entrance due to wear. As a numerical simplification, lida et al. (2008)
assumed that the hot metal and slag are flowing through the taphole as a
mixture, treating them as one liquid phase. However, Shao and Saxén
(2011) pointed out that this assumption is somewhat controversial, as the
big density difference of the phases would be conductive to form a
stratified flow in the taphole. Based on this, a hearth drainage model
coupled with a two-fluid model of the taphole flow was proposed by Shao
and Saxén (2011), assuming that the two liquids are fully stratified in
taphole. The model was used to investigate the evolution of liquid levels
and flow rates. The simulation results demonstrated that the internal
conditions of the furnace (like coke diameter and coke bed porosity) have
a significant influence on the residual amount of slag and iron.

To consider the role of a dead man with locally low permeability on the
hearth drainage, lida et al. (2009) introduced the concept of a vertical low-
permeability zone in their previous model (Iida et al. 2008) for developing
an integrated model to describe asymmetric drainage behavior. The
vertical low-permeability zone divides the hearth vertically into two
sections, making it is possible to investigate the differences that arise
when two alternating tapholes are operated. To examine the validity of
the model, the results were compared with the observed data from a
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reference BF, showing a reasonable agreement with respect to the
imbalance in the quantities of slag drained for the two tapholes. Saxén
(2015) used a similar two-pool model as lida et al., but also considered a
possible dead man floating. Instead of not permitting slag cross-flow
between the pools (as in the model of lida et al.), the flows of metal and
slag between the pools were managed by the cross-flow coefficients. The
model was finally evaluated by examining the effect of the size of the two
pools, the dead man floating state, and the existence of the impermeable
zone on the liquid levels and slag delay. Based on the model established
by Saxén (2015), Roche et al. (2018) developed a two-pool tapping model
with dynamically varying pool-size distribution during the drainage, so
the tapping pool may expand as the other pool shrinks along with the
drainage. Compared with the case with fixed pools, the drainage duration
is longer and the slag delay is shorter for the case with dynamic pools. The
model was also employed to simulate the drainage behavior of a reference
BF and the results showed that the model can reproduce some key tapping
variables. Roche et al. (2020) later established a comprehensive
mathematical model to simulate the alternate drainage of a (large) BF
with multi tapholes. This model considered the pressure losses in three
parts, i.e.,, the dead man, taphole entrance, and taphole. This model was
applied to predict the outflow rates and liquid levels for different cases,
and it was demonstrated that observed outflow patterns in an industrial
BF (BF7 of Tata Steel Europe) could be reproduced, both for quasi-
stationary and dynamic states. This model was able to explain the reason
behind the complex evolution of the outflow of the slag phase, which
strongly resembled the experimental results concerning the outflow of
paraffin in the study by Nouchi et al. (2003) (cf. Figure 15 (e) and (f)).

Some CFD-based drainage models have also been developed for gaining
more comprehensive information about the conditions during the
drainage process. The volume of fluid (VOF) method has mainly been
applied for tracking the interfaces between impermeable fluids, so it is
suitable to describe the slag-gas and slag-iron interfaces in CFD-based
hearth drainage models. Nishioka et al. (2005a, 2005b) developed a three-
dimensional VOF-based CFD model which was validated by industrial
data. The model was applied to investigate the effect of hearth operation
conditions (such as coke size, slag viscosity, etc.) on the evolution of the
average slag thickness, interface levels, and drainage rates during the
tapping. The main findings were that coke size and dead man voidage have
a clear effect on the maximum gas-slag interface height and that an
increased coke size or dead man voidage is an effective way to limit the
maximum gas-slag interface level. Ashrafian et al. (2006) investigated the
role of the material properties (i.e., density and viscosity) and bed
permeability in large ranges on the flow rates and slag delay by a two-
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dimensional VOF-based drainage model. Studying the free slag-gas
interface behavior near the hearth taphole, Yoon and Park (2021)
established a two-phase 3D drainage model, which demonstrated that
viscous fingering may occur when the liquid-gas interface was near the
outlet. This was identified by visualization of the liquid-gas interface
shape during the simulation. Shao and Saxén (2013a) studied the
transient iron- and slag-flow behavior in the taphole by a three-
dimensional VOF-based tapping model. The simulation results illustrated
that both dispersed and separated flow patterns could appear in the
taphole at different stages of the tapping and that gravity plays a key role
for the flow pattern.

The VOF-based method is attractive due to its simple numerical
expressions, but a high grid resolution is necessary for accurate interface
tracking, causing high calculation costs. In addition, the interfacial force is
not considered in the VOF method, which affects the simulation accuracy
to some extent. To include the interfacial force in the drainage model, Shao
and Saxén (2013b) proposed an improved two-fluid (TF) model to
describe iron and slag drainage in the hearth. The model was compared
with the VOF model both for the iron-slag and water-oil systems and it
was found that the improved TF model provides a more accurate
prediction of single drainage rates and slag-iron interface angle. To reduce
the computational load, Kaymak et al. (2017) developed a single slag
phase flow model with two moving interfaces to simulate the tilting of
both interfaces during the hearth drainage process. For this model, the
moving interfaces were modeled by the moving mesh physics in Comsol.

To consider the effect of the dynamic dead man and the corresponding
coke-free zone on the hearth tapping, some CFD-DEM models have been
proposed to reproduce more realistic drainage conditions. Bambauer et
al. (2018) developed a transient CFD-DEM overall model, where the gas,
liquid, and solid flow in a down-scaled BF were considered. It illustrated
the interaction between the liquid levels and the dead man floating state
in the hearth. To reduce the computation load of the CFD-DEM method,
Vango et al. (2018) established an unresolved CFD-DEM model which
considered the dynamic behavior of the particle bed, but neglected the
flow around each particle. The model was verified firstly by a drainage
experiment, and then applied to simulate the iron and slag tapping in a
small-scale BF hearth.

3.4. Conclusions

The hearth tapping has been studied by two- and three-dimensional
physical models, where the model settings are analogous to the practical
system. Even though the experimental models are simplified to make it
feasible to conduct the experiments, tests in them still supply interesting
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information that can be used to gain knowledge of the behavior of the
industrial system and for the development of simulation models. In
addition, quantitative analysis on the drainage experiments supports
verification of the numerical models. To gain more detailed process
information, hearth drainage and the associated hearth erosion state have
been simulated and predicted by different numerical models based on
experimental and industrial data. Some online models have also been
established and applied to the real system to guide BF operators to
optimize the furnace operation.

Since the hearth environment is hostile, it is very difficult to gain
information about the conditions in the hearth by direct measurements.
Lack of information also makes it difficult to formulate and verify
numerical models. Gaining additional and more accurate information
from physical experiments could help to solve the above-mentioned issue
to some extent. This is a motivation for the work carried out in this thesis,
which will be summarized in the next chapter.
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4. Main work in this thesis

This chapter briefly summarizes the main work done in this thesis,
including an introduction of the methods applied, the main assumptions
made, key findings, and a brief explanation of the results. This chapter is
divided into five sections. Section 4.1 introduces an image analysis-based
algorithm for automatic information extraction from drainage
experiments and the details of the tapping experiments. Section 4.2
illustrates the application of the algorithm to detect the interface behavior
during the drainage. Section 4.3 presents the application of it to
quantitative analysis of the tapping experiments, and Section 4.4 outlines
a numerical model of the H-S cell and some results of it. The final section
describes an asymptotic hearth erosion model considering the flow field
of hot metal in the hearth, the refractory lining, and the possible skull.

4.1. Drainage experiments and information processing by
automatic image analysis (Papers I and II)

The traditional approaches to deal with the experimental hearth drainage
data are limited to observing variables like tapping time and average
outflow flow rates, but detailed information on, e.g., the evolution of the
interfaces and flow rates, cannot be easily obtained. The outflow rates
could be estimated by sampling, but it requires special and quite complex
procedures (e.g., a carousel sampler used by Nouchi et al. 2003). To
extract more detailed information from the drainage experiments, a more
efficient approach based on a digital image analysis algorithm is
developed and employed to analyze the results of hearth draining
experiments in an H-S cell.

