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Preface

It is my honor and privilege to present to you the proceedings of Furnace Tapping
2022, the third event in the series and the first time it has been co-hosted with the
TMS Annual Meeting & Exhibition.

The proceedings is the culmination of the efforts of the authors, peer reviewers,
organizing committee, and TMS staff. Firstly, I would like to thank the authors for
sharing their perspectives on a problem common to most pyrometallurgical smelter
operations, namely the tapping of furnaces. The strength of the Furnace Tapping
conference series lies in the diversity of the perspectives shared: across commodities,
across disciplines, and across business type.

Secondly, I want to thank the organizing committee for the enthusiastic participa-
tion in the committee meetings and their hard work behind the scenes, first to solicit
abstracts and then to manage the peer-reviewing process. All the papers published in
the conference proceedings were independently peer reviewed. The organizers either
reviewed the papers themselves or drew on the expertise and insights of a number
of specialists, from around the world, who generously offered constructive criticism
and suggestions. We are grateful for the inputs from these expert reviewers

Lastly, the support of the TMS staff, in particular Trudi Dunlap and Patricia
Warren, was outstanding.

At the time of writing, the organizing committee is still hoping for an in-person
event. Only time will tell whether or not travel restrictions, imposed by countries due
to the ongoing COVID-19 pandemic, will allow us to meet in person or require us to
go online. Either way, I trust that you will enjoy the event and that the proceedings
will serve the pyrometallurgical industry at large, taking the tapping of furnaces from
an art to science and engineering.

Joalet D. Steenkamp
Lead Organizer
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Controlled Tapping—The Research )
Project

updates

Merete Tangstad, Michal Ksiazek, Jan Erik Olsen, Quinn Reynolds,
and Eli Ringdalen

Abstract Controlled Tapping is a research project funded by the Norwegian
Research Council and the Norwegian silicon and ferroalloy industry. The overall
goal of the industry is to minimize the amount of uneven tappings and thus to reduce
the energy consumption and the risk of hazardous events. In addition, the gassing,
in the silicon industry, and the slag/metal separation in the ferroalloy industry, is a
concern. The project Controlled Tapping will give fundamental and industrial knowl-
edge to the industry, so these concerns can be addressed. The project focus is how
the furnace interior, that is the furnace operation, is affecting the tapping. Tapping
is an experience based sub-process that is developed over time at the various plants.
To expand the knowledge into the scientific world, numerical modelling is a valu-
able tool and is the basis in the project. This has been done in SINTEF, NTNU
in cooperation with Mintek. A variety of models have been developed calculating
the tapping rate. Models describing the whole furnace with accumulated materials,
e.g. TiC banks in the SiMn furnace, models that describes the slag metal separation
in cascade tapping with various ladle positions, and models describing the tapping
where the slag and metal properties are changed, has been developed. For a models
to give the true picture, realistic input data is needed, and one of the Ph.D. projects
has been to measure the interfacial tension between slag and metal in Mn-ferroalloy
production. We also need to know the mechanisms affecting the tapping of indus-
trial furnaces and on the consequences if furnaces accumulate metal and slag. Both
industrial campaigns and investigations on mechanisms and material at the lab has
been conducted. The industrial campaigns have been to excavate both Mn-ferroalloy
and Si furnaces, to find that the tapped silicon is above 1800 °C when all literature
says 1600 °C, to see the variances of the metal and slag during a tapping-cycle and
over a year and investigating the energy in the gassing. In lab scale, the formation of

M. Tangstad (B<)
Norwegian University of Science and Technology, Trondheim, Norway
e-mail: merete.tangstad @ntnu.no

M. Ksiazek - J. E. Olsen - E. Ringdalen
SINTEF, Trondheim, Norway

Q. Reynolds
MINTEK, Randburg, South Africa
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TiC banks in the SiMn furnaces, the formation of slag, and the formation of SiO gas
in Si furnaces and the pressure build up in charges by fines, have been investigated.

Keywords Tapping * Furnace excavations + Modelling - Mn-ferroalloy
production - Si/FeSi production

Introduction

The Norwegian production of ferroalloys and silicon takes place in submerged arc
furnaces. From these furnaces, up to 450 tons/day of metal is being tapped in liquid
state at high temperatures, from 1400 to 1700 °C. In addition to the liquid metal,
also liquid slag and furnace gas will follow the metal. Some producers tap their
furnace continuously, like some of the silicon producers, and others tap the furnaces
discontinuously, by closing and opening the tap-hole on a regular basis, e.g. every
other hour. In the ideal case, the metal and slag will be tapped in the same rate as it is
produced, it will be tapped in a controlled and steady mode and no furnace gas will
exit the tap-hole. In the real world, there are a number of challenges when it comes
to tapping.

Uneven drainage from furnace is often one of the major challenges. With unstable
tapping, metal and slag may accumulate in the furnace and lead to variation of flow
as well as variations in metal chemistry and back reactions inside the furnace. Large
tappings will lead to disturbance of furnace operation and logistics, safety issues and
diffuse emissions. In worst case the furnace load must be decreased, and this will
hence have a major effect on production rate and cost. Back reactions lead to losses
in yield and reduced production of metal.

Gassing from tap-hole is another challenge, maybe more detrimental in the high-
temperature Si/FeSi process. In the silicon production, SiO/CO gas may exit the
tap-hole at 2000 °C. First, this constitutes a serious safety risk for operators, as the
operators may be exposed to the heat and dust. Next, it will lead to a lower silicon
yield and loss of energy. Finally, it will lead to an increased maintenance cost on
tapping equipment due to heat load and dust.

Slag and metal separation is a typical KPI in the slag producing processes. Slag
droplets may be trapped in the metal, deteriorating the quality of the metal, and metal
may be trapped in the slag, leading to a low metal yield and hence a higher energy
consumption. The extent of these phenomenon is affected by the tapping process and
the properties of the metal and, especially, the slag during the tapping process.

Physical geometry of the tap-hole will also affect the stability of the tappings.
As the tap-hole is changing over time with increased wear followed by mainte-
nance work, the geometry of the tap-hole will thus change both continuously and
discontinuously, and thus effecting the above mentioned points.

The challenges described above are a result of the furnace operation, the geometry
of the tap-hole and the tap-hole area, and the tapping process itself. The furnace
operation and the tapping process are based on long-time experience in the industry.
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The furnace operation has been summarized in textbooks [1-4] and the geometry
close to the tap-hole have been investigated and reviewed in [5, 6] scientific studies.
This project is however focusing on the interaction between the furnace state and its
effect on tapping. Important input is of course the materials and zones in the furnace.
This has previously been published for some industrial furnace excavations [7—11].
It is seen that zones in the furnaces will be different from furnace to furnace even
with the same product, and hence more industrial excavations are necessary.

The basis for the tapping of the furnaces is a fluid flow phenomenon, and hence
numerical modelling of fluid flow is one of the three platforms in the project. Some
modelling on the whole furnace has previously been done, however, in the previous
work the interior of the furnace are assumed ideal, with simplified zones [12—14]. The
Controlled Tapping project are hence developing models both for sub-processes and
for the entire furnace. There are however quite a lot of knowledge needed to input
the model work, from phenomenon describing the model framework to boundary
conditions to physical properties and reaction rates of the fluids involved. The other
two parts of the project is hence physical model and industrial data. This paper will
hence describe some of the work done in the numerical modelling part, the physical
model as well as the industrial data.

For the industry the access of good students is essential, and recruitment is hence
an important part of the project. Both B.Sc., M.Sc. and Ph.D. students are hence
working in the project. Of the students finished so far, five of totally six of the B.Sc.
and M.Sc. students have been employed by the project partners.

To seek the highest possible quality on the scientific work internationalization
is essential, and the Norwegian partners NTNU and SINTEF have been not only
working closely with especially MINTEK (South Africa) but also the University of
Reykjavik (Iceland) and the University of Science and Technology Beijing (China)
in this project. The dissemination through scientific journals and conferences are
also important and so far 18 papers have been published [15-42] in addition to
internal reports. It has also been focused on a “conceptual model” which described
the main features affecting the tapping. This model is a simple model, where the main
features may be transferred to both management and operators. An attempt to discuss
the tapping in the Si/FeSi process on an overview level is shown in the publication
“Conceptual model of tapping mechanisms in a FeSi/Si furnaces” at Infacon 2021
[35] (Fig. 1).

Modelling Concept and Implications to Tapping

In the Controlled Tapping project, two modelling techniques have been pursued:
multiphase computational fluid dynamics (CFD) with interface tracking and reduced
order modelling (ROM). The latter offers much shorter computational times, but the
models are based on more assumptions and empirical correlations. When studying



6 M. Tangstad et al.

Physical
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data

Industrial Numerical
(MK)

easy access training models

Fig. 1 Work packages of the controlled tapping process, also showing the focus on international-
ization, recruitment and various dissemination levels

drainage of furnaces, both modelling concepts need to account for the flow resis-
tance provided by the particle bed in the furnace. The modelling concept have been
validated against drainage experiments with particle beds.

From basic physics (e.g., Bernoulli’s equation) and earlier work, we know that the
furnaces are drained by the hydrostatic pressure. The driving mechanism is gravity
which increase with increasing density and level of the liquid being drained. In some
furnaces, the gas pressure is also driving the drainage. The drag from the particle bed
on the metal and slag reduces the driving force and the tapping rate. In the project a
more accurate term for the pressure loss due to the particle bed has been introduced
compared to earlier work. It has also been shown that the tapping rate is very sensitive
to the particle configuration close to the tap-hole. This indicates that small variations
due to closing and opening of tap-holes can cause variations in tapping rates.

Accumulated TiC-Banks in the SiMn Furnaces

Two SiMn furnaces were excavated where in the project FerroGlobe 2017 [29] and
Kvinesdal 2020 [38]. They can be compared with the previous excavation in Elkem
Sauda [11]. In addition to the observations in the active zones, that is the prereduction
and the coke bed-zone, inactive banks containing carbides were observed in the
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Ferroglobe furnace (Fig. 2) and one of the Kvinesdal furnaces. Of special interest
was the observation of TiC in the banks, and though the Ti content was very low in
the charge (<1%), the Ti was measured up to 12% in the bank material. As Fig. 3
shows, the sample was mainly containing slag, metal, and graphite precipitations in
addition to the carbide.

The presence of inactive banks in the furnace will affect the tapping conditions
as well as well as leaving less room for reduction work, and in general affect the
energy and mass flows in the furnace. The formation of TiC and also the removal
of carbides in the furnace is hence an interesting question. The stability of TiC in

Mvr\
I LIS so8 s Gndaum T Yo

Dttt i e ,400¢ovw§v-eeoo§oos
.oyﬁww.to\ ~BP PSR FRREP AR ORORND,,
et At bttt bttt dittdd)
240+ MMOMANL G 0408000040 4080000 8000000400040 000

Fig. 2 Zones in the excavation of a furnace at Glencore Norway in 2017 (27.5 MW, 16% Si)

Fig. 3 Carbide banks containing 12%Ti is mixture of slag, metal, graphite, and TiC
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the slag/metal/C SiMn system has hence been investigated both through lab-scale
investigations and thermodynamic calculations [42].

The presence of banks in slag producing processes has also been modelled by
CFD [41]. The results show that in principle all metal and slag produced around
all electrodes are drained from the furnace if sufficient time for tapping is allowed.
At the beginning of a tap, most of the products leaving the tap-hole emanate from
the zone around the electrode close to the tap-hole, whereas towards the end of the
tap most products emanate from the back electrodes. The products leaving from the
back electrodes will thus have some longer residence time in the furnace. Normally,
tapping is stopped somewhat before all slag and metal is drained. It is therefore
expected that more products from the back electrodes are accumulated in the furnace
than from the electrode close to the tap-hole.

Slag/Metal Separation in the Mn-Ferroalloy Processes

In all processes, the slag/metal separation is an important Key Performance Indi-
cator affecting the productivity and hence the cost and environmental aspects. The
slag/metal separation has in this project been investigated with various numerical
models. One of the parameters affecting the slag/metal separation, that has not been
well known, is the interfacial tension between the slag and the metal. The interfacial
tension will affect the terminal velocity of metal droplets in the slag. One of the
two Ph.D. candidates in the project is hence focusing on determining the interfa-
cial tension experimentally between slag and metal, and some examples can be seen
in Fig. 4. This is experimentally not trivial and new methods has been developed
combining experimental and modelling work.

For studies on how to reduce metal loss in cascade tapping a multiphase CFD
model was developed, and case studies performed [19]. This is illustrated in Fig. 5.

s inFemn =0 wt. %
[ s in FeMn = 0.66 wi. %

Interfacial tension, N/m
(=
O

0 0.33 066 1.00 1350 1400 1450 5 0 15
Sulphur addition to FeMn, Temperature, °C Holding time, min.
wt. %

Fig. 4 Examples of interfacial tension as a function of temperature and S-content [16, 17]
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Fig. 5 Illustration of cascade tapping (left) and example of CFD results (right) for fluid interfaces
colored by velocity

The amount of metal carried over from the metal ladle to the other ladles in the
cascade during tapping of FeMn was extracted from the simulation data. Main-
taining a significant thickness of slag layer on top of the metal layer reduced the
quantity of metal entrained in the overflow stream from the metal ladle. Adjusting
the position and layout of the ladles in the cascade was also seen to reduce metal
losses. The density and viscosity of the tapped materials had a stronger impact on the
results than surface tension, due to the momentum-dominated nature of the bulk flow
in tapping streams and ladles. Although surface tension had no significant impact
on cascade tapping, it is expected to have an impact on post-tapping slag/metal
separation where settling and coalescence dynamics govern the separation.

Slag in Si/FeSi Furnaces

The Si and FeSi process is often referred to as a slag-free process, as the main impu-
rities in the raw materials, Al and Ca, is dissolved in the metal tapped in about equal
amounts. During previous excavations [7-9] and excavations done in this project
[21], it is however seen large amounts of slag as accumulated in the furnaces, espe-
cially in the bottom of the furnace and in the periphery along the lining, sometimes
from the bottom to the charge top. This will in the same manner as other high viscosity
materials affect the mass flow in the furnace, and hence the tapping. In Fig. 6 one
can see how the tapping channel is enveloped in a wide slag layer. This layer also
contains SiC particles that adds to the viscosity.

The slag in the FeSi/Si furnaces contains about equal parts of CaO, Al,O3 and
Si0,. The Ca0/Al,Oj3 ratio will however be dependent on the raw materials used,
and the SiO, may vary from 40% and up. This means that the liquidus is typically
around 1400-1500 °C and solidus 1100-1200 °C. As the high temperature area in
the Si/FeSi furnaces are from 1800 to 2000 °C, it is also believed that the main part
of the slag may be liquid/semi-liquid, except from very close to the lining. It is seen
that the slag tapped from the furnace are close to the accumulated slag, and also that
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Fig. 6 Tapping channel of silicon through a more than 1 m wide slag layer

the slag behind the various tap-holes are quite similar. As the slag from the furnace
is not typically sampled, special equipment was made to sample this slag.

In FeSi production, the iron source may be metallic or oxidic. During experimental
work, the iron is always reduced to metallic iron, long before the quartz melts above
1700 °C, and hence in experimental work FeO is typically not present in the slag
phase. Industrially, it is however seen that FeO-SiO, slag is found on the charge top
[36], and this is believed to be the case if there are very high temperatures high up in
the charge, and so the iron oxide has not had time to be reduced before it dissolves
the quartz, producing a liquid slag.

Temperatures and Heat Loss of Tapped Metal (Si/FeSi)

One of the large variables in understanding the process, as well as in fluid flow
calculations, is the temperature. As the temperature in the ladle is typically measured
to 1500-1600 °C, this is also the temperature that has been reported to be the tapping
temperature. In this project the temperature close to the tap-hole has been measured
for a semi-continues tapping at a FeSi furnace and continues tapping at a Si furnace
[24]. The temperature from the tap-hole is seen to be above 1800-1900 °C, where
the highest temperature is seen for the non-continues tappings (FeSi) and may be
due to the higher flow rate. It is also seen that the composition may vary a bit during
the tapping, especially in the beginning, and hence samples for analyses should not
be taken to early after opening the tap-hole. The difference between the temperature
out of the tap-hole and the ladle, which is the order of 100-300 K, has also been
modelled and can be explained with radiation and conductive losses into the runner
and ladle [29].
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Quartz: Impurities, Melting, Fines- and SiO-Formation

As quartz/quartzite is the main raw material in Si/FeSi processes, several aspects
of the raw material have been investigated. As previously seen [43], it is also here
seen that the softening and melting of quartz may vary with 100 K and at a constant
temperature at 1750 °C the melting may take between 20 and 80 min depending on
the quartz type. With heating, the impurity phases will also change. The initial main
impurities are CaO, Al,O3 phases and it is seen that with heating the impurity phases
will start to dissolve SiO,. When the temperature is 1800 °C it will be more than
75% Si0, in the impurity phases, and hence compared to the slag in the lower part
of the furnace, the impurity phases will hence be reduced again wither to SiO gas or
directly to silicon.

The fines formation of quartz has been investigated previously by among others
Jusnes [44]. In this project, the crack formation during heating was investigated
together with USTB (China) in a high-temperature confocal microscope. Crack
formation in the quartz during heating to 1600 °C mainly happens at two temperature
intervals, ~300-600 °C and ~1300-1600 °C and is mostly due to volume changes
in the sample. The cracks occur from impurity areas, expanding grain boundaries,
damaged or uneven surface and in some cases from the cavities from the escaped
fluid inclusions. It can however be mentioned that not all crack formation leads to
higher fines production [20].

In furnaces where tapping is hindered and an accumulation of Si/FeSi happens,
a higher SiO-loss is experienced industrially. The rate of the SiO production from
Si and quartz (SiO, + Si = 2S5i0(g)) was experimentally determined and modelled
for a number of various commercial quartz types. No difference was however found
between the quartz types, even at both high and low impurity concentrations [30].

Present Activities

Though several of the above-mentioned activities will finish by the end of 2021, the
activities of gassing during tapping in the Si-furnace and excavation of a HC FeMn
furnace will also be investigated before the project end.

Summary

Controlled tapping is a 5-year project funded by the Norwegian ferroalloy and silicon
industry and the Norwegian Research Council. The main focus is to get more knowl-
edge regarding the fundamental aspects of the tapping process, as a basis for the
industry to reduce the amount of uneven tappings. Industrial campaigns and phys-
ical laboratory work set the input to numerical sub-models, describing the various
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features of the tapping process. The project is a cooperation between the Norwegian
industry, the Norwegian University of Science and Technology, SINTEF (Norway),
and Mintek (South Africa).
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of Non-ferrous Smelting Furnaces

updates
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Abstract The tapping operation of a metal, matte, or slag at a non-ferrous smelting
furnace has a number of common aspects from one facility to another. In simple
terms, the tap-hole initially requires the safe opening, the molten phase is allowed
to flow through the tap-hole, and then the tap-hole needs to be safely closed. Until
now, tapping in non-ferrous smelting operations is largely performed by an operator.
Safe operations around the tap-hole require proper process control of the smelting
furnaces, the proper tap-hole design for the required duty, and high-quality, robust
tapping equipment. The present paper describes the successful development of a
robotic system for automating the slag tapping operation at a full commercial scale
on a large copper flash furnace. The development of this robotic tapping machine is
described, and the operating features and performance are discussed.
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Introduction

Throughout the world, the metallurgical industry is in the process of transforming
the way plants are designed and operated. A number of changes have prompted this
trend, including responses to climate change and global warming, cost reduction, and
improved safety at plants; higher computing power and connectivity and automation
technologies; and the shift in metal demand—and also production—from west to
east. It has been stated that the trend to the so-called “smart automation” is part
of the fourth-generation industrial revolution which is also referred to as “Industry
4.0” [1]. Briefly, it is generally considered that the first generation was motive power
production (initially steam, later electricity) along with early mechanical machines
(mid-end 1800s), the second was wide-scale industrialization (most of the twentieth
century), the third was the beginnings of automation and digitalization, and now, the
fourth—as stated above—smart automation through connectivity. Most mining and
metallurgical companies are embracing this transformative trend.

Furnace tapping is a critical step in the operation of all pyrometallurgical processes
involving molten phases—both the tap-hole design and operation are vitally impor-
tant. As companies embark on new stages of transformation, automation of operating
processes at the non-ferrous smelter is anticipated, including the steps of concentrate
feeding and furnace tapping, which typically involves manual operation in fairly
high-risk plant areas.

Virtually all non-ferrous pyrometallurgical furnaces today rely on manually oper-
ated tapping machines—some remotely operated—for tap-hole opening and closing.
Combining the unrivalled quality and performance of foundry model industrial robots
and the technological skills at MIRS, the company has pioneered the successful
development of a new robotic tapping and plugging machine. This paper briefly
describes the development of the world’s first robotic furnace tapping machine for
non-ferrous furnaces. The paper then describes the successful commercial operation
of this tapping equipment for slag tapping at the flash furnace at the large Chuquica-
mata copper smelter in Chile. The installation is described together with operational
results.

The History of MIRS

In 2001, MIRS’s parent company, HighService Corporation, entered into a commer-
cial and technological agreement with KUKA Roboter to begin the development of
robotic applications for the mining industry. After the successful implementation of
several industrial robotic solutions, MIRS was founded in 2007 to provide robotic
solutions to the global mining industry. MIRS provides conceptual development,
design engineering, manufacturing, integration, and support services for state-of-
the-art robotic solutions and has developed applications for mines, concentrators,
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tank houses, smelters, and refineries. The applications are specially designed to with-
stand the harsh environments associated with heavy industrial operations, including
acid environments, extreme high temperature and high-altitude conditions, severe
vibration, and highly dusty conditions. They also cover a broad range of industrial
processes and are aimed at providing the following benefits:

Lowering operating costs.

Increasing plant availability and lowering maintenance costs.

Increasing process reliability.

Improving occupational health and safety aspects and reducing risks to personnel.

Development of the MIRS Robotic Tapping Machine
and Testing at Chuquicamata

The Chuquicamata Smelter

Chile produced 5.73 million tonnes of copper in 2020 and is the world’s largest
copper-producing country, representing some 32% of the world’s mined copper.
About one-third of Chilean mined copper is smelted at one of the country’s seven
smelters. The Chuquicamata smelter, part of the largest mine-smelter complexes in
Chile operated by Codelco, began operations in 1953 based on reverberatory furnace
smelting with a capacity of about 145,000 tonnes of copper per year. The plant has
undergone numerous expansions and improvements since that time. The following
is a brief outline and is included in part here to illustrate the progressive changes and
improvements at the smelter.

Oxy-fuel burners were introduced in 1979 on the reverberatory furnaces, and a
moderate-sized El Teniente converter for smelting was built in 1984 (and replaced
by a much larger El Teniente unit in 1993). In 1988, an Outokumpu flash furnace
was commissioned. In 2004, HighService entered discussions with Chuquicamata
for consideration of robotic tapping at the smelter. It is noted that by 2018 following
the initial tapping trials as discussed below, Codelco undertook further changes at
the Chuquicamata smelter which necessitated several plant shutdowns. These on-
going changes would, also as discussed below, impact the sequencing of the robotic
tapping trials. The plant changes Codelco introduced starting about 2018 included
closing the El Teniente converter and expanding the capacity of the flash furnace (by
enlarging the physical size of the reaction shaft) to maintain smelting capacity and
yet meet the D28 environmental regulations [2].

In 2004, Codelco entered into an agreement with HighService to begin the devel-
opment of a robotic tapping machine. In 2007, the world’s first robotic tapping and
plugging system was installed and used on a slag tap-hole at Chuquicamata flash
furnace. In 2008, a jackhammer tool was developed and in 2009 this tool was added
to the robotic system.
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Initial Test Work—Development of Tap-Hole Lancing

and Plugging Systems

Starting in 2004, laboratory test work began on the development of the system and
the associated tools. The work included testing all the individual steps involved in
the tap-hole opening and closing operations. Some of the tests were carried out on
a specially constructed “pilot” rig before initiating the work at the smelter. In 2007,
when the on-site program at Chuquicamata commenced, the typical slag composition
and conditions of the tapping operation were as follows (Table 1).

Table 1 2007 Slag condition and composition

2007 flash furnace
Slag conditions

Condition Details

Tapping method Manual lancing with hollow 14 mm outer diameter lance and
occasional 25 mm solid bar, no machine

Plugging method Manual with clay cone, no machine

Cu Conc Up to 3,000 tpd (nominal)

Slag 1,220-1,575 tpd

Shift schedule Three, 8-h shifts

Slag tap temp 1250-1330 °C

Length of tap-hole? 700 mm

Number of slag tap-holes used 4, each one ~150 mm

Approximate slag tonnage/tap 30-40 tonnes

Approximate number of taps/day | 3545

Opening time for slag tap-hole

10 min for the first tap, 1 min for successive taps during shift

2007 Typical flash furnace
Slag composition

Component Assay range, wt%
Cu 1.5-2.5%

Fe 37.5-45.5%
Fe304 10.0-25.0%

Zn 1.0-5.0%

S 0.5-1.5%

SiOy 28.0-35.0%

CaO 0.8-2.0%

2 The horizontal length from the faceplate to the inside of the wall of the furnace, refer to Fig. 1
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The following general procedure was used at Chuquicamata to manually open the
slag tap-hole:

e The hardened clay plug is removed from the tap-hole using a steel bar.

e Operator 1 connects the oxygen supply to the lance and places the lance near the
igniter.

e Operator 2 slightly opens the oxygen valve allowing a small oxygen flow and
moves the lance in front of the igniter until the flame is established.

e Operator 1 places the lance in front of the tap-hole.

e Operator 2 increases the oxygen flow while Operator 1 inserts the lance into the
tap-hole to initiate burning.

® Occasionally, Operator 1 will introduce a 25 mm solid steel bar to improve the
slag flow.

e Operator 2 pushes the lance into the tap-hole with a circular motion until slag
starts to flow.

With manual slag tap-hole closing, it is common to stop the slag flow using a clay
plug on a steel, conical-shaped stopper mounted on a steel bar. Typically, when a
clay plug is used, the clay plug is formed in the shape of a cone and affixed at its
base to a steel disk about 75-100 mm in diameter welded to the tap-hole bar. Manual
clay plugging was used at the Chuquicamata flash furnace at the time of the tests.

The following general procedure was used at Chuquicamata to manually close
the slag tap-hole:

e Operator 1 places the bar with the clay plug affixed in front of the tap-hole.

e With a swift forceful action, Operator 1 rams the clay cone into the tap-hole, thus
stopping the flow of slag.

e Operator 2 immediately hammers by hand the far end of the steel bar, safely
securing slag stoppage.

For typical operations in 2007, the normal operating procedure was to use one
slag tap-hole for the duration of the shift, then switch to another tap-hole the
following shift. As is typical for flash furnace operations, slag is tapped periodi-
cally. In Chuquicamata’s case, slag is tapped to a ladle, then when the ladle is full,
the tap-hole is closed until being re-opened for the next slag tap.

A schematic diagram of the tap-hole design in use at the time is shown in Fig. 1.
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Faceplate Water Cooling
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Furnace Refractory Wall

Tap-hole Refractory Bricks
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700 mm

Fig. 1 Schematic diagram of tap-hole

New Tapping Machine Development

Beginning in 2004, a development program for a robust, robotic tapping and plugging
machine began. Slag tapping and plugging operations were carefully observed and
the processes at the smelter were studied. The robotic system was designed based on
this study work. This preliminary work also included the design and testing of each
system component, including the tools to be used by the robot.

Robot Selection

The considerations for selecting the robot included: area layout and space, tool and
clay payload (for the system at Chuquicamata, this was 150 kg—the approximate
weight of the mud gun assembly), robot reach, and environmental conditions to
provide necessary protection against extreme heat, gas, and dust.

The most suitable robot given the above selection criteria was a KUKA KR 210
R2700-2 F machine. This robot has a payload capacity of 210 kg and a reach of
2.7 m. The lance length selected, based on the selected robot, was 3 m.
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Lancing Tool Development

The first tests of lancing were carried out on a special pilot rig built at the MIRS
laboratory in Santiago, Chile. A short section of circular steel pipe was fashioned
as the tap-hole “block”. Initially, concrete formed inside the pipe was selected to
simulate solidified slag along with a clay plug. Later, solidified flash furnace slag
plus a clay plug was used. These initial tests and the above-noted observations at
the flash furnace established the main lancing strategy that would ensure the correct
opening of the furnace slag tap-hole. Deviations from “standard” conditions were
also identified and understood. For example, this approach defined how to open a
“deep” tap-hole, such as the tap-hole full of solidified slag rather than clay, which
involves using more than one lance. The required movements to withdraw the lance,
dispose of it, and collect a new lance were optimized to ensure no undue cooling of
the tap block occurred (Fig. 2).

Fig. 2 Lance testing

After many tests and advancing through several prototype stages, a final lance
system for slag tapping was ready to be tested on the simulated tap-hole arrangement
with solidified slag. The lance tool adopted is a pneumatically operated system that
together with the pre-programmed robot automatically picks up the lance, safely
connects to the oxygen piping, controls the axial forces to “feel” the opposing forces
on the lance tip, ignites the lance, burns through the tap-hole, drops off the used lance
section, and changes lances whenever necessary. After these final stages of prototype
testing, the system, including a suitable protective covering for the robot to guard
against the plant environment, was ready to be installed and tested on site.
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Plugging Tool Development

At Chuquicamata, the tap-hole is closed with a clay plug or clay cone mounted on a
steel bar. The robotic system was designed to use a constant force, higher than that
employed manually, rather than the hammering procedure as described above.

A first task was to determine the required plugging force which consists of the
movement and the extrusion action of the clay entering the tap-hole as well as the
static head of the melt in the furnace. The force for clay extrusion is considered the
main component of the forces involved. This force was measured in a compression
apparatus while the melt head was calculated from the depth of liquid slag inside the
furnace and the slag density.

The hydraulic cylinder used for the extrusion movement was selected based in
part on the known forces involved and knowledge of the tap-hole operation. After
determining these forces, the hydraulic cylinder used for clay extrusion was carefully
selected. Even though the robot can handle higher forces than an operator, it was
deemed desirable to use a latching mechanism for the frame of the hydraulic cylinder
to the furnace structure. This latching mechanism provided a safe means for the
robot to remain completely stable and free of excessive lateral forces. The hydraulic
cylinder and assembly are referred to here as the “mud gun” (Fig. 3).

Fig. 3 Mud gun development test work
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Jackhammer Tool Development

Following observations and measurements during the early tests at the smelter, it was
decided to include a “jackhammer” tool as part of the tap-hole toolbox. Typically,
a jackhammer operates with a rapid “up and down” movement of a hammer. The
tap-hole tool developed for the present application included an electric hammering
machine that the robot can use as needed. A damping mechanism was included to
avoid excessive alternating high loads on the robot (Fig. 4).

Fig. 4 Jackhammer tool test work

Sampling Tool Development

Typically, the tap-hole operator takes a slag sample for analysis from the flowing
molten stream. At Chuquicamata, an experienced operator could also visually judge
the level of oxidation of the slag. However, this can now be done with a portable
Satmagan instrument [3]. The slag sample collected by the robot as described below
can be used to obtain a quick determination of the magnetite content of the slag.
A robotic sampler was designed employing a steel bar with a flat plate at the end
for collecting/retaining a suitable slag sample. This is similar to that used manually.
The robotic movement includes securely returning the sample to a sample canister
located at the side of the tap-hole (Fig. 5).
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Fig. 5 Sampling tool, collector, and scraper

First Industrial Trial

The objective of the first, full-scale industrial trial was to validate the robotic system
tapping and plugging operations on the original two slag tap-holes (numbers 3 and
4). The site installation and commissioning began in 2007.

Description of Operation

Tapping

The first industrial trial was conducted in two phases. For the first phase of the test in
2007, the equipment was installed and tested. Several changes were made and later
an upgraded design was made for the second phase in 2009.