4.1.1. Experimental apparatus arrangement and procedure

A schematic of the experimental set-up is shown in Figure 16, including
two main subsystems, the tapping experiment system, and the image
recording system. The former includes the H-S model, a liquid receiver, a
vacuum pump, an oil and water reservoir, and a lifting table. The image
recording system is also a critical component because high-quality images
are prerequisites for employing image analyses to extract information
from the experiments.
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Figure 16. Schematic illustration of the set-up of the drainage experiments.

Liquid receiver

Water and engine oil were used in the H-S model to mimic the slag-iron
flow in the BF system. The physical properties of the above fluids are
reported in Table 1. The temperatures of the liquids were fixed (at 21 °C)
in the experiments, to keep the viscosities and densities of the liquids
constant. The core part of the system is the H-S model which is based on
the flow analogue between the viscous liquid flow between two closely
parallel plates and the flow in a packed bed (Tanzil et al. 1984). Flow

visualization is realized by employing an H-S model instead of a three-
dimensional packed bed.

Table 1. Physical properties of fluids in the blast furnace (BF) and model
system.

System
Properties BF: Model:
l:iron, 2:slag  1:water, 2:0il
Density of phase 1, p,, (kg'm?3) 6800 998
Dynamic viscosity of phase 1, i ; (Pa‘s) 0.0068 0.001
Density of phase 2, p, , (kg:m-3) 2800 855 (876)
Dynamic viscosity of phase 2, u; , (Pa‘s) 0.43 0.131 (0.254)
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According to the flow analogue, a Darcy flow in the packed bed model with
hydraulic conductivity, K, can be characterized by the H-S model
(explained in detail in Tanzil et al. (1984)), if

2
Ko PLgd

o 3)

where b is the spacing between the plates in the H-S model, g is the
gravitational acceleration, u1 is the liquid viscosity, and p.. is the liquid
density.

The definition of hydraulic conductivity in the packed bed model is

K = keg
M

(4)

where £ is the absolute permeability in the packed bed. Combining the
above two equations yields

K Jpacked—bed 12p H-S

In the experiments, water and oil flow through the H-S model emulate the
flow of iron and slag in the furnace hearth, so

kpiron g — pwatergb2
Hiron 12luwater

(6)
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(7)

Since the fluids in the furnace hearth and those used in the experiments
show practically equal density-to-viscosity ratios, the relation between
the plate spacing (b) and the absolute permeability (k) of the packed bed
is

b=+12k (8)

Thus, by adjusting the gap between the two plates of the H-S model, it is
possible to simulate the fluid flow in a packed bed with wide permeability
ranges. In the BF hearth, a common effective coke particle diameter is 35
mm, and bed porosities in the range 0.30-0.40 have been reported.
According to the empirical correlation between effective particle
diameter and absolute permeability (Bear, 1972), a rough estimate of the
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absolute permeability is, therefore, k = 3 X 10-7 m2. Thus, by selecting b =
2 mm, the H-S model can simulate the absolute permeability of the BF
hearth coke bed.

The experimental procedure includes the following main steps:

(1) The lifting table was elevated to a certain level, followed by opening
the ball valve to charge water into the model until the predetermined level
was reached.

(2) The moveable oil distributor was fixed on top of the model and the
peristaltic pump was started at low pumping speed to feed oil into the
model slowly to create an oil layer with uniform and desired thickness.

(3) A settling time of a few minutes was allowed for both 1-g and 1-1
interfaces to become absolutely stable. After this, the oil distributor was
removed from the top of the model.

(4) The vacuum pump was switched on until the desired under-pressure
was obtained in the receiver.

(5) The high-speed camera was turned on to record the drainage
process.

(6) The outlet was opened fully. When air started blowing out through
the outlet, the outlet was closed and the camera was switched off.

(7) The vent was opened to recover the receiver pressure, and the drain
of the receiver was opened to empty the receiver.

4.1.2. Automatic image analysis algorithm

The proposed image analysis algorithm in Paper I is based on an accurate
extraction of both 1-g and 1-1 interfaces. After extracting the two interface
profiles, more drainage process parameters, such as the interface levels,
liquid volumes, and flow rates could be calculated. In addition, the
bending points on the extracted interfaces can be determined for the
calculation of the interface angles and bend ratios to characterize the
interface bending. Figure 17a outlines the basic steps of the proposed
image analysis algorithm, including three major modules: image pre-
processing, interface extracting, and bending-point detection. A graphical
illustration of the steps is presented in Figure 17b. The detailed algorithm
is given in Section 3 of Paper L.
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Figure 17. Basic flowchart of the image analysis algorithm (a) and
graphical illustration of the main steps of the image processing (b).

4.1.3. Application of the algorithm

The basic and most important application of this algorithm is tracking
both (I-g and I-1) interfaces to determine the interface level evolution. The
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evolution of the two interface profiles during a tapping experiment is
illustrated in Figure 18, which shows how the interfaces are descending
and bending as the drainage progresses.
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Figure 18. Evolution of interface profiles in the drainage example.

To quantify the evolution, the average level of the whole interface, and its
horizontal part as well as bending part are calculated. The results,
illustrated by an example in Figure 1943, illustrate that the bending part of
the I-g interface descends more rapidly than the horizontal part, which is
natural and partly due to a growing slope and partly to the gradual shifting
of the bending point to the left. The l-l interface, in turn, shows an opposite
result, where the horizontal part exhibits a higher descending speed since
the right side of the bending part always extends to the outlet after oil
starts to flow out. In addition, for both interfaces, the length ratio of the
bending part to the full interface stays relatively low during the first part
of the draining, but as the tapping progresses the ratio grows, so its effect
on the overall interface level is also emphasized.

As the interfaces are known, and the spacing between the parallel plates
in the H-S model is fixed, the volume of the liquids can easily be
determined by integration. Figure 19b shows how the liquid volumes in
the cell evolve. The results indicate that water is dominant in the outflow.
It also indicates that the oil volume shows a considerably smaller decrease
with time, even though the oil is in the upper layer. The main reason for
this is the viscosity difference between oil and water.
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Figure 19. Evolution of average interface levels (a) and liquid volumes (b).

More interesting matters could also be extracted from the experimental
results based on the tracked interfaces, such as the outflow rates and oil
ratio in the outflow. Figure 20a shows how the water outflow rate raises
at the beginning of drainage until arrives at a maximum, after which it
decreases until the termination of the drainage. By contrast, the oil
outflow rate increases gradually throughout the whole tapping process.
Because the tapping time, which is one of the most important drainage
indices, strongly depends on the local bending of the 1-g interface, it is
meaningful to quantify the interface bending by the interface angle for the
drainage experiments. Thus, the interface angle and bend ratio of the
bending part to the full interface are finally studied for the draining
example. Figure 20b depicts the evolution of the two process variables
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during the drainage, showing that both angles (upper panel of b) increase.
However, the rates of increase are different: the 1-g interface shows a slow
initial but a rapid final increase, while the 1-l interface has an opposite
trend. As the oil descends, its surface starts bending considerably only
when the draining process is near its end. The 1-1 interface, in turn, must
bend immediately when the overall interface passes the taphole on its
descent. For the I-1 interface, the rate of increase of the angle levels out as
the interface descends more deeply below the outlet since it becomes
increasingly difficult to extract water from the system due to gravity. The
more local bending of the 1-1 interface (cf. Figure 18) makes the angle
larger than that of the I-g interface for most of the draining period, which
is also indicated in the bottom panel of Figure 20b.
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Figure 20. Evolution of the volume outflow rates of water and oil and the
ratio of oil to water in the outflow (subfigure a) as well as the interface angle
and interface bend ratio evolutions for the draining example (subfigure b).