The steps involved robotic slag tapping essentially mimicking manual tapping.
The robotic steps described here are programmable. In the sequence, the operator
initiates the various robotic steps from a distance, thereby ensuring a safe operation
and improved furnace control. The operator can also adjust and modify the sequence
as needed.

The lance with an initial low oxygen flow is first ignited using an electric spark
device. With ignition, the lance is pulled away slowly and moved to the front of the
tap-hole. To ensure the lance remains straight as it goes into the tap-hole, a metal
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Fig. 6 Lance ignition (left), lancing operation (right)

“v-shaped” guide mounted on the faceplate is used during lancing. Once the lance
touches the slag inside the tap-hole, it automatically increases the oxygen flow to
commence burning the clay/slag (Fig. 6).

The system carries out pre-defined movements and, in conjunction with the force
feedback, correctly positions the tool. The system moves the lance forward until
the tool sensors, with further small movements, indicate no opposing force. This
determines that the tap-hole is correctly open.

When the lance has been consumed to its limit, the system first shuts off the
oxygen and removes the lance from the tap-hole. The robot then deposits the lance
piece into the used lance receiver. The robot then moves to pick up a new lance unless
the operator presses the “stop tapping” button. When the tap-hole has opened, the
system deposits the remaining lance in the lance receiver, and the robot moves to the
“home position” to await the next instruction.

Sampling

Once the slag is flowing, the robot then takes the sampling tool and obtains a sample
by moving the flat plate section of the tool across the flow and then depositing it in
the sample canister.

Plugging

When the slag ladle is deemed by the operator to be about three-quarters full, the
tap-hole plugging operation is typically activated. The jackhammer tool may be used
to clean the faceplate if there is an obstruction. The robot then takes the mud gun
and slowly moves it in a diagonal direction so it will not get in the way of the molten
flow until it contacts the pivot point on the furnace wall where the plugging tool is
attached. This position can shift a few centimeters daily, so the robot uses the force
control system to locate the current position.

Upon making contact, the mud gun is activated, and the clay starts to move out
as the robot pivots towards the tap-hole. This action allows minimum slag splash.
After the load of clay has been fully extruded, the system stays in position until the
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Fig.7 Mud gun

operator indicates that the tool can be withdrawn. The robot takes the tool to the
holder, moves to the home position, and waits for the next instruction (Fig. 7).

Intermediate Tapping

In the case when the tap-hole has been plugged for less than about 15 min, the jack-
hammer tool may be used to open the tap-hole. The jackhammer tapping sequence is
activated by the operator and the robot takes the jackhammer tool from its support and
moves it to the furnace. The system carries out pre-defined movements in conjunction
with the force feedback and position of the tool. The system moves forward with the
jackhammer until the tool sensors indicate no opposition from the tap-hole, which
is when the robot determines that the tap-hole is open (Fig. 8).

Fig. 8 Robot operating jackhammer tap-hole opening tool



MIRS Robotic Tapping and Plugging of Non-ferrous Smelting Furnaces 27

Design Changes

This first trial thus completed was considered by both Codelco and MIRS a success.
Two necessary improvements from the first industrial trial were identified and later
implemented during the next trial. They are as follows:

1. Lance Design

The first lance chosen was a thermal lance consisting of a 17 mm outer diameter
steel pipe filled with 3 mm steel wires. This worked satisfactorily; however, during
the test, a new type of lance was brought to the attention of MIRS and was tested
and subsequently used for the remainder of the work. The new lance, referred to as
a “trefilated” lance, consisted of a 21 mm outer diameter steel pipe with an internal
steel star-shaped cross section to provide a more efficient oxygen flame [4]. This
allowed a much faster and cleaner tap-hole opening and overall represented better
performance.

2. Tapping after First Opening

The tapping operation on a tap-hole that has remained plugged for an extended period
usually requires multiple lances to open the tap-hole. For a tap-hole that has been
plugged for less than about 15 min, such tapping does not require the use of a full
3 m lance. To reduce waste, a modified jackhammer tool was developed during the
second phase of the industrial trial and used in this case to remove clay instead of
using a lance.

Test Results

The first industrial test returned excellent results. Figure 9 presents the events related
to robotic tapping during the second phase of the tests. The pie segments denote the
proportion of time in each of the categories shown.

It is seen that over a total period of 204 shifts, normal robotic tapping was carried
out 61% of the time. The remaining 39% of the time was distributed according to
the labels on the pie diagram in Fig. 9. If the period the smelter was down (24% of
the time) and the non-robot related causes (11% of the time) are taken into account,
the normal robotic availability was then 96% of the time.



28

R. Madariaga et al.

Smelter
Downtime
and Normal
Maintenance Robo.t
24% Operation
61%

Fig. 9 Results from 204 shifts of operation during phase 2 testing, April-June 2009

Below is a further explanation of the segments in Fig. 9.

Normal Robot Operation (61%)—shifts when the robotic system operated
correctly during the entire shift, tapping, and plugging without issues.
Non-Robot-Related Causes (11%)—shifts when the robot was available but was
not used because there were no trained operators at the time, or when there were
insufficient lances available.

Smelter Downtime and Maintenance (24 % )—shifts when the robot was available
but not used because of smelter operational reasons such as unavailability of
concentrate, or one of the tap-holes required unscheduled maintenance.

Fail (4%)—shifts when the robotic system required assistance. In most cases, the
system continued operating after corrective measures were taken. An example of
the “fail” condition is when the mud gun support was incorrectly positioned after
a faceplate change, such that the robotic mud gun could not couple to the bar on
the furnace structure.

The benefits realized from the industrial trial with the robot are summarized below:

Lower operating cost—the manpower required to operate the robotic system is
less than that for the manual operation. This also allows personnel to focus on
tasks having a higher impact on the operation instead of repetitive manual labor.
Increased plant availability—the straighter lancing achieved with the robot
increases the faceplate life cycle reducing maintenance frequency.

Increased process reliability—the robotic system always carries out the operations
in the same way, leading to better maintenance planning.

Improved occupational health and safety aspects and reduced risks to personnel—
the robot operator worked from the Human Machine Interface (HMI) outside of
the fenced area and only accessed the area when the robot was locked out and
when there was no molten material flowing. This eliminates the risk of an operator
being splashed by hot slag when plugging or by hot particles ejected during the
lancing operation.
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At the end of 2009, Codelco recognized the value of the system and was interested
in retaining the robotic equipment, so the equipment was kept at the smelter. It was
successfully used intermittently by Chuquicamata personnel until 2011, when as part
of a major smelter overhaul, the equipment was removed and placed in storage, but
not re-installed at smelter start-up. As discussed below, due to a variety of factors,
plant testing resumed in 2021.

Second Industrial Trial

The objectives of the planned second industrial trial were to further prove that the
system could operate the original two slag tap-holes (numbers 3 and 4) and extend its
capabilities to the other two tap-holes (numbers 5 and 6). To fulfil these objectives,
the trial was split into two phases. In the first phase, the same system from the
first industrial trial with specific upgrades was re-installed for operation in the same
location. In the second phase, the system was to be expanded to include operation on
the two other tap-holes, either by moving the existing robot or by adding an additional
robot.

During 2019-2020, the robotic system was returned to the MIRS laboratory in
Santiago, refurbished, and upgraded. The improvements included the following:

1. Anupgrade to the lancing tool. The internal carriage used wheels which allowed
it to move only horizontally; by changing the design to linear bearings over
tubes, it allowed the tool to operate at any angle. This also gave it a smoother
movement which reduced maintenance work.

2. Improvements to the mud gun head and latch to the faceplate. The faceplate is
changed every 200 slag taps or slag ladles. The mud gun latch was originally
connected to the faceplate so at every maintenance activity it had to be moved
and not always put back in the same place so the mud gun could not latch or
couple correctly. The improvements made were to move the latch away from the
faceplate and locate it on a fixed section of the furnace wall, so that whenever the
faceplate was changed, the latch position was not affected. This also required
that the mud gun head bar be somewhat longer.

3. Complete closure of the operating area. On the first trial, the slag launders were
adopted as a “barrier” because they did not allow access to the robot area. For
the second trial, a fence was added to that section.

The second industrial trial with robotic tapping/plugging commenced on the same
two slag tap-holes of the Chuquicamata flash furnace during January 2021 which was
also at a time when work on the furnace overhaul was on-going. Initially, the over-
haul work was believed to not influence the areas around slag tapping. However, due
to this and other factors, only part of the first phase of this industrial trial could be
accomplished as the smelter overhaul required more work than expected. In addition,
the COVID-19 pandemic affected the ability to install and test the system. Finally,
during the short trial, the flash furnace experienced an episode of significant solids
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build-up on the hearth, arising in part due to the start-stop operations from the afore-
mentioned situation. The build-up encroached up to the slag tap-hole level thereby
prohibiting normal tap-hole procedures. In fact, heavy manual effort was required to
effect tapping.

Due to this unusual condition, robotic tapping was stopped, and the robot was
removed to provide room for working around the tap-hole. The robotic system was,
therefore, only operational for a few days; however, during this time, the system was
successful in all the tapping and plugging operations.

In correspondence to MIRS regarding the situation, smelter management acknowl-
edged that the robotic system conducted proper tapping and plugging operations in
automatic mode without any major operator intervention and that the system was
removed solely based on smelter operational conditions and not related at all to the
robotic system.

Conclusions

MIRS has developed and commercially tested, over a sustained period a robust,
reliable robotic slag tapping and plugging machine. The step-by-step stages of this
development were described in this paper, and the unit can now provide a new
approach for improved and safer non-ferrous furnace tapping operations worldwide.
The benefits realized from the industrial trials of the robotic machine described in this
paper include: lower operating costs, increased plant availability, lower maintenance
cost, increased process reliability, and improved occupational health and safety.

MIRS is continuing development of the system, extending the application to melts
other than slag, plus additional improvements, including an optional drill tool for
tap-hole opening.
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Theoretical Framework and Practical )
Recommendations for Proper Thermal Check o
Lance Use and Selection

Sebastian Nuifiez, Antonio Umaiia, and Darwin Morales

Abstract Drill bits and thermal lances are both perforation tools used in a variety
of situations. For drill bit solutions, there exists a lot of theory regarding the proper
drill bit selection for each application. However, for thermal lances, despite being a
century-old tool, there is no technical information nor a theoretical framework that
allows to understand its underlying science, required to properly select a thermal lance
for a specific application. This article presents a theoretical framework, developing
the concepts and variables that rule the thermal lances behaviour and performance.
The proposed framework fits well with experimental results, therefore could be used
as a guide to select the proper thermal lance for each tapping process, potentially
allowing time savings leading to an increase in the profitability of furnaces operation.

Keywords Tap-hole - Thermal lance - Thermal resistance * Furnace stopped

Introduction

Whereas there are different thermal lances optimized for different tap-hole operation
conditions, normally, a fixed thermal lance model is defined and used, leading to
several process inefficiencies. In other words, there is an opportunity for improvement
just by selecting the proper thermal lance for each tap-hole operation condition.
However, the relation between these conditions and the proper lance properties is
not completely clear.

This article presents a theoretical framework that clarifies the relation between
operation conditions and proper lance properties. The determination of the proper
thermal lance properties, such as diameter, length, and its profile configuration,
depends on several factors regarding the tap-hole process requirements and condi-
tions. Typically, the main requirements are related to the geometry of the required
perforation, determined by length and diameter. And the more relevant condition
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factors are, on one hand, the kind of material to be melted and, on the other hand,
the quality, quantity, and pressure of the oxygen influx available on site.

The remaining of this document is organized as follows. In section “Theory and
Concepts”, the influence of the condition’s factors over the thermal lance proper-
ties is detailed. In section “Theoretical Framework for Thermal Lance Performance
Characterization”, a theoretical framework to evaluate the thermal efficiency of the
process is presented and used to estimate the amount of lance required. The proposed
theoretical framework is used, contrasted, and experimentally validated. Finally, in
section “Conclusions”, the principal conclusions, the scope of the results, and future
work are summarized.

Theory and Concepts

Given a perforation diameter requirement, the conditions of the tap-hole operation
such as the kind of material to be melted and the oxygen supply play a fundamental
role in the proper thermal lance selection. This section presents and details these
conditions and their relation with thermal lance’s properties.

Kind of Material to Be Melted

One of the key factors regarding the properties of the material to be melted is if
it reacts with oxygen at the tapping process temperatures, reactive material from
here on. If the material is reactive, such as iron, titanium, or zinc, it will demand
more oxygen from the thermal lance than non-reactive material. The heat required
to complete the perforation is obtained primarily from the material reaction itself.
Therefore, the thermal lance primary objective is not to provide heat, but sufficient
oxygen to sustain the material self-reaction. The most suitable lance cross-sectional
configuration for this purpose is mainly confined free space, typically achievable by
an oxygen pipe.

Conversely, if the material is non-reactive, the thermal energy required to melt
it come from the thermal lance combustion. The calculation of the required energy
to melt the non-reactive material could be obtained knowing its density [kg/m?],
molar mass [g/mol], melting point [K], specific heat [J/(mol * K)], and latent heat
of fusion [kJ/mol]. To get a precise result, it is recommended to use databases with
specific heat (C,) at different temperatures, as the NIST tables.

Typically, specific heat units are [J/(mol * K)]. With the material density and its
molar mass, the specific heat value could be expressed in [kg/m?] units. The heat
required to raise the temperature of the material from ambient temperature to its
melting point (Q) could be obtained by integrating its specific heat:
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Fig. 1 Graphic of specific heat at different temperatures

Thusion

Qs = / C,dr (1)
298

With the latent heat of fusion (Afysion) Of the material and knowing the mass to
be melted (m), the energy required to change its state from solid to liquid can be
calculated as follows:

qusi[m =mx )\fusion (2)

Finally, the total heat required to melt the material is given by

QTotal = Q298 K— Tfusion + qusion (3)
Ji

Example 1: Energy Calculation to Melt a Material

In this example, the energy required to melt 1 m?® of Calcium oxide (CaO) is
calculated.

Step 1: Get CaO properties.

Density: 3,340 kg/m?>. Molar mass: 56.08 g/mol. Melting point: 3,200 K.

Step 2: Calculate the energy required to raise 1 m* CaO temperature from ambient
temperature to its melting point.

Values of Calcium oxide specific heat are obtained from NIST Tables as a function
of temperature, with steps of 100 K. These values are shown in the following graph.
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The energy required to raise CaO temperature from ambient temperature to its
melting point corresponds to the area under the curve shown in Fig. 1. This area,
given by Eq. (1), could be obtained from discrete data using the integral Riemann
approximation, which results in
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Step 3: Energy calculation to raise 1 m? of CaO from ambient temperature to its
melting point.

Using the CaO density and molar mass, both detailed in Step 1, the energy required
to raise CaO temperature from ambient temperature to its melting point evaluates to
9,802,183 kJ.

Step 4: Calculate heat required to produce the change of state (solid to liquid).

When the material reaches its melting point, it will continue to absorb energy at
a constant temperature until the change of state is complete. The energy required to
change the material state corresponds to the latent heat of fusion. On the next NIST
table extract, enthalpy of fusion (latent heat of fusion) can be found from the column
“H-H° (Tr)” subtracting the final enthalpy value (244.117 kJ/mol) and the initial
enthalpy value (164.621 kJ/mol) at the melting temperature of the CaO (3,200 K)
(Table 1).

Then, the latent heat of fusion for CaO is 79.5 kJ/mol, which rewritten in units
of mass results in 1,418 kJ/kg. Considering the mass of 1 m* of CaO, the energy
required for the fusion is 4,734,824 kJ. Thus, the total energy (heat) required to melt
1 m? of CaO is

Ororal = 025°C—Tpy0n + O = 14,537,008 kJ (5)

fusion

This means that to melt 1 m? of CaO, it is necessary to transfer 14,537,008 kJ of
thermal energy from the thermal lance to the material.

Thermal lances designs could be optimized either for oxygen delivery, more appro-
priate for reactive materials, or to generate more energy per unit of cross-sectional
area (CSA), adequate for non-reactive materials. There exists a trade-off between

extract o nd the enthpy of L) HH (1) 10/mo
fusion 3,100 158.298

3,200 168.621

3,200 244117

3,300 250.393

3,400 256,669
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these two optimization objectives, given by the fact that a smaller free cross-sectional
area would lead to an increase in energy density but also to a reduction of the free
flow of oxygen delivered by the lance. This trade-off could be characterized by the
energy at the tip normalized by the cross-sectional area of the lance.

Energy/Surface Ratio (RE/A) and Free Area for Oxygen Flow

The Rg/a ratio is defined as the available theoretical energy at 1 mm of length,
normalized by the cross-section of a thermal lance, and its units are [J/mm?]. The
available energy is the amount of energy when iron reacts with oxygen. The amount
of iron that is in consideration is the amount of iron in the cross-section given that
there is enough oxygen flux to enable its reaction. This ratio is expressed as follows
(see also Fig. 2):

Energy contained at the thermal lance in 1 [mm] length J
Rgja = (6)

Thermal lance cross section mm?

Note that the energy of the Rg/s is calculated based on the iron fraction that
can react in the cross-section, which is not necessarily equal to the total iron mass
contained on it. The fraction of iron that can react is given by the balance between
the thickness of the inserts and the cross-section of the interstices through which
oxygen is conducted. This balance represents the science behind the design of effi-
cient thermal lances. Although is tempting to increase the amount of iron, to increase
the Rg/a ratio, there is a point when more iron will not only have no effect on the
Rp/a ratio, but also will be counterproductive given that a fraction of the produced
energy would be used for heating and melting the iron in excess that can’t react. The
reaction of iron occurs in solid state, and unlike the most common combustions in
the gas state, there is no need for a mixture between iron and oxygen. In other words,
if the iron is at its ignition point (1,143.15 K), it will react with the surrounding

Fig. 2 Reaction volume in
the Rg/a calculation
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Fig. 3 Thickness scheme. Thickness to be
e,: deficient thickness; ep: Thickness
efficient thickness (e, > ep)

melted

to react /

oxygen. Once the reaction is concluded, iron oxides isolate the inner unreacted iron
from other oxygen molecules, thus inhibiting further reactions (see Fig. 3). However,
a fraction of the released heat of formation melts both iron oxides and unreacted iron.
When melted, the iron oxide layer drains and left the inner iron available again to
react. This process repeats continuously and can be modelled by a layer of unreacted
iron and a layer of iron under reaction. The latest with a thickness that increase with
the oxygen flow rate.

While there is still work to be done regarding the determination of the thickness
of the layer of iron under reaction, experimental results conducted by authors show
that a Rg/a must be lower than 25 J/mm? to assure a complete combustion of the
available iron. In particular, the preliminary experiment results show that a perfor-
mance increase of 23% can be achieved when iron walls of 0.9 mm of thickness are
used instead of 1.35 mm (see Table 2).

For practical oxygen supplies, with maximum inlet pressure limits, there exists
a minimum fraction of free space required to provide sufficient oxygen to sustain
the combustion of the lance. For this purpose, experimental results determined by
the authors suggest a free cross-sectional area greater than 35%. Lower free cross-
sectional areas limit the amount of oxygen required to ensure a complete reaction of
the available iron, therefore, highly reducing the performance of the thermal lance.

Table 2 Thermal lances

information aneral . Unit Lance type A | Lance type B
information
External tube | [mm] 0.9 1.35
thickness
Internal tube [mm] 0.9 1.35
thickness
Unitary mass | [kg/m] 0.5 0.73
Perforation [mm/kg] 107.44 82.5
performance
Mean diameter | [mm] 64.37 76.51
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This restriction could be interpreted in terms of Rg/a as a practical upper-bound of
28 J/mm?.

Classification of the Thermal Lance’s Profile Configuration
Based on Rg4 Ratio

Based on the Rg/a ratio, the thermal lances’ profile configuration could be classified
under three categories, each one of them fitting well for a particular application.

High Ry, thermal lances (23 J/mm? < Ry, < 25 J/mm?): Designed to work
in materials with high thermal requirements at facilities with proper oxygen flow
and pressure supply that allows the thermal lance to have the oxygen required to
achieve a complete combustion of iron. A Rg/a over 38 J/mm? will not perform
well because the oxygen flow is limited by a small free area for oxygen flow in
the cross-section; therefore, the amount of oxygen is insufficient to the reaction
of all the iron.

Medium Ry, thermal lances (20 J/mm? < Ry, < 23 J/mm?): Designed to
work in materials with high thermal requirements at facilities that do not dispose
the proper oxygen flow and pressure conditions to use high Rg/a thermal lances.
Low R, thermal lances (Rg;, < 20 J/mm?): Designed to work in materials
that react with oxygen or at facilities that do not dispose the proper pressure of
the oxygen to reach the oxygen flow required at the ignition tip of the lance.

Effect of Rz on the Tap-Hole Perforation Diameter

Experimental results conducted by authors show that thermal lances with a higher
Rg/a ratio produce perforation holes with a diameter of 1.8 and 3.5 times greater than
the diameter of the thermal lances. In contrast, thermal lances with a lower Rg/4 ratio
produce perforation holes 3—6 times or more. Also, the hole perforation in the latter
is more uneven and unpredictable. Hence, with higher chances of damaging compo-
nents of the passage. In summary, for efficiency, economy, and security reasons,
when sufficient oxygen flow is available, it is recommended to choose a high Rg/a
thermal lance for the operation.

Thermal Lance Length

Given a pressure at the input of the thermal lance, the length of the lance itself
will affect the flow of oxygen, therefore, its performance. The thermal lance length
generally depends on the space limitations at the tapping zone and the number of
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lances to be used. Sometimes to minimize the number of lances changes, two or
more lances are coupled serially before the start of the operation; however, this is not
recommended since the losses by friction are considerably increased, and therefore,
the oxygen flow will drop, and the efficiency of the thermal lance with it. Depending
on the thermal lance defined, it will be advisable to use a secondary lance station
when multiple thermal lances lengths are required.

Oxygen Supply

The oxygen supply disposed by the facilities for tapping operations is a very impor-
tant factor in thermal lance definition and it has 3 features that should always be
considered:

Oxygen purity: The efficiency of the iron reaction depends on the purity of the
oxygen; it means iron will have the best combustion with oxygen at 100% of
purity and the worst or even null reaction with less than 95% of purity.
Available oxygen flow at the line: Each thermal lance requires a determined
oxygen flow depending on the iron that reacts in the cross-section. If the available
oxygen flow is insufficient for the reaction of the defined thermal lance, a lance
with a lower R/ must be selected, but if the oxygen flow is higher than required
by the reaction of the defined thermal lance, it must be adjusted to proper flow
since an excess of flow reduces the performance of the thermal lance, as will be
explained forward.

Available oxygen pressure at the line: To transport the oxygen flow to the ignition
tip of the thermal lance, a certain pressure is required to overcome the losses due
to the cross-section and length of the thermal lance. The higher the Rg/a, the
higher the pressure must be to transport oxygen through the lance. If the pressure
in the line is not capable to generate the required oxygen flow, a thermal lance
with a lower Rg/4 must be defined; on the other hand, if the pressure is high and
generates higher oxygen flow than required by the reaction of the thermal lance,
it is necessary to reduce the pressure in the line.

Oxygen required in the thermal lance for its best efficiency: The equations and
concepts required to calculate the thickness of the oxygen layer available for the
reaction are detailed in the theory introduced in [1].

The oxygen flow in a thermal lance will be distributed at each duct depending
on its shape and size. The main design criteria for these ducts are to consider that
each one of them should carry the required oxygen to ensure a complete reaction
of the surrounding iron available for combustion.
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Example 2: Calculus and Comparison of Two Lances Using
the Rg/4 Ratio

A thermal lance with an efficient design, with steel profiles that have an appropriate
thickness so that 100% of the iron reacts, is a “TR-38" (see Fig. 4), which has a free
area for oxygen flow of 43.8% in an external diameter of 17 mm, it can generate
5,535 J/mm. Compared to another thermal lance called “Superoxibar 3/8” (SOB 38)
with the same external diameter, but with 73.9% free area for oxygen flow, which
can generate 3,825 J/mm. Using Eq. (6), each Rg/a can be calculated obtaining the
following results:

Rg/x TR-38: 24 J/mm?.

Ry/x SOB 38: 17 J/mm?.

Albeit both thermal lances have the same external diameter, the TR-38 generates
1.45 times more energy than the SOB 38. Now, while the generated energy is a
good start point for proper lance selection, it is worth to be noted that not all the
generated energy is effectively transferred to the material to be melted. Furthermore,
the relation between the finally delivered energy of TR-38 and SOB-38 lance is in
practice even greater (see Table 3). The efficiency of the energy transfer is detailed
in the following section.

Theoretical Framework for Thermal Lance Performance
Characterization

There are inefficiencies in this energy transfer that could be summarized in two
efficiency terms, (i) the thermal efficiency of the lance, which describes the losses
within the lance, and (ii) the thermal efficiency of the operation, which describes the
losses related to the operation outside the thermal lance.

Fig. 4 Different thermal lance profiles used in the examples of this document. Model 1: SOB 38
(3/8 in.) (left), model 2: TR-38 (3/8 in.) (center) and model 3: TR-50 (1/2 in.) (right). Lance model
2, have a unitary mass per length of 1.23 kg/m and a total required oxygen inlet flow of 58.26 Nm>3/h
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Table 3 Test block perforation samples. Low Rg/a Pipe 3/8” (at top) produces a higher diameter
and more irregular perforation than a higher Rg/a thermal lance such as TR-38 (third from top to
bottom)

Test block perforation sample Parameter Result
OD lance [mm] 17.3
Re/a [kJ/ mm?] 3
Free oxygen CSA [%] 100
Max perf. diam [mm] 128.37
Performance [mmperf /M ance] 28.75
Dperforation/DLance 7.42
OD lance [mm] 16.9
Re/a [kJ/mm?] 17
Free oxygen CSA [%] 73.90
Max perf. diam [mm)] 74.36
Performance [mmperf /My ance ] 92.63
Dperforation/DLance 4.40
OD lance [mm)] 16.9
Re/a [k] /mm?] 24
Free oxygen CSA [%] 43.8
Max perf. diam [mm)] 62.14
Performance [mmperf /My ance ] 176.60
Dperforation/DLance 3.68
OD lance [mm] 20.9
Re/a [kJ/mm?] 25
Free oxygen CSA [%] 374
Max perf. diam [mm] 70.30
Performance [mmperf /M ance] 180.97
Dperforation/DLance 3.36

Thermal Efficiency of the Lance (q71,)

The efficiency of a thermal lance is calculated from (i) the theoretical energy
contained in the thermal lance (ECTL), this is assuming 100% of iron would react,
(ii) on how much energy is spent to maintain the reaction (ECC), (iii) on how much
energy is lost by melting unreacted iron (EFFe), and (iv) on how much energy is
lost by heating the remaining free oxygen after the iron combustion (ECO,). The
efficiency of a thermal lance is then given by

ECTL — (ECC + EFFe + ECO5)
nry = @)
ECTL
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In the following, mathematical expressions for each one of these terms will be
developed and exemplified.

Theoretical Heat Energy Contained in the Thermal Lance
(ECTL)

This energy corresponds to the enthalpy of formation released during the iron oxida-
tion process. The ETCL varies with the oxidation state (see Table 4). Hereafter and
for sake of simplicity, only the maximum enthalpy of formation (literal (e) on Table
4) is considered for calculations [2].

With the reaction information, plus the molar mass of the reactants and product,
it can be shown that for 1 g of iron to react completely, it is necessary to add 0.43 g
of oxygen. This reaction has an enthalpy of formation of 7.356 kJ, that is to say

1gFe +0.4320;, = 1.43gFe;03 — 7.356kJ/gpe )
Given the energy released by each gram of iron and knowing the unitary mass per

length [kg/m] of the thermal lance, the available energy, expressed in [kJ/m] units,
can be obtained by

kJ kg kJ g
ECTL| — | = Mass per length * Energy per gram | — | * 1,000 o 9)
m g g

m

For lance model 2, Eq. (9) evaluates to 9,047.9 kJ/m.

Table 4 Iron oxides equation

Equati AHP°Enthal; f f ti N°
and enthalpy of formation [2, ddation nthalpy of formation
3,4] Fe(y) + 302g) — AHCcomp. = ()
FeO(s) —265.61 kJ/molpe
Feo(s) + éOZ(g) - AH® comp, = (b)
%Fe304(s) —97.31 kJ/molpe
FeO() + 102p) — AH® comp, = (©
%F6203(S) —138.46 kJ /molg.
Fe() + %Oz(g) g AH® comp, = (d)
%FB304(S) —362.92 kJ /molg.
Fe(s) + %OZ(g) - AH® comp, = (e)
%FezOz(S) —404.07 kJ /molpe
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Energy Spent to Sustain the Thermal Lance Reaction (ECC)

This term resumes all the energy required to keep the iron reaction active. The
energy required is given by three terms, (i) energy to raise the iron from ambient
temperature to its ignition point (1,143.15 K) (EFFe), (ii) the energy to raise the
oxygen temperature from ambient temperature up to 473.15 K (EO,), and (iii) the
latent heat of fusion of the iron oxides (Eprod) with a melting point at 1,833.14 K.
For lance model 2, these terms, normalized by each gram of reacting iron, are 0.64
kJ/gpe, 0.4523 kJ/gpe, and 3.0433 kJ/gg. respectively [1]; thus, for lance model 2,
the energy required to sustain the thermal lance reaction is given by

kJ
ECCrr-33 = Efe + EO, + Eprod = 4.1356— (10)
&gFe

Rewriting Eq. (10) by unitary mass results in 5,086.79 kJ/m.

Energy Lost by Melting the Unreacted Iron at the Thermal
Lance (EFFe)

This loss occurs when the oxygen flow rate at the combustion zone is not high enough
to enable all the iron to react. Under this condition, a fraction of the energy produced
by the reaction is spent on melting the unreacted iron. Since thermal lance model 2
has both proper thicknesses and profile design that minimize the losses given by this
phenomenon, EFFe can be despised.

Energy Lost by Heating the Unreacted Oxygen (ECO;)

Due to the lance design or because of the oxygen supply, there could be oxygen
that did not react at the tip of the lance, and this oxygen will absorb part of the heat
produced by the reaction. As by each gram of iron that reacts, 0.43 g of oxygen are
required (see Eq. (8)), any mass of oxygen value over this quantity will be considered
as unreacted oxygen and its absorption of energy is given by

Q=mxCyx (T —Ty) (11)
where: “Q” is the energy lost by heating the unreacted oxygen, “m” is the heated mass
of oxygen, “C,” is the specific heat of the oxygen, and “T,” and “T;” are oxygen
temperatures before and after the energy absorption. Note that a constant pressure
could be assumed in Eq. (11) because oxygen is released into the atmosphere at this
point.
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Considering Ty as 298.15 K, T, as 473.15 K [1], C;, of the oxygen as 0.000934
kJ/(g * K) [5], and an oxygen overflow at the thermal lance of 2.6 times (1.118 g)
with respect to its stoichiometric mass (0.43 g), that is, that by each gram of iron that
reacts, the mass of unreacted oxygen is 0.688 g; and then replacing these values at
Eq. (11), and considering the thermal lance model 2 unitary mass per length, then
ECO; term is 144.49 kJ /m.

Replacing the values for ECTLtgr 33, EFFerr.33, and ECO; tgr-33 in Eq. (7), the
thermal efficiency of lance model 2 results to be n1r,_tr-33 = 42.2%. Then, the total
useful delivered energy, ETtr 35, evaluates to 3,816.7 kJ /m.