4.1.4. Key findings

An image analysis-based method developed to automatically extract
information and to calculate the key parameters (e.g., interface levels,
liquid volumes, and interface angles) based on images recorded from two-
phase draining experiments in the H-S slot model was successfully
implemented. The approach can track and record the phase interfaces
accurately during the draining, and based on this, more detailed
information can be extracted to facilitate a quantitative analysis of the

40



drainage. The method can be applied to compile information from a large
set of experiments for gaining a deeper understanding of the complex
two-phase flow in the BF hearth and quantifying the findings for
validation of numerical models.

4.2. Study of interface behavior during hearth drainage
(Paper II)

The smooth tapping of iron and slag accumulated in the hearth is a
prerequisite for a stable and efficient BF operation. Thus, it is essential to
understand the drainage phenomena and the corresponding evolution of
the liquid levels in the hearth. To investigate the 1-1 and l-g interfaces
experimentally, a series of experiments were conducted in the two-
dimensional H-S model to clarify the effect of some operation parameters
on the draining behavior. In addition, the conditions under which the 1-1
interface at the end of tapping was close to the taphole or not below it
were also studied. The whole draining process was recorded by a high-
speed camera, and the pictures taken were interpreted by the automatic
image analysis program (cf. section 4.1) to track both the 1-1 and l-g
interfaces accurately during the drainage.

4.2.1. Experimental conditions and analytical methods

For the practical BF, before the beginning of tapping, the blast pressure,
slag viscosity, as well as 1-g and I-1 interface levels may change from tap to
tap, and all of these affect the hearth drainage. To study the above
conditions, some tapping experiments were conducted according to Table
2, which varied four conditions, i.e., pressure difference (AP), initial 1-1
interface level (hi.i0), oil viscosity, and initial oil layer thickness (hoii0). The
pressure difference is the difference between atmospheric pressure (that
acts on the l-g interface) and the pressure inside the receiver. The hy.p is
expressed relative to the level of the outlet. The reported hoio value is the
absolute oil layer thickness in the model.

Table 2. Experimental conditions. Changed parameters are written in bold.
The dynamic viscosity of water is 0.001 Pa-s for all the experiments.

Experimental Initial I-] o . Initial oil layer
. 0Oil viscosity .
group (bar) interface level (Pa-s) thickness
number (mm) (mm)
1 0.3 10 0.131 20-100
2 0.2 10 0.131 -
3 0.4 10 0.131 -
4 0.3 5 0.131 -
5 0.3 20 0.131 -
6 0.3 10 0.254 -
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To apply the experimental results to a real BF system, part of the results
were dealt with in dimensionless format, i.e., as a residual oil (or water)
ratio (@), dimensionless gas breakthrough time (), and flow-out
coefficient (F.), where the last factor is an important dimensionless
variable characterizing hearth drainage. The definitions of the above
parameters are

%
o = end (9)
Vstart
t Ot
T=—2= 10
tave Db(hoil,O + hl—l,O) ( )

2 1.94 1.94
FL={180@ ! .i}UO[B} ZL_UO,[BJ (11)

& od? pg H kpg H

where Vi and Vend are the total oil or water volume at the start and end
of drainage, respectively. In the equations, D is the width of the H-S model,
t is the gas breakthrough time, and #,. is the time taken to drain the whole
liquids above the outlet at the average tapping rate (Q), /.10 is the initial
level of the I-1 interface above the outlet, /.0 is the initial absolute oil layer
thickness in the model. Furthermore, ¢ is the shape factor of coke
particles, € is the bed porosity, d is the particle diameter, x is the viscosity
and p is the density of oil, Uy is the superficial velocity, k is the absolute
permeability of the coke bed in the hearth, and H is the initial level of I-g
interface above the outlet.

4.2.2. Key findings and analysis

In the BF, when a tap starts, the initial amount of slag is related to the iron
ore grade, coke quality, and the injection rate of pulverized coal, so it may
vary with the quality and quantity of raw materials used. As for the initial
1-1 interface level (relative to the taphole level), it depends on the amount
of accumulated iron in the hearth at the start of drainage, the dead man
porosity, the taphole level, and the taphole length. Thus, it is possible to
manage the initial 1-1 interface level to some extent by adjusting the
taphole angle and taphole length. The blast pressure of an operating BF is
usually relatively stable, so the difference between the internal pressure
and the atmospheric pressure is often constant, but it may still change
with the blast volume and BF top pressure. The slag viscosity is primarily
related to temperature and its composition, but also the contents and
characteristics of possible solid components (e.g., char) in the slag. As the
temperature varies with the dynamic thermal state in the hearth, the slag
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composition may also vary, which induces changes in the slag viscosity.
The effect of all the above-mentioned variables on the residual liquid
ratios, tapping time, and tapping end state have been studied in Paper II.
Some of the results are shown in the following section.

Influence on residual ratio, tapping time

For the BF operation, the residual ratio of both liquids and draining time
are essential parameters. Under certain conditions, a longer tapping time
may correspond to a higher operation efficiency and lower economic
costs. Since an extended tap duration causes lower residual liquid ratios
and fewer taps per day and associated drilling and plugging of the taphole,
the costs of refractory materials and taphole clay decrease.

Some experiments were conducted to study how the initial 1-1 interface
level and pressure difference affect the residual liquid ratios and tapping
time. Figure 21a depicts how the gas breakthrough time increased with
the initial level of the 1-1 interface at a fixed initial oil-layer thickness. This
is a natural consequence of the higher initial water level, as it delays the
moment when oil starts flowing out. The lower panel of the figure shows
that both the residual water and oil ratios decreased as the initial 1-1
interface rose. The residual water ratio decreased mainly because of an
increased initial water volume. The latter is caused by the slightly longer
oil tapping time at an increased initial 1-1 level and therefore lowers the
residual amount of oil.

The effect of the pressure difference on the draining time is reported in
the upper panel of Figure 21b, which demonstrates that the tapping time
shortened dramatically with the pressure difference. The obvious reason
is that the outflow rates of both liquids increased with the pressure
difference. The decrease of the tapping time was more significant for a
thicker initial oil layer. When the initial oil layer was thin, water was
dominant in the outflow. However, along with the increase in the initial
oil-layer thickness, the share of water to oil in the outflow decreased,
particularly in the latter stages of the tapping. When the initial oil layer
was thicker, the tapping time increased significantly due to the overall
higher liquid level. The lower panel of Figure 21b depicts that both
residual liquid ratios increase with the pressure difference increase (at a
fixed initial amount of water and oil). This was presumably attributed to
the fact that a higher pressure proportionally increases the draining rate
of oil more than that of water, implying an earlier draining end. Thus, a
lower pressure difference was beneficial for extending the tapping and
emptying the hearth. However, in the BF system, a certain blast pressure
is necessary to maintain normal operation conditions, e.g., to limit the gas
velocity to prevent fluidization or flooding. The effect of other factors is
illustrated in Section 3.1 of Paper II.
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Figure 21. Effect of initial oil-layer thickness on gas breakthrough time
(upper panels) and residual liquid ratios (lower panels) at different initial I-
| interface levels (a) and pressure difference (b). Conditions: (a) Pressure
difference Ap = 0.3 bar, oil viscosity pion = 0.131 Pa-s, initial I-] interface level
hiio =5 mm (O), 10 mm (o), and 20 mm (¢). (b) hiio = 10 mm, pon = 0.131
Pa-s, Ap = 0.2 bar (O), 0.3 bar (o), and 0.4 bar ().

Influence on the end state

In the tapping experiments, three different types of end states occurred,
here named abnormal drainage, transitional drainage, and normal
drainage. These types are defined by the conditions of the 1-l interface
level at the end of tapping. For the first type of tapping, abnormal drainage,
the overall water level did not even descend to the outlet level but was
above it at the termination of drainage (the top panel of Figure 22a). The
horizontal blue line in subfigure (a) represents the level of the outlet. This
pattern primarily occurred when the initial oil layer was thin. By contrast,
in the normal drainage (bottom panel of subfigure a), the 1-1 interface
descended clearly below the outlet in the end state and therefore bent
upwards to the outlet. The transitional pattern is between these two
extremes (middle panel of subfigure a), where the I-1 interface was almost
horizontal and its level was very close to the outlet level when the
drainage ended. To investigate the effect of some process variables on the
end interface state, six groups of drainage experiments were conducted
for different initial oil-layer thicknesses (cf. Table 1). In every group, it
was observed that abnormal drainage occurred for the case with a thin
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initial oil layer, but with growing initial oil-layer thickness the tapping
pattern evolved gradually through the transition to normal drainage
patterns, which is demonstrated in Figure 22b. Thus, for each case, there
is a particular initial oil-layer thickness, henceforth called the “critical oil
layer thickness”, for which the drainage ends with an I-1 interface at the
taphole level. If the initial oil-layer thickness exceeds the critical value,
normal drainage will appear. Thus, a large critical oil-layer thickness
means that abnormal drainage is more likely to occur.

(a) L] L] L] L] E
., (b)
L] L] L] L 8
wnl
p Abnormal
]
E6r Transitional
o % ~ - = Normal
BS|
2
0 0 . 0 =24
=3
2
O
% 2
<
N
10 20 30 40 50 60 70 80 90 100 110
Initial oil layer thickness, mm

Figure 22. (a) Drainage end state for abnormal drainage (top panel),
transitional drainage (middle panel), and normal drainage (bottom panel)
for three experiments with initial oil-layer thicknesses of 20 mm, 40 mm, and
70 mm, respectively. (b) Effect of initial oil layer thickness on the drainage
end state. hi.io = 10 mm, Ap = 0.3 bar, pon = 0.131 Pa:s.

Two factors, the initial 1-1 interface level and pressure difference, are
selected to show the influence on the drainage type in both dimensional
and dimensionless form in Figure 23. Subfigure (a) demonstrates that the
critical oil-layer thickness increased and the corresponding flow-out
coefficient decreased with the initial 1-1 interface level. A possible
explanation for this is that with the rise of the initial I-1 interface, the initial
outflow rate of water increases since water occupies the regions above
and below the outlet, which makes the oil layer more prone to bend when
oil starts to drain. The role of the pressure difference on the end state is
depicted in Figure 23b, which shows that the critical oil-layer thickness
increased with the pressure difference. As the pressure difference
(working as a driving force for the tapping) increased, the flow rates of
both liquids increased, increasing the descending speed of the I-1 and 1-g
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interfaces. The bigger oil flow rate also increased the I-g interface bending,
especially for the local interface near the outlet, leading to a shorter gas
breakthrough time. Consequently, the critical oil-layer thickness
increased. The lower panel of Figure 23b indicates that the flow-out
coefficient corresponding to the critical oil-layer thickness was rather
insensitive to the pressure difference.
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Figure 23. (a) Effect of hi.io (5 mm: dash-dotted line, 10 mm: solid line, 20

mm: dashed line) on the drainage end state for Ap = 0.3 bar and i = 0.131

Pa-s. (b) Effect of Ap (0.2 bar: dash-dotted line, 0.3 bar: solid line and 0.4

bar: dashed line) on the drainage end state for h..o=10 mm and i = 0.131

Pas. Red dashed lines indicate states with transitional drainage.

4.3. Quantitative analysis of hearth drainage experiments
(Paper I1I)

To systematically undertake an accurate and quantitative analysis of the
hearth drainage experiments, the digital image analysis technique
proposed in Paper I was applied to interpret a series of tapping
experiments undertaken at different operation conditions. The role of
pressure difference, oil viscosity, initial 1-1 interface level, and initial oil-
layer thickness on the evolution of liquid levels and volumes, oil ratios as
well as interface angles were investigated in Paper III.
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4.3.1. Experimental set-up and technique

A schematic of the experimental set-up is shown in Figure 16, which is the
same experimental system used in Paper II. More details about the
experimental set-up are described in Section 2.1 of Paper Il and Paper III.
After the experiments, all the recorded images were dealt with by the
digital image analysis algorithm, based on the Matlab platform, to
automatically extract desired information about the draining
experiments. Compared to the algorithm proposed in Paper I, the
approach used for bending-point detection was adjusted to improve the
robustness. The bending points were here directly defined as the
intersection points of the interfaces and a vertical reference line placed at
a distance of one-tenth of the width (/) of the H-S model from the outlet
(cf. Figure 24). Thus, during the drainage process, the horizontal positions
of the bending points remain fixed. Information about other parts of the
digital image analysis algorithm is given in Section 3 (especially in section
3.2.1-3.2.3) of Paper I and Section 2.2 of Paper III

0.9/ 0.1/

water

Figure 24. Bending point locations applied in the study of Paper III.

4.3.2. Experimental conditions
Like in the work of Papers I-1I, water and engine oil were used in the H-S

model. All the experimental conditions of the tapping experiments are
listed in Table 3, in which the first experiment acts as a benchmark.
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Table 3. Experimental conditions with perturbed parameters written in
bold.

Experimental Ap Oil viscosity  Initial I-l interface  Initial oil-layer
number (bar) (Pa-s) level (mm) thickness (mm)

1 0.3 0.131 10 100

2 0.2 0.131 10 100

3 0.4 0.131 10 100

4 0.3 0.254 10 100

5 0.3 0.131 5 100

6 0.3 0.131 20 100

7 0.3 0.131 10 60

8 0.3 0.131 10 80

4.3.3. Key findings and analysis

For a better comparison between experiments with different conditions,
the liquid levels and volumes, liquid outflow rates, as well as oil ratio were
depicted in both absolute and normalized time. The latter is defined as
t/twotal, Where tioral is the total tapping time. The influence of two process
variables, initial oil-layer thickness, and pressure difference are shown
below. The effect of the other two variables is not discussed here, but
more information is presented in Paper III.

Effect on the evolution of liquid levels and volumes

The drainage under different conditions was investigated by depicting the
time evolution of the liquid levels and volumes, calculated based on the
interface locations extracted by the image processing algorithm.

Experiments 1, 7, and 8 (cf. Table 3) were conducted to investigate the
effect of the initial oil-layer thickness. The evolution of the average liquid
levels and liquid volumes is shown in Figure 25, in absolute (subfigure a)
and normalized (subfigure b) time. The upper panel of subfigure (a)
illustrates that the average 1-g interface levels (upper red lines) evolve in
parallel while the 1-1 interface levels evolve practically identically. The
upper panel of subfigure (b) shows that the differences of the 1-g interface
levels at the end points are smaller and the average 1-1 interface level
decreases with the initial oil-layer thickness, since the tapping time is
longer for the cases with a thicker oil layer, so more oil and water can be
drained. The lower panels of the figure demonstrate that the decrease of
the oil volume is very small compared to the water and total volume,
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which indicates that water is the main fluid in the total outflow. In
addition, a thicker initial oil layer leads to more residual oil, but less water
inside the model.
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Figure 25. Effect of initial oil-layer thickness in absolute (a) and normalized
(b) time on average interface levels (upper panels) and liquid volumes
(lower panels). Ap = 0.3 bar, i = 0.131 Pa-s, h.ip = 10 mm, initial oil-layer
thickness heio: 60 mm (dashed line), 80 mm (dash-dotted line), 100 mm
(solid line).

Figure 26 describes how the pressure difference affects the evolution of
the average interface levels and liquid volumes. The upper panels show
that the descent rates of both interfaces increase with the pressure
difference, but also that a faster tapping gives rise to more residual liquids
when the tap ends, as also seen in the lower panels. Thus, a small pressure
difference is beneficial for a more complete draining. However, in the real
BF system, a low blast pressure would extend the tap duration, which
limits the production rate of the furnace. Thus, a compromise solution
must be considered in the practical operation.

49



@®» (b

120

80

&

Average interface level (mm)
Average interface level (mmn

2
[
'
'
]
i
1
L

0 0.2 0.4 0.6 0.8 1

x10° B 3 - %1 0’
3.4
s 20
£ 24
2 2
g 219+
G ©
> > 14
09t 0Oil
0.4 S e 0.4 - : :
0 1 2 3 ) 6 7 8 0 0.2 0.4 0.6 0.8 1

4
1(s) Uora)

Figure 26. Effect of pressure difference in absolute (a) and normalized (b)
time on average interface levels (upper panels) and liquid volumes (lower
panels). hoio = 100 mm, poi = 0.131 Pa-s, hiio = 10 mm, Ap = 0.2 bar (dashed
line), 0.3 bar (dash-dotted line), 0.4 bar (solid line).