Thermal Efficiency of the Operation of a Thermal Lance
Inside the Channel (1p)

Outside the thermal lance, there exist additional inefficiencies related to the operation.
These inefficiencies are summarized in the thermal efficiency of operation, 1o, and
depend on three terms: (i) the useful energy delivered from the lance (ET), (ii) the
waste of energy regarding the distance between the tip of the lance and material to be
melted, introduced as Energy lost at operation due to heat transfer (POTC), and (iii)
energy lost due to an excessive oxygen flow (POEQO;). Then, the thermal efficiency
of the operation is given by

nop = (ET — (POTC + P0E02)> (12)

ET

Energy Lost at Operation Due to Heat Transfer (POTC)

As the reaction of iron is produced in the solid state, the energy released in this
reaction occurs through a radiation process [1], and as the thermal energy in radia-
tion processes is governed by a spherical geometry [6], then the maximum energy
transmission is obtained when the tip of the lance is in contact with the material to
be melted. If the lance tip is separated from the material, the transmission of thermal
energy is given by [6]

Energy at ignition lance ti D\’
Energy received by Material = Eyas P * (n * <5> ) (13)

(7% (3)") + (s 5r2)

where “r” [mm] is the distance between the ignited tip of the thermal lance and the
material to be melted, and “D” [mm] is the external diameter of the thermal lance
(Fig. 5).
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Fig. 5 Distance between the
tip of the thermal lance and r
the material to be melted

D

For example, if the thermal lance model 2 is in contact with the material to be
melted, the energy flow is 67.5 kJ /s and POTC term could be neglected, in contrast,
if the lance is operated at r = 1 cm from to the material, the energy flow drops to
24, 44 , and the term POTC, considering a thermal lance consumption rate is of 1
m/ mm turns out to be

KJ KJ KJ
POTCrg_35 = (67.5— - 24.44-) « 60~ = 2,583.6~ (14)
S S m m

Energy Lost Due to an Excessive Oxygen Flow (POEQO;)

If the oxygen flow is higher than the one required for the reaction of the iron in the
thermal lance, the oxygen flow excess will come out of the lance, extracting heat
from the material.

This term, named as POEO,, can be also modelled by Eq. (11), but T; and T,
are now defined on different points. As unreacted oxygen mass was defined as 0.68
20,/8re, given the unitary mass of the lance model 2, then it can be said that 20.5 g
of iron are reacting each second, and consequently, the unreacted oxygen mass flow
is 13.94 g/s. T is the oxygen temperature at the exit of the lance and is assumed to
be 473.15 K. T, is the oxygen temperature after being in contact with the material
and is assumed to be 1,000 K. Replacing these values at Eq. (15) results in

. KJ
O = 13.94 £ % 0.000934 % (1,000K — 473.15K) = 6.86 —
S S

gx K

If a thermal lance consumption rate of 1 m/min is considered, then

KJ s K
POEOyp_35 = 6.86 — % 60 — = 411.57 — (16)
S m m
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Finally, replacing the example values for the efficiency, the thermal efficiency of
the operation inside the channel is 21.62% at r = 1 cm, equivalent to 826.35 kJ/m
of effective heat transfer, and 89.23% with lance in contact, equivalent to 3,409.95
kJ/m of heat transfer. Note that when the lance is in contact, the effective transfer
heatis 4.13 x times greater. Accordingly, the time required to do the perforation and
the amount of thermal lance gets also reduced by this factor.

Calculation and Experimental Validation of the Required
Length of Thermal Lance

With the thermal lance performance and the required energy to complete a perfora-
tion, it is possible to estimate the required number of thermal lances. As an example,
and to validate results, perforation in a test block used in several experiments by the
authors is considered here. The required perforation is of 60 mm in diameter and 0.5
m in Depth, equivalent to 0.0014137 m? of volume. The test block composition is
80% Si0, with a 20%bonding mixture, which in turn is composed of 67% CaO, 25%
Si0,, and 8% Al,O3. The tool used is the thermal lance model 2. Using the method-
ology presented in Example 1, the heat required to fusion 1 m? of each component
was calculated, weighted by its proportion of the total mass, and finally, all of them
were added, resulting in 6,968,076 kJ, the total heat required to fusion 1 m? of test
block material. Hence, for the volume of the perforation, the proportion of required
heat is 10,585 kJ. Dividing this term by the effective heat transferred when the lance
is in contact with the material results in 3.1 m, the total amount of thermal lance
required for this operation.

To validate these results, experimental tests were performed in triplicate. The same
test block and lance were used as in the prior example. The experimental results show
that for the same operation as described in the example, a 95% confidence interval
for the required amount of thermal lance is 2.87-3.85 m, with a mean value of 3.36
m. Whereas the theoretical result is within this range, it is important to highlight that
the number of essays is low to assure the significance of the interval. Also, note that
the theoretical result has a percentual error of 7.7% with respect to the experiment
average value. This difference could be explained by some energy losses that were
not considered on this framework, such as the energy transferred to the non-melted
part of the test bloc, or the energy transfer to the ambient when swapping lances
during the operation.

Flow of molten materials: Just as for drill bit, in thermal lances processes, it
is necessary to evacuate the material of the perforation, so the evacuation flow of
molten materials must be equal or higher than the sum between the molten material
from the passage and the iron oxides produced in the reaction of the thermal lance. If
the evacuation flow is lower, a restriction inside the channel could take place slowing
down the evacuation of the materials and consequently the operation. Evacuation of
the material could benefit from an oxygen excess, but at the same time, this implies
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a reduction in the perforation efficiency, so it is very important to achieve a balance
between the thermal energy and the excess of oxygen to help in the evacuation of
molten materials.

Considering thermal lance model 2 unitary mass and the optimal consumption
rate, then each minute 1.23 kg of iron and 0.52 kg of oxygen are reacting, giving a
thermal lance material melting rate of 1.75 kg/min of Fe, O3, which has density 5.24
g/cm? [7], and combining this information, then

3

1.75 & 4 gomin m
— iR —0.02014— (17)
h

FVrenos = min

" 5,240k
Considering the energy flow from the thermal lance, FErgr.35 = 17.25 kJ /s. Then,

test block melting rate can be calculated as

3

56.835 « 3, 6003 m
X = 0.02936—— (18)

6,968, 076 X%

TF 75iBlock =

Then, the total flow of molten materials (titanium carbide plus iron oxides) is

m3 m3 m3
FM = FVrgepos + TFnic = 0.02014T + 0.02936T = 0.0495T (19)

Evacuation of Molten Materials

It is normally observed that the operators of the thermal lances utilize a high oxygen
flow rate through the lances to assure a good molten material evacuation. However,
this generates several drawbacks, for example an unnecessary and dangerous emis-
sion of molten material and sparks that, depending on the oxygen flow, could be
easily projected up to 4, 5, 10 m and even further. Also, and typically unknown
by the operators, with those levels of oxygen flow, the efficiency of the operation
decreases due to the cooling effect of oxygen. Then, higher oxygen flow should only
be added when a drop in the evacuation of molten material rate is detected.

There are many factors that affect the fluidity of molten material, the main are the
viscosity and the surface tension, where both have a temperature dependence. Many
studies, regarding the oxygen flow rate required to evacuate materials, conclude that
the oxygen flow order to help the evacuation of molten materials will vary depending
on perforation depth and cross-section up to 20 Nm? /h.
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Conclusions

In this work, a novel theoretical framework was introduced and detailed that helps
to understand the principal variables involved in the tapping processes using thermal
lances. This framework could be used for further studies and as a tool to objec-
tively benchmark different lance performances. Also, it helps to understand the effi-
ciency of a given operation in terms of thermal lance length and the time required to
complete the tapping process and to determine which are the main inefficiencies of
the processes and its relative impact on the overall efficiency, so it allows to focus
improvements efforts to potentially reduce the operational costs and time.

Maximum tap-hole opening efficiency mainly depends on the use of the right
thermal lance considering the material to be melted, to be always touching this
material with the thermal lance (r = 0) and with the proper oxygen flow.

If the material to be melted is not reactive with oxygen, the proper thermal lance
to operate will be one with a high E/A ratio (Rg/a). It is important to remind that an
excessive Ry ratio (higher than 25 J/mm?) will drop the thermal lance efficiency
due to the lack of oxygen to make react all the iron of the thermal lance.

If a low E/A ratio thermal lance is utilized in an oxygen unreactive material,
operation performance will drop considerably, increasing the thermal lances quantity
and the operation time.

As was detailed in this work, the feed of the oxygen flow plays a fundamental role
in the performance of a thermal lance. The energy losses due to cooling both in the
lance and at the attack point occupy a significant place within the total energy released
and there are extremely important operational factors that are strongly influenced by
this variable, such as the ability to sweep the molten material within the passage, as
to maintain the lance at a desired burn/consumption rate.

The theoretical framework presented in this paper could be used to estimate
different operation indicators such as the number of thermal lances and the time
required to complete tap-hole operation. These indicators could be used in future
works to analyse the economic impact of optimizing the tap-hole process in the
context of the complete furnace operation. Preliminary analysis realized by authors
suggests that when solving several drawbacks such as the uncertainty regarding the
tap-hole operation and reducing the chances of damaging the furnace passages, time
savings could be achieved with a positive impact on furnaces productivity. This
analysis will be further analysed in future works.
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Data Analysis to Assess Carry-Over Slag )

Check for
updates

P. Chris Pistorius

Abstract “Carry-over slag” refers to steelmaking slag that is transferred to the steel
ladle when tapping a steelmaking vessel (electric arc furnace or oxygen converter).
Carry-over slag is oxidizing, causing consumption of deoxidizer (such as aluminum)
during ladle processing, and leading to phosphorus reversion to the steel. In prin-
ciple, mass balances based on the concentrations of several elements—phosphorus,
manganese, and aluminum—could be used to assess the amount of carry-over slag.
In this work, steel and slag compositions and the amounts of additions during tap
were used to estimate the carry-over slag mass, using data from a large number of
heats. It is concluded that—for aluminum-killed steel—an aluminum mass balance
gives the only reliable estimate.

Keywords Slag carry-over - Electric furnace steelmaking - Data analysis

Introduction

As reviewed recently [1], the transfer of slag from a steelmaking vessel to the subse-
quent steel refining step must be limited. The reasons to limit slag transfer are that
the slag contains reducible species such as FeO, MnO, and P,O5 that would consume
deoxidizer (commonly aluminum) and would revert impurities (notably phosphorus)
to the steel. Calculated effects of slag carry-over are shown in Fig. 1, indicating the
sharp increase in aluminum consumption with increased slag carry-over, and the
potential to revert tens of parts per million (by mass) of phosphorus to the steel.
(The values used in calculating this figure correspond to the averages for the heats
considered in this study.)

In the work presented here, data was obtained from an electric furnace operation
to test a method to estimate the amount of carry-over slag from an Al mass balance.
The principle is that the concentration of dissolved Al after deoxidation is what
remains after Al has been consumed by reacting with dissolved oxygen in the steel,
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Fig. 1 Calculated effect of
slag carry-over on the
required mass of deoxidizer
(aluminum), to obtain steel
containing 0.02% dissolved
Al and fully reducing FeO,
MnO, and P,Os5 from the
slag. Calculated for steel
containing 715 ppm
dissolved oxygen before
oxidation and slag with 37%
(FeO 4 MnO) and 0.17% P
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by reducing oxides from the carry-over slag, and by acting as reductant during initial
desulfurization. In principle, the extent of phosphorus reversion (Fig. 1) and MnO
reduction from the slag (increasing the Mn concentration in the steel) could also be
used to estimate the amount of carry-over slag, and these approaches were evaluated.

Data Analysis Approach
Data Set

Production data from more than 200 heats produced at an electric arc furnace (EAF)
steelmaking plant were obtained. The plant is a scrap-based operation. Shortly before
furnace tapping, the concentration of dissolved oxygen is measured, and a steel
sample is taken for chemical analysis. The median dissolved oxygen concentration
before tapping is approximately 700 ppm (Fig. 2).
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Fig. 2 Distribution of the
concentration of dissolved
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before tapping the steel from
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Upon tapping, aluminum and other additions are made to the steel in the ladle.
Additions include ferroalloys (ferrosilicon, silicomanganese, ferromanganese, and
ferrochromium) and fluxes to adjust the slag composition. The amount of aluminum
added is adjusted according to the concentration of dissolved oxygen (Fig. 3). Each
heat of steel was approximately 92 tonnes (Fig. 4).

After the additions, the steel is stirred using argon bubbling (through a stirring
plug in the ladle), and a first ladle sample is taken. The median concentration of

dissolved Al in this sample is 0.02% (Fig. 5).

In addition to the compositions of steel in the EAF and after deoxidation, and the
masses of all tap additions, EAF and ladle slag samples from 25 heats were analyzed

Fig. 3 Aluminum additions
. 250 1
made upon tapping the steel
from the EAF, for the heats
considered in this study
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Fig. 4 Distribution of tap
masses of the heats
considered in this study

Fig. 5 Dissolved aluminum
in the steel after deoxidation
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(Fig. 6). The figure shows that the concentrations of FeO, MnO, Cr,O3 and P,0s are
much lower in the ladle slag than in the EAF slag, reflecting the deoxidation effect
of aluminum. The higher concentrations of Al;O3 and CaO (in the ladle slag) result
from Al,O3; formed during deoxidation, and fluxing additions.

Calculation Approach

The amount of carry-over slag was estimated from an aluminum mass balance, as
described by Piva [2]. For each heat, the amount of aluminum consumed by reaction
with dissolved oxygen in the steel and by desulfurization is calculated. The differ-
ence between the added aluminum (Fig. 3) and the sum of the reacted aluminum
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Fig. 6 Violin plots of the distributions of the compositions of the EAF and ladle slags. Note that
the concentrations of Cr,O3 and P,Os were multiplied by 10 to be visible in the graph

(Fig. 2, plus a small amount for desulfurization) and the aluminum remaining in
solution (Fig. 5) is available to reduce the carry-over furnace slag. From the known
concentrations of the reducible species (FeO, MnO, P,0s_and Cr,03) in the furnace
slag, the amount of reacted slag is found by stoichiometry.

Results and Discussion

Calculations Based on Aluminum Mass Balance

The calculated mass of carry-over slag is summarized in Fig. 7. The median (approx-
imately 8 kg slag per tonne steel) is typical for a well-controlled EAF operation [1].
Based on the mass balance, the aluminum mostly reacted with dissolved oxygen and
FeO + MnO, with a minor amount consumed by desulfurization and reduction of
P,0s5 and Cr, 03 (Fig. 8).
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Fig. 7 Distribution of
calculated mass of carry-over
slag, calculated from an
aluminum mass balance

Fig. 8 Calculated
consumption of aluminum
by reaction with different
species in the tapped steel
and carried-over slag
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Phosphorus and Manganese Mass Balances

Since the reduction of P,Os from the carry-over slag causes the phosphorus concen-
tration in steel to increase significantly (Fig. 1), the change in [P] could possibly be
used as another way to estimate the amount of carry-over slag. The analyses confirm
that the steel contains more phosphorus after deoxidation than in the EAF (Fig. 9).
However, the average increase (approximately 30 ppm) is larger than that would be
expected from the phosphorus concentration in the furnace slag and the calculated
amount of carry-over slag. The likely source of the larger increase in phosphorus
is the alloying additions made during tap: ferromanganese can contain as much as
0.35% P, and silicomanganese as much as 0.2% P [3, 4].

Reduction of MnO from the carried-over slag increases the Mn concentration in
the steel; the calculated average mass of Mn recovered in this way is approximately
35 kg per heat (Fig. 10). However, as this figure shows the alloying additions of Mn
are much greater than this, precluding the use of a Mn mass balance to estimate the
mass of carry-over slag.

Conclusion

While manganese and phosphorus mass balances cannot be used to calculate the
amount of furnace slag carried over to the ladle, a conceptually simple aluminum
mass balance yields realistic estimates, of around 8 kg slag per tonne steel for the
operation considered here.
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Fig. 10 Calculated amounts
of manganese added to the
steel by alloying additions
and by reduction of MnO
from carry-over slag
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An Overview of Submerged Arc )
Furnaces Tapping Operations Check o
and Tap-Hole Management at Assmang
Manganese Cato Ridge Works

M. Cele and T. Nzima

Abstract Assmang Manganese Cato Ridge is an integrated manganese smelter in
South Africa producing High Carbon Ferromanganese and Refined Alloys. It was
constructed in 1956 and is jointly owned by African Rainbow Minerals and Assore
Limited. This paper seeks to share critical considerations to ensure effective, efficient,
and sustainable tapping operations. These considerations include tap-hole design,
launder design, maintenance practices and procedures, daily operations, critical
equipment required, and tapping employees’ skills. The paper will also discuss the
benefits of being an inclusive employer whereby more than 50 percent of employees
who are tappers are females ranging from the age of 26 to over 50 years. The following
are the outcomes of the well-managed tapping process: reduced health and safety
risks, metal/slag separation, improved tap block life cycle, no production losses due
to unplanned tap-hole blocks maintenance, no V-Shape repairs, and no runaway taps.

Keywords Runaway taps + Mud gun and drill - V-Shape repairs + Burn-through -
Mickey block + Tap-hole clay

Introduction

Assmang Manganese Cato Ridge Smelter has six submerged arc furnaces where
three are open furnaces and another three are closed. Assmang is currently operating
three open furnaces; however, the paper will focus on the tapping operations of the
two open submerged arc furnaces starting from the last complete furnace rebuilds.
The two furnaces are Furnace 2 and Furnace 5, which are rated at 22 MVA and 30
MVA, respectively.
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Assmang Furnace 2 is a 22 MVA furnace that underwent a major upgrade in
February 2011. The main design change on the furnace was the incorporation of a slag
tap-hole approximately 1000 mm above the metal tap-hole. The furnace was installed
with a complete freeze lining supplied by Graftech. The dual tap-hole operation
was officially discontinued approximately six months after the furnace start-up. The
premise of maintaining a high enough metal bath in the furnace so that slag can be
tapped from higher slag tap-hole led to lining metal line temperatures in excess of
800 °C. The furnace has since then operated very efficiently on a single tap-hole
operation. There were no tap-hole change or partial repair done in the past 9 years.
A decision was taken in February 2020 to reline Furnace 2 due to bottom plate
lifting which was measured in excess of 200 mm in the proximity of electrode 1.
Electrodes are numbered clockwise, where the tapping electrode is number 2 and
back electrodes are numbers 1 and 3 as shown in Fig. 1.

Assmang Furnace 5 was in operation from November 2007 until May 2021 when it
was switched out for a planned rebuild of the entire furnace after 14 years of operation.
Furnace 5 was completely relined with a Graftech Freeze Lining in November 2007,
the next scheduled repair of the tap block and a V-shape repair was done in July 2016,
and lastly, a cold face reline was done in September 2018 due to the sill requiring
replacement. The cold face repair is the removal and replacement of the top 60%
Alumina bricks from the shell top steel ring or sill that became loose due to the bottom
shell lifting. About 500 mm of Alumina bricks around the top diameter of the furnace
from the top were replaced and a steel ring or sill was replaced which is used to
keep alumina bricks in position. The Graftech® freeze lining concept design (Fig. 2)
combines wall cooling and thermally conductive carbon and graphite refractories
to cool the refractories by transferring heat away from the furnace lining. Effective
water sidewall cooling, together with the efficiency of the heat dissipating conductive
refractories, lowers the temperature of the lining below that of the molten materials.
This causes a layer of slag and process metal to solidify and form a protective which
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Fig. 1 Furnace diameter indicating electrode positions, V-shape, and thermocouples
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Fig. 2 Furnace Graftech freeze lining design

completely coats the refractory hot face. Once formed, the slag skull insulates the
refractories, reducing heat loss and protecting the lining from erosion, chemical
attack, thermal shock, and other stresses. The result is extended life and greatly
improved refractory performance. The V-shape repair is the replacement of the entire
tap block area from top to bottom including an angle of about 45° on both sides of
electrode 2 as indicated by red dotted lines in Fig. 1.

Tap-Hole and Launder (Runner) Design

Design During Re-build

Both furnaces were relined with a full freeze lining design from Graftech, where a
Carbon D grade tap-hole block with a graphite sleeve was installed. Graphite lintels
were installed on top of the tap-hole towards water-cooled channel shell. Graphite
tiles against the shell followed by semi graphite bricks above and below the tap-hole
and then standard carbon bricks towards the furnace interior were installed (Fig. 2).

The furnace shell is cooled by forced water through channels and forced air under
the hearth steel plate. The cooling water is chemically treated to control total water
hardness, nitrite contents, conductivity, total dissolved solids, suspended solids, pH,
and iron levels. The chemical treatment of the cooling water is crucial to maintain
heat transfer by preventing the build-up in or corrosion of the pipes. In addition
to the quality of water, the inlet temperature should be low enough (less than 25
°C) to ensure proper heat transfer. Water cooling equipment (cooling towers) should
operate properly to ensure efficient cooling of the water. The shell channel cooling
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inspection in Fig. 5 indicated a clean channel, as a result of the effective cooling
water management, after 10 years of operation.

Three sacrificial Mickey blocks were installed from the tap block towards the short
launder or spout, where the outside one is changed every 3 to 5 months to protect
the tap block and ensure the smooth contact area or surface for the mud gun to close
properly. Short launder or spout is the area joining the furnace shell and the runner
or launder. One Mickey block which is indicated in Fig. 1 is in a water-cooled area
and come the Graftech design whilst the two sacrificial Mickey blocks are located
in the tap-hole arch (extension) and are not cooled. These two furnaces are tapping
slag and metal simultaneously from the single-level tap-hole. Thermocouples are
installed around the tap-hole to monitor heat transfer. Thermocouples are installed
as a pair, long and short thermocouples at 300 mm and 150 mm deep in the carbon
bricks, respectively, to assist with heat transfer calculations.

Sacrificial Mickey blocks (150 mm) were changed from standard carbon blocks
that were lasting an average of 3 months to super micropore carbon sacrificial
Mickey blocks type that last an average of 5 months. Micropore carbon sacrificial
Mickey blocks performed better because of their superior heat transfer capabili-
ties, high density, high strength, and high resistance to chemical attack compared to
conventional carbon. Tomala and Batista concluded that micropore carbon materials,
compared to the standard carbon, give better resistance to the attack by liquid metal
and other wear factors, as they are characterised by a considerable share of pores
of diameters below1 pm [4]. The high density, high strength, and high resistance
to chemical properties give micropore Mickeys a better advantage to perform well
rather than heat transfer capabilities.

Initially, the tap-hole in Furnace 5 was at 0 degrees to the Furnace centre and
was changed to 15 degrees (Figs. 3 and 4) to match the Furnace 2 design. The zero

Short
launder/spout

Old tap-hole and
launder at 0°

New tap-hole and
launder at 15°

LAYOUT — PROPOSED FURKACE 5 WMODIFICATIONS (1:75)

Fig. 3 Furnace launder or runner design
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Fig. 4 Furnace launder or
runner design Launder angle for

effective lancing

degrees tap-hole had a straight launder, which made it difficult to lance straight and
caused the erosion of the launder. It resulted in a partial V-shaped repair where a
tap block change was done after 8 years of operation. The opportunity was utilised
to change the tap-hole angle to 15 degrees and the launder was re-designed. The
design ensures that molten metal and slag flow away from the tappers which allows
the tappers to lance straight.

Tap-Hole Condition During Dig Out

Coetzee et al. indicated that there was little wear on Furnace 2 metal tap-hole observed
after 9 years, and lintels and carbon side blocks were perfectly intact (Fig. 6) [2]. Slag
tap-hole abutment was in a very good condition, which means that tap-hole manage-
ment was excellent. Metal and slag penetration into the lining was not observed in
tap-hole abutments. This proved to show that lining wear on this furnace did not
originate from the tap-holes. This is consistent with what Pal and Ciezki presented
regarding TEMCO South 32 furnace 1 tap-hole condition after 11 years of operation
in INFACON XV [3].
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Fig. 5 Shell cooling channel

. . Clean water channel
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Lintels in good condition
after 9 years

Tap block side
bricks intact

Tap block in good -
condition

Fig. 6 Furnace 2 tap-hole condition during demolition

Maintenance Practices and Procedures

Tapping Procedures and Practices

Metal and slag streams are tapped simultaneously from a single-level tap-hole after
every 2 h’ intervals, usually based on the number of kilowatt-hours accumulated.
Metal and slag are sampled and send to the laboratory to be analysed using X-ray
fluorescence (XRF) as shown in Table 1 and used for process control. Furthermore,
Assmang’s furnace slag chemistry details were presented by Broekman and Ford [1].
The tapping process is performed every second hour and normally takes between 20
and 30 min from opening to closing the tap-hole. The smelter targets 12 taps of 15
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tons of alloy per tap which is tapped into refractory lined ladle then slag overflow
into the slag pot (Fig. 9a). The typical slag to alloy ratio (ton/ton) of 0.6 to 0.7 is
achieved in Table 1 and the basicity equation in Eq. 1.

According to temperature measurements taken, the furnace tapping tempera-
ture averages between 1410 °C and 1445 °C. Henceforth, tapping operations are
hazardous and need to be carried out in a safe manner. The tapping temperatures are
measured at the launder on an ad hoc basis using Infra-Red images.

Basicity — (40 + Mg0) 1)
Y= (Si0, + AL O)

Maintenance Procedures and Practices

The graphs in Figs. 9 and 10 indicate sacrificial carbon Mickey block changes for
Furnace 2 and Furnace 5 over the past 5 years. It also indicates changes in the life of
sacrificial Mickey blocks when changing from the standard carbon Mickey block to
super micropore carbon Mickey blocks from an average of 3 months to more than
5 months. Furnace 2 has used 3 standard carbon Micky campaigns with checker
board pattern filled bars as shown in Fig. 9. Furnace 5 has used 5 standard carbon
Micky campaigns with checker board pattern filled bars as shown in Fig. 10. The
cost-effective microspore carbon sacrificial Mickeys also came at 8% cheaper per
unit price. At least 1 h shut and labour are required to change sacrificial Mickey
blocks. Typically, jackhammers are used to break out the old Mickey block and short
launder. The removal of the tap-hole arch holding plate is also required (Figs. 7 and 8).
Proper cleaning of the area is required to ensure the new Mickey block is installed and
short launder repaired with castables. The Alumino silicate monolithic (castables)
refractories used can withstand a temperature of 1650 °C with the following typical
specification; Alumina = 64%, Silica = 27%, Calcium Oxide = 7%, and the balance
as Iron Oxide.

Carbon tap-hole block change and partial reline is not a standard practice at
Assmang Cato Ridge as the carbon tap-hole blocks last the lining life time, provided
that the tap-hole and launder were designed correctly. This also indicates good tap-
hole practises and procedures which include employee skills and furnace operation.

Critical Equipments Required

A pedestal-type mud gun and drill supplied by Dango & Dienenthal SA (PTY) LTD
is the standard fixture in all Assmang Cato Ridge furnaces. The mud gun and drill
can be operated in the control panel or using a remote control. Assmang Cato Ridge
prefers to install pedestal-type mud gun and drill equipment on the opposite side of
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Fig. 7 Tap-hole arch R
holding plate before Tap-hole aI‘Ch hOldlIl.g
installation plate before installation

Fig. 8 Tap-hole holding

plate installed Tap-hole arch holding

plate installed
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Fig. 10 Furnace 5 sacrificial Mickey blocks life in days

the tappers for safety reasons. At least three notches of clay (Calde Tap 010 FASX)
are recommended when closing the tap-hole to ensure a more than 1 m of clay is
extruded into the tap-hole. More paste in the tap results in an easier tap-hole opening.
Mud gun alignment with tap-hole and mud gun nozzle maintenance is important. A
drill should drill the tap-hole to more than 1 m and the drill bit (Fig. 11) should be
inspected and changed regularly. Oxygen lancing is used for tap-hole opening as a
back-up or a complement to drilling. To protect the drill, it is preferable to use the
lance to complete opening the tap-hole.

Oxygen lancing is performed by two tapping operators to penetrate into the solid-
ified clay. One operator is responsible for regulating oxygen flow through the lance
pipe while the second operator burns through the tap-hole with a lance pipe until the
liquid metal/slag mixture starts to flow. The standard tapping lance used is 7 m and
can be connected into two using push lock connectors shown in Figs. 12 and 13 to
provide uninterrupted lancing.
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Fig. 11 a Tap-hole fume extraction ladle hood b Tapping shield

Fig. 12 Main oxygen
lancing components

In addition to a full tapping protective clothing which includes tapping jacket,
tapping pant, long gloves, respirators or air stream helmet, hard hat, tapping boots,
and carbon monoxide analyser, a tapping shield provide extra protection. The tapping
shield (Fig. 11b) which is pushed and positioned on the launder is crucial in protecting
tappers from the blowing and sparks from the tap-hole. The tapping shield hole with
chains also assists in positioning the oxygen lance pipe towards the tap-hole.

Assmang has trialled different parting agents to use to prepare launders; however,
building or plaster sand remains the most cost-effective and safe material to utilise.
Building or plaster sand is not only useful to prepare launders, but also assists in
controlling runaway (uncontrolled tap) taps. It is important to ensure that the sand is
dry enough to prevent the violent reaction of moisture and molten metal.

Tapping fumes are removed from the tap-hole hood, launder hood, and movable
jip crane covering the ladle and slag pot (Fig. 11a). A fume extraction system is
designed to limit the exposure of tapping operators/tappers to tapping fumes.

A revolutionary non-toxic tap-hole clay (THC), that puts all health and safety
concerns associated with traditional tap-hole clay to rest, by eliminating all the toxins
that are emitted when it is heated and grants the additional benefit of being more cost-
effective, is used in the smelter (Calde Tap 010 FASX from Calderys Refractories).
The following are the advantages associated with THC:
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Enb Oxygen Lance Tube with
Connector, OD 13.5 mm
Wall thickness 2.1mm
Length 7m

Pressure tested up to SMpa
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Shovels are required to remove

68mm R32 Drill Bits
2,6 M R32 ST52 Drill Reds
Material: EN9 Carbon steel

the solidified product sculls
from the tapping runner or
launders

Lance pipe 1
Push lock connector
Lance pipe 2

Fig. 13 Tapping equipment

Pricker bar
14 lb. hammer
Fork

Less fumes and/or smoke when closing the tap-hole.
Environmentally and personal friendly—less PAH (Polyromantic hydrocarbon

levels).

e Better tap-hole management capabilities due to its expansion capacity.
Number of lances can be reduced because one is able to open the tap-hole with

the drill only.

e No uncontrolled opening of the tap-hole due to weak bonding and poor expansion

of the clay.

e No constant flame on the tap-hole after closing.

Additional tapping equipment necessary are as follows: round bars, ballast forks,
pointed hexagonal pricker bars, shovels, flashback arrestor and lance holder, change-
able launder lips, oxygen hose connections, and 14-pound hammer shown in Figs. 12

and 13.
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Main Components of Oxygen Lancing Equipment

The typical oxygen installation for the lancing of electrical arc furnace tap-holes is
illustrated and listed below.

1. Lance Holder

It holds and seals the oxygen pipes. Holding is done by means of a chuck enabling
usage of a larger range of tolerances on the pipe. Unthreaded pipe to be used thus
eliminating cumbersome threading operation.

2. Flashback Arrestor or Backfire Safety Device

Itis used to shut off the flow of oxygen, in case of backfire, slag return, or overheating.
This does not allow for the flow of gas in either direction unless the lance is fully
inserted and clamped. Flashback arrestors are ideal flashback safety devices for hot
flames.

3. Quick Shut off Valve

The valve allows the flow of oxygen only when continuously engaged. Excellent
valve giving full control to operator to open fully, close fully, or pass only required
amount of oxygen.

4. Oxygen Hose

The hose used for oxygen is a special high-pressure hose, with a distinctive yellow
colour, and conveys oxygen from the main supply valve to the lance.

5. Hose Drum

The hose drum ensures that the hoses are automatically wound on the drum by means
of a coil spring and that hoses are not lying on the tapping floor. The Hose Drum is
made from robust steel construction, complete with Rotary Coupling for the oxygen
supply, and guides, which ensures reeling the hose smoothly in and out of the drum.
This is useful equipment to avoid accidents on the tapping floor and also to keep the
plant neat and tidy.

6. Pressure reducer for oxygen supply which is used to regulate oxygen pressure.
7. Main oxygen supply valve, which is used to open/close the oxygen supply to
the oxygen lance.