Effect on the evolution of outflow rates and oil ratio

To gain a better understanding of the drainage, the evolution of the liquid
outflow rates and the slag ratio in the outflow was studied. In the
forthcoming analysis, the outflow rates and the oil ratio (i.e., the volume
flowrate ratio of oil to water) are also described in absolute and
normalized time.

Figure 27 depicts the effect of the initial oil-layer thickness on the
evolution of the outflow rates and oil ratio. The upper panels show that
increasing the initial oil-layer thickness gives rise to a smaller water
outflow rate as the drainage approaches the end, while the oil outflow rate
shows the opposite trend (but is not so clearly). Consequently, as seen in
the lower panels, the oil ratio increases. The reason for this is that a
thicker initial oil layer prolongs the tapping, which yields a lower 1-1
interface level near the end of the drainage and therefore a larger
resistance to drain water.
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Figure 27. Effect of initial oil-layer thickness in absolute (a) and normalized
(b) time on the outflow rates (upper panels) and ratio of oil and water
(lower panels). h.ip = 10 mm, o = 0.131 Pa-s, Ap = 0.3 bar, heiio = 60 mm
(A), 80 mm (o) and 100 mm ().

The effect of the pressure difference on the outflow rates is depicted in the
upper panels of Figure 28. Both oil and water outflow rates increase
dramatically with the pressure difference. The lower panels demonstrate
that the pressure difference has a very small influence on the evolution of
the oil ratio in normalized time.
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Figure 28. Effect of pressure difference in absolute (a) and normalized (b)
time on the outflow rates (upper panels) and ratio of oil and water (lower
panels). hoio = 100 mm, hi.p = 10 mm, uon = 0.131 Pa-s, Ap = 0.2 bar (A), 0.3
bar (o) and 0.4 bar (O).

Effect on the evolution of interface angles

During the hearth drainage, the interface profiles and interface angle vary
with the progress of tapping and are affected by some furnace process
factors, such as blast pressure and dead man voidage. Detailed definitions
of the I-g and I-1 interface angles are presented in Section 4.3 of Paper III

The role of the initial oil-layer thickness is first studied. The interface
profiles are depicted in Figure 29b (upper row: 60 mm, middle row: 80
mm, lower row: 100 mm) for three different times distributed uniformly
over the tapping (t/twta = 1/3, 2/3, and 1). The evolution of interface
angles is depicted in Figure 29a. Both sub-figures indicate that the 1-1
interface bending increases with the initial oil-layer thickness, since a
thicker oil layer extends the draining and leads to a lower I-l interface. For
the I-g interface, the changes in the bending angle are not significant. The
time points selected in panel b are indicated by three dashed vertical lines
in panel a. Note the different scales are used for the 1-1 (left) and I-g (right)
interface angles in panel a.
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Figure 29. Effect of initial oil-layer thickness on (a) the angles of I-g and I-1
interfaces (A: 60 mm, o: 80 mm, 0: 100 mm) and (b) on the interface bending
(top: 60 mm, middle: 80 mm, bottom row: 100 mm). The subfigures of (b)
show the states after one third (left), two thirds (center), and end (right) of
the tapping process. hiip = 10 mm, Ap = 0.3 bar and pon = 0.131 Pas.

Figure 30 shows that the l-g interface angle and the pressure difference
have a notable positive correlation near the end of the draining, but the I-
| interface angle shows an opposite trend. The former is attributed to a
bigger pressure gradient in the oil phase, while the latter is because of a
shorter tapping duration, leaving more water at the termination of the
drainage. The end angle of the I-g interface is very close to 40° when Ap =
0.4 bar, which is the biggest interface angle encountered among all
experiments reported in Paper IIL
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Figure 30. Effect of pressure difference on (a) the angles of the interfaces
(A: 0.2 bar, o: 0.3 bar, 00: 0.4 bar) and (b) on the interface bending (top: 0.2
bar, middle: 0.3 bar, bottom row: 0.4 bar). The subfigures of (b) show the
states after one third (left), two thirds (center), and end (right) of the
tapping process. hoio = 100 mm, hiip = 10 mm and pion = 0.131 Pa-s.
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4.4. Numerical analysis of hearth drainage (Paper IV)

The H-S model is a nice experimental device to investigate hearth
drainage due to the inherent advantages in flow visualization. However, a
high labor cost is needed to conduct the experiments since the slot model
has to be carefully cleaned between the experiments (for removing oil that
sticks to the inside walls of the model). In addition, it is not easy to study
certain factors, e.g, coke-free zone and dead man permeability.
Considering these challenges and the advantages of computational
models in terms of flexibility in adjusting the geometry and internal
conditions, a VOF-based CFD model was developed to simulate the
drainage in the H-S model that was used in Papers I-1II by the author. For
this model, the grid resolution was assigned carefully, and mesh
dependency was also checked because both grid size and grid
arrangement are important for an accurate interface shape description by
the VOF method. The model was first validated by comparison with
experimental data and then employed for studying the effect of several
factors on the liquid levels and volumes, outflow rates, and interface
bending.

4.4.1. Model description

Assumptions and simplifications

To simulate the water and oil flow behaviors in the H-S cell, the CFD
modelling (Figure 31) was based on some fundamental assumptions and
simplifications:

(a) Allthe fluids used in this model are incompressible and have constant
density and viscosity.

(b) Heat transfer is not considered and the temperature is kept fixed (at
21 °C).

(c) The influences of capillary forces and surface tension are neglected.
(d) The fluids are pre-filled in the model before the simulation and the
simulation will end when the air reaches the outlet channel.

(e) Noliquids are added to the system during the drainage.
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Model settings and model implementation

The computational domain and boundary conditions are illustrated
schematically in Figure 31a. The main part of the model (the region with
light blue color) is fully occupied by the particle-packed bed, except in the
cases considering the effect of a coke-free zone. The outlet channel
includes four parts and their lengths, [, and radius, r, are also illustrated in
Figure 31a, which roughly correspond to the counterparts in the
experimental work. Pressure boundary conditions are applied both for
the inlet and outlet of the model, but with different values: a fixed
overpressure is used in the inlet and the outlet is set as atmospheric
pressure. The sidewalls and bottom are assumed to obey no-slip wall
boundary conditions. The computational grid is distributed denser close
to the outlet channel and in the outlet channel (cf. Figure 31b) to describe
the local interface bending accurately.

ANSYS Fluent 2020 R1 was applied to solve all the used governing
equations in the CFD model. The geometric reconstruction approach was
employed to describe the I-]1 and 1-g interfaces. Time steps and under-
relaxation factors were set carefully to balance the overall calculation
convergence and calculation time. The RNG k-¢ turbulence model was
applied to simulate the mean flow characteristics of the turbulent
conditions since this model can describe the flow relatively accurately in
both the low- and high-Reynolds regions.
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4.4.2. Simulated cases and model validation

The drainage is affected by the operation conditions, such as blast
pressure, dead man permeability, coke-free zone, and initially
accumulated liquids. To understand this interaction of variables, eleven
cases were simulated to examine the roles of the factors on the hearth
drainage. The main conditions of the simulated cases are listed in Table 4,
where the first case is the benchmark. The h.is the height of the coke-free
zone that extends from the model bottom. Here, the top of the coke-free
zone was simplified as a flat surface. The permeability of the packed bed
(k) is determined by

k = b%/12 (12)

where b = 2 mm is the thickness of the H-S model used in the previous
experimental work. Thus, the permeability for the base-case of the CFD
model is k = 0.333 x 107 m?,

Table 4. Parameters for the simulation cases. Perturbed parameter values
are written in bold.