Employee SKkills and Training

Good tap-hole design, launder design, tapping equipment, and excellent maintenance
practices and procedures are not enough to maximise the tap-hole life. Employee
skills are crucial in the successful taping process. Assmang Cato Ridge is an inclu-
sive employer where skilled tapping employees are predominantly females. The total
number of tappers tapping all Assmang Cato Ridge Submerged Arc Furnaces (SAF)
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Fig. 14 Female employees with tapping skills and experience

is 24 (out of 24 tappers, 14 are female). As indicated in Fig. 14, more than 50% of
tapping employees are female. The age ranges from 26 years to over 50 years and
the most experienced employee has served the company for more than 17 years as
an experience tapping crew member. In addition, all tapping employees are enrolling
for the Metals Production Learnership program which is accredited by the Manufac-
turing, Engineering, and Related Service Sector Education and Training Authority
(merSETA). The accredited qualification does not only enhance their competen-
cies, but also opens more opportunities to market themselves in other industries and
organisations.

Local youth, including females, enrol for a two-year Metals Production Learn-
ership Program which when successfully completed can get opportunities in the
organisation or can be absorbed by other industries. The qualification they achieve is
called the Certificate in National Qualification Framework (NQF) Level 2. The above
strategy ensures that Assmang has a succession plan to retain skilled employees.

Conclusion

The performance of tap-hole blocks life, which is equivalent to the life of the furnace
lining campaigns, indicates that the current tap-hole design, launder design, operating
conditions, and procedures are suitable for Assmang furnaces. All recent furnace
lining campaigns were between 10 and 15 years and the reline decisions were mainly
driven by hearth conditions rather than tap-hole condition. It also indicates that the
slag chemistry was suitable as no tap-hole erosion or dissolution were observed and
metal and slag separation were adequate with MnO of less than 25 wt% on average.
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Table 1 Typical slag and metal analysis with basicity defined in Eq. 1

M. Cele and T. Nzima

wt%

Mn |Fe C Si P Al,O3 | Cao | MgO | SiO; | MnO | Basicity | FeO
Average | 77.49 | 14.88 | 6.96 | 0.24 | 0.05 | 2.98 |33.94 | 8.49 |28.94|24.43|1.33 0.22
(Wt%)

Std. 1.22 {029 |0.070.12/0.010.20 |0.69 048 |0.82 |1.67 |0.03 0.16
dev.
(+))
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Aluminium Tapping and Molten Metal )
Handling in Primary Smelters

updates

J. F. Grandfield, R. B. Wagstaff, and S. R. Wagstaff

Abstract This paper presents a review of tapping and melt handling technology of
aluminium for those more familiar with steel and iron. The practice for light metals
is substantially different to that used for iron and steel. For primary production using
the Hall-Heroult technology, a variety of methods are used at the various stages
of cell tapping, crucible transfer to the cast house, ladle treatment, liquid transfer to
furnaces, furnace tapping and flow control during casting. Level sensor technology is
examined including mechanical systems, lasers and capacitors. Refractory types and
melt interactions are also covered. Trough design is covered. Future developments
such as automated furnace skimming are mentioned.

Keywords Aluminium tapping * Tapping melt handling - Melt handling
technology

Introduction

This paper presents a review of tapping and melt handling technology for aluminium
in primary smelters. Aluminum melt handling practice is substantially different to
that used for iron and steel. For primary aluminium production using the Hall-Heroult
technology, a variety of metal handling methods are used at the various stages from
tapping the electrolysis cell to the casting units. The general flowsheet for a primary
aluminium smelter including alumina refining and bauxite mining is shown in Fig. 1.
Most smelters do not include bauxite and alumina activities on site as they buy
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alumina or bauxite off site. There is no universal cast house layout as different

smelters make different products (extrusion billets, rolling slabs, remelt ingots in the

form of sows, T-bar and 23 kg ingots) which may require melt refining or not (Fig. 2).
Important fundamental differences between aluminium and steel are:

Density-liquid aluminium 2,300 kg/m? is one third liquid steel ~ 6,900 kg/m>'
Operating temperatures are lower for aluminium (600 °C-900 °C) versus
~1,450 °C for steel
Refractories need to be resistant to reaction with aluminium

e Total global tonnage handled per year is about ten times greater for steel than
aluminium

Chapter 2 of “Direct-chill casting of light alloys” by J. F. Grandfield, D. G. Eskin
and I. F. Bainbridge [1], has a review of aluminium and magnesium melt handling.
Another review of melt handling operations was also given in 2021 [2]. A typical
primary aluminium smelter produces around 500 ktpa and 1 million tpa smelters are
not uncommon. Anywhere from 200 to 700 cells are used and the potlines are over
a kilometer long. A note on terminology: within the aluminium industry, the ladles
are often called crucibles and troughs are also called launders.

! Depending on temperature and composition.
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Tapping Electrolysis Cells

Aluminium is produced by the Hall-Heroult process. Alumina is added to an elec-
trolyte of molten cryolite at 950 °C and reduced to aluminium. The aluminium
accumulates on the carbon cathode underneath the cryolite and the oxygen reacts
with the carbon anode above the cryolite, to produce carbon dioxide. Aluminium
accumulating in the cells is periodically tapped into ladles. Evacuated cast iron tubes
transfer metal to the ladles. Ladles are typically 10—12 tonnes in capacity which are
transported, when full, to the cast shop using dedicated vehicles.

In the cells, the liquid aluminium accumulates on the cathode on the bottom of the
cell while the lighter cryolite electrolyte floats on top of the metal (Fig. 3). The depth
of aluminium can be 10 to 25 mm depending on the cell technology. It is therefore
difficult to position the tip of the spout exactly in the aluminium. It is not desirable
to put the spout on the bottom of the cell as sludge can build up there which is pulled
into the metal causing problems downstream. If the spout tip is too high vortexing
occurs pulling electrolyte into the spout and ladle. Inevitably, some bath is tapped.
Depending on operator skill, and the mass flow rate up to 40 kg per tonne is tapped
but usual practice is more like 5-10 kg per tonne [3].

Initially, the bath is visible as a liquid floating on the aluminium liquid but as the
crucible cools the bath solidifies and the density increases and then the bath sinks and
accumulates in the crucible requiring periodic cleaning in order to maintain crucible
capacity.

There has been some work on methods to sense and control bath carryover [4]
however a reliable method remains elusive. Modelling of cell tapping both mathe-
matical and physical has been carried out giving insight to the behaviour [5, 6]. The
tapping flow rate is found to have a significant effect on the amount of bath tapped
into the metal [7, 8].

Tapping tube Bath
""“-...__\. Py
P %
Monolithic | =
slope _,-—Il*' BN " +h ¢ +————— Metal
| X ;
A 7
. b% 7
| A -
Ledge” (7777777777722 7877777747777 — Cathods
\ Interface
\

Interfacial deformation
(bath aspiration)

Fig. 3 General arrangement during cell tapping. After Walker 1997
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Fig. 4 AGYV Hot Metal Carrier in the process of picking up a small crucible. Source CSIRO

Ladle transport is by dedicated vehicles. Attempts (Fig. 4) have been made to
convert these to AGV (automatically guided vehicles) [9] but has not yet been
implemented.

Ladle Treatment

Some limited melt refining is carried out in the ladles in the case where low sodium
alloys are produced and must be removed. Certain magnesium alloys suffer edge
cracking during rolling if the sodium concentration is over 1 ppm and aluminium
from the cells can have up to 150 ppm. One technology [10] uses aluminium fluoride
additions to react with the sodium in the ladle with the reaction product skimmed
off with an automated skimmer. Another version injects argon into the melt in the
ladle. Bath carryover causes problems with the AlF; additions due to reaction with
the AlF; which means less is available to react with sodium. The compound formed
is chiolite which is hard and makes it more difficult to clean the crucibles. When
preparing magnesium alloys, if any residual bath is transferred to the furnace will
react with the magnesium putting sodium back into solution.
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In general, alloying operations are made in the holding furnaces. The idea of
alloying in the ladle has been around for a long time [11] but has not been adopted.
Part of the problem is the possibility of the alloying elements finding their way back
to the reduction cells via crucible cleanings, reducing performance along with the
crucible cleaning product (oxides and cryolite). Contamination could also occur in
the holding furnace where traces of elemental additions from one alloy product flow
into another. As part of the ladle treatment, the crucibles are skimmed automatically
to remove bath and oxides.

Ladle to Furnace Transfer

Holding furnaces buffer the metal flow from the reduction cells and the casting of
alloy batches. Holding furnaces can be up to 100t capacity. Options for emptying
the ladles into the holding furnaces include ladle tilt stations, pouring by using
cranes, dedicated tilting apparatus on the transfer vehicles, pressurised crucibles
and siphoning. The simple option is to tilt the ladles suspended from a crane to fill
furnaces (Fig. 5). Dedicated ladle tilting vehicles are also used (Figs. 6 and 7). One
of the main issues in transfer from ladle to furnace is the amount of dross generated
causing melt loss. If the flow is turbulent and the metal flows from high up, in the order
of 10-12 kg per tonne of dross is generated. This material is removed/skimmed from

Fig. 5 Crucible emptying into a furnace using a crane and a feeding trough
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Fig. 6 Combined crucible
tilter and transport vehicle

the furnace and cooled and sent to metal recovery. Dross is a mixture of aluminium
oxide and entrapped unoxidised metal.

Siphon transfer (Fig. 8) significantly reduces the amount of dross generated by
underpouring below the melt surface and only 3—5 kg of dross per tonne is generated
[12]. Other trials reported 7.3 kg/t before siphoning and 2.2 kg/t when using siphoning
[13]. Similar performance is obtained using a “huff and puff” crucible system where
after tapping into the ladle it is pressurised to push the liquid back out into the furnace
through the same spout (Fig. 8). Siphoning from ladle to furnace while casting from
the furnace has also been developed [14].

Casking Furnace

\

Fig. 7 Siphon arrangement for filling furnaces
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Fig. 8 Pressurised crucible transport system

Ladle to Caster

Guthrie and Grandfield suggested in 1991 [15] that casting from a ladle as practiced
in the steel industry, should be entirely possible for aluminium. It is only in recent
years that this possibility has been realised. Fully automated melt transfer from ladles
to sow casting conveyors without a furnace is fully automatic [16] and the need for
a holding furnace is removed. This approach is only used for unalloyed melt.

Ladle Transport by Road

In some cases, liquid metal is sold to external operations and transported on public
roads. The external customer may be situated literally over the fence or even 100 km
away. The ladles obviously need a secure lid sealing system. In the case of a vehicle
accident the crucible must withstand being knocked on its side without spilling.

Level Sensors

Trough Sensors

At the heart of the multi-level, metal level automation system, are the sensors, pin
positioners and the control loops, which provide uniform metal delivery to each
mould.
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Contact flotation devices use a refractory float and control pin balanced over a
fulcrum. The control pin remains full open during the fill until the float displaces
enough molten metal to float. Eventually, as the metal level in the mould raises, the
pin closes and then opens once again when the cast commences. Multi-strand casting
systems require a fair level of operator control or intervention, so with the drive to
remove humans from the dangerous start, these mechanisms have been replaced with
more sophisticated sensors. Oxides can form around the float, and then release. These
crude float systems are rarely used now.

Non-contact sensors combined with spout control-pin positioners allow simul-
taneous control of mould metal to prescribed level(s) in multiple ingot moulds
throughout the cast, including the initial metal rush from the furnace, the start of
cast, and during cast continuation. Metal level control in direct chill (DC) casting
involves:

The fill rate and level over time.
Brings the metal level of all ingot positions to the start down metal levels at the
same time.
e Automatically starts the cast when the metal reaches a practice-specified level.
Controls the metal levels precisely and allows level adjustment during the cast.
e (Can determine starting head position at the start of a cast.

The controlled fill sequence provides for a very consistent start, minimizes
cracking, hang ups, bleed outs etc.

Capacitance metal level sensors typically have a wide range over which the sensor
can detect metal. This technology is over 30 years old and has generally been replaced
by inductive or laser sensors.

Inductive metal level sensors typically have a measuring range of about 50 mm. To
increase the effective measuring range, the inductive sensor is attached to the end of a
linear actuator and the elevation of the inductive coil above the molten metal surface
is continuously controlled to about mid-range of the sensing range. The sensor and
actuator position signals are summed, resulting in a measuring range equivalent to
the actuator stroke (200 mm or more). With this newfound measuring range, metal
level can be precisely controlled from early in the fill stage and throughout the cast,
following complex recipe ramps, on large 5—7 strand ingot centers in the slab market,
at the large rolling mills, and at a handful of smelters.

Laser metal level sensors fit well in confined spaces where a stable oxide is present
and where steam and smoke are minimized. This technology is used commonly in
molten metal level control in the trough. Lasers used in mould metal level control
are also growing in use.

Radar based systems offer the potential to measure the level in the furnace and
get a better estimate of the batch weight and are currently used in some plants.
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Tilting and Stationary Holding Furnaces

Tap-holes are used on stationary holding furnaces. These tap-holes are opened manu-
ally using a cone and a tapping block located below the molten metal level. Some
automated systems are used to remotely commence and terminate casting with minor
operator intervention to fine tune control during steady state processes.

Tilting holding furnaces have steadily replaced stationary holders, currently seen
only in older plants. When encountering an upset condition, during start or steady
state conditions, the level pour design is the preferred choice as the casting trough
can reverse molten metal back to the holder; whereas furnaces without the level pour
feature can only vacate the molten metal via a series of strategically placed dump
bins, which are always difficult to keep clean and preheated when not in continual
use.

Tilting furnaces deliver metal to the launder via a flexible spout/joint. These were
predominantly metal-to-metal joints, and sometimes these failed. The usual config-
uration these days is a flexible fiberglass joint. The molten metal-to-joint interface
is or should be preheated and cleaned on a regular basis. Preheating the joint is
best done by controlling the furnace pressure, so the molten metal does not collect
or agglomerate at the joint, which complicates melt flow at the start of the cast.
The furnace refractory on the inside of the furnace adjacent the pouring spout/joint
must be cleaned on a regular basis. During casting, as the molten metal flows to the
trough, any oxide is carried to the spout and collects against the refractory adjacent
the spout, as the bulk of the oxide migrates to the spout during casting. This system-
atic agglomeration of oxides, cast after cast, eventually builds up and reduces the
spout discharge area. This buildup transitions the molten stream from the designed
laminar to transitional or even turbulent flow conditions, which naturally re-entrains
oxides into the melt.

Trough/Launder Design

A general layout from the furnace to the casting machine showing the trough
connections is shown in Fig. 9.

Launders need to be designed for Laminar flow so as not to generate oxides in
the product. They are also crucial to temperature control -sometimes heating and
sometimes cooling. The trough can be fitted with lids and these may contain heaters
if the launder is long. Launder coating such as bone ash, and boron nitride are
important for protecting the trough lining materials. Bone ash has been identified as
a potential health hazard due to the formation of phosphides which react with water
emitting toxic phosphine. The launder needs to be deskulled and recoated after each
cast. A head is needed to get the metal to flow in the trough to the casting machine.
Usually, the launder has a high point near the molten metal filter so at the end of
the cast metal flows back to the furnace and to the casting unit i.e., is fully drained.
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Fig. 9 General cast house layout. Ladle treatment at 1. Furnaces at 2 receive metal from the cells.
At 3 is the rotary flux injector. The launders (4) transport metal from the furnaces. Metal flows to
the inline degasser (5) and then the filter (6) along the trough and finally to the casting machine (not
shown on left). Skimmed dross goes to the dross coolers (7). Source STAS

The filter removes non-metallic inclusions such as oxides which would cause various
defects like pinholes in can body and foil. Filtration technology used depends on the
final product and various types of filter are used; ceramic foam filters, rigid media
filters and ball bed filters. Silicon carbide ceramic foam filters have been used for
steel filtration. A slope of 1.5-2 mm/meter is normally used to help the liquid drain
back to the holder from the filter at the end of the cast. Downstream of the filter the
launder slopes down to the casting unit. Inclusion concentration measurements are
also made at this point.

A recent innovation in trough design [17] is compression of the refractories to
prevent aluminium ingress between joins and when cracks appear (Figs. 10 and 11).

Trough to Casting Machine

The connection from the trough to the casting machine depends on the type of
machine and product being cast.
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Fig. 10 Section through
typical launder [18] Plaln Steel

Ceramic Heater Support
Stalnless Steel

Steel Trough Cover
Electric Heater

Fibre Insulation
olten Metal Level

Ceramlc Trough Insulation

Fig. 11 Compressed trough
section

Direct Chill (DC) Billet Casting

In direct chill casting, the mould can be open top or flooded table. The mould contains
the molten metal and directs the water spray onto the emerging billet. Open top
moulds in the past were used for both rolling slab casting or extrusion billet casting
but these days flooded tables are the norm for billet casting. They offer productivity
benefits by casting large numbers of strands at once. There are also fewer oxides
generated during flow into the mould. For extrusion billet casting, a flooded table is
connected to the trough and the same level runs through to the tilting furnace. This
level is controlled by the furnace tilt and measured by a laser over the trough. Each
strand of extrusion billet is a hot top mould usually gas pressurised moulds to achieve
a good cast surface (Figs. 12, 13, 14, 15, 16, 17).
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Fig. 13 Overall schematic (left) and small horizontal DC casting machine (right)

Tundish

Rolling Slab Casting

Individual automatic metal level control is applied to rolling slab casting. A pin inside
a spout opens and closes to control the metal level (better than &= 1 mm) usually with
a laser level sensor.

Horizontal DC Casting

Horizontal DC casting is fully continuous whereby metal flows into a tundish and
then into the mould. These machines are useful if only a small capacity is required
e.g., in extrusion plants that recycle their scrap. They are also used for casting of
T-Bar section aluminium silicon alloys.
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Fig. 14 Flooded table direct chill extrusion billet casting

Fig. 15 Section through a
typical wheel filling system.
Source CASTcre

Ingot Conveyor

23 kg remelt ingot casters consist of a long conveyor up to 40 m with the moulds
moving along through a water bath to solidify the ingots for demoulding at the
knockout end. The filling system consists of a wheel which distributes the liquid to
the moulds and turns in synchronisation with the conveyor. Casting rates can be up
to 40 t/hr.
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Fig. 16 Typical old style wheel and belt caster whereby the bar is pushed sideways to avoid hitting
the belt

Fig. 17 Large wheel and belt caster for casting of 10 kg remelt ingots. Source Aluminium Bahrain

Fully Automated Sow Casting

In the last few years sow casting lines have become highly automated to the extent
that a furnace is not needed. Mould filling and skimming are fully automated (zero
manning).
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Wheel and Belt Casting

Wheel and belt casters are generally used to produce a rod and wire but can also be
used to make remelt foundry alloy bar.

Furnace to Furnace Transfer

In secondary operations a melting furnace feeds the liquid to a holding furnace. This
is usually done by gravity feed in a connecting trough but siphoning from furnace to
furnace with a fully automated system is possible [19].

Refractories

Refractories play a very important role in keeping the melt hot at different stages.

High purity fused silica components out-perform their peers in applications where
electrical insulation is needed with a low dielectric value. Low coefficient of thermal
expansion and excellent thermal shock resistance along with dimensional stability
are hallmarks of these materials and perform well when low thermal conductivity is
needed with thermal and chemical insulation.

Dense high purity silicon carbide components see use with high precision compo-
nents requiring extremely high thermal shock resistance, high levels of corrosion
resistance commonly used with indirect radiant heating systems which can elevate
the component pre-molten contact temperature to mitigate the normally low shock
resistance of this material.

Low density alumina components are commonly used in metal distribution
systems where superior insulating values are needed without any crystalline silica.
Components commonly constructed by these materials have very low shrinkage over
time and little to no water absorption and the off gassing which follows water absorp-
tion. While components have moderate cost, they are easy to maintain, they have low
thermal conductivity, low heat capacity and very low thermal expansion. The absence
of crystalline silica corresponds to very low reactivity with the molten aluminium
over time, generating the lowest possible inclusion profile over time.

Dense high purity alumina components are generally high precision with very
high shock and thermal resistance. The density of these materials being somewhat
higher than the high density silicon carbide restricts this family of refractories to
applications demanding high thermal conductivity and thermal-chemical stability.

Hardened refractory fiber components are commonly in use where large and
complicated shapes are needed at varying density.

Low strength-low density vacuum formed materials (traditional silica-starch
compositions) are used without rigidizer treatments as refractory backer boards
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against the steel in furnace or trough lining assemblies. After rigidizing treatments,
these materials are used in molten contact situations distributing molten aluminium
and in furnace design or operating situations requiring a disposable molten aluminium
contact shell. Most of these materials are produced from totally inorganic compounds
with high alumina in the range of 97% Alumina. It is quite common to pre-shrink and
sinter these compositions, sometimes with blanket cast in as part of the component
structure.

High strength reinforced silica matrix composite materials are used where high
strength is needed and very abrasive situations.

Molten Metal Safety

Over-filling furnaces can occur. Furnace tap outs-generally occur as a result of overex-
tending the furnace lining beyond the threshold common to the lining type. Over-
exuberant furnace operators, intending to do a thorough job cleaning the hearth, pops
a brick with the cleaning tool or abrades the monolithic hearth past the hard-wear
layer into the soft under-layer which normally acts as the molten freeze plane.

Molten metal water explosions can occur if water comes in contact with the liquid
aluminium e.g., due to a furnace fill. This can be in the form of a steam generation
event caused by the aluminium heating the water rapidly resulting in metal ejecting
into the air. More serious explosions occur when the aluminium reduces the steam
to hydrogen and then the hydrogen reacts with the oxygen in the air.

Tilting furnaces are far safer in terms of the ability to control the metal flow.

Future Developments

Melt handling systems are continuously improving as sensors get cheaper and
automation increases.

The conduct of a cast can be entirely in handsfree automatic mode. Before the
cast, the operator prepares the molten metal filter, cleans the trough, positions the
mould and starting head, but once the cast start button is pushed, the cast process can
be fully automated including the furnace tilt, the trough level, the casting speed etc.
Sadly some operations still expose their personnel unnecessarily.

Automated furnace skimming is an emerging technology and announcements are
to be made at the TMS Annual Meeting. AGV transfer of tapping crucibles will
surely become standard.
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Abstract The Furnace Tapping Conference series is an example of problem-based
conferencing. It focusses on tasks all smelters have in common, namely the tapping
of liquid slag and alloy or matte from the reactor. The series draws on perspec-
tives from across commodities and across disciplines in Science, Engineering, and
Technology. It is a platform where ideas are exchanged between operators, engi-
neering and support, and researchers on how to optimally manage the processes
involved. The paper presented here is aimed at new-comers to the field, hence the
title Furnace Tapping 101, and is written in two parts. In Part 1, Natural Language
Processing (NLP), a branch of Artificial Intelligence (Al), is applied in the review of
papers included in the Proceedings of Furnace Tapping 2014 and Furnace Tapping
2018 which took place in South Africa. In Part 2, terminology which newcomers to
the field might be unfamiliar with, is explained in the form of a dialogue between a
Mathematician and a Pyrometallurgist.
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Introduction

An example of problem-based conferencing, the Furnace Tapping Conference series
was established to serve the pyrometallurgical industry at large, focusing on a very
specific challenge namely the tapping of furnaces. In 2014 and 2018 respectively,
the Southern African Institute of Mining and Metallurgy (SAIMM) hosted the First
and Second Furnace Tapping Conferences. Both events were well attended with
Tapping 2014 hosting 203 delegates and Furnace Tapping 2018, 144. Delegates
came from five continents, representing 12 and 17 countries respectively [1, 2]. For
both events, peer-reviewed Proceedings were published, containing nineteen papers
each. The SAIMM made these papers available on-line as free, Open Access [3,
4]. Both conferences drew from various perspectives on the topic with authors and
presenters representing industry, consultants, service providers, and especially for
Furnace Tapping 2018, research institutions.

Part 1: Natural Language Processing

For the purpose of this paper, Natural Language Processing (NLP), a branch of Artifi-
cial Intelligence (AI), was applied in the review of papers included in the Proceedings
of Furnace Tapping 2014 and Furnace Tapping 2018. The NLTK package (https://
www.nltk.org/) written in the Python programming language was used for all NLP
processing tasks unless otherwise indicated. Basic processing of the PDF documents
was initially performed to extract sets of raw text, which were then processed to
remove punctuation and tagged with part-of-speech identifiers. This information
was used to filter the set by removing non-technical content such as prepositions and
common English-language words. The filtered sets of text were condensed using
lemmatisation and a manual list of synonyms for technical terms, and finally a word
frequency chart was generated for each paper. Those were added up and visualises
as bar charts: the totals over all events (Fig. 1) and per conference (Fig. 2) for the
top 50 keywords. The frequency counts (Y-axis) are in occurrences per total word
count, e.g. 0.01 means that word occurs on average once every hundred words in the
original (non-filtered) text.

Not surprisingly the word fap-hole [5-7] was used most frequently followed by
furnace and tap (Fig. 1). As an anecdote, the spelling of the word tap-hole was
heavily debated during the editing of the Proceedings for Furnace Tapping 2014.
The industry standard was considered to be taphole, but the hyphenated version was
selected on the grounds of removing ambiguity and improving readability, as faphole
requires a brief moment to decipher whether the ‘ph’ should be read as ‘f’.

Next in line was slag [8—10] as many tapping problems during the production
process are related to the temperature dependent properties and phase composition
thereof, as well as those of metal and matte [11-13] but to a lesser extent, and the
effects of these properties on flow during tapping.
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Fig. 2 Frequency chart indicating the occurrences per total word count for the top 50 keywords for
Furnace Tapping 2014 versus Furnace Tapping 2018

Parts of the furnace containment system, the tap block, refractory/carbon [14, 15],
material/bricks/inserts [16], and steel shell as well as the design, wear/condition, and
repair [17-19] of the lining, were discussed. Included in the conversation around
furnace containment was cooling by water or other fluids [20, 21] as provided by
copper [22-24] components. The channel (launder) and ladle were also considered
as part of the system. Specialised measurement technology applied included those
related to heat transfer or thermal monitoring [25, 26] i.e. thermocouples [27, 28]
and level sensors [29].

An important part of the tapping practice is the opening and closing of the tap-hole
using a drill or oxygen lance [30] and clay gun [31] to inject tap-hole clay or paste
[32, 33]. This is also where the operator plays an important role. Models [34-39]
play an equally important part in studying and understanding the changes involved.
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Fig. 3 Results from the distance score for each manuscript relative to the overall average

The main commodities which featured were iron making [40] and silicon smelting
[41, 42] which could be an indication that these are the commodities that could
potentially experience the most tapping problems during operation.

When comparing the frequency charts for Furnace Tapping 2014 against Furnace
Tapping 2018 (Fig. 2) the influence of the increase in research papers can be seen
in the reduction in the frequency of occurrence for words such as design, repair,
operation, practice, copper, and cooling.

Another way of presenting the NLP results is to generate a distance number for
each manuscript, which measures how close (or not) it is to the overall average
(Fig. 3). It was found that more specialised papers obtained a higher score and more
general or review papers lower scores.

Part 2: Conversation Between a Mathematician
and a Pyrometallurgist

In the Journal Comment on Furnace Tapping 2014 [1], a call was issued for
‘strong contributions from research institutions (focusing on the application of CFD
modelling with associated assumptions, including properties of materials and vali-
dation of these models; studies on tap-hole clay; and studies on refractory interaction
with slag/metal/matte specifically under the tap-hole conditions)’. The Controlled
Tapping project, funded by the Norwegian Research Council and Industry Partners,
included a significant amount of modelling conducted by mathematicians expe-
rienced in computational fluid dynamic (CFD) but new to furnace tapping. As a
textbook on tapping do not exist yet and papers collated in the Proceedings of the
two Furnace Tapping Conferences assumes a basic understanding of the concepts
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involved, an attempt is made here at addressing the short-coming in the form of a
conversation between a Mathematician and a Pyrometallurgist.'

Furnace Containment System

Briefly describe the components of the furnace containment system (using an illus-
tration)

Taking a step back, the purposes of the furnace containment system are to contain
the process materials (solid, liquid, and gas), by receiving raw materials as inputs
and releasing products as outputs in a controlled manner, and to minimize the losses
of energy to atmosphere (Fig. 4). A detailed description of the different types of
process inputs and outputs that apply to pyrometallurgical furnaces lies beyond the
scope of this paper. For the context of furnace tapping it is necessary to focus on the
liquid products tapped from the furnace. Slag typically consists of an ionic solution
of oxides and can be a mixture of liquid with some solids. Alloy is a liquid solution
of primarily metallic phases and matte a special type of alloy containing very high
levels of sulphur.

For the purpose of the discussion, I am going to refer to the furnace containment
system of a pilot-scale furnaces designed for the evaluation of the effect of pre-heating
of manganese ores on the production of high carbon ferromanganese (HCFeMn)
utilising a submerged arc furnace (SAF). The schematic drawing in Fig. 5 applies. In
this example, the containment system consists of two types of materials: mild steel
and refractory materials. The mild steel structure, often referred to as the steel shell,
provides the furnace structure and interface with the surroundings. The refractory
materials (high alumina castable, bubble alumina castable, carbon brick, and graphite
tapblock) provides the insulation and protects the steel shell from the hot interior of
the furnace (in this case temperatures of 1723-1823 K are typical).

What are refractory materials, bricks, and ramming materials?

Refractory materials are defined internationally as non-metallic ceramic mate-
rials with a certain refractoriness defined as a pyrometric cone equivalent (end point

! Keep in mind that a Wise Woman once said: “Three Metallurgists, four opinions...”
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Fig. 5 Schematic drawing of a pilot-scale furnace indicating the components of the furnace
containment system

temperature at which the tip of the pyrometric cone touches the supporting plaque)
greater than 1773 K [43]. Examples of such materials in Fig. 5 are the high alumina
castable and bubble alumina castable. Some materials are utilised in refractory appli-
cations but do not fulfil the definition based on the pyrometric cone equivalent i.e. the
carbon brick and graphite tapblock in Fig. 5. These are considered refractory prod-
ucts [43]. For the remainder of the discussion, refractory materials and refractory
products will be collectively referred to as refractories.

Refractories can be shaped as bricks or functional products i.e. the carbon bricks
and graphite tapblock in Fig. 5 respectively. They can also be unshaped when
purchased, i.e. high alumina castable and bubble alumina castable, and prepared
and installed where applied on-site. Unshaped refractory materials and products are
called monolithics [43]. Monolithics can be installed in the form of a powder which
is referred to as a rammable or ramming material, or as a slurry which is referred to
as a castable or castable material. The selection of shape depends on a number of
factors including ease of installation, maintainability, durability, and cost.

How do refractory bricks, refractory ramming materials, steel and copper differ
in properties and purpose (e.g. insulating or heat conductive)?

Two different types of philosophies can be applied in the design of a furnace
containment system [22]. In an insulating design the refractories are typically in
contact with liquid process materials i.e. slag, alloy, or matte. In a conductive design
a layer of process materials is purposefully frozen onto the surface of the refrac-
tories. The latter is applied in cases where chemical compatibility between the
process materials and refractories do not exist. Refractories have many properties
to consider, but the main property in this instance is the thermal conductivity, k,
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measured in W-m~!-K~!. For an insulating lining design, the chemical compatibility
of the refractory with liquid alloy or slag is also important i.e. the refractory should
neither dissolve in the liquid process material nor react with it to form an unwanted
reaction product [14, 15, 19].

The example in Fig. 5 is an insulating lining design. The thermal conductivity of
the bubble alumina is 0.5 W-m~!-K~!, of the carbon refractory 10 W-m~!-K~!, and of
the high alumina castable 2.4 W-m~!-K~!. Although the chemical compositions of the
bubble alumina and the high alumina castable are similar, the thermal conductivities
differ significantly because of the air trapped in the bubbles (air is an excellent
insulator). The carbon refractory has a relatively high thermal conductivity and was
selected for its thermal compatibility with the liquid process materials, compared to
the alumina-based refractories.

In conductive lining designs, refractories in combination with water-cooled
elements manufactured from steel or copper, are designed in such a configuration
that the layer of frozen process materials has the lowest thermal conductivity. The
thermal conductivity for copper is high, in the order of 350 to 380 W-m~!.K~!
[23, 26], for steel approximately 45 W-m~!-K~! (depending on the composition),
for carbon-based refractory (including graphite) 5-85 W-m~!-K~!, magnesia-based
refractory 6-11 W-m~!-K~!, alumina-based refractory 4-6 W-m~'-K~! and insu-
lating materials 0.1-1.5 W-m~!.K~! [44]. All values quoted are for refractories at
473 K. It is important to note that the thermal conductivity of refractories are very
much dependent on temperature. It is therefore important to take this temperature
dependence into account and utilise reliable data sources.

Tapping Configuration

Why do some tap slag and metal through separate tap-holes and others not (dual-level
vs single-level tapping)?

In furnace operations, it is important to separate the alloy or matte from the slag.
Liquid slag typically has a much lower density than liquid alloy or matte [5]. One way
to separate the two products is to tap them from tap-holes at different elevations, with
the slag tap-hole above that of the metal or matte. Such a configuration is referred
to as dual-level tapping. In other operations, separation of the liquid alloy from the
slag occurs beyond the tap-hole and the two streams are tapped from the same tap-
hole. Such a configuration is referred to as single-level tapping of which the design
in Fig. 5 is an example. Single-level tapping is more common for processes with a
slag-to-alloy ratio (ton/ton) of less than 1.5 [5].

How and why are there multiple tap-holes in some furnaces even if slag and metal
are tapped through the same single-level tap-hole?

The tap-hole is typically one of the high wear areas in the furnace containment
system and tap-hole wear is often the reason why the lining has to be repaired or
rebuilt. A furnace rebuild is expensive, not only due to the cost of the materials of
construction, but more so due to the loss in production associated with taking the
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furnace out of operation, rebuilding the containment system, and getting the furnace
back to full operation. By having more than on tap-hole, the wear can be spread
between tap-holes resulting in extended lining lives.

What is continuous vs discontinuous tapping ?

Continuous or near-continuous tapping typically occurs in furnace with a very high
slag-to-alloy ratio, i.e. FeNi or PGM smelting, for which slag is tapped nearly contin-
uously from the furnace or very low slag-to-alloy ratios, i.e. Si smelting, for which
alloy is tapped nearly continuously. The tapblocks of the furnaces from which slag
is tapped continuously are typically made of water-cooled copper blocks. Discon-
tinuous tapping is when slag and/or alloy are tapped from the furnace in batches at
discreet intervals.

Can we say something on which furnaces (commodities) use which of these
configurations?

In their review papers, Nelson and Hundermark [5] and Nolet [11], provide excel-
lent summaries of the type of configurations applied in the production of various
commodities.

How long is the tap-hole open in discontinuous tapping?

The tap-time is very much dependent on the commodity being produced, and the
configurations of the furnace and downstream handling systems. For matte smelters,
matte tap durations of 10-15 min on average are typical with outliers of 3 min and
60 min also quoted [11]. For silicomanganese, tap durations of 30—46 min were
quoted [7, 19].

Atwhich frequency do operators change tap-hole and why is it necessary to change
tap-hole?

Tap-hole maintenance and repair can include replacement of the cold face sections
making up the tapblock (partial repair) [7, 11, 17], replacement of the full tapblock
[7, 11, 17, 24] or replacement of the tapblock and sections of refractory above and
around the tapblock (often referred to as a V-down) [15, 32] or a full reline.

Tapblock

What is a tapblock?

A tapblock is that part of the furnace containment system design which contains
the tap-hole, as illustrated in Fig. 5.

How is it constructed?

Tapblock designs vary from being one large block [15, 18, 19, 22] to being
constructed from a single material, using specific tapblock shapes [24] or regular
refractory bricks [7], to being constructed from various types and shapes of mate-
rials [40] which often include copper blocks [5, 6, 12, 22, 23, 26, 32]. In some
applications, the tapblock consist of water-cooled copper blocks only [13].

Are refractory bricks in a tapblock different than bricks in other parts of the
furnace?
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Fig. 6 Indication of hot and
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More often than not, the refractory bricks in the tapblock differs from the bricks
in other parts of the furnace, both in terms of shape and in terms of composition.

Why are sometimes copper parts used and which furnaces uses them?

In some applications, the life of the tap-hole is extended when using water-cooled
copper blocks as part of the tapblock design. The reasons include lowering temper-
ature of the refractory material which inhibits the potential for the liquid process
materials to chemically react with it [12, 22, 24]. In other applications it promotes
the formation of a protective frozen slag layer which renders the use of refractory
materials obsolete [13, 23].

Define hot face and cold face.

The hot face of a refractory is the hottest side of the components and the cold face
the coldest side of the same component. As indicated in Fig. 6, the hot face of the
carbon brick, graphite tapblock, and high alumina castable face the furnace interior,
whilst the hot face of the bubble alumina castable faces the cold face of the carbon
brick.

What is meant by a series of blocks and a Mickey?

As discussed, in some tapblock designs [24, 32] a series of specially shaped,
tap-hole bricks are utilised when building the tapblock (Fig. 7a). In other designs, a
single tapblock is utilised with a Mickey, also called quick replaceable carbon block,
installed on the cold face of the block. The Mickey is more easily replaced than an
entire tapblock and is thus also replaced more frequently to allow for a clean, straight
interface between the tap-hole and the claygun. The Mickey is typically made of the
same, or similar, material as the tapblock [13, 15].

Closing of Tap-Hole

What is a claygun and how does it operate?

A claygun, also referred to as mudgun [5], closes the tap-hole by injecting tap-
hole clay, also referred to as plugging paste [33], into the tap-hole at the end of a tap.
The principle of operation of a clay-gun [31] is similar to that of a syringe injecting
COVID-19 vaccine into one’s arm. The barrel of the clay-gun is filled with tap-hole
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Fig. 7 a Tapblock constructed from a series of tap-hole bricks. b Tapblock with Mickey on its cold
face

clay, the clay-gun is moved into position, and a piston applies the force that extrudes
the clay into the tap-hole [45]. In the past, clayguns were steam, pneumatically or
electrically driven, but in modern times hydraulic power is utilised [31].

How much (clay) is typically injected each time?

The amount of clay injected very much depends on the size of the operation, the
size of the tap-hole, the condition of the tapblock, and the bulk density of the tap-
hole clay utilised. A study conducted on five silicomanganese smelters found that
between 30 and 46 kg of tap-hole clay per tap was used, where all five clayguns had
a barrel capacity of 50 L [46].

How long does the claygun use to complete one closing operation?

The same study [46] found that the clay injection rate varied between 3.6 and 6.0
L per second, which meant that injecting the clay into the tap-hole took between 8
and 14 s. The clayguns remained in position at the tap-hole for around 2 min to allow
the clay to set.

Difference between rail and pedestal support?

When supported by a rail, the claygun hangs from and move along a rail which
follows the curvature of the furnace shell [13]. When supported by pedestal, the
claygun is supported by a structure attached to a column [31]. The structure is utilised
to move the claygun in position.

How does the tap-hole clay work? What makes it freeze (phase change,
evaporation of liquid agents)?

Tap-hole clay is a specialised type of refractory material which can be dugout
from the ground [11] or manufactured by refractory suppliers [5, 33]. For water-
based clays, evaporation of the water bonded with the clay minerals, cause the clay
to solidify. For tar-based clays, evaporation of the volatile matter will be the cause
and for resin-bonded clays, it is assumed that chemical reactions are the cause.
The scientific knowledge on tap-hole clays is very limited and the opportunities for
research plentiful.
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What is the composition of tap-hole clay?

The compositions of tap-hole clays vary depending on the source and/or how it was
manufactured. Natural clays consist of clay minerals. Manufactured clays typically
consist of an aggregate and a binder phase, similar to concrete utilised in the building
industry. Aggregates can include calcined anthracite, Quartz, or Andalusite [47] and
binder phases clay minerals, tar, or resin or a combination of these [5, 11].

Drilling and Lancing

What type of equipment is used?

Just as one would use a power-drill at home to drill a hole in a wall, a drill is used
to drill a hole in the tap-hole filled with clay. In many instances the first part of the
hole is drilled, using an expensive drill bit, and then a hammer action is applied with
a simple rod to open the tap-hole [31]. Alternatively an oxygen lance is used to open
the last part of the tap-hole [13]. The drill is often supplied by the same supplier as
the claygun and installed as one unit. As with the claygun, the drill can be powered
pneumatically, electro-mechanically or hydraulically although the latter is favoured
in modern times [31].

How drill depth is defined (what is 0 depth)?

Drill depth is the first part where the hole is drilled with O depth being the cold
face of the tapblock.

What is lancing and why do we lance?

Oxygen lancing is when oxygen is blown through a steel pipe and ignited. The
flame that form can cut through tap-hole clay or slag and therefore opens the tap-hole
[5,30,31]. Lancing is an effective way of opening the tap-hole, especially when alloy
froze in the tap-hole, but can be very destructive towards the tapblock materials of
construction. In order to minimize the impact of lancing on tap-hole wear, the use
of lancing is combined with drill operation as described, and thermal lances—which
have a higher steel density—are developed [30].

Post Tap-Hole

What happens with metal and slag after leaving the furnace?

The liquid alloy or slag flows along a shorter channel called a launder (see Fig. 5),
and if a far distance away from the downstream equipment, along another longer
channel called a runner from where several options of treatment exist. The words
launder or runner are often used inter-changeably. Slag can be tapped into slag pots
[7] or is granulated using water [13, 24] or air [5]. Alloy is tapped in ladles [7],
granulated, or cast into large moulds formed by front-end loader in beds of metal
fines (Fig. 8b).
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(b)

Fig. 8 a Liquid alloy cast into large moulds formed by front-end loader in beds of metal fines ©
Joalet Steenkamp. b Cascade tapping with liquid alloy and slag frowing from a launder into a ladle
from which slag overflows into a slag pot © Joalet Steenkamp

What is cascade tapping?
Cascade tapping occurs when slag and alloy are tapped from a single-level tap-hole
and both flow into a ladle from which the slag overflows into a slagpot (Fig. 8a).

Other

Which mechanisms degrades the tap-hole and the tap block?

Lancing is considered one of the major causes of wear of the tap-hole [5]. Thermal
shock, due to the thermal cycles which the tap-hole is exposed to during discontinuous
tapping, is another. For some processes, where the containment system design is
based on a conductive philosophy, the refractory material chemically reacts with the
liquid process materials [14, 15, 19].

What is a runaway tap?

A runaway tap occurs when the tap-hole has to be closed where there is liquid
material remaining in the furnace, as would be the case for an alloy tap in a dual tap-
hole configuration, and the tap-hole fails to close. The liquid alloy and slag continue
to drain from the furnace and can overflow into the tapping hall, causing significant
damage to equipment downstream of the furnace.

Conclusions

The Furnace Tapping Conference series provides a platform that allows for multi-
disciplinary, multi-commodity conversations around a universal challenge, namely
the tapping of furnaces. The set of peer-reviewed papers, contained in the Proceed-
ings of the first two events, provides a useful resource for newcomers and seasoned
participants alike.
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CFD Study on Continuous Tapping )
of Silicon

updates

Jan Erik Olsen, Michal Ksiazek, and Merete Tangstad

Abstract Silicon is mostly produced in rotating submerged arc furnaces with contin-
uous tapping of metal. The burden is often dense due to condensates. Thus, furnace
gas does not escape easily to the top of the burden and some gas escapes through
the tap-hole. This can cause a hazardous flame jet out of the tap-hole which poses an
HES threat to operators. A mathematical CFD model has been developed to study
the flow of gas and metal in the furnace through the tap-hole. A modelling challenge
is to account for the continuous tapping and the rotating furnace. These aspects differ
from earlier CFD studies applied to furnace tapping. Results indicate the difference
in tapping behaviour as the burden permeability varies and as the position of the
tap-hole varies due to the rotation.

Keywords Furnace tapping *+ Continuous tapping + CFD model - Silicon

Introduction

Furnace tapping is the process of extracting products (metal, slag,...) from furnaces
which is essential in metal production. The tapping process varies between furnaces
producing different types of metal, but most of them operate on the principle of
gravity draining liquid products out of a tap-hole (or several tap-holes) placed in the
lower parts of the furnace. Although consistent tapping of alloys from furnaces is
important for both furnace performance and downstream processing, many of the
tapping configurations still fail to deliver a predictable output [1].

The tapping process may be continuous or discontinuous. In a discontinuous
tapping process, all tap-holes remain closed for a specific time during which the
products accumulate in the furnace. When tap-holes are opened, the liquid prod-
ucts drain through the tap-hole(s) and the amount of metal and slag in the furnace
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decreases. In continuous tapping, there is always (or most of the time) an open tap-
hole. When there is a need to change the tap-hole to be open, the furnace is closed for
tapping for a short time. Often submerged arc furnaces, for example, FeMn, SiMn,
and FeCr are operated with discontinuous tapping and blast furnaces and submerged
arc furnaces for Si are operated with continuous tapping.

In this study, we focus on continuous tapping of silicon, but it should be noted that
many of the findings can be generalized to continuous tapping in general. There are,
however, some additional features which are specific to tapping of silicon. Firstly,
while the electrodes are static, the furnace shell is rotating. This continuously changes
the relative position of the tap-hole with respect to the nearest electrode. Secondly,
one of the by-products is a sticky condensate which reduces the permeability of the
burden. This creates a resistance for the gas to escape upwards. Thus, some of the
gas will escape through the tap-hole. The ratio of gas escaping through the tap-hole
is relatively higher than for other submerged arc furnaces. This creates a potential
for strong jets of hazardous gas through the tap-hole which poses a risk to operators
[2]. Lastly, there is very little slag production in silicon furnaces.

To better understand the tapping behaviour and gas jet issue of silicon furnaces, a
CFD model has been developed. This follows the approach of earlier tapping models
[3], but modifications have been necessary since earlier work has only addressed
discontinuous tapping. Also, the rotation of the furnace and the high velocities of
the tap-hole gas jets needed special attention. The model and results from the case
studies with the model are presented in the following.

Model

A CFD model was developed to represent the conditions during tapping of silicon
from a submerged arc furnace. The model consists of a chosen representation of
the furnace and the conditions inside the furnace and a mathematical description
governing conservation laws and the chosen furnace conditions.

Furnace Conditions

Production of silicon in a submerged arc furnace is carried out by charging raw
materials from the top of the furnace. The raw materials are minerals, mainly quartz
(S8102) and carbon-rich materials like coke, coal, charcoal, and wood chips (C). The
key components of the raw materials react according to the overall reaction:

Sio,+(14+y)C=ySi+(1—-y)Si0O+(1+y)CO
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Fig. 1 a Vertical and horizontal b cross sections of a simplified typical silicon furnace. The vertical
cross section is given by the dashed line in the horizontal cross section

where y is the silicon yield. This reaction is highly endothermic. Thus, energy is
needed to drive the reaction. This is supplied via three electrodes submerged into
the burden of raw materials and reaction products. A silicon furnace with its main
features and operating principles is illustrated in Fig. 1.

There are several additional reactions and conditions which complicate the furnace
operation. Further details are given by Schei et al. [4]. The implications of these
which are of importance to metal tapping and gas flow in the furnace are as follows:
underneath the electrodes a cavity is formed where electric arcs spark between the
electrode tip and the metal pool at the bottom of the furnace. The cavity is also known
as a crater. Highly viscous melted silica (SiO;) drains downwards at the outside of
the cavity forming a sticky crater wall together with the particles in the burden. The
crater wall has a lower permeability than the main bulk of the burden. SiO gas created
in the crater zones rises towards the top of the furnace where the temperatures are
lower. The cooling of SiO promotes condensation. The condensate forms a sticky
layer with low permeability known as the condensate layer.

Since the conditions inside a silicon furnace are highly complex and difficult to
predict accurately, a simplified model is designed based on the description above of
the true process and furnace. This model is illustrated in Fig. 2. To the left (part a) we
see the furnace with electrodes, a burden, a condensate layer, craters with crater walls,
and a metal layer at the bottom which drains out through a tap-hole. These zones
are given different properties and permeabilities in the mathematical model. There is
also a thin zone around the periphery of the electrodes. It is known that a significant
amount of gas escapes upwards near the electrodes. Thus, a more permeable zone
is created close to the electrodes. The mathematical model focuses on tapping and
material flow. A full furnace model with species conservation and chemical reactions
is out of scope. Still, we need to add the metal and gas continuously produced in
the furnace. Without chemical reactions in the model, there are no source terms
to provide a production of metal and gas. Instead, metal and gas is injected into
the furnace by means of boundary conditions. Metal is injected from the bottom of
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a b

Fig. 2 a Vertical and horizontal b cross sections of the furnace model applied in the mathematical
simulations

the furnace under each electrode and gas is injected underneath each electrode. It is
computationally challenging to model the rotation of the furnace, both due to the long
timeframe for this rotation and due to the complexity of moving parts. Therefore,
we kept the furnace stagnant and included two tap-holes in the furnace as seen to the
right (part b) of Fig. 2. These were only kept open one at a time. They represent the
scenarios when the tap-hole is adjacent to the nearest electrode and as far as possible
from the electrode.

Mathematical Model

To quantify tapping performance, a mathematical model has been developed based
on the furnace model described above. The mathematical model solves a set of
differential equations based on conservation laws for mass and momentum which is
the basis for computational fluid dynamics (CFD). The solution gives quantitative
values on pressure and velocity of the gas and metal flow and the location of the
interface between gas and metal. In the current model, the temperature is assumed
constant and no conservation law for energy is solved. A source term for the pressure
loss due to the particle bed’s resistance to flow is included in the model. Ergun’s
equation [5] is applied for the pressure loss. This depends on several parameters and
variables including the particle bed porosity and the particle diameter which also
defines the permeability of the burden. An overview of the equations is given by
Bublik et.al. [3]. The mathematical model has been validated against the drainage
experiment of Vango et.al. [6] where water was drained through a bed of spherical
wood chips. The model is consistent with the experiment [7]. The model is used to
study tapping of silicon and gassing issues as described in the next section.
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Table 1 Furnace geometry

Furnace diameter 8m Tap-hole diameter 0.1 m
Electrode diameter 1.2m Tap-hole length 1.0m
Electrode height! 0.44 m Tap-hole inclination 10°

Table2 Material properties Viscosity (kg/m s) Density (kg/m?®)
Silicon 2e-3 2450
Gas le-5 0.2

Solution Strategy

The above-mentioned model has been implemented in the commercial CFD software
ANSYS/Fluent where the Geo-Reconstruct scheme is applied in the VOF approach
to track the interface between metal and gas. If rapid variation in production is not of
interest, the numerical solution we are interested in has a steady-state characteristic
since we are studying continuous tapping. Thus, it might be tempting to apply a
steady-state solver. However, mass is not properly conserved for the VOF approach
with a steady-state solver and a transient solver is therefore applied. The high veloc-
ities of the gas jets escaping from the tap-hole force the simulations to apply a very
short time step to avoid divergence in the solver. Typically, time steps as low as
0.1 ms are needed. The simulations are progressed in time until key parameters
reach a steady state.

Results

To study continuous tapping of rotating silicon furnaces, a series of computational
simulations has been performed. The simulations are based on the mathematical
model described above. The case to which it is applied is a furnace with geometry as
listed in Table 1 and material properties as listed in Table 2. The particle distribution
and permeability of the burden vary and six cases representing different hypothesized
configurations have been studied. These cases are founded on two base cases with
different burden permeabilities. The permeability properties for Base Case 1 and Base
Case 2 are defined in Table 3. They are quite similar with a slightly lower porosity
around the electrodes for Case 2, making the burden of Case 2 less permeable than
the burden of Case 1. These cases can be further varied by tapping from the tap-
hole close to the front electrode and far away from the front electrode. These two
variations will represent two stages in the rotation of the furnace. Another variation
is the potential extension of the tap-hole into the furnace. This will depend upon

! Distance between electrode tip and furnace bottom.
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Table 3 Permeability parameters for different furnace zones

Case 1 Case 2
Porosity | Particle diameter (cm) | Porosity | Particle diameter (cm)
Main burden 0.35 2.5 0.35 25
Condensate layer 0.05 0.1 0.05 0.1
Crater and tap-hole | 1.0 - 1.0 -
Crater walls 0.2 1.0 0.2 1.0
Electrode periphery | 0.4 2.5 0.3 25

SOooooooDE~
B2H8588888

Fig. 3 Porosity distribution in idealized Si-furnace (left) and an alternative distribution with
extended tap-hole (right)

the drilling operation when opening the tap-hole or to keep the tap-hole open. The
extended tap-hole is a kind of cavity extending from the tap-hole into the furnace.
These two variations are illustrated in Fig. 3. This leaves us with six cases:

Base Case 1

Case 1 with extended tap-hole.
Case 1 with tapping far from electrode.

Base Case 2 (less permeable than Case 1).

Case 2 with extended tap-hole.
Case 2 with tapping far from electrode.

For all of these six cases, the gas production rate was varied. A typical silicon
furnace can produce 100 tonnes of metal per day (1.15 kg/s). When assuming a
silicon yield of 0.9, the gas production is 2.6 kg/s with a mass fraction of 0.075 SiO.
This is an average production number. In reality, the gas production varies. In this
study, it varies between 0.026 and 5.22 kg/s. The gas amount is inserted through
the bottom of the electrodes as a boundary condition. The metal production is kept
constant at 1.15 kg/s and inserted from the bottom of the furnace underneath each
electrode as indicated in Fig. 2.

The results from the simulations include the flow and distribution of metal and
gas, pressure and velocities. An example of metal distribution is seen in Fig. 4 and
a velocity field is seen in Fig. 5.
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Fig. 4 Metal (red) distribution in furnace seen on cross section for Base Case 1. (Color figure
online)

Fig. 5 Velocity magnitude plotted on cross section in furnace for Base Case 1

Several quantitative numbers can be extracted from the simulations. One of these is
the crater pressure. Since the burden is quite dense, the gas cannot easily escape. Thus,
a gas pressure is produced. The crater pressure as function of the gas production is
seen in Fig. 6. As expected, the pressure increases with gas production. The increase
is quite significant. From the results in Fig. 6, it can also be seen that the crater
pressure is higher for Case 2 than Case 1. This is caused by the lower permeability
of the burden in Case 2. Whether the tapping occurs through the near or far tap-hole
or with an extended tap-hole does not influence the crater pressure as much as the
gas production and burden permeability. The predicted pressures are consistent with
measured values. That is not a proof of validation since the burden permeability was
decided by calibrating against these measured values.

Most of the gas produced in the furnace escapes through the top of the furnace,
but some escapes through the tap-hole as a gas jet. Figure 7 displays the maximum
velocity of gas in the tap-hole exit as a function of the gas production. The gas jet
velocity increases with increasing gas production since more gas is diverted to the
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tap-hole with increasing gas production. The gas jet velocity is higher for the cases
with less permeable burden (Case 2 variants) since the reduced permeability mostly
restricts flow upwards. There is also a clear indication that the configurations with
an extended tap-hole create the highest jet velocities. It has earlier been indicated
that the particle configuration close to the tap-hole entrance is very important for
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the pressure loss due to the flow acceleration at the entrance to the tap-hole. Some
of these velocities are high and they should be of concern to operators close to the
tap-hole. The velocities are consistent with observations in silicon plants. The gas
jet velocity can also be plotted as function of crater pressure. This is done in Fig. 8.

To assess the impact of tap-hole position (furnace rotation) and tap-hole extension,
arelative gas jet velocity can be studied. The relative gas jet velocity is the velocity
normalized with the velocity of the base case of the chosen permeability configura-
tion. This number will then filter out the impact of the permeability. The relative gas
jet velocity is plotted in Fig. 9. It shows that tap-hole extension significantly affects
the relative gas jet velocity while the tap-hole position is not of importance.

Summary and Discussion

A mathematical model has been developed to study continuous tapping from rotating
silicon furnaces. Simulations based on the model have been carried out, and they have
provided insight into the tapping of silicon, especially the accompanying gas flow
through the tap-hole. Due to the condensate layer formed in silicon furnaces, the
burden is less permeable than the burden in most other submerged arc furnaces. This
creates a resistance to the flow of gas upwards to the furnace hood. The resistance
causes an increased crater pressure and forces some of the gas to flow out through
the tap-hole. Even a small fraction of the total gas can create a strong gas jet out of
the tap-hole. This gas jet poses a severe risk to operators due to its high energy. The
gas will very likely combust with surrounding air to create a flame jet.
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Fig. 9 Relative gas jet 4
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The simulation results show that the gas jet can be ejected with velocities up to
100 m/s. The severity increases with increasing gas production and decreasing burden
permeability. If there is an extension of the tap-hole into the furnace, the gas jet will
be even more severe. This extension is a type of cavity (particle-free zone) inside
the furnace extending from the tap-hole in which metal and gas flows more freely.
This extension can be created if drilling continues beyond the tap-hole or maybe
by pushing rods into the tap-hole. Avoiding a cavity near the tap-hole entrance will
reduce the risk of severe gas jets. The extension can also be prevented by the same
operation with rods.

Gassing seems to be unaffected by the tap-hole position. This is somewhat contra-
dictory to observations. It should be noted that in our studies on tap-hole position we
have only varied the tap-hole position. The burden configuration and tap-hole exten-
sion have been kept constant. In reality, it might be that the furnace rotation alters the
burden configuration as the tap-hole rotates away from the nearest electrode. This
might favour reduced gassing (e.g. by destroying an extension of the tap-hole).

It should also be noted that this study has been conducted on an idealized furnace.
The distribution of materials inside a silicon furnace is more complicated than what
was assumed here. After some years of operation, materials (e.g. slag) will accu-
mulate inside the furnace and affect the flow pattern of metal and gas. This will
complicate the flow pattern. Future studies need to account for this.
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Reduced-Order Models of Furnace )
Tapping Systems—A Case Study from a oo
Submerged Arc Furnace Producing
Silicomanganese

Quinn G. Reynolds, Joalet D. Steenkamp, and Jakobus Sutherland

Abstract With the advent of the fourth industrial revolution, advanced methods for
control and automation of pyrometallurgical furnace plants are beginning to receive
considerable attention. One aspect of such work is the development of predictive
tools based on fundamental process modelling—such models are able to extrapolate
furnace behaviour beyond what is available in historical data. In the present paper, a
reduced-order model of tapping from a submerged arc furnace is developed for the
case of silicomanganese production. The utility of the resulting model is assessed
by comparison to tapping measurements obtained from an industrial furnace plant.
Strengths and weaknesses of the model are subsequently identified and discussed in
the context of the potential for such models to act as operator guidance and digital
twinning tools.

Keywords Furnace tapping - Silicomanganese - Modelling

Introduction

Ferromanganese and silicomanganese are used extensively in the steel industry
for alloying and purification, and the pyrometallurgical processing of manganese-
containing ores to produce these ferroalloys is a significant economic activity in
South Africa and worldwide [7, 8].
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Fig.1 (1) Cutaway schematic of a silicomanganese furnace showing burden, metal, and slag layers,
(r) electrodes in an operating furnace (“Giants in the Dust”, image ©Joalet Steenkamp)

In the silicomanganese industry, circular submerged arc furnaces (SAF) are com-
monly used [7]. These are a type of electric furnace vessel consisting of a cylindri-
cal containment shell lined with refractory and three centrally located self-baking
graphite electrodes. Power is supplied to the electrodes by an alternating current
transformer which steps grid electricity down to the high-current, low-voltage lev-
els required in furnace operations. Ore containing iron and manganese is fed to the
furnace together with a source of silica (typically a quartz flux) and a carbonaceous
reductant. These materials form a deep particulate bed or burden inside the furnace
vessel. The burden is continuously consumed from below by melting and chemi-
cal reactions in the hot zones around each electrode tip, and replenished from feed
chutes in the furnace roof. Counterflow of reaction gases from the hot zones facil-
itates preheating and solid-state prereduction reactions in the upper regions of the
burden, improving overall efficiency of the unit. The smelting process generates a
silicomanganese metal alloy and a waste slag (oxide), both of which are in the molten
state at typical operating temperatures. The metal and slag phases are immiscible,
and build up as separate liquid layers in the base of the furnace vessel. The interior
structure of a typical SAF is shown in Fig. 1.

As in many other pyrometallurgical processes, extraction of the reaction products
from the furnace vessel is achieved by batch tapping [5]. This involves the periodic
opening (usually by drilling or thermal lancing) of a dedicated tap-hole channel in the
furnace sidewall, allowing the molten products inside to drain out under gravity, and
resealing the tap-hole to continue operation. Tapping of silicomanganese furnaces is
phenomenologically complex due to the use of a single tap-hole through which metal
and slag products are extracted simultaneously, and the presence of the burden layer
which forms a porous bed through which the products must drain. Difficulties in
understanding tapping dynamics are further exacerbated by the problem’s high sen-
sitivity to variables such as tap-hole diameter and disposition of the burden near to
the tap-hole entrance, many of which may change randomly between successive taps
and cause appreciable variability in the tapping process. Despite these challenges it
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remains of interest to have some means of predicting the tapping behaviour of silico-
manganese furnaces, as tapped mass of metal is a critical indicator of performance
for industrial operations.

Current attempts to understand furnace tapping behaviour focus on the develop-
ment of process models using one of two different approaches. In “bottom-up”” mod-
elling, mathematical descriptions of varying complexity are obtained from the fun-
damental physical principles governing the system, while in “top-down” modelling
large quantities of historical data are analysed using advanced statistical and machine-
learning methods in order to generate reliable empirical relationships. Research in
the former is well advanced, whereas the latter remains at a nascent stage [3].

This paper details the application of a reduced-order bottom-up model to silico-
manganese furnace tapping, and evaluation of the model’s performance against data
obtained from an operating plant. The intention of the present work is to demonstrate a
simplified and lightweight bottom-up framework with flexible empirical parameteri-
sation which would potentially be suitable for integration with data-driven techniques
in the future.

Industrial Data Set

For testing purposes, a large set of data related to furnace tapping was obtained from a
South African silicomanganese producer. The data covers a period of approximately
a year and a half of operations on a 48 MVA SAF unit, and represents nearly three
thousand distinct tapping events. Information recorded for each tap includes the time
at which the tap-hole was opened and closed, tap masses of metal (measured) and
slag (estimated), and a running total of the energy input to the furnace in MWh.

Furnace interruptions were identified using gaps of greater than 24h between
data entries, and served to divide the set into several distinct periods of continuous
operation. Additional processing was performed to calculate tap-to-tap times (defined
as the intervals between successive tap-hole closures) and tapping times (defined as
the interval between opening and closing of the tap-hole) for each tap event. The
average power setting for the furnace during each tap was also calculated using the
energy totaliser reading and the tap-to-tap time. The entire data set was averaged
to obtain estimates for the process energy requirement and ratio of slag to metal
produced. These were found to be 4.19 MWh/ton metal and 1.13, respectively.