Case hoito hi0 Ap k x106 het
number (mm) (mm) (bar) (m2) (mm)
1 120 0 0.3 0.333 0
2 100 0 0.3 0.333 0
3 140 0 0.3 0.333 0
4 120 -20 0.3 0.333 0
5 120 +20 0.3 0.333 0
6 120 0 0.2 0.333 0
7 120 0 0.4 0.333 0
8 120 0 0.3 0.083 0
9 120 0 0.3 1.332 0
10 120 0 0.3 0.333 85
11 120 0 0.3 0.333 170

A grid independence test was conducted and the tapping time was
selected as the key index characterizing the hearth drainage to verify the
CFD model. For the testing, the conditions (hi.i,0 = 10 mm, hgio = 100 mm,
Ap = 0.3 bar and i = 0.131 Pa-s) were set, which correspond to the base
case of the earlier experimental study (cf. Table 2 of Paper III). Three grid
resolution scales were examined: a coarse scale with 96000 cells, an

56



intermediate scale with 226901 cells, and a dense scale with 364987 cells.
The corresponding tapping time was 3.55 s, 3.69 s and 3.65 s, respectively.
As a compromise between computation cost and accuracy, the
intermediate scale was chosen for the simulations.

To verify the model, a group of cases with different initial oil-layer
thicknesses, hoio, were simulated. The simulated results and associated
experimental data are presented in Figure 32, which demonstrates a good
agreement between the experimental and simulated tapping times (R? =
0.992).
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Figure 32. Effect of initial oil-layer thickness on tapping time in the
experiments (O) and simulations (—). Conditions: heio = 10-110 mm, hi.io =
+10 mm, Ap = 0.3 bar, k = 0.333x10-6 m? and hcs = 0 mm.

4.4.3. Key findings and analysis

The effect of initial oil-layer thickness, bed permeability, pressure
difference, initial I-] interface level, and the extent of the coke-free zone on
the drainage behaviors was examined in Paper IV. Here, the roles of the
bed permeability and coke-free zone are reported.

Interface level and liquid volume evolution

Figure 33 shows the effect of different packed bed permeabilities
(0.083x10-6¢ m2, 0.333x10-¢ m2, and 1.332x10-6 m2) on the evolution of
the liquid levels and volumes. Subfigure (a) demonstrates that a higher
bed permeability increases the tapping duration and the oil outflow rate.
A good bed permeability lowers the flow resistance and pressure drop in
the packed bed, especially for the viscous oil, when the liquids flow
through it. This leads to a more flat 1-g interface during the drainage,
which extends the tapping duration. In addition, a good bed permeability
also enhances the oil outflow rate.
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A higher bed permeability decreases the average l-g interface level and
average 1-l interface level at the end of drainage due to a longer draining
time. This indicates that it is essential to keep the dead man permeable in
the BF hearth to promote the drainage.
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Figure 33. Effect of bed permeability in absolute (a) and normalized (b)
time on the interface levels (upper panels) and liquid volumes (lower
panels). hoio = 120 mm, hiip = 0 mm, Ap = 0.3 bar, hee = 0 mm, k = 0.083x10-
6 m2 (dashed line), 0.333x10-¢ m? (dash-dotted line) and 1.332x10-¢ m?
(solid line).

Figure 34 depicts the relation between the liquid levels (and volumes) and
the height of the coke-free zone. Subfigure (a) shows that the coke-free
zone has practically no influence on the drainage when it is not high
enough to allow oil to pass through it during the drainage. These
conclusions are identical to the findings by He et al. (2012). However, if
the coke-free zone extends near the outlet level, it is possible to extract
the oil through this zone, which prolongs the tapping significantly. The
reason is that a lower pressure drop inside the oil phase decreases the
bending of the I-g interface. The smaller oil flow resistance leads to a much
bigger oil outflow rate. Thus, oil becomes dominant in the outflow, which
finally leads to an end state with more residual water and less oil (cf.
Figure 34b).
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In the furnace hearth, the formation of the coke-free zone is the result of
dead man floating. The dead man state depends on a balance of the forces
acting on it. Because these forces change with the conditions, like the wear
of the hearth bottom, the dead man may float or sit during different
periods of the campaign.
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Figure 34. Effect of the coke-free zone in absolute (a) and normalized (b)
time on the average interface levels (upper panels) and liquid volumes
(lower panels). hoiio = 120 mm, hiip = 0 mm, Ap = 0.3 bar, k = 0.333x10-6 m?,
hes = 0 mm (dashed line), 85 mm (dash-dotted line) and 170 mm (solid line).

Outflow rate and oil ratio evolution

The evolution of the outflow rates and oil ratio is depicted in Figure 35 for
the cases with different bed permeabilities, i.e., 0.083x10-6 m2, 0.333x10-
6 m2, and 1.332x10-¢ m2. A higher bed permeability increases primarily
the oil outflow rate, since oil is the phase with higher viscosity, as shown
in the upper panels. Naturally, this results in a larger oil ratio, as seen in
the lower panels.
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Figure 35. Effect of bed permeability in absolute (a) and normalized (b)
time on the outflow rates (upper panels) and ratio of oil and water (lower
panels). hoiio = 120 mm, hiio = 0 mm, Ap = 0.3 bar, hee = 0 mm, k = 0.083x10-
6m? (A), 0.333x10-6¢ m? (o) and 1.332x10-¢ m? (O).

Figure 36 demonstrates how the coke-free zone affects the outflow rates
and oil ratio. It is seen that coke-free zone does not have an effect until
extending (close) to the outlet, but if it does, the oil outflow rate and oil
ratio increase significantly and oil is the main phase that is drained.
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Figure 36. Effect of the coke-free zone in absolute (a) and normalized (b)
time on the outflow rates (upper panels) and ratio of oil and water (lower
panels). hoio = 120 mm, hio = 0 mm, Ap = 0.3 bar, k = 0.333x10-6 m2, hee= 0
mm (A), 85 mm (o) and 170 mm (D).

Interface angle evolution

Figure 37b depicts the influence of the bed permeability on the interface
bending at three different times distributed uniformly over the tapping
(t/twwal = 1/3, 2/3, and 1). The corresponding evolution of the interface
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angles is depicted in Figure 37a. They demonstrate that higher bed
permeability decreases the bending degree of both interfaces clearly,
especially for the 1-g interface. Viscous fingering of the 1-g interface
appeared for the case with a low bed permeability (cf. rightmost panel in
the top row of Figure 37b). This led to a clearly shorter tapping time,
which emphasizes the importance of maintaining a high hearth
permeability.

The relation between interface bending and the height of the coke-free
zone is shown in Figure 38. It illustrates that the effect is not clear except
when the coke-free zone is high enough to allow oil to flow through it.
When oil is drained out through the coke-free zone, both interfaces bend
clearly less. This indicates the important role of the pressure drop in the
more viscous phase (oil) close to the outlet on the interface bending, as
also concluded by Roche et al. (2019).
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Figure 37. Effect of packed bed permeability on (a) the angles of I-g and I-1
interfaces during the tapping (A: 0.083x10-¢ m2, o: 0.333x10-¢ m2, O:
1.332x10-¢ m2) and (b) on interface bending (upper row: 0.083x10-6 m2,
middle row: 0.333x10-¢ m2, lower row: 1.332x10-6 m?). The subfigures of (b)
show the states after one third (left), two thirds (center), and end (right) of
the tapping process. hoio =120 mm, hi.ip = 0 mm, Ap = 0.3 bar and hes = 0 mm.
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Figure 38. Effect of coke-free zone on (a) the angles of I-g and I-l interfaces
(A: 0 mm, o: 85 mm, O: 170 mm) and (b) on the interface bending (upper
row: 0 mm, middle row: 85 mm, lower row: 170 mm). The subfigures of (b)
show the states after one third (left), two thirds (center) and end (right) of
the tapping process. hoio = 120 mm, h.o = 0 mm, Ap = 0.3 bar and k =
0.333x10-6 m2,

4.5. Asymptotic model of the hearth erosion (Paper V)

To provide a theoretical estimation of the asymptotic inner profile of the
hearth, a CFD-based model was developed to estimate the iron flow,
refractory erosion, and possible skull in steady state. The profile, shaped
by the flowing hot metal, skull, and remaining lining is obtained based on
the calculated fluid flow and temperature distribution in the domain. The
model can be used as a tool to assess the potential strengths and
weaknesses of a specific hearth design, and also to analyze the effect of
the boundary conditions on the final lining state.

4.5.1. Model outline

Compared with the commonly used CFD-based BF hearth models, where
the solid-liquid interface is fixed, the current model considers the moving
of interfaces between the different phases during the calculation cycle to
achieve an asymptotic state. For the analysis, the commonly accepted
concept of the 1150 °C isotherm as the boundary between the hot metal
and the solid zone was applied (Geerdes et al. 2015): this is the lowest
temperature at which carbon-saturated iron can be found in the liquid
state and thus an absolute limit for the maximum iron penetration into the
lining (Torrkulla and Saxén, 2000). Figure 39 shows the basic principles
of the model and how the hearth-internal profile is updated. Details about
the model are given in Section II of Paper V.
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Figure 39. Principles of updating procedure for the internal hearth profile
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and (b) updated profile.

The macroscopic governing equations for fluid flow in an (isotropic)
packed bed are used to represent the flow in the hearth. The equations for
continuity and momentum balance are written as

V:(epu) =0 (13)
V- (epuu) = V- (enVu) + ¢(pg — Vp — R) (14)

where €, p, n, u, g and p are the dead man porosity, liquid density,
viscosity, velocity vector, gravity vector, and pressure. The last term on
the right-hand side of Eq. (14) describes the flow resistance of the dead
man and is expressed by the well-known Ergun equation

2
R=£nu+2pu|u| (15)

A 2
where A is the permeability of the dead man and B is the inertial term
accounting for the kinetic energy of turbulent eddies, which can be
generated within the void space when the flow rate is relatively high. The

two parameters are given by

d2oge &3 3.5 1—¢

. B —
150 (1-¢)2’ deoke &3

(16a, b)

where dcoke is the coke particle diameter. For the present work, the coke
particle size is supposed to be fixed and one common particle diameter in
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the hearth, 35 mm, is used in the model. However, in the real BF hearth,
the sizes of the coke particles are not uniform (cf. Post, 2019).

The energy conservation equation for the liquid phase can be written as
yl
V-(url)-V- (EVT) =0 (17)

where T, A, and ¢, are the temperature, thermal conductivity and heat
capacity, respectively, and the term a = 1/(pcp) is the thermal diffusivity.
Inspection of this equation reveals that it is identical with the Laplace
equation of heat conduction if the first (i.e.,, convective) term on the left-
hand side is zero, so the equation is also applicable to the solid phase (wall
and skull) with a special treatment on the flow field. This reduces the
model complexity provides a means of tracking the liquid-solid front in an
iterative solution of the problem by employing a unified form of the
energy equation to both phases. Flow suppression can be accomplished
by zeroing the velocity in the computational cells located in the solid zone.
As this would cause severe convergence problems due to a violation of the
continuity equation, the computational flow field in the solid zone was
instead strongly suppressed by giving the porosity in a very small value in
Eq. (15), which yields an appreciable momentum sink in Eq. (14). Analysis
of the model suggested that a porosity of ¢ = 10~* resulted in velocity of
10~*> m/s or less in the solid zone.

The model is two-dimensional for fast computation. The hearth geometry
and lining structure studied are depicted in Figure 40, which are based on
the hearth of a reference furnace, using the following boundary
conditions. For the momentum equations, a constant and uniform inlet
velocity of hot metal is given at (1). Non-slip wall conditions are given at
(2)-(4), and constant pressure is applied at the outlet (5). For the energy
equation, a constant temperature of hot metal is set along boundary (1)
and the top surface of (2) is assumed to be adiabatic. Constant
temperatures are applied at boundaries (3) and (4), but the model is
compatible with other thermal conditions as well (e.g., heat flux, thermal
radiation, or forced convection) and different velocity profiles at (1).
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Figure 40. Dimensions and lining design of the hearth as well as boundary
(referred to by (1)-(5)) conditions used in the model.

4.5.2. Model application

To illustrate results of the model, the base case was selected as an example
and its hearth profile, hot metal streamlines and temperature distribution
are shown in Figure 41. The general flow pattern of the hot metal and the
hearth erosion profile are presented in Figure 41a. The lining profile
exhibits a “bowl-shaped” erosion type that has also been encountered in
practice. Very little skull is formed and only at the joint between the left
sidewall and ceramic pad: the skull formation is facilitated by a low
velocity of the iron. This also agrees well with operation experience and
with the guidelines for BF hearth design. Figure 41b depicts the thermal
contours, which show that the temperature distributes uniformly in the
liquid pool, while a high temperature gradient appears in the solid
materials since they have considerably lower heat conductivities.

Hot metal streamlines

R TG S I I R
TR R R et
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Temperature 1Kl

Figure 41. Hearth profile (a) and temperature distribution (b) for the base
case.
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4.5.3. Key findings and analysis

A series of cases (cf. Table 5) with a wide range of operating conditions
were simulated to estimate their influence on the asymptotic hearth
erosion state. The first row of the table (Case 1.1) is the base case. Here,
the outer surfaces of the bottom and sidewall of the hearth were setto 423
K (150 °C), since the computational domain has omitted the outermost
lining layers (ramming mass, furnace shell, etc.).

A summary of the quantitative analysis for Cases 1.1-1.9 is listed in Table
6, where the erosion ratio of the different lining materials is reported: the
erosion ratio is defined as the ratio between the amount of eroded
material and the intact material at the starting states. Also, erosion depth
in three locations is reported, with the points depicted in Figure 42. The
results demonstrate the efficiency of a ceramic pad (CP) to withstand
erosion since it serves as a “thermal barrier” separating the high-
temperature liquid and the bottom lining. The findings also indicate how
hearth erosion can be restrained by lowering the production rate or
reducing hot metal temperature. Naturally, the former strategy affects the
production economics of the plant strongly, while for the latter the
downstream processing and slag fluidity may be disturbed. The success of
the approach to control wear by affecting the coke-bed porosity seems
limited even though center charging of high-quality and relatively inert
coke has been suggested as one useful method (Yu and Shen, 2019). The
influence of the cooling conditions was found relatively small, which
agrees with the findings by Kumar (2005). One possible reason is that the
ceramic pad restrains the effect of the hearth bottom temperatures due to
its very low thermal conductivity.

e

Figure 42. Schematic of the three erosion depths at different locations.
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Table 5. The effect of the operating conditions on hearth erosion and skull
buildup. Sidewall refers to (3)and bottom to (4)in Figure 40.

Inlet Inlet temp.

Cl\:;lse velocity Dead.man of hot metal Sidewall Bottom
O 10 (m/s) porosity (-) K) temp. (K)  temp. (K)
1.1 1.0 0.3 1773 423 423
1.2 0.5 0.3 1773 423 423
1.3 1.5 0.3 1773 423 423
1.4 1.0 0.1 1773 423 423
1.5 1.0 0.5 1773 423 423
1.6 1.0 0.3 1723 423 423
1.7 1.0 0.3 1823 423 423
1.8 1.0 0.3 1773 523 423
1.9 1.0 0.3 1773 423 523

Table 6. Erosion ratios (%) of different refractory materials and erosion
depths for Cases 1.1-1.9.