Subsets consisting of approximately 100 taps were then selected from the overall
data set for comparison with models. Criteria for selection were that the subsets
should contain no missing or error values, the subsets should not cross furnace
interruption boundaries, and each of the operating periods should be represented by
at least one subset. The full data set together with the nine subsets selected for the
current study is shown in Fig. 2.
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Fig. 2 Tap information from a 48 MVA silicomanganese smelter—vertical lines indicate periods
of continuous operation, dark points show sample subsets selected for modelling study

Model Description

A reduced-order model for tapping from a silicomanganese furnace was developed
according to the framework described in [6]. This framework combines dynamic
mass balances on the furnace inventory with phenomenological descriptions of mul-
tiphase and porous media fluid flow effects during tapping. Tapping flowrates are
governed by a pressure balance based on the levels of metal and slag in the furnace
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Table 1 Parameters for silicomanganese tapping model

Parameter Symbol Value
Process-specific energy SERn, 4.19 MWh/t
requirement

Slag: metal production ratio MSR 1.13
Furnace internal diameter Dr 9.68m
Furnace active area fraction® |agx 0.75
Diameter of burden particles | D 0.03m
Sphericity of burden particles | ¥, 5 0.8

Burden void fraction bp 0.5
Diameter of burden cavity at | Dp min 0.15m
tap-hole entrance®

Tap-hole diameter D, 0.075m
Tap-hole length L, 1.17m
Tap-hole centreline height® H, 0.15m
Tap-hole entry pressure loss K; 0.25
coefficient

Tap-hole channel surface € 0.001 m
roughness

Tap-hole channel friction fp Bellos et al. [2]
factor correlation

Metal density Om 4450kg/m’
Metal viscosity Lm 0.005Pa s
Slag density Ds 2550kg/m>
Slag viscosity s 1Pas

#Fraction of total furnace cross-sectional area occupied by molten bath
bSize of hemispherical region at tap-hole entrance which is clear of burden particles
“Relative to hearth level

interior, and a series of pressure drops defined by the properties of the burden and
the geometry of the tap-hole. While power is supplied to the furnace, metal and
slag are generated continuously according to the process energy requirement and the
slag: metal production ratio; in this case, these were fixed by taking averages of the
industrial data set as described earlier, however they could also be estimated from
thermodynamic calculations.

All additional parameters needed for the silicomanganese tapping model were
estimated from information supplied by the furnace operator together with literature
sources [4, 7] and are given in Table 1.

The model was implemented as a self-contained package in the Python program-
ming language [1]. The evolution of the metal and slag levels in the furnace over
the duration of a tap were solved by explicit forward integration in time over a large
number of small time steps (typically 5s or less), producing filling and draining
profiles according to the current state of the system. The fixed parameters in Table 1
were combined with information about tap-to-tap time, tapping time, and power
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Fig. 3 Metal tap masses for tap data subset 3, showing measured values and model predictions

from the industrial data sets to generate a priori predictions of the system behaviour.
These predictions were then compared to measured values in the data set to assess
the model’s performance.

Results and Discussion

For each of the nine subsets of plant data identified earlier, the tapping model was
used to predict metal tap masses, slag tap masses, and the variation of metal and
slag levels internal to the furnace. For each subset, the initial slag and metal levels
in the simulated furnace were obtained by fitting to the data from the first tap in the
sequence.

Metal Tap Masses

An example comparison between modelled metal tap mass and the values from the
plant data set is shown in Fig. 3, for the third data subset. It can be seen that the model
is in reasonable qualitative agreement with the measured tap masses, especially for
capturing large deviations and irregular taps. Predictions at the end of the sequence
appear to be of similar accuracy as those at the beginning, suggesting that errors are
well controlled and the model is at least to some degree self-correcting. This is a
desirable feature for a predictive tool, since it would potentially require less frequent
recalibration.

Quantitative estimates of the model prediction error were generated for each data
subset by calculating the relative difference between measured and predicted tap
masses for each tap. In addition, the number of incorrect predictions of the direction
of the change in mass between successive taps (i.e. will the following tap yield more
or less metal than the current one?) was calculated. In both cases, smaller values are
more desirable. The results are shown in Table 2.
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Table 2 Model performance against measured metal tap masses

Data subset Prediction error (%) Direction error (%)
1 5.86 26
2 7.31 34
3 9.59 30
4 6.51 28
5 7.29 29
6 6.19 26
7 7.56 22
8 7.51 40
9 6.33 34
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Fig. 4 Slag tap masses for tap data subset 3, showing plant estimates and model predictions

The average error in tap mass prediction for all data sets was found to be between
5 and 10%, while the error in direction change varied between 22 and 40%. These
results are encouraging, and potential exists for further improvement by tuning some
or all of the model parameters to best fit this particular furnace operation.

Slag Tap Masses

The furnace plant from which the data set was obtained does not measure tapped
mass of slag directly, but rather infers it from the metal mass using empirical relation-
ships. For interest, the tapping model predictions were compared to these empirical
estimates. An example result is shown in Fig. 4, again for data subset 3.

Qualitatively it appears that the reduced-order model predicts the correct order
of magnitude of values, and does track the broad long-term trends seen in the plant
estimates—but it is obvious that there are significant differences on a per-tap basis.
The plant estimates also exhibit a higher degree of variability with more outliers
(similar to the metal tap masses) when compared to the model.

Quantitative error estimates were calculated as for the metal masses, and are
given in Table 3. It can be seen that the average differences between the slag mass
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Table 3 Model performance against estimated slag tap masses

Data subset Prediction error (%) Direction error (%)
1 26.4 55
2 25.0 51
3 28.7 51
4 20.6 53
5 21.7 64
6 214 52
7 23.7 54
8 26.4 55
9 14.8 49

estimates and the model predictions are much larger than those obtained for the
metal tap masses, close to 25% across all data subsets. The direction change is also
predicted poorly, being in error slightly more than 50% of the time.

Since the slag mass data were not directly measured [10], this raises the question of
whether the data or model are in error here. Further investigation by performing slag
tap mass measurement studies on the furnace plant (if feasible) would be advisable
in order to resolve the issue and build further confidence in the model.

Furnace Levels

In order to demonstrate the type of additional information that can potentially be
obtained from tapping system models, maximum and minimum of both the slag and
metal levels inside the furnace were calculated from the model data for each tap.
These represent the cyclic tidal changes in the furnace interior that occur during each
tap, from empty (beginning of tap) to full (before tap-hole is opened) to empty again
(after tap-hole is closed). The results for all data subsets are shown in Fig.5.

It is interesting to observe that the metal levels in the furnace remain reasonably
uniform. This is due to the fact that the furnace appears to be completely emptied of
metal at each tap, and the level of the metal bath is therefore continuously “reset”
to a fixed reference point. By contrast the slag inventory varies considerably over
the tap sequences considered here, with evidence of both rapid dynamics between
successive taps as well as slower variations and oscillations occurring over much
longer time periods.

Bath levels cannot be easily measured on operating furnaces (although it may be
possible to infer them to some degree from the position and movement of the three
electrodes), and these results should therefore best be interpreted as qualitative rather
than quantitative. A well-tuned and reliable model that is validated against tap mass
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Fig. 5 Slag and metal furnace level variations as predicted by reduced-order model (grey lines
indicate a representative 1.7 m electrode tip position [9]) (Color figure online)

data may nonetheless be of some utility by permitting operators to relate furnace
inventory changes to other observed phenomena.

Conclusions

A reduced-order model of the silicomanganese furnace tapping process was suc-
cessfully implemented. Model predictions were compared against several data sets
extracted from plant data obtained from an operating 48 MVA silicomanganese fur-
nace. Although only generic estimates of the model parameters were used, predictions
agreed well with the observed dynamics in the measured metal tap masses. Com-
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parison of the model with slag tap mass data was less convincing; however, an open
question remains due to the fact that these masses are not directly measured on the
plant. The slag and metal inventory behaviour was extracted from the model results
and showed a number of interesting features including appreciable dynamics in the
slag levels inside the furnace.

Much work still remains to be done in this area of study. In particular, extending
the validation of the model with comparisons to measured metal tap masses from
silicomanganese furnaces of a variety of designs and scales is currently being con-
sidered, and a measurement campaign to understand the reasons for the model’s poor
performance in predicting slag tap masses would be of value. In addition, new or
existing furnace measurements that can be used to infer the accuracy (or lack thereof)
of the bath-level predictions produced by the model will be explored. Finally, the
integration of simple phenomenological models such as this with top-down, data-
driven techniques in order to reach levels of accuracy and robustness that cannot be
achieved by either approach in isolation is an exciting area of research—at present
this appears to be the most likely path toward development of practical digital twins
of furnace tapping systems in the future.

Acknowledgements This paper is published by permission of Mintek and Transalloys.
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Abstract The accounting mass balance on pyrometallurgical plants, to which the
tapped masses of alloy and slag are essential inputs, forms an integral part of the
process control and planning of any smelter. Thus, it is desirable to be able to predict
tapped mass ahead of time. This paper examines three data-driven models that aim to
predict tapped alloy mass for a submerged arc furnace producing silicomanganese.
All the models are linear and based on lagged data and, thus, can be described as
autoregressive models with exogenous inputs (ARX). They differ in the selection of
the predictors. Ordinary least squares (OLS) model uses all of the available predictors,
whereas least absolute shrinkage and selection operator (LASSO) model selects most
important predictors and partial least squares (PLS) model finds best predictors in
the latent space. Feature selection analysis is performed on the model results. It is
shown that the model based on OLS with a reduced number of the predictors slightly
outperforms other models. It is shown that power input is the strongest predictor of
the tapped alloy mass, confirming current industry practice. Tap duration, energy
input corresponding to the previous tap, and the previously tapped alloy mass are
shown to be weak but statistically significant predictors. Using mutual information,
it was shown that it was not possible to improve tapped mass prediction accuracy
using tapping and recipe data alone.

Keywords Silicomanganese - Ferroalloys smelting - Tapped mass - Machine
learning + ARX model -+ LASSO regression * PLS regression - Feature selection -
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Introduction

Transalloys is a manganese ferroalloy producer situated in a coal mining town of
eMalahleni, Mpumalanga Province, South Africa. Its main product is silicoman-
ganese (SiMn) containing 16.4% Si, 66.5% Mn, 1.8% C, and 15.5% Fe on average
[1]. Transalloys operations consist of 5 submerged arc furnaces (SAFs): one rated at
15 MVA, two at 22 MVA, and the last two at 48 MVA. All SAFs have an open-roof
design [1]. For the purpose of this study, one of the 48 MVA SAFs was chosen for
analyses.

Figure 1 presents a basic schematic of the inputs and outputs to the SAF. Blends
of different types of manganese ores as well as briquettes, different types of carbona-
ceous reductants, and quartzite are fed into the furnace intermittently. Power, in the
form of electricity, is added continuously through three electrodes, submerged into
the burden of raw material, and an alternating current power supply. Slag and alloy,
typically produced at a ratio of 1.1:1.0, are tapped intermittently, at 4 h intervals,
through a single-level tap-hole. The CO-rich off-gas is combusted at the top of the
burden to form CO,. Not all of the electrical energy supplied is utilized in the process.
Some of it is lost to atmosphere via the furnace containment system.

Currently, the main key performance indicator (KPI) for predicting the tapped
alloy mass is the power efficiency of a particular SAF, i.e. the ratio of supplied energy
to mass of tapped alloy (MWh/ton) with values of 3.5-4.5 MWh/ton typical for the
process [2]. Practically, the power efficiency will vary from time-to-time based on the
furnace condition. A poor efficiency (higher MW/ ton alloy) is often an indication
that energy is not applied correctly. This is often the case when operating on very
short electrodes. Metallurgy also plays a role in power efficiency. A silicon content
that is higher than the specified amount will lead to a higher MWh/ton alloy. It is also

Electrical energy

Ore, briquettes
Off-gas

Reductant Submerged arc furnace

Slag, alloy

N

Energy losses

Fig. 1 Basic schematic of inputs and outputs of a submerged arc furnace applied in the production
of silicomanganese
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possible to experience a low power efficiency with a furnace that has correct electrode
length and metallurgy. A furnace is normally tapped for 30 min and if there is an
obstruction on the tap-hole then there will be a reduced flow rate of alloy and slag
within the 30 min duration. This phenomenon is also responsible for a production
backlog thus resulting in lower power efficiency.

Being able to reliably predict the tapped alloy mass to be expected at each tap,
will allow for improved management of the post-tap-hole processing of the five
furnace operation. In particular, alloy mass prediction helps to select a ladle with
enough capacity for the anticipated tap mass and it makes it possible to plan a casting
schedule. This study therefore aims to improve the prediction of the tapped alloy
mass by inclusion of variables other than power efficiency. A data-driven approach
is chosen and machine learning methods are used to identify the strongest predictors
of the tapped mass.

The rest of the paper is structured as follows. Section “Background” presents the
background for machine learning methods. Section “Data Description” describes
the data used in this paper. Section “Data Embedding and ARX Models” outlines
the models chosen for the analysis. Section “Results” presents the results. Sections
“Discussion” and “Conclusions” present discussion and conclusions, respectively.

Background

Machine learning (ML) is a subfield of artificial intelligence that uses a data-driven
approach to construct predictive models [3]. Such models vary from simple linear
models, such as linear regression, to more complex nonlinear opaque models, such
as artificial neural networks or support vector machines [4]. Normally, machine
learning models perform one out of three common tasks: regression, classification,
and data decomposition. Regression refers to prediction of continuous output, such
as temperature or mass. Examples of regression models include linear regression,
regression trees, feed-forward neural networks, Gaussian process regression [4, 5].
Classification is a prediction of a class of the output, e.g. “normal state” versus
“fault state” or identifying a digit from a scanned image. The output of these models
is discrete and finite. Commonly used classification models are logistic regression,
linear decomposition analysis (LDA), k-nearest neighbor (kNN), classification trees,
support vector machine (SVM), and others [4]. Finally, data decomposition refers to a
large set of methods with the aim to somehow simplify the data: remove noise, remove
redundant variables, or decompose signal to statistically independent components.
Typical methods from this group include principal component analysis (PCA), self-
organizing maps (SOM), and autoencoders [4, 6, 7]. Since the tapped alloy mass is
a continuous variable, the model must be selected from a regression group.

The sequence of observations of an operating furnace may be important as the
effect of the changes introduced at some point in time may only become apparent later.
The dataset with such observations is referred to as a time series (multivariate time
series if multiple variables are observed). Specialized ML models exist to construct
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the predictions from time series data [8]. A typical task is to predict the next output
based on its past values

)’10+At = f(yt()v ytofAtv . ) + g,

where f(-) is some functional relation and ¢ denotes unaccounted effects (past and
present).

Linear models of this form are known as auto-regressive moving average (ARMA)
models. If additional m input variables, x;,,j = 1, ..., m, are considered with their
past (lagged) values,

p q m r
Vig+Ar = E i Vig—inr + E Bi€w—inr + E § ViiXjto—int + €1

i=1 i=1 j=1i=0

where «;, B;, and y;; are regression coefficients, and p, ¢, and r define the furthest
past values for auto-regressive, moving-average, and exogenous parts, respectively,
such models are referred as ARMAX, ARMA model with exogenous inputs. Non-
linear time series models can be also constructed. Long short-term memory (LSTM)
machines are an example of such a model based on a recurrent neural network
structure [9]. Since the dataset used in this study has a limited number of observations
(783 observations, see section “Background” for more details), only linear models
were considered.

Estimation of the parameters of an ARMAX model requires the solution of a non-
linear optimization problem since both regression errors ¢, and regression coefficients
Bi need to be estimated [8]. This problem can be simplified considerably if the effect
of past errors is dropped (moving-average part) and the model is transformed to ARX
(auto-regressive model with exogenous inputs):

P m r
Yn+1 = Zaiyn—i + Z Z VjiXjn—i + €n, (D
i=1

j=1i=0

where n refers to the time index, #y = nAt, and is introduced to simplify the notation.
This problem can be viewed as a simple linear regression problem where the set of
predictors is augmented by their past values. This augmentation, i.e. the replace-
ment of a single value x; , by a vector of values (x;,, Xja—1, ..., Xja—r), is called
data embedding. While embedding enables the capture of time evolution of the data
sequence in the model, it also increases the dimensionality of the data: instead of m
predictors, there are now p+m (r + 1) predictors. Such dimensionality expansion can
hinder the learning process. Thus, some feature selection may need to be performed
to produce an accurate model.

There are various ways to perform feature selection, including PCA, backward
and forward stepwise selection, or using regularized models, such as ridge or least
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absolute shrinkage and selection operator (LASSO) regressions [4]. Partial least-
squares (PLS, sometimes also decoded as projections to latent structure) is another
approach that automatically constructs the sequence of best (latent) predictors [4].

The quality of the model can be assessed using various metrics describing the
goodness of fit and by analyzing the residuals. Coefficient of determination is
commonly used to describe the goodness of fit of linear models:

R2 —1— Zn(yn - 3]\”)2
YO =

where 3, is the value predicted by the model and y is the average value of the output
[4]. R? can be interpreted as the portion of variance explained by the model. Mean
absolute error (MAE),

1 & 1 &
MAE = =3 [y = 3 = 5 D _leul.

n=1 n=1

is another metric that is often used to complement R? [10]. Root-mean-squared error
(RMSE) is yet another metric [4, 10]:

RMSE = \/ \/ 62,
N n= 1 N n=1

If the model incorporates all important predictors, the model residuals, ¢,, are
expected to follow Gaussian distribution since Gaussian distribution arises when a
large number of (small) independent random variables are added—random noise
(central limit theorem, [11]).

Mutual information (MI) between two random variables X and Y is defined as
follows:

11X, Y] = jynPXY(x P 2O g g
pxy(x,y)

where py, py and pxy are probability density functions (PDF) of variable X, variable
Y, and their joint distribution, and the integration is taken over all values of variables
X and Y [12]. If variables X and Y are independent (pxy(x,y) = px(x)py(y)),
their mutual information is zero. MI reaches maximum if two variables are connected
by a functional relation, i.e. Y = f(X), even if this relation remains unknown.
The maximum of MI for a given variable X can be estimated by putting ¥ = X.
For interpretability it is more convenient to introduce relative mutual information
RI[X, Y] as follows:
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I[X,Y]

(@)

Relative MI can be interpreted as the portion of variability of X explained by Y
and it can be conveniently expressed as a percentage.

In this paper, three ARX models with different regularization procedures were
tested for the prediction of tap alloy mass and predictor selection: full linear regression
model with 20 predictors, LASSO linear regression and PLS model (section “Data
Description”). Full linear regression is also referred as ordinary linear regression
(OLS) to contrast it with LASSO regression and PLS. LASSO regression was selected
over ridge regression since the former automatically identifies the most important
predictors and removes unimportant variables from the model, whereas the latter
tends to keep all the predictors. The results of the methods are examined and the set of
the best predictors (additional to energy input) are identified (section “Results”). The
model residuals are examined using mutual information (MI) to test if the accuracy
can be further improved by the addition of non-linear features.

The analysis conducted in this paper used R programming language, glmnet
package for LASSO regression [13], pls package for PLS [14], and infotheo
package to compute mutual information [15].

Data Description

The data provided by Transalloys comprises tapped (1) alloy mass in tons, (2) energy
input between consecutive tap starting times in MWh, (3) tap duration in minutes,
and (4) tap interval in hours, for a single furnace producing silicomanganese alloy.
Additionally, the recipes history gives the information on the (5) mass of ore in kg,
(6) reductant in kg, and (7) flux in kg, used for this furnace. The recipes data was
merged with tap data using zero-hold extension (last value carried forward) of recipes
since tapping is performed more frequently than recipe change. The data spans the
period of 130 days and consist of 783 taps.

As a standard (in ML) pre-processing step, all the variables in the data were
standardized: the variable mean was subtracted and the values were re-scaled using
standard deviation. The example of a few variables is shown in Fig. 2. Note that
although the tap interval was set to 4 h on the plant, due to various reasons it may
vary. Hence, Tap Interval was included as a separate variable.

Data Embedding and ARX Models

For the current study the embedding with lags p = r = 2 (see Eq. (1)) was used as it
was not expected to pick up the effects that preceded the tap by more than 8 h. As a
result, the original dataset with 7 variables and 783 observations was replaced by the
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Fig. 2 An example of time series of four variables from the dataset used in the study

dataset with 21 variables (see Fig. 3) and 781 observations (the first 2 observations
had to be removed since they do not have all lagged values). Out of 21 variables, 1
is the response (tapped metal mass) and other 20 form the set of predictors.

The full dataset of 781 observations was split to training data with 546 observations
and testing data with 235 observations. The former was used to train the models and
to fine-tune hyperparameters (see further below), whereas the latter was used to
validate the models and to assess their accuracy.

The full linear regression model (or ordinary linear regression, OLS) fits the model
of the form (Eq. (1) with p =r = 2):

m 2

Yn = A+ U1 Yn—1 + 2Yn—2 + Z Z ViiXjn—i + &n. (3)
j=1i=0

LASSO model fits the same model as in Eq. (3) but it additionally constrains all
the coefficients to satisfy the following condition:
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Fig. 3 Schematic -1 =2
representation of the X y X X X y
embedding with two lagged
values. Each variable x
generates three variables: x

itself, x 1 consisting of a a b C
values x,_1, and x 2 with

values x,_» b [: b c

m 2
Al + ||+ leal + Y Y lyjil <A

j=1i=0

where A is the regression “budget” [5]. To satisfy the “budget”, LASSO regression
puts insignificant coefficients to zero, producing sparse models. Since the parameter
A needs to be specified upfront and cannot be learned by the regression procedure, it
is a hyper-parameter that needs tuning. A was tuned using tenfold cross-validation on
the training data [5]. This tuned value then was used to perform LASSO regression.

Partial least squares (PLS), in contrast to OLS, first finds the directions (latent
variables) in the predictors space that provide the best linear fit for the response. The
number of latent variables for the method to use is a hyperparameter. This hyper-
parameter is easy to fine-tune since the method is embedded: it finds an additional
latent variable based on already found directions. Thus, the fine-tuning only requires
the regression to be performed once with a large enough number of latent variables
and then choosing the number of components once the resulting fit stops improving.

Results

Hyperparameter Fine-Tuning

Only LASSO and PLS regression methods required hyperparameter tuning. The
value of A for LASSO regression by itself is not informative, but it is worth mentioning
that the values in the range from 0.001 to 100 were tested and the best value found
(for this dataset) was 0.01.
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Fig. 4 Amount of the response variance explained in the training dataset based on the number of
components of the PLS model

The PLS regression was performed with the maximum of ten components. The
amount of variance explained for each number of components is shown in Fig. 4. It
is obvious that using more than three components does not considerably improve the
fit. Thus, three components were used for the rest of the analysis.

OLS and LASSO Predictors Selection

Ordinary least squares regression provides useful statistics associated with the regres-
sion coefficients. These statistics can be used to reduce the number of predictors. The
OLS method applied to the tapping dataset resulted in (current) tap duration, energy
input, energy input for previous tap, and the previously tapped alloy mass (lag of one
step) being the most significant predictors.
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Table 1 Comparison of the model performance on training and testing datasets using different

metrics: coefficient of determination (R2), MAE, and RMSE. The best-performing model according
to each metric is highlighted

Metric Model
Full OLS LASSO PLS Reduced OLS

R?, training 0.71 0.7 0.7 0.69
R?, testing 0.71 0.72 0.71 0.73
MAE, training 0.4 0.41 0.41 0.41
MAE, testing 0.4 0.39 0.4 0.38
RMSE, training 0.55 0.56 0.56 0.57
RMSE, testing 0.51 0.5 0.51 0.49

LASSO regression additionally selected intercept A, current tap interval, the
tapping duration of the last but one tap (lag 2), the last but one tapped alloy mass,
and the last but one mass of the flux in the recipe.

Based on the results of the full OLS model, it was decided to train a reduced OLS
linear model, using only predictors that were found significant by a full OLS model.
The results reported in the next subsection include the results of this model.

Goodness of Fit

The goodness of fit for the models was tested on the testing portion data. For complete-
ness, Table 1 shows the model performance on both training and testing data. It is
evident that all models performed similarly. Although the reduced OLS model shows
slightly higher errors on training data, it outperforms all other models on testing data.

Analysis of Residuals

Only the testing residuals from the reduced OLS model are presented here. The
histogram of the residuals is shown in Fig. 5. Shapiro—Wilk test for the residuals
has a p-value of 0.065 which for this test means that the residuals are unlikely to be
normally distributed.

Relative mutual information (relative M1, see Eq. (2)) was computed for the resid-
uals and all the predictors and the response (tapped alloy mass). It has a maximum for
the current tap alloy mass (Table 2). It is considerably smaller for all the predictors,
including power input.
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Discussion

The performance of all tested models is similar. This is expected since they are all
linear models. The only difference is the selection of predictors. The reduction of
the number of the components helps to avoid model overfitting. This is evident from
the performance of the reduced OLS model: on the testing set, its performance is
slightly superior to other models. PL.S model has the least number of the predictors,
3. While it is possible that the addition of 1 or 2 more components will improve
its performance, it has reduced explainability compared to other models since the
regression is performed against latent variables.

As expected, current (before current tap) power input is the strongest predictor
of the tapped mass: if it is used as a single predictor, its thesl = 0.71, which is only
marginally worse than that for the reduced OLS model. Having said this, tap duration,
previously tapped alloy mass and previous energy input are statistically significant
predictors of the next tapped alloy mass.
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Previously tapped alloy mass coefficient in the model is negative, meaning if the
previous tap resulted in a large alloy mass, the next tapped mass will (likely) be
smaller. This is unsurprising, since the average tapped mass is constrained by the
material inlet flow, which remains relatively constant.

The energy input for the previous tap and the next tapped mass are positively
correlated. This means that some of the energy that was put into the furnace carries
over to the next tap.

Surprisingly, the tap duration is negatively correlated with the tapped mass. This
correlation is weak but nonetheless present. A possible explanation for this is as
follows: tap duration is usually set to 30 min and it is only extended if the flow from
the tap is obstructed. However, the obstructed flow will still result in a lower tapped
mass even with the extended tap duration.

The model residuals distribution (see Fig. 5) is far from Gaussian. The Gaussian
distribution is expected if a random variable is comprised of the sum of many inde-
pendent random variables. Therefore, it is possible that there are a few (hopefully)
identifiable effects that can explain some variability of the residuals. Mutual infor-
mation analysis has shown that these effects—linear or nonlinear—cannot be found
among already considered predictors. Thus, the next step would be to consider the
tapped alloy mass with more detailed recipes information and additional process
monitoring variables (hearth temperature, current between electrodes, etc.).

Conclusions

The aim of this study was to identify the model and the predictors of the tapped alloy
mass. Only linear models were considered due to the limited size of the available
dataset. To incorporate the dynamics of the process, all the variables were considered
together with the lagged values (embedded data). Embedding produced the dataset
with 20 predictors. The LASSO model and PLS models showed that the number of
predictors can be significantly reduced. Based on their results, reduced OLS model
was proposed that only included four predictors. That model showed slight improve-
ment of the performance, compared to the other models. Power input, as expected,
is the strongest predictor of the tap alloy mass. Other predictors, such as current
tap duration, power input for the previous tap and previously tapped alloy mass,
have statistically significant but small contribution to the tapped mass prediction.
Surprisingly, the recipe variables (ore, reductant, and flux masses) cannot act as reli-
able predictors. It is proposed to use more detailed recipe information and process
monitoring data in order to find more precise tap alloy mass model.
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Slag Reduction and Viscosities ®
Interaction in Ferromanganese Process

updates

Tichaona Mukono, Maria Wallin, and Merete Tangstad

Abstract Slag reduction and viscosity are closely related in the practical operation
of a submerged arc furnace for ferromanganese (FeMn) production. The viscosity
of slag is dependent on temperature and its composition, and influences different
aspects in the FeMn production process, namely reduction kinetics and final MnO
content of slag, slag—metal separation, slag flow in the furnace, and ultimately furnace
tapping. As such, it is paramount to establish knowledge about the relationship
between slag reduction and viscosities. The kinetics of MnO reduction in FeMn
slags based on Nchwaning, Comilog, and UMK ores were investigated between
1400 and 1550 °C. The extent of reduction was determined by thermogravimetry,
slag morphology, and change during reduction was examined by electron probe
micro-analyzer and slag viscosities calculated using FACTSage 8.1 thermochemical
software. Results show that viscosity of primary FeMn slag is higher and decreases
with increasing dissolution of solid phase into liquid as temperature increases.

Keywords Slag reduction - Kinetics - Viscosity - Ferromanganese

Introduction

The production and reduction of slag is a key aspect of the ferromanganese (FeMn)
alloy production process [1]. In the high-temperature zone of the furnace, gangue
minerals in the furnace feed materials, fluxes and residual MnO from the smelting
reaction combine to form a slag which consists of a mixture of different oxides
(e.g., MnO, SiO,, Al,03, Ca0, and MgO) and is characteristically immiscible to
the recovered FeMn alloy. Considering the process reactions in the submerged arc
furnace (SAF), the prereduction zone involves the prereduction of higher manganese
oxides and iron oxides (MnQO,, Mn,03, Mn3;04 to MnO and Fe,Oj3, Fe304, FeO to
Fe). However, final reduction of MnO in the high-temperature cokebed zone is by
either solid carbon or carbon dissolved in alloy according to the following reaction:
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MIIO(]) + C(s,l) = Mn(l) + CO(g) (1)

The kinetics of the reduction of MnO has been extensively studied by several
researchers [2—7]. The reduction reaction has been modelled by the following reaction

[3]:

Rvino = knvino + A - (@MnO — AMnO.eq)
= ko,mno * A - €xXp(—Emno/RT) - (aMno — aMn/ Keg) ()

where Ryyo is the reduction rate (g/min), kymo 1S the rate constant (g/min cm?), kg is
the pre-exponential factor, A is the reaction interface area (cm?), Enno is the activation
energy (kJ/mol), R is the ideal gas constant (J/mol K), T is the temperature (K), avmo
is the activity of MnO in the slag, anmo eq 18 the equilibrium activity of MnO in the slag
phase, aw, is the activity of Mn in alloy phase, and K is the equilibrium constant at
temperature 7. The reaction rate constant follows the Arrhenius expression and (aymo
— amn/Keq) is the driving force of the reaction. The MnO reduction reaction has been
concluded to be controlled by interfacial chemical reaction and is highly dependent
on temperature and ore chemical composition [3, 5, 8]. Tangstad [8] established
that MnO reduction increases with increase in temperature and the reduction rate
is rapid in the two phase region, i.e. when solid MnO coexists with a liquid slag
phase saturated with MnO. This is due to the activity of MnO which will be high
and constant until the complete dissolution of manganosite into liquid slag. Further
MnO reduction through the completely liquid slag phase will take place at a rapidly
decreasing rate resulting from the decreasing activity of MnO.

The reduction behavior of different ore materials in the FeMn process are different
as they possess different ore chemistry, mineralogy, and melting properties. In addi-
tion, the dissolution behaviors are different which affects changes in slag viscosities
during reduction [1, 6]. Slag viscosity has been reported by several researchers to be
highly dependent on temperature and slag composition [9—11]. Jang et al. [9] studied
the effect of controlling slag composition on the separation of alloy and slag in the
refining stages of medium carbon FeMn alloy. It was reported that controlling the
SiO, content in the slag to 32% lowered viscosities of the slag and thus increased
fluidity and better metal/slag separation. In other works, Sunahara et al. [10] high-
lighted that slag drainage is a fluidization phenomenon dominated by viscosity in
which the drainage rate decrease with increasing slag viscosity. An increase of MgO
content in the slag was found to be effective in maintaining slag drainage under high
Al,O3 concentrations in slag. The results from the published literature, commonly
highlight that slag viscosity is an important variable in furnace operation which is
indicative of the ease with which slag could be tapped from the furnace. Therefore,
the composition of ferromanganese slag is important in determining the slag/metal
equilibrium relations, MnO content of final slag, as well as slag viscosity which is
expected to influence the furnace tapping process.

In the EU funded PreMa project [ 12], pretreatment of manganese ores is suggested
with the main goal of reducing the overall energy consumption on the SAF process,
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coke consumption, and CO, emissions. As part of PreMa, the effect of pretreatment,
i.e., extent of prereduction of manganese ores on the metal producing reactions is
investigated in this work. In the practical operation of a SAF for FeMn production,
slag reduction and viscosity are closely related as they are both dependent on temper-
ature and composition. They influence different aspects in the FeMn production
process, namely reduction kinetics and final MnO content of slag, slag—metal sepa-
ration, slag flow in the furnace, and ultimately furnace tapping. Therefore, the present
study focuses mainly on the experimental investigation of the reduction behavior of
different manganese ores. In the current work, slag viscosities are calculated using
the FactSage 8.1 viscosity module as this method of estimating slag viscosities has
been reported to be quite reliable [13].

Experimental

Preparation of Raw Materials

Three different manganese ores, namely UMK (United Manganese of Kalahari),
Comilog, and Nchwaning ores were utilized in this work. The ores were ground
and sieved into particle size fractions of 3.15-4 mm and were chemically analysed
by SINTEF Norlab using X-ray fluorescence, while the oxygen amount connected
to Mn oxides was obtained by titration for each ore type. Eltra (combustion-IR)
was used to determine the amount of carbon, which was recalculated to CO, in the
carbonate minerals. The composition of the raw materials is shown in Table 1. The
raw materials in each experiment were weighed into charge mixtures consisting of
10 g ore and 2 g Polish coke as shown in Table 2. The Polish coke was used in the
same size fraction as the ores. Each charge was mixed manually and loaded into
a graphite crucible of 36 mm external diameter, 30 mm internal diameter, 70 mm
height, and a depth of 61 mm.

TGA Furnace Experimental Procedure

The experiments were conducted in a vertical graphite tube furnace equipped with
thermo-gravimetric (TG) balance. The filled graphite crucibles with a perforated
closing lid were hooked to the balance and suspended inside the furnace chamber
by a molybdenum (Mo) wire. The atmosphere in the furnace chamber was initially
evacuated using a vacuum pump and subsequently replaced by a high purity 99.99%
Ar gas stream up to 1 atm pressure. The Ar gas stream at 0.5 L/min was replaced by
a CO gas at 0.5 L/min during the heating stage upon reaching 500 °C and Ar was
reintroduced at the end of the experiment when the temperature had cooled down
to 900 °C. Two alternative heating schedules were conducted. The samples were
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Table 2 Amount of charge components and summary of the conducted experiments

Ore in charge Basicity Amount (g) Experiments
conducted

UMK Com Nch Coke Total

UMK 10 - - 2 12 UMK-1400-30,
UMK-1400-0,
UMK-1500-30,
UMK-1500-0,
UMK-1550-30,
UMK-1550-0

Com - 10 - 2 12 Com-1400-30,
Com-1400-0,
Com-1500-30,
Com-1500-0,
Com-1550-30,
Com-1550-0

Nch - - 10 2 12 Nch-1400-30,
Nch-1400-0,
Nch-1500-30,
Nch-1500-0,
Nch-1550-30,
Nch-1550-0

rapidly heated at 25 °C/min up to 1200 °C and temperature held at 1200 °C for
30 min followed by a slow heating step at 4.5 °C/min. Alternatively, the fast heating
stage was subsequently followed by a slow heating stage without holding tempera-
ture at 1200 °C. The two heating regimes were conducted to ascertain the effect of
extend of prereduction on the final metal formation reactions. Final target tempera-
tures were 1400, 1500, and 1550 °C for the two heating regimes. The initial rapid
heating stage up to 1200 °C represents the prereduction of manganese oxides and iron
oxides (MnO;, Mn,03, Mn304 to MnO and Fe,03, Fe;O4, FeO to Fe, evaporation
of bound water and decomposition of carbonates) and the calculated composition
of a completely prereduced charge are shown in Table 3. Further heating to target
temperatures represent the non-isothermal reduction of MnO in slag by carbon to
form FeMn alloy. The temperature was recorded in two locations as shown in Fig. 1,
with B-type thermocouple recording temperature in the hot zone at approximately
0.5 cm below the bottom of the graphite crucible and S-type thermocouple measuring

Table 3 Calculated compositions of charge completely prereduced at 1200 °C

Charge MnO SiO, CaO MgO Al,O3 Total Basicity*
UMK 66.39 9.43 18.66 4.09 1.43 100 2.09
Com 83.22 6.44 0.36 0.23 9.76 100 0.04
Nch 79.19 9.61 8.43 1.52 1.25 100 0.92

*Basicity = (CaO + MgO)/(Si0, + ALO3)
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Fig. 1 Thermogravimetric furnace layout

furnace wall temperature. The weight loss of a sample is recorded every 5 s. After
completing the experiment, the reduced sample is weighed and subjected to further
characterization. The conducted experiments were named following the format; Mn
Ore-Temperature-Holding time (mins) at 1200 °C as shown in Table 2.

Sample Characterization

After cooling, the crucibles containing reacted slag are casted in epoxy resin and then
cut to expose the slag and metal. Prior to EPMA analysis, metallographic sample
preparation and polishing was conducted to produce smooth surfaces. Samples
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were embedded using epoxy resin curing for 12 h and the surface of the samples
were initially ground using a SiC grinding paper, grit 220 before polishing using
polyurethane based pads as the polishers (i.e., MD-Dac, 200 mm and MD-Nap,
300 mm) and an abrasive suspension, diamond water-based type as the polishing
agent gradually decreased from 9, 3, and 1 wm particle size. The polished samples
were cleaned by tap water using a cotton swab and dried in an oven for 12 h.
After metallographic preparation, a high-resolution electron probe micro-analyzer
(EPMA) JEOL JXA 8500TM, supported by wavelength dispersive spectroscopy
(WDS) was used. EPMA/WDS provides high accuracy on quantitative analysis of
the elements in observed phases of the samples as well as it can be used for imaging.
On each of the observed phases of the samples, three points were analyzed, and
backscattered images of the analyzed samples were recorded.

Thermochemical Calculations

FACTSage 8.1 thermochemical software was used to calculate equilibrium phases
and compositions in the reduction process of UMK, Comilog, and Nchwaning ores.
The equilibrium module in FACTSage 8.1 was used to calculate the equilibrium phase
relations in the system MnO-SiO,-Al,03—FeO-CaO-MgO for the ores mixed with
excess carbon in a carbon monoxide (CO) atmosphere as a function of temperature
in the range 1100-1600 °C at intervals of 10 °C and atmospheric pressure set to
1 atm. The FactPS, FToxid, and FTmisc databases were used in all calculations. The
primary slag composition presented in Table 3 were used as starting input values for
equilibrium calculations. The viscosities of the three charges and their change during
reduction were estimated using the viscosity module in FactSage 8.0. The viscosity
calculations were performed with the chemical composition of the liquid determined
from the equilibrium calculations. Viscosity is determined by both the liquid phase
and content of solid phase. As such, viscosity of liquid was used to calculate the
viscosity of the solid 4 liquid slag mixture according to Roscoe equation [1]:

ViSCOSIty (soid-liquid) > VISCOSIY iquiay (1 — Rop)™" 3)

where @ is the volume fraction of the solid phase, R and n are empirical parameters,
which equal 1.35 and 2.5, respectively, assuming rigid spheres of equal size.
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Results and Discussion

Reduction Behavior of UMK, Comilog, and Nchwaning Ores

The experiments were performed for the UMK, Comilog, and Nchwaning charges
to ascertain the effect of extent of prereduction on the final metal reduction reaction
and the extent of the reduction of MnO from the primary slag. This was done by
having an isothermal section of 30-min holding temperature at 1200 °C compared
to no isothermal section and the mass loss results for prereduction are shown in
Table 4. Generally, the mass loss results up to 1200 °C show that maintaining samples
at a heating plateau of 1200 °C for 30 min ensured a higher extent and complete
prereduction compared to not holding.

The mass loss versus time and temperature profile for different charges is presented
in Fig. 2. The prereduction curves at temperatures lower than 1200 °C overlap
each other which is an indication of high accuracy in weight loss measurements
for different experiments of the same ore type. The weight loss for Nchwaning ore
is significantly lower than UMK and Comilog. This is mainly because Nchwaning
is a Mn,O3-based ore with significantly lower O/Mn ratio of 1.4 compared to 1.9
for Comilog and less carbonates compared to UMK. UMK has significantly higher
CO; content of 16% than Nchwaning and Comilog as shown in Table 1, therefore its
mass loss is close to that of Comilog even though it has a lower O/Mn ratio of 1.3.

The weight loss in the MnO reduction stage is obtained by deducting the weight
loss from prereduction from the total weight loss and is shown by Fig. 2d—f. The
prereduction weight loss included the weight loss during holding for 30 min at
1200 °C for experiments including this isothermal stage. In general, holding for
complete prereduction has been observed to have no effect on the overall weight
loss in the metal producing reduction. As such, a greater extent of prereduction has
been concluded to have no effect on the metal formation reaction. Weight loss at
1400 °C in the reduction of Nchwaning is higher followed by UMK and lastly
Comilog. However, with an increase in temperature up to 1550 °C, Comilog shows
the highest weight loss followed by Nchwaning and lastly UMK. This shows that

Table 4 Prereduction mass loss for experiments with and without holding for 30 min at 1200 °C

Experiment Starting mass (g) | Prereduction mass loss (g) Mass loss (%)
30 min holding at | No holding time at
1200 1200
UMK-1200-0 |12 2.62 21.86
UMK-1200-30 |12 2.84 23.65
Com-1200-0 12 2.58 21.51
Com-1200-30 |12 2.85 23.74
Nch-1200-0 12 1.77 14.78
Nch-1200-30 12 223 18.62
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Fig. 2 TGA and temperature curves: a UMK series; b Comilog series and ¢ Nchwaning series.
Dashed lines represent the TGA and sample temperature for experiments with 30-min holding time
at 1200 °C to complete prereduction and the solid lines represent experiments without holding
for complete prereduction). Curves d, e, and f are the reduction curves for UMK, Comilog, and
Nchwaning ores with weight loss before the second heating stage deducted, respectively

the reduction rate is higher for Nchwaning and UMK at low temperatures, whereas
for Comilog, the reduction rate is significantly higher at higher temperature. This
can also be seen in the calculated reduction rate curves versus temperature shown
in Fig. 3. This is reasonably consistent with previous studies by Xiang et al. [6]
though this study exhibits lower mass loss due to reduction for similar investigated
temperatures.

The calculated reduction curves are presented in Fig. 4. In the calculation other
ore components were neglected except for higher manganese and iron oxides, SiO»,
Al,03, Ca0, and MgO. Therefore, the primary constituents after complete prereduc-
tion were MnO, SiO,, Al,03, CaO, and MgO as presented in Table 3. Comilog ore
contains very little CaO and MgO and the slag formed during the reduction process is
very acidic. However, the slag is basic for UMK and Nchwaning ores as they contain
significant amounts of CaO and MgO. The reduction curves are calculated based on
weight loss due to the reduction of MnO in slag and the corresponding final slag
compositions are shown in Table 5.
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Slag Structure and Viscosities Variation During Reduction

MnO reduction occurs in liquid slag and typically the slag structure in ferroman-
ganese process is a two-phase component of solid 4 liquid, which increases in liquid
with dissolution of solid MnO. Therefore, the viscosity is a function of the struc-
ture of the slag system. The backscattered images from EPMA showing the slag
morphology for UMK, Comilog, and Nchwaning slags as a function of tempera-
ture is shown in Fig. 5. The images shows that the slag contained a solid phase and
liquid phase, and show that the reduction process has not reached the tapping slag
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Table 5 Calculated slag composition based on reduction weight loss
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Charge MnO SiOy CaO MgO Al>,O3 Total
UMK-1400-30 64.85 9.86 19.51 428 1.49 100
UMK-1500-30 62.56 10.51 20.78 4.56 1.59 100
UMK-1550-30 59.76 11.29 22.34 4.90 1.91 100
Com-1400-30 82.44 6.74 0.37 0.24 10.22 100
Com-1500-30 74.47 7.87 0.44 0.28 11.94 100
Com-1550-30 71.45 10.95 0.61 0.39 16.60 100
Nch-1400-30 77.49 10.40 9.12 1.64 1.36 100
Nch-1500-30 74.22 11.91 10.44 1.88 1.55 100
Nch-1550-30 66.94 15.27 13.39 241 1.99 100

Fig. 5 BSE images of UMK slag (a—c), Comilog slag (d—f) and Nchwaning slag (g—i). The temper-
atures were 1400 °C (a, d, g), 1500 °C (b, e,f) and 1550 °C (¢, f, i). Legend: A = alloy, M = monoxide

phase; S = slag matrix
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composition in these experiments. There has been no significant dissolution of solid
MnO into liquid based on the experiments. The viscosity will hence be calculated
according to the slag composition assumed down to tap composition. Therefore,
the characteristic viscosity changes during reduction are mainly described based on
equilibrium and viscosity calculations in FactSage 8.1. However, this creates signif-
icant discrepancies between calculated and mineralogically determined phases and
compositions since the concentrations of chemical species are calculated under the
assumption that compounds react to reach a state of chemical equilibrium which is
hardly ever achieved.

In this work, the viscosity of the slag is calculated using the viscosity module in
FactSage 8.1 from slag composition calculated from the equilibrium module. The
melt database for the MnO-Si0,-Al,03;—CaO-MgO system was used for the calcula-
tions and temperature was selected in accordance with the investigated experimental
temperature range of 1400-1550 °C. Figure 6 shows the viscosity changes during
reduction as function of temperatures. It can be noted that the viscosities are highly
dependent on temperature, with increasing temperature resulting in a decrease in
viscosity for the three ores. The initial primary slag will consist of a solid phase and
a liquid slag having liquidus composition and the viscosity will vary with temper-
ature. The content of solid phase decreases during reduction due to its dissolution
in the liquid slag. As a result, the viscosity will decrease until the lowest viscosity
is reached on the liquidus composition is reached and the viscosity will increase
with further MnO reduction in the liquid. This is easily observed for the Comilog
and Nchwaning viscosities curves. However, this is not the case for the UMK slag
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system. Equilibrium calculations for the UMK slag systems shows that there is forma-
tion of high melting point silicates which are predominantly Ca;SiO4, Mg,Si0O,4, and
Mn;SiOy4. These silicates make the slag highly viscous and with dissolution of MnO
in liquid during reduction, the silicates remain solid thus making the slag highly
viscous. Comparison of the three slag systems shows that the viscosities in the two
phase area, i.e., solid + liquid slag are high in UMK, followed by Nchwaning and,
lastly, Comilog. However, Comilog shows a higher increase in viscosity with further
reduction of MnO in one phase region, i.e., completely liquid slag. This is mainly
due to a higher quantity of acidic oxides, Al;O3 + SiO, which are network forming
oxides resulting in increased viscosity of the slag. Network forming oxides have
been previously reported [ 14] to increase slag viscosity and the viscosities have been
found to be minimum along the liquidus in the MnO-rich area, which is close to
the chemical composition of tapped ferromanganese slags. The viscosity plays a key
role in industrial operations. Slag viscosity contributes to the metal-slag separation
efficiency, slag flow and furnace tapping. However, no direct relationship has been
observed between the kinetics of reduction and calculated viscosity of slag.

The UMK ore, with its high basicity, will at a certain temperature, e.g., 1400 °C,
have a higher viscosity at <20%MnO compared to Nchwaning at <20% MnO and
Comilog at 40-50% MnO which are typical tapping compositions. The higher
viscosity gives more tapping issues as described above. The UMK ore has addi-
tionally a lower reduction rate, and may end up with higher MnO content, increasing
the viscosity and hence the tapping issues even more. This will be one of the reasons
why UMK ore must be mixed with more acid ores.

Conclusions and Recommendations

Itis of great importance to understand and control slag properties in order to improve
the efficiency of the ferromanganese process. As such, the main concluding remarks
from this work can be summarized as follows:

e The effect of pretreatment i.e., extent of prereduction on the metal formation
reaction has been investigated by having a series of experiments with 30-min
holding time at 1200 °C to ensure complete prereduction. This has been observed
to have no effect on the overall weight loss in the metal producing reduction
reactions. As such, the extent of prereduction has been concluded to have no
effect on the metal formation reaction.

e Slag viscosity varies with slag reduction. The initial primary slag will consist of
a solid phase and a liquid slag having liquidus MnO composition. The content
of solid phase decreases during reduction due to its dissolution in the liquid slag.
As a result, viscosity will decrease until the lowest viscosity on the liquidus
composition is reached, and the viscosity will increase with further MnO reduction
in liquid slag.
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e The viscosities in the two phase area, i.e., solid + liquid slag is considerably high
in UMK, followed by Nchwaning and, lastly, Comilog. However, Comilog shows
a higher increase in viscosity with further reduction of MnO in liquid slag.
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Lab-Scale Physical Model Experiments )
to Understand the Effect of Particle Bed chesto
on Tapping Flow Rates

Varun Loomba, Hesam Pourfallah, Jan Erik Olsen,
and Kristian Etienne Einarsrud

Abstract Optimal tapping of metallurgical furnaces is required for efficient furnace
operation. Improper tapping can lead to metal and slag accumulation in the furnace
thereby reducing the process efficiency. The mass flow rate of metal and slag during
tapping in metallurgical furnaces is driven by the hydrostatic pressure head, i.e., the
liquid level, and hindered by the porous particle bed formed by the raw materials in the
furnace. To understand the effect of the particle bed, experiments were performed
on a lab-scale tank fitted with a tap-hole using water and a mineral oil as fluids
emulating the real furnace. The tank was filled with only water and both water and
oil and their drainage rates were measured as they were emptied by gravity. The tank
was then filled with glass beads to include the effect of the particle bed, adding an
extra pressure drop due to the resistance offered by the glass beads and reducing the
mass flow rate of the fluids. A significant effect of the particle bed was observed on
the tapping flow rates. The presence of air bubbles in the oil and the water phase
reduced the tapping flow rates of the phases even in the absence of the particle bed.
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Introduction

Drainage of fluids under gravity is a process applicable in several industries such as oil
and gas, chemical processing, metallurgy, etc. [1]. Particularly in the metallurgical
industry, the drainage of metals and slags, referred to as tapping process, plays
an important role in deciding the efficiency of the furnace operation. The tapping
flow rates mainly depend on the height of the liquid metal and slag accumulated
in the furnace which defines the hydrostatic pressure head and the pressure drop
created by the particle bed consisting of minerals and carbon rich particles (e.g.
coal, coke, wood chips). The flow through the particle bed depends on both bed
properties such as bed porosity and the particle size as well as fluid properties such
as viscosity and density. Metal and particularly slag are highly viscous, thus making
the flow through the particle bed the most crucial parameter limiting the tapping rates.
Experimental determination of the effect of the particle bed on the tapping rates in
the furnace is extremely difficult due to the large size of the furnace and the extreme
high temperatures at which the flow occurs. Therefore, lab-scale experiments at room
temperature are required to study the tapping process and the factors affecting it.

A significant amount of research has been done on drainage, but only quite few
studies have been published on drainage through a particle bed. Vango et al. [2]
studied the effect of sitting and floating particle bed on the tapping rates of water
both experimentally and numerically, but did not consider the flow of two immiscible
fluids and their interaction with the particle bed. Other researches with drainage of
two immiscible fluids were performed on Hele-Shaw physical model, a 2D set-up
where the flow occurs between two parallel plates places very close to each other
[3, 4]. The fluids converge differently into a tap-hole compared to a slit as used in
previous studies. The acceleration is important for the flow rate [S]. Thus, studies on
a slit are useful, but care must be taken to apply the results directly for a tap-hole. He
et al. [6] performed both 2D and 3D experiments with two immiscible fluids passing
through a particle bed focusing on studying the gas—liquid interface behavior during
tapping.

These studies have not focused on the effect of the particle bed on the drainage
rates of the two immiscible fluids, occurring in real furnaces. Therefore, in this study
a lab-scale plexiglass tank is constructed that replicates the region near the tap-hole
to experimentally determine the effect of the particle bed on the tapping flow rates
of single liquid and two immiscible liquids with density and viscosity ratios in the
same range as that of the metal and the slag in the furnace. The experiments were
performed both with and without the particle bed and the tapped mass of the fluids
was recorded and compared.
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Materials and Methods

In this study, a lab-scale physical model is constructed from plexiglass and has
dimensions of 1 x 0.5 x 0.6 m. The tank is fitted with two outlets (the tap-holes) at
each side of the tank of square cross-section with inner dimension of 0.02 x 0.02 m.
One of the tap-holes is located at the bottom of the tank whereas the other one is
0.03 m above the bottom surface. Only the tap-hole located at the bottom surface is
considered in this paper. L-shaped plexiglass pipes with same inner dimensions as
the tap-holes are attached to each tap-hole. At the end of each tap-pipe, a ball valve
(GF Type 546 pro) is fitted to regulate the flow through the tap-hole. The valve has a
circular diameter (0.032 m) which is larger than the diagonal dimension of the tap-
pipe to eliminate the effect of the pressure loss due to change in cross-sectional shape
of the pipe. Figure 1 shows the schematic diagram, describing different lengths.
Water and a mineral oil are used as fluids to simulate the flow of liquid metal and
slag in the furnace. These fluids are chosen as their physical properties’ ratios are
similar to that of the metal and the slag. The kinematic viscosities of model fluids
correspond well to those encountered in the furnace, indicating that the flow regimes
also will be similar. Considering the ratio of the Reynolds numbers for slag and
metal (40.7) and water and oil (65.07), the relative flow rates are of the same order
of magnitude, but water will drain slightly faster relative to oil, compared to metal
and slag. Table 1 shows the physical properties of the fluids in the experiment and
the fluids in a typical FeMn or SiMn-furnace. An important point to note here is that
the physical properties of the metal and the slag mentioned in Table 1 are at furnace
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—
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Fig.1 Schematic diagram of the tank showing the a front view with width and height of the tank
and b top view with width and the depth of the tank

Table 1 .Physical properties Material Density (kg/m®) | Viscosity | Ratio of Re
of the fluids (ke/m-s)
Water 1000 0.001 65.07
Mineral oil 876 0.057
Metal 6100 0.005 40.67
Slag 3000 0.1
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Fig. 2 Experimental set-up showing the tank, the weighing scale, the collection tub, and the camera

temperatures, typically 1400—1700 °C, whereas the water and the oil properties are
specified at room temperature.

The mass of the tapped fluids is measured using an OHAUS Defender 5000
weighing scale, storing the data at a time interval of 1 s. Moreover, a high-speed
camera is set up to record the video that tracks the movement of the water—oil, oil—
air, or water—air interfaces. The captured video is used to determine the individual
masses of the tapped fluids as the weighing scale can measure total mass of the
liquids tapped at any time. Figure 2 shows the entire experimental set-up.

Glass beads of diameter 0.01 m are randomly added to incorporate the effect of
the particle bed in the real furnace. It induces an additional pressure drop across
the liquid column which affects the flow rate of the tapped fluid. Experiments are
performed with and without the particle bed to analyze the effect of the particle
bed on the tapping rates. The random distribution of mono-sized particles leads to a
porosity between 0.35 and 0.45 [7]. The porosity was estimated by adding a known
volume of water in the particle bed and calculating it from the measured height in
the experiments and was found to be 0.39 and 0.325 for the bed heights of 0.1 and
0.16 m respectively (uncertainty based on 0.005 m error in reading bed heights, see
Table 2). A plastic mesh is placed at the entrance of the tap-hole in order to stop the
glass beads from flowing out of the tank. The size of each square on the mesh was
0.005 x 0.005 m since the purpose of the mesh is to keep the glass beads (diameter
0.01 m) from flowing out of the tank.
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Table 2 Details of experimental conditions

Height of water | Height of oil | Total height (m) | Particle bed | Porosity (£
(m) (m) height (m) 0.02)

Expl |0.10 - 0.10 - -

Exp2 |0.06 0.04 0.10 - -

Exp3 |0.16 - 0.16 0.10 0.39

Exp4 |0.10 - 0.10 0.10 0.39

Exp5 |0.21 - 0.21 0.17 0.35

Exp6 |0.16 - 0.16 0.17 0.35

Exp7 |0.17 0.04 0.21 0.17 0.35

In the experiments without a particle bed, the tank is filled up to 0.1 m from
the base of the tank. The water column has a height of 0.1 m when single phase
experiments are performed, and 0.06 m when both the water and the oil are used.
The oil phase has a height of 0.04 m therefore the total height of the column is the
same in both cases for a fair comparison. A water-soluble coloring material is added
to clearly distinguish the water—oil interface by the camera. When the particles are
added, the experiments are performed with same hydrostatic pressure as without any
particle bed leading to a smaller amount of liquid in the tank, and the same amount
of liquid as without particle bed with a higher hydrostatic pressure. Table 2 describes
all the tests performed all the conditions which have been evaluated.

Results and Discussion

All the experiments were performed at room temperature to avoid the changes in the
viscosity of the materials among different tests. All experiments were performed at
least 4-5 times in order to confirm the reproducibility of the results. Matlab® [8] was
used for plotting all the results, and Matlab® and ImageJ® [9] were used for image
analysis.

Single Phase Without Particle Bed

The mass flow rate of water depends on the density of the liquid, the acceleration due
to gravity, and the height of the water column in the tank and can be explained by the
Torricelli law which is derived from the Bernoulli’s equation for an ideal fluid [10].
The flow rates estimated by the Torricelli’s law are higher than the experimental
results as the Torricelli’s law is defined for an inviscid fluid without any friction
losses, whereas in real experiments viscous shear and friction and other losses are
inevitable. The first experiment was performed with only water filled up to a height
of 0.1 m from the bottom surface of the tank, with and without the plastic mesh at
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Fig. 3 Comparison of a tapped mass and b mass flow rate with and without mesh for only water
phase. The curves in show the mean values, and the error bars indicate a single standard deviation

the outlet (Exp 1). Figure 3a shows the accumulated tapped mass of water both with
and without mesh as measured on the weighing scale. Initially the water flows out
continuously from the tap-hole at a linearly decreasing flow rate. After a certain time,
the water—air interface near the tap-hole bends and air enters the tap-hole from the
top, even though the average height of the water—air interface is above the tap-hole.
The water flow rate decreases significantly when the air enters the tap-pipe, since the
air will occupy some volume inside the pipe which then become unavailable for flow
of water. The tap-pipe contains both water and air during this time as opposed to only
water for the initial period. This leads to a lower slope of the curve for the rest of the
experiment as shown in Fig. 3a. The plastic mesh at the outlet has an insignificant
effect on the mass flow rate of the tapped water as evident by the similar slopes
of the two curves in Fig. 3a before the air enters the tap-hole. The mesh, however,
affects the bending of the interface and thus increases the time when the air enters
the tap-hole. In absence of the mesh, it takes 52 s for the air to enter the tap-hole
after opening the outlet valve, whereas 64 s in presence of the mesh. A sharper bend
of the water—air interface was observed in the absence of the mesh causing the air
to enter earlier than in presence of the mesh. The reduction in slope of the tapped
mass vs time curve is sharper in the presence of the mesh due to lower hydrostatic
pressure when air enters the tap-hole as the height of the liquid column is lower. In
the end, the total mass of the tapped water is the same.

The mass flow rate of water linearly decreases in the beginning with decreasing
height of the water column in the tank as the hydrostatic pressure across the liquid
column depends on the height of the column. There is a sudden fall in the mass flow
rate of water at 52 s after opening the valve in case of no plastic mesh and 64 s in
case with the mesh. This fall corresponds to the bending of the water—air interface
near the tap-hole and the air entering the tap-hole leading to a lower flow rate of
water, as explained earlier. Once the air enters the tap-hole, the flow rate decreases
suddenly and then continues to decrease almost linearly thereon as the height of the
water column decreases continuously due to a lower hydrostatic pressure. The flow
rate is higher in absence of the mesh, after the sudden fall, as the hydrostatic head
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is higher. It can be inferred from Fig. 3a, b that the mass flow rate of water depends
only on the liquid column height and the mesh does not induce an additional pressure
loss but only affects the bending of the water—air interface leading to different times
at which the air enters the tap-hole.

Two Phases Without Particle Bed

Adding the second phase to the system complicates the tapping flow as the hydro-
static pressure head changes due to density difference between the fluids. In these
experiments (Exp 2), the water column accounts for 60% (0.06 m height) of the
total volume of fluids inside the tank while the oil for 40% (0.04 m height) in the
beginning of each experiment. The water starts flowing out of the tap-hole for the
first 70 s on opening the valve as it forms the lower layer in the tank due to its
higher density. Figure 4a shows the comparison of combined accumulated mass of
water and oil tapped measured by the weighing scale over time with the previous
case of only water. The initial flow rate of the water is the same in both cases as the
two curves coincide with each other for first 15 s, as the hydrostatic pressure of the
liquid column is the same. When these experiments are performed several times, air
bubbles get entrapped inside the water phase, the oil phase as well as at the water—oil
interface, causing different fluid flow profiles depending on the number, the size, and
the location of these bubbles. The slope of the accumulated total mass of the liquids
changes at 15 s after opening the tap-hole due to these air bubbles entering the tap-
hole with water, creating turbulence inside the tap-hole causing the air to be sucked
in from the outlet and forming an air bubble in the tap-pipe. This air forms a bubble
inside the tap-hole which stays for the rest of the experiment, reducing the tapping
flow rate. Therefore, the two curves separate after 15 s and the overall tapped mass of

50 ‘ ‘ . . . 50 .
a —M_ b
w,i ~

40 40— Mg ===
> > My 7
g g I__w 2
» 30 10 301 tm Z
12} 123
(1] @
€ €
B 3
® 20} 220} .
] 2 P
I il P

Y/,
10 10+ 7
—JF—water Y,
—JF—water + oil
0 0 . . . .
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time(s) Time (s)

Fig. 4 Tapped mass of a water (Exp 1) and water + oil phase (Exp 2) b individual phases recon-
structed from the image analysis for water + oil phase experiment (Exp 2). The curves in a show
the mean values and the error bars indicate a single standard deviation. The image reconstruction
is shown for a single experiment
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the liquids at any instant is lower for the two-fluid system than only water. The time
when the oil phase bends and oil starts flowing out of the tank is not evident from
Fig. 4a, because the flow rate is already slower due to the air bubble that the decrease
due to the change in fluid flowing out is not predominant. The oil finally starts to
tap approx. 70 s after opening the tap-hole, when the water—oil interface close to
the tap-hole bends, causing the oil to flow out even though the average water—oil
interface height is higher than the height of the tap-hole.

Figure 4a shows the total mass of the water and the oil measured during the
experiments but the individual masses cannot not be measured by the weighing
scale. In order to calculate the individual masses of the phases, screenshots were
taken at every 10 s from the video recording, and the interfaces were tracked via
image analysis. The interfaces are located manually as there were reflections from
the tank surface. These interface heights are then used to calculate the amounts of
water and oil in the tank and the amounts tapped over time. As can be seen in Fig. 4b,
initially only water is tapped (M, ;, blue line) for the first 70 s and the oil begins to tap
(M,,, red line) along with water. The line M,; (the yellow line) is the reconstructed
total mass calculated by adding the individual masses of the water and the oil at
each time, which matches quite well with the measured total mass from Fig. 4a.
In the beginning the total mass and the mass of water are same until the oil starts
flowing out, thereby increasing the total tapped mass. The average error between the
measured and the calculated total mass is within the acceptable range, approx. 5%,
which is mainly an effect of the human error in locating the exact position of the
interfaces in the images.

Single Phase with Particle Bed

The particle bed introduces a pressure loss in the liquid column due to the resistance
offered by the glass beads. The liquids flow through the voids in the particle bed
during tapping. Comparing the cases without particle bed (green dashed line, Exp 1)
to all other cases with particle bed (Exp 3, Exp 4, and Exp 5) in Fig. 5a, the presence
of the particle leads to a lower mass flow rate. Taking the same amount of liquid as
in case of without the particle bed for a bed height of 0.1 m (blue line, Exp 3), the
water—air interface takes 123 + 5 s (standard deviation based on all experiments),
compared to 64 s without particle bed, to reach the tap-hole. The slope of the initial
stage of accumulated tapped mass over time (Fig. 5a) i.e., the time before the water—
air interface reaches the tap-hole height, changed by 36% on due to the resistance
offered by the particle bed. The pressure drop introduced by the particle bed depends
on physical parameters such as particle bed porosity and particle diameter, fluid
properties such as density and the viscosity of the fluids and flow properties such as
fluid velocity.

For the same particle bed height (0.1 m) but different amounts of water in the
tank (0.16 m (Exp 3) and 0.1 m (Exp 4)), hence having different hydrostatic heads,
the slope of mass accumulated over time is reduced by only 8.5% (the blue and red
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Fig. 5 Comparison of a tapped mass and b water—air interface heights with different particle bed
heights for only water phase (BH = Bed Height, HH = Hydrostatic Head). The curves in a show
the mean values and the error bars indicate the standard deviations

curve in Fig. 5a). This signifies that the resistance offered by the particle bed governs
the flow rate rather than the hydrostatic head. On increasing the particle bed height
from 0.1 to 0.16 m but keeping the same volume of water as without particle bed
(hydrostatic head 0.21 m), the mass accumulated over time shows a similar profile
(comparing blue (Exp 3) and yellow line (Exp 5) in Fig. 5a) with an increase in slope
by 4.5% compared to the bed height of 0.1 m and same amount of water (hydrostatic
head 0.16 m). The times required for the water—air interface to reach the tap-hole
are similar as well because the overall hydrostatic head has increased from 0.16
to 0.21 m on increasing the height of the particle bed and the porosity decreased
from 0.39 to 0.35, thereby increasing the resistance offered by the particle bed. The
water—air interface moves faster inside the particle bed than in absence of the particle
bed as the same hydrostatic head forces lesser volume of water (only in the voids in
the particle bed) to flow through the bed, making it to move faster. Therefore, even
with higher particle bed height in Exp 5, the water—air interface reaches the tap-hole
height at a similar time compared to Exp 3.

When the water—air interface is above the particle bed, the interface height
decreases linearly with time until the interface reaches the top of the particle bed
as seen in Fig. 5b. The same trend is followed by the interface in absence of particle
bed (green dashed line). As soon as the interface enters the particle bed, it starts
to decrease exponentially, because the hydrostatic head is the same as without any
particle bed which determines the tapping velocity whereas the amount of liquid is
less as most of the volume in the tank is consumed by the particles. This is further
clarified in experiments with same initial water—air interface height as particle bed
height (red and purple lines in Fig. 5b), where the decline is exponential from the
beginning of the experiment. Comparing this trend in absence of the particle bed,
the interface height decreases linearly till the interface reaches the tap-hole height
because the hydrostatic head is the same and the entire volume is occupied by water.
Hereafter, the decrease in interface height is still linear but with a smaller slope. It
should be noted that the change in slope in presence of particle bed occurs when
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the interface reaches the top of the particle bed whereas when the interface reaches
the tap-hole in absence of the particle bed. The time when the water—air interface
reaches the tap-hole height is not visible from Fig. 5b.

Two Phases with Particle Bed

The flow of two fluids through the particle bed is even more complicated than a single
phase, as the density and the viscosity of the two phases are different, the resistance
offered by the particle bed on the fluids is also different. Another complication that
arises when water and oil (two immiscible fluids) are passing through a particle
bed is the accumulation of the air bubbles and the oil droplets in the small voids
between particles in the water phase causing the flow to be trickier than in absence
of the particle bed. Figure 6a shows the total mass accumulated of the two phases
over time. The longer error bars signify higher standard deviation in the flow rates,
which is a direct impact of the air bubbles and oil droplets trapped in the particle
bed. The time when the oil starts tapping out varies from 52 to 96 s for different
experiments depending on the bending of the water—oil interface near the tap-hole,
which in turn depends on the amount and the locations of the air bubbles and the
oil droplets trapped inside the particle bed. Therefore, the change in slope in the
tapping flow rates, as seen in other cases, is smoothed out when the results averaged
over several experiments in Fig. 6a. The total time required for both the fluids to be
tapped is much higher in presence of the particle bed (35 min) compared to other
cases, as the oil phase flows out extremely slowly compared to the water phase due
to high viscosity. The difference between the cases with (Exp 7) and without (Exp
2) the particle bed is not significant as in single fluid case because the flow rate
is reduced due to the air bubbles in the water and oil phases (as explained earlier)
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Fig. 6 Comparison of a total tapped mass with and without particle bed, and b tapped mass of
individual phases calculated by the image analysis of water—oil and oil-air interface heights. The
curves in a show the mean values and the error bars indicate a single standard deviation. The image
reconstruction is shown for a single experiment
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leading to a lower mass flow rate than expected, whereas the presence of the particle
bed anyhow reduces the mass flow rate of the liquids. It can also be inferred that
the mass flow rate of oil is more affected by the particle bed compared to water
as the total mass accumulated are considerably lower in Fig. 6a at higher times
when oil is being tapped compared to when water is tapped (in the beginning of the
experiments). The flow rate of oil being extracted is much lower and consequently
the total mass accumulated increases slowly in comparison with water tapping. This
can be explained by the higher viscosity of oil which increases the pressure drop of
the particle bed.

In order to calculate the mass flow rates of individual phases, again image analysis
was performed on the video tracking the movement of the water—oil and oil-air
interface. Figure 6b shows the individual tapped masses of water and oil over time,
and the total tapped mass over time calculated by adding the masses of individual
phases. In the beginning only water is tapped for first 150 s, while there is no oil
phase being tapped. The tapped mass of water phase (blue line) and the total mass
tapped (yellow line) coincide (or very close to each other). The oil starts to flow out
after 150 s and then is continuously tapped whereas most of the water is tapped by
then. It can also be seen that the water flows rapidly through the bed while the oil
flows slowly due to high viscosity of oil. There average difference between the total
mass calculated from image analysis and measured with weighing scale is around
6%, which is in the acceptable range.

Conclusions and Outlook

A detailed experimental study of the tapping mass flow rates in presence and absence
of a particle bed for single phase and two-phase flow has been presented. The fluids
drain out under gravity and the flow rate is driven by the height of the liquid column.
The main conclusions derived from this study are as follows:

(1) The flow rate of the fluids decreases when the air enters the tap-hole. The air
can enter from the top when the top interface bends near the tap-hole or can be
sucked up from the outlet due to turbulence in the tap-pipe.

(2) The plastic mesh placed at the tap-hole to prevent the particles to flow out of
the tap-hole, has an insignificant effect on the tapping flow rates of the fluids
but it does affect the bending of the interface in the tap-hole region.

(3) The presence of the particle bed reduces the tapped mass flow rates of water
due to an additional pressure drop. The entrapment of gas bubbles in the water
and the oil phase reduced the mass flow rates of the phases in absence of the
particle bed, whereas the flow of oil phase was considerably slower due to the
high viscosity of the oil in presence of the particle bed.

An experimental quantitative data set for the drainage of a single and two immis-
cible fluids in the presence and absence of a particle bed has been presented. It
includes the experimentally measured total mass of the tapped fluids, interface heights
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of the fluids in the tank and the individual tapped masses of the fluids calculated from
the interface heights. This can further be used for model validation for any numerical
study on tapping flow rates. A computational validation of this system is in progress
which upon validation can further be used to simulate the real furnaces.
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The Interaction of Slag and Carbon )
on the Electrical Properties

updates

Gerrit R. Surup, Kseniia Koseniuk, and Merete Tangstad

Abstract Renewable reducing agents are intended to replace significant amounts
of fossil-fuel-based reductants in submerged arc furnaces in the upcoming decades.
In this study, the interaction of a manganese slag to a charcoal, a semi-coke, and
a metallurgical coke was investigated. In a first series, the wettability of the slag
was measured, while the electrical resistivity of carbon particles was measured by a
four-point measuring technique. It was shown that the contact resistant between the
carbon materials significantly decreased by void and pore filling. The results were
validated by measuring the bulk resistivity of carbon-slag blended bed. While the slag
is nonconductive below melting temperature, electrical current is highly conducted
in the molten phase. The higher electrical resistivity of charcoal compared to the
fossil-fuel-based reductants improves the local heat generation in the carbon bed,
concomitant reducing the viscosity of the slag, which may be beneficial for tapping
of the furnace. While the work described here is not specifically on furnace tapping,
the work is linked to good furnace operation, hence indirectly relevant.

Keywords Charcoal + Coal char - Metallurgical coke - Ferromanganese slag -
Wettability - Electrical resistivity

Introduction

The increasing average living standard and demand for metals can hamper the aim
to be climate neutral by 2050. Industrialized countries are expected to adjust their
economies to be greenhouse gas (GHG) neutral by the middle of the century, by which
time a transition from fossil-fuel-based technologies to renewables can decrease
current anthropogenic CO, emissions; the metallurgical industry will play an impor-
tant role in decarbonization, yet it also needs to reduce its carbon emissions. The
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Norwegian process industry estimated a reduction of ~75% CO, emissions which
could potentially be achieved by the use of biomass and its derivatives [1].

Alarge portion of special elements is required for alloying steels. While on average
about 3-5% of alloying elements are used in steel production, high alloy steels can
contain more than 12% alloying elements [2]. Most of these elements are produced
by carbothermal or electrolytic production, for example, in blast furnaces, submerged
arc furnaces (SAF), electric arc furnaces (EAF), or in electrolytic cells. Reduction
of metal oxides to the metallic form in SAF and EAF is carried out by solid carbon,
such as woodchips, charcoal, coal, anthracite, or metallurgical coke.

Carbon reductants in SAF operations have two main purposes: 1. to reduce the
metal oxides and quartz to the metallic form and 2. to form a conductive bed to
conduct current and provide the necessary heat through the Joule effect. The electrical
resistivity of carbon materials is essential to ensure a stable operation of the SAF,
in which more than 50% of the required thermal energy is provided by electrical
power [3]. While several publications deal with the use of raw carbon materials [4—
7], only limited knowledge of wetted coke beds or the interaction between renewable
reductants and slag has been published.

In SAF and EAF, electrical energy dissipation occurs by both micro-arcing and
resistive heating, for example, there is less than 5% arcing occurring in chrome
production [8], with up to 15% occurring in silicomanganese production [9]. Silicon
and ferrosilicon, on the other hand, exhibit much larger electrical dissipation by
arcing, in which a crater below the electrode tips is formed, transferring between 20
and 60% of the electrical energy [8]. Thus, the electrical properties of the carbon bed
are important in order to maintain stable heat generation and operation of SAFs.

In this study, the interaction between ferromanganese (FeMn) slag and charcoal
was investigated and compared to blends of FeMn slag to coal char and metallurgical
coke. Blends of fossil-fuel-based carbon reductants and high-carbon ferrochromium
have shown that the electrical resistivity is significantly affected by the volume
fraction of slag [10].

Similar results were obtained for blends of metallurgical coke and charcoal at
low temperatures [11]. The aim of this study was to investigate: (1) the behavior
of charcoal, coal char and metallurgical coke towards FeMn slag; (2) determine the
slag intrusion into packed carbon beds; and (3) to measure the electrical resistivity
of partially wetted carbon beds. In this paper, wetted carbon refers to a carbon bed
that is in contact with a molten slag.

Materials and Methods

A metallurgical coke, a coal char and an industrial charcoal were selected as repre-
sentative carbon materials for examining the behavior of an FeMn slag produced in
a pilot test. The coal char and industrial charcoal were obtained from a local silicon
producer, while the metallurgical coke was the same as used in the production of
ferromanganese. The carbon material also had been used in a previous study and had
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Table 1 Proximate and ultimate analyses of carbon feedstocks

Unit Metallurgical coke Charcoal Coal
Moisture wt%, ar <0.1 0.9 0.6
Ash wt%, db 12.1 24 3.8
Volatile matter wt%, db <0.5 <0.5 <0.5
Carbon content wt%, daf 98.9 99.1 99.2
Hydrogen content wt%, daf <0.1 <0.1 <0.1
Nitrogen content wt%, daf <0.5 <0.5 <0.5
Oxygen content wt%, daf <0.5 <0.5 <0.5
Sulfur content wt%, daf 0.3 - 0.3

ar As received basis, db dry basis, daf dry ash free basis

been heat treated to 1650 °C [7]. The analyses of the carbon feedstocks after heat
treatment are summarized in Table 1.

Sessile Drop Test

Prior to each experiment, the crushed slag sample was split using a sample splitter,
ground to a particle size less than 100 pwm, and then compacted to form a small
cylinder (diameter: 4 mm; height: 4-5 mm). The cylinder was placed on the carbon
substrate (graphite, charcoal, coal char, or metallurgical coke), which had been heat
treated at 1600 °C prior to the experiment. The specimen was placed on the sample
arm and positioned in the center of the sessile drop furnace, schematically shown in
Fig. 1. The chamber was closed, evacuated to less than 0.3 mbar, and consecutively
purged by 0.15 1 min~! of argon to render the chamber inert. The furnace was heated
at a heating rate of 300 K min~! to 900 °C and further heated at a constant heating
rate of 10 K min~! to a final temperature of 1700 °C. At temperatures above 900 °C,
the substrate temperature was measured by a pyrometer in addition to the furnace
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Fig.1 Schematic of the sessile drop test
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temperature, which was measured by a thermocouple type C. After the heating cycle
was completed, the sample was cooled to room temperature, the sample and substrate
removed and stored in sample containers.

The sessile drop test was carried out to determine the interaction between the
manganese slag and the different carbon substrates, as well as the ash fusion temper-
atures, which are composed of the deformation temperature (IDT), softening temper-
ature (ST), hemispheric temperature (HT), and flow temperature (FT, also called fluid
temperature). The sample and substrate were cast in iodized resin, cut, and further
investigated by scanning electron microscopy.

Slag Intrusion Measurement

The interaction of the slag and the dry carbon bed (coke bed) was determined at
temperatures up to 1550 °C in an argon atmosphere. Carbon fines with a particle
size less than 2 mm were blended with wood tar and water at a ratio of 100:35:65,
homogenized and compacted inside an alumina crucible. The compacted sample was
dried overnight at 105 °C to remove moisture and volatile components from the tar
binder, concomitantly increasing the mechanical stability of the pellet. A channel
(diameter: 2.5, 4, and 5 mm) and a chamfer of 60° were machined into the sample,
schematically shown in Fig. 2a. Slag particles of 1.5-1.75 g were placed on top of
the channel to simulate dense particle packing.

Three samples were placed in a graphite crucible in an induction furnace IF75
(Inductotherm Europe, Droitwich Spa, UK), as presented in Fig. 2b. Argon (purity
5.0) was purged continuously at a constant flow rate of 1 1 min~! to render the
atmosphere in the crucible inert. The furnace control thermocouple was positioned

{ Argon

Thermocouple type-C

Aluminatube

Slag sample

_ Slag particle

Carbon substrate

Graphite
crucible
Induction
furnace

Carbon substrate

(b)

Fig. 2 Schematic of the slag intrusion experiment. a Compacted carbon material with defined
chamfer and channel and b installed setup in induction furnace
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Fig. 3 Schematic of the load
introduced intrusion
experiment

Load

Carbon crucible

Carbon fines

- Slag particles

- Carbon particles

at the sample height to minimize any temperature gradient between the furnace and
sample. The furnace was heated at a heating rate of 15 K min~' to 900 °C and kept at
this temperature for 10 min to minimize the temperature gradient in the sample. The
sample was subsequently heated to 1550 °C at a constant heating rate of 10 K min~!
and kept at the final temperature for 30 min. After the heating program was finished,
the furnace was turned off and the samples were cooled in an argon atmosphere to
room temperature.

To simulate the burden load on the carbon bed in a SAF, an additional load
(compaction pressure & 10 kPa) was introduced on the slag sample, schematically
shown in Fig. 3. Carbon particles with particle size 2—4.75 mm were filled in a
graphite crucible (height 67 mm, diameter 40 mm, wall thickness 4 mm) to a height
of 30 mm and compacted by vibrating compaction. A slag layer was added above the
carbon samples to a height of &~15 mm. Carbon fines (dp < 250 wm) were installed
above the slag layer to ensure an evenly distribution of the additional load. The
height of the load was noted and monitored over the heating program to analyze
the melting and the void filling of the carbon bed. The crucible was placed in the
center of the induction furnace called IF75 and heated, following the same heating
procedure described in the previous paragraph.

Electrical Resistivity

Electrical resistivity measurements were performed using a four-point probe
measurement system (SINTEF, Trondheim, Norway) installed in the induction
furnace IF75 as described elsewhere [7]. 150 g of slag sample (dp < 2 mm) was
blended into the carbon feedstock (4.75 mm < dp < 9.5 mm) and distributed homo-
geneously in the measurement zone and also slightly above it, resulting in a slag
carbon ratio of 7:3 for metallurgical coke, 5:3 for coal char and 1:1 for charcoal. A
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Fig. 4 Schematic of the
electrical measurement setup
at NTNU/SINTEF

Graphite electrode

—— Graphite crucible

—— Alumina tube

Packed carbon bed

Slag

— Induction furnace

schematic of the setup is shown in Fig. 4. The furnace was heated with a constant
heating rate of 15 K min~! to 900 °C and kept at this temperature for 15 min to mini-
mize the radial temperature gradient in the packed bed. Furthermore, the furnace was
heated at a heating rate of 10 K min~' to 1650 °C and kept at that temperature for
30 min. The electrical resistivity of the packed bed was investigated for each 25 °C
temperature increase in the center of the bed.

Single Particle Interaction with Slag

The effect of slag on the contact resistance between single particles was investigated
by using a graphite cylinder (diameter: 16 mm, length: & 25 mm) in the induction
furnace IF75. A hole (diameter: 10 mm, depth: 15 mm) was drilled in the upper
cylinder and partially filled with slag, schematically shown in Fig. 5.

Scanning Electron Microscopy

Scanning electron microscopy was performed on the residue from sessile drop test
and slag intrusion experiments using a high-resolution microscope ULTRA 55 (Zeiss,
Oberkochen, Germany) under a high vacuum to investigate the change in the structure
in the contact region.
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Fig. 5 Schematic of the
four-point measurement of
single particles

Thermocouple

i

Alumina
support

Borehole

Slag

Graphite
cylinder

Furnace -

Results and Discussion

The interaction between the slag and different carbon substrates and the ash melting
behavior was investigated in the sessile drop test as shown in Fig. 6. The first ash
deformation and hemispheric temperature were measured at ~1190 °C and 1220-
1240 °C, respectively. These values are generally in agreement with reported values
in the literature [12]. The lower melting temperature compared to manganese ores
indicates that the MnO content in the slag was reduced to <40% in the pilot-scale
experiment [13]. This hemispheric shape was kept at a temperature of 1700 °C for
graphite and coal substrates, whereas the slag surpassed the flow temperature for
metallurgical coke and charcoal at temperatures above 1680 °C, schematically as
shown in Fig. 6d, f.

A further gas formation in the slag droplet was observed for temperatures above
1300 °C for all carbon substrates, resulting in a volume increase up to 200% of its
melting volume. The non-wetting behavior of graphite and carbon materials below
1600 °C and the further reduction on carbon substrates is also in agreement with
information in the published literature [14, 15].

Scanning electron microscopy on a cross section of the charcoal and metallur-
gical coke substrates revealed that some of the slag diffused into the carbon matrix,
as shown in Fig. 7. The slag intrusion into the carbon bed increases at tempera-
tures above 1600 °C [13], in which slag reduction and a lower viscosity at elevated
temperature increase the slag flow and intrusion into the void fraction and pore struc-
ture. The composition of the carbon substrate, the surface layer, and the outer slag
was investigated using EDS with the results summarized in Table 2. The EDS anal-
ysis confirmed that some surface layer slag was further reduced to its metallic form,
whereas the composition of the main slag droplet above the carbon substrate remained
nearly constant. The EDS results for the slag intrusion experiments deviated from
the results from sessile drop test by <4% points.
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Fig. 6 Ash—carbon interaction of FeMn slag with different carbon substrates in sessile drop test
a First deformation at 1190 °C on graphite substrate, b Hemispheric temperature at 1239 °C on
graphite substrate, ¢ shape at 1696 °C on graphite substrate. d shape at 1698 °C on metallurgical
coke, e shape at 1698 °C on coal char and f shape at 1699 °C on charcoal

The slag intrusion was measured for channel diameter larger of 2.5, 4, and 5 mm.
At a channel diameter of 4 mm, some of the slag passed through the channels for
metallurgical coke, whereas no slag flow was observed for charcoal and coal char
samples. However, at a channel diameter of 5 mm, the complete slag droplets passed
through the channels of all carbon substrates. The non-wetting properties of charcoal,
coal char and metallurgical coke towards FeMn will decrease the slag flow into the
void. However, it may be possible that small slag droplets pass into the void fraction
with smaller openings before they coalescence to larger slag clusters inside the packed
bed, inhibiting a further flow through the bed.

The burden of raw material in the SAF introduces a load on the molten slag,
which can potentially press or force the molten slag into the void. However, the
current experiments showed that a compaction pressure of 10 kPa was not sufficient
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Fig. 7 SEM images of the cross section of the carbon substrate from sessile drop test: a charcoal
top layer and b metallurgical coke top layer

Table 2 EDS spot analysis of charcoal and metallurgical coke substrate and slag from sessile drop

test

Element, %/% | Charcoal substrate Metallurgical coke substrate
Carbon | Surface layer | Slag Carbon | Surface layer | Slag

C 100 13.0 8.1 98.7 18.1 8.9

5.8 41.4 6.3 42.1

S 0.4

Al 0.4 8.9 0.5 0.4 8.2

Ca 9.5 0.4 1.1 11.0

Si 17.3 9.3 5.0

Mn 40.0 22.8 48.3 24.8

Fe 23.5 11.3

to compress the molten slag into the void fraction of fines or small carbon particles
(3.35-4.75 mm).

For coal char and charcoal particles, the molten slag formed an additional layer
on top of the carbon bed, whereas small amounts of slag were found at the bottom
of the crucible for metallurgical coke, as shown in Fig. 8. Fine particles in carbon
blends can therefore hamper the slag transport in the upper region of the dry coke
bed. Fine formation will increase with the addition of mechanical weak material in
carbon blends, for example, charcoal in metallurgical coke.

Figure 9 presents the electrical resistivity measurements for graphite cylinders
with a partial slag layer in the contact region. A graphite rod (length: 100 mm, diam-
eter: 16 mm) was used as a reference for the material property. It is seen that the
electrical resistivity further decreases at temperatures above about 1200 °C, corre-
sponding to the partial slag melting for the top carbon particle. In addition, the
electrical resistivity became more stable, in which the standard deviation of the
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(b)

Fig. 8 Images of a metallurgical coke, b coal char and ¢ charcoal packed beds with a top layer
of FeMn slag. Parts of the packed beds of charcoal were removed prior to the image to investigate
possible slag intrusion in the packed bed

Electrical resistivity / mQ-m

Graphite rod
——Cylinder (compaction: 5 kPa)
——— Cylinder (compaction: 15 kPa)
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Temperature / °C

Fig. 9 Electrical resistivity of graphite cylinders with FeMn slag at the contact area. The graphite
rod was investigated to measure the electrical resistivity of the carbon material

measurements decreased by a factor of >5. The large standard deviation is related
to the weak contact by the low compaction pressure [7]. The increased stability
and decreased electrical resistivity indicate that the compaction pressure and contact
resistance are of less importance in the wetted carbon bed, respectively, that most of
the electrical energy dissipation takes place in the dry coke bed.

The electrical resistivity of the carbon—FeMn slag packed beds is shown in Fig. 10.
At temperatures below 1000 °C, the electrical resistivity of the carbon—slag blends
was ~50% larger than that of the dry carbon material, whereas a lower electrical
resistivity was measured at temperatures above about 1200 °C.
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Fig. 10 Electrical resistivity of different carbon—slag packed beds at temperatures below 1650 °C

It is hypothesized that the higher electrical resistivity is related to the replace-
ment of carbon by slag particles, decreasing the amount of possible current paths
through the packed bed [10]. Athigher temperatures, the nonconductive slag becomes
conductive and reduces the contact resistance between the particles.

Figure 9 also shows that the contact resistance between graphite particles was
almost rendered of little consequence due to the molten slag forming between the
particles at elevated temperature. COMSOL simulations have shown that the current
density at the contact area of particles in wetted carbon beds is the highest at the
contact point [16]. Current paths through the FeMn slag would increase the current
density at the contact areas between the particles. A similar electrical resistivity of
FeMn slag and metallurgical coke was reported for 1200-1400 °C, in which the
electrical conductivity increases with increasing temperature [17]. However, further
reactions between the molten slag and the carbon bed can result in gas formation at
the contact area and may result in an interference of the current paths.

Despite the poor transport of FeMn slag in the preliminary experiments, ~33-50%
of the slag was recovered below the measurement zone. Thus, slag droplets, which
did not coalesce with other droplets, passed through the carbon bed. In addition,
some of the droplets exhibited a metallic appearance and will be further investigated.
It is expected that an increased void filling of the wetted carbon bed will result in
a further decrease of the electrical resistivity. An increased electrical conductivity
between the carbon particles will decrease the risk of micro-arcs and arcs in the carbon
bed, decreasing the energy dissipation in wetted carbon beds [9]. The investigated
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carbon species resulted in a more equal electrical resistivity in the wetted carbon bed
compared to the dry carbon bed, which differed by a factor of 2-3 [4, 11, 18, 19].

The results are promising in that renewable reductants (e.g., charcoal) can replace
fossil-fuel-based reductants without negatively affecting the heat generation in a
SAF. Heat generation in the dry carbon bed is further increased by the larger elec-
trical resistivity of charcoal, whereas the electrical resistivity in wetted carbon beds
remain nearly constant. The local heat generation near the electrodes may improve
the temperature profile in a SAF, enhancing the flow properties of the slag by tapping
the furnace. Furthermore, the low electrical resistivity of charcoal at temperatures
less than 1000 °C will minimize possible current paths in the burden.

Conclusion

The electrical resistivity of wetted carbon beds was measured for FeMn slag in
charcoal, coal char, and metallurgical coke packed beds and was determined to 5.5—
6.5 mQ2 m at 1550 °C. Thus, the difference in the electrical resistivity of wetted
carbon beds was reduced to less than 1 m€2 m at elevated temperature, whereas dry
carbon beds can differ by more than 10 mQ m (e.g., 6 m2 m for metallurgical coke
and 18 mQ2-m for charcoal). The slag between single particles rendered the contact
resistance between the particles to a low level resulted in an electrical resistivity to
be close to that of the pure material. Thus, a wetted carbon bed has a lower electrical
resistance than that of the pure carbon materials in dry coke beds.

Charcoal, coal char and metallurgical coke exhibited a non-wetting behavior for
temperatures less than 1650 °C. The high surface tension in combination with the
not-wetting properties resulted in a minimum channel diameter of 4 mm for FeMn
to pass into the void fraction. Large slag droplets and coalescence of small droplets
can hinder the flow through the carbon bed and void filling. Pressure applied to the
burden did not enhance the flow into a charcoal or coal char matrix, whereas small
amounts of slag were recovered in the metallurgical coke bed. It was confirmed in
sessile drop experiments that FeMn slag penetrated the outer layers of the carbon
particles at temperatures above 1600 °C for charcoal and metallurgical coke. It is
assumed that the macro-porosity of metallurgical coke and charcoal and the partial
consumption of surface carbon increased the flow into the carbon matrix.

The results indicate that renewable reductants can, in all likelihood, replace fossil-
fuel-based reductants in the wetted carbon bed without negatively affecting the elec-
trical properties in the lower part of the SAF. The larger electrical resistivity of the dry
carbon (charcoal) bed will further increase the heat generation close to the electrodes,
possibly decreasing slag viscosity by an increased temperature.
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Electrical Resistivity of Transformed )
Carbon Materials in the Silicon Furnace

updates

H. Hoover, G. Saevarsdottir, and M. Tangstad

Abstract Optimal current paths through the silicon furnace depend on the elec-
trical properties of the charge materials. It is essential for good tapping conditions
that sufficient current is supplied to the arc and lower part of the furnace. As such,
the electrical resistivity of the charge mix as it is transformed in the furnace is inves-
tigated. Various carbon materials (coal, charcoal, and char) are partially transformed
at high temperatures to silicon carbide (SiC) through reactions with silicon monoxide
(Si10) gas. The temperature gradient in the crucible creates layers of varying degrees
of conversion. These layers are separated and characterized based on SiC, carbon,
and Si content. The electrical resistivity of each layer is then measured from 25—
1600 °C. When the majority of the material is transformed to SiC, it will raise the
resistivity compared to the carbon material, until silicon forms, when it will decrease
again. The original structure appears to be more important to the resistivity than the
transformation to SiC.

Keywords Silicon production - Electrical resistivity - Silicon carbide - Carbon
materials

Introduction

Silicon is produced through the carbothermic reduction of quartz in electric arc
furnaces. Reactions 1-3 are a summary of the main chemical processes happening in
the furnace. The silicon (Si) production process requires large amounts of electrical
energy supplied to the system via carbon electrodes. The high temperature zone
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(lower in the furnace) requires sufficient energy to sustain the electric arc, as well
as the relevant endothermic reactions [1]. In general, most of the current should
pass from the electrode to the metal/slag pool at the bottom of the furnace or to
the crater wall consisting of primarily silicon carbide. However, additional current
paths through the furnace depend on the electrical properties of the charge materials
[2]. The charge mix will be exposed to various temperatures and silicon monoxide
(Si0) gas as it enters and moves down the furnace. Subsequent transformations and
chemical changes will change the electrical properties of the material, which can
affect the furnace’s efficiency [3, 4]. As explained by Magnessun [4], the relationship
between electrical and metallurgical conditions is often neglected as they are usually
studied separately, despite knowing one directly affects the other. The efficiency of the
furnace is directly related to the tapping process. It is important that tapping does not
negatively affect the electrical conditions in the reaction zones and vice versa. Poor
tapping conditions in the furnace can lead to clogging and accumulation of materials,
mainly silicon, which can cause the reverse of Reaction 2. Furthermore, silicon can
react with carbon and disrupt the electrical balance in the furnace and create unstable
electrode positions and gas blows [5]. These issues can take substantial time to correct
and lead to lowered Si yield. Direct studies on the electrical properties of the charge
mix are rare, as current literature usually focuses on pure materials or does not study
high temperatures. For example, Eidem [6] explored the resistivity of coke beds at
high temperature and studied the effects of contact resistance, whereas Krokstad [7]
studied single particles from industrial samples of both mixed and pure materials.
Krokstad found that samples of industrial a-SiC had a resistivity less than 20mQm
around 1600 °C which was lower than intrinsic SiC. Eidem concluded that contact
resistance is responsible for much of the bulk resistivity, but its contribution decreases
with increasing temperature.

There is no knowledge of the resistivity of partly transformed materials, except
for the preliminary findings of Hoover et al. [8, 9] where the electrical resistivity of
the bulk charge mix as it is transformed to SiC in the furnace is investigated from
25-1600 °C. This work seeks to build on this work using three carbon materials (C)
(coal, charcoal, and char) that are partially transformed at 1850 °C to silicon carbide
(SiC) through reactions with SiO gas. The temperature gradient in the crucible creates
layers of varying degrees of conversion. The material is characterized based on SiC,
C, and Si content. Hoover et al. concluded that there is a large variation in the bulk
resistivity of partially transformed coal at low temperature, but at high temperature,
the range becomes comparable, with factors such as mechanical strength and bulk
density having a large effect. In some cases, this work uses the same material, and
it is indicated when appropriate. The results are compared to all previous works
mentioned to compare [7-9].

SiO( + 2C = SiC + COy, (1)

Si0, 4 Si = 25i0g )
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Table1 Composition ofraw "¢, o0 aterials | Fixed %C | %Ash | %Volatiles
carbon materials in SiC
production charcoal 85.9 3.97 15.9
coal (heat-treated) 95.3 2.28 0.4
char 88.5 5.87 5.4
SiC + SiO(g) = 281 + COyy 3)

Experimental Methodology

SiC Production

SiC was produced in the laboratory using three different carbon materials (charcoal,
coal, and char) as well as a mixture of quartz (SiO;) and Si. The method is based on the
work of Jayakumari [10]. The compositions of the raw carbon materials can be found
in Table 1. The mixture of SiO, and Si was added to a 40 cm tall graphite crucible
with an inner diameter of 11.5 cm. A graphite sieve of the same diameter was placed