CaseNo.  CP MCB SCB di(m) du(m) dr(m)
1.1 85.1 43 124 0268 0501  0.249
1.2 53.3 0.5 48 0128 0297  0.152
13 95.6  15.8 204 0376 0749  0.313
1.4 71.5 1.1 100  0.182 0351  0.216
15 91.3 103 150 0333  0.652  0.270
1.6 71.7 1.1 9.4 0.182 0351  0.216
1.7 922  11.0 160 0333  0.652  0.270
18 88.0 6.3 149 0333 0533 0281
1.9 89.8 8.7 131 0268  0.641  0.249

To examine how the thermal conductivities of the different lining
materials affect the asymptotic hearth erosion state, one more group of
cases were also simulated and analyzed (in part B of Section III of Paper
V). As an example, the effect of microporous carbon brick is treated here.
The microporous carbon brick (blue region) is used both in the sidewall
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opposite the taphole and in the bottom below the ceramic pad, so the
effect of its thermal conductivity is more complicated than the other cases.
The original value was halved (Case b in Figure 43) or doubled (Case c in
Figure 43), yielding the results in Figures 43b and 43c. The former case
(Amce = 5.3 W/(m'K)) leads to a very “bowl-shaped” hearth profile, where
the sidewall on the taphole side is only slightly worn, while the latter case
results in practically no wear of, but instead a quite considerable skull
formation on the lower sidewall opposite the taphole, and a flatter bottom
profile.

AMCB: 10.6 W/(mK)

(b) \
AMCB: 5.3 W/(mK)

Amcs: 21.2 W/(m'K)

Figure 43. Effect of thermal conductivity of the micropore carbon brick
(blue region) on the asymptotic hearth state. Conditions: A¢cp: 2.0 W /(m'K),
Ascp: 20.5W/(m'K), Acg: 7.2 W /(m'K), Aycp: 10.6 W /(m'K) (a), 5.3 W/
(m'K) (b), 21.2 W /(m'K) (c).

The model can also be used to study the influence of adjusting the furnace
operation conditions on the erosion state, starting from an asymptotic
state predicted by the model. The details of this study are given in part C
of Section III of Paper V but one example is presented here. The model was
first to run to the asymptotic state using the base-case setup, after which
a decrease in the iron inlet velocity to 0.05 mm/s was implemented, and
the model was run to a new steady state. The simulation results are
illustrated in Figure 44, where the end state of the base case (Figure 44a)
represents the starting state of the revised operation periods, leading to
the results depicted in Figure 44b. The parameters of the erosion depths
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for the two states are: Case a in Figure 44: d;, = 0.268 m, du = 0.501 m, dr
= 0.249 m; Case b in Figure 44: di. = 0.204 m, dv = 0.329 m, dr = 0.184 m.
The reduction in the production rate is seen to result in a skull layer that
covers the whole hearth, thus protecting the lining.

Temperature
1.773e+03
! 1.661e+03
1.548e+03
1.436e+03
1.323e+03
1.211e+03
1.098e+03
9.855e+02
8.730e+02
L 7.605e+02
6.480e+02
5.355e+02
4.230e+02

(b)

Figure 44. (a) Erosion profile and temperature contours of base case, which
acts as the starting point for the new calculations. (b) New erosion profile
and temperature contours after halving the iron inlet velocity.

It also should be pointed out that the model only considers hearth erosion
from a thermal perspective and considers neither mechanical wear nor
stress. Further, as the model is static, it simplifies the view. On the other
hand, this makes it possible to use it on a routine basis for sensitivity
analysis without prohibitive computational demand. The main potential
of the model lies in its use as a tool for assessing the role of different
factors in the design of the hearth refractory and operation. However,
since the model has been simplified in many aspects compared with the
practical BF, it is not easy to make quantitative comparisons of its results
with practical findings.
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5. Conclusions

The main purpose of this thesis work was to investigate the iron and slag
flow in the BF hearth for gaining a deeper understanding of the complex
hearth-drainage phenomena and the process of lining wear. Both
experimental and simulation models were employed for a systematic and
quantitative analysis.

An H-S model, i.e., a quasi-two-dimensional system with fluids enclosed
by two rectangular and transparent walls, was constructed for studying
BF hearth drainage. The approach is based on the analogy between the
flow between two such plates and that in a system with a packed bed of
particles. This design makes it is easy to observe and record the fluid
interfaces during the draining with low optical distortion. Section 4.1
(Paper I) outlines a digital image analysis algorithm to automatically deal
with information from the tapping experiments in the H-S model. The
image analysis method consists of three modules, i.e, image pre-
processing, interface extracting, and bending point detection, where the
interface extraction is the core part. The developed algorithm was
validated and then employed for extracting information from tapping
experiments. Finally, based on the algorithm, the evolution of the liquid
levels and volumes, liquid outflow rates and oil ratio, as well as interface
bend ratios and angles was analyzed for a drainage experiment to
illustrate the application of the algorithm in the quantitative analysis.

In Section 4.2 and Paper I, a series of experiments were conducted in the
H-S model to study the roles of the initial amount of liquids, blast pressure,
and slag viscosity on the drainage behaviors and the corresponding
interface behaviors. After the experiments, the experimental results were
processed by the digital image analysis method to extract key draining
information, i.e., tapping time, residual liquid ratios, and 1-1 interface end
state. To compare the present experimental results with the findings from
the practical BF system, the results were studied in dimensionless form.
The key findings of this part of the work were that the tapping duration
extended and the residual ratios of both liquids decreased with the initial
liquid-liquid and liquid-gas levels, and with the slag viscosity, while
tapping duration decreased with the blast pressure.

In Section 4.3 (Paper III) and Section 4.4 (Paper IV), a more quantitative
analysis of hearth drainage was undertaken by experiments and
simulation. The experiments were conducted in the H-S model to study
the role of initial molten liquid amounts, slag viscosity, and blast pressure
on the hearth tapping. Section 4.4, a CFD model was developed for
simulating the H-S model. The computational model was verified by the
data from the experimental counterpart. The CFD approach saves labor
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cost of the experiments and also makes it is feasible to examine the effect
of certain process variables, such as bed permeability and the height of a
coke-free zone. By employing both models, at different operational
conditions, the evolution of the process variables, i.e., liquid levels and
volumes, liquid outflow rates and oil ratio, as well as interface angles was
finally analyzed to characterize the drainage behavior. The study has
highlighted some important factors in the practical operation of the BF
hearth. 1) A good coke-bed permeability is necessary for efficient slag
drainage; by well-mastered outflow rates, an excessive bending of the
slag-gas interface during the later parts of the tappings can be avoided. 2)
The residual slag ratio is not crucially dependent on the iron-slag level in
the blast furnace hearth at tap start. 3) The effect of the coke-free zone on
the hearth drainage is not distinct unless it extends close to the taphole.

In Section 4.5 and Paper V, an asymptotic hearth erosion model based on
CFD was established, which considers fluid flow, heat transfer, refractory
erosion, and possible skull buildup simultaneously during the calculation.
For this model, both lining and skull profiles are moved during the
calculation cycle until a stable state is reached, which is taken to
correspond to the asymptotic state of the hearth. The algorithm developed
realizes a straightforward and efficient tracking of the liquid-solid
interface. The assumptions behind the model, its main equations, and the
solution procedure have been described. To show the applicability and
versatility of the model, a series of illustrative cases was analyzed. The
model can be applied as a tool to assess the potential merits and
drawbacks of a specific hearth design with respect to hearth durability. It
is also possible to use the model to examine how the hearth lining erosion
state would be affected if the operating conditions are adjusted.
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6. Future prospects

The work in the thesis has shed light on some aspects of BF hearth
drainage and erosion, and has deepened the understanding of the factors
that influence the performance of the hearth. Still, more studies are
required to clarify issues that remain open. For the drainage experiments,
it would be necessary to conduct trials in a three-dimensional model,
since there are some limitations of the two-dimensional approach. For
instance, the bending of the interfaces close to the taphole is
fundamentally different in two and three dimensions due to the effect of
the geometry on the fluid volumes. However, how to extract the detailed
draining information accurately from the draining experiments in a three-
dimensional model is still an open issue.

As for the CFD tapping model, some possible extensions are to simulate
quasi-stationary operation with production of liquids and intermittent
drainage from one outlet, or alternating draining from two (opposite)
outlets. Possible developments of the asymptotic erosion model are to
consider a coke-free zone under the dead man, which would
simultaneously make it possible to determine the floating state of the dead
man by a force balance.
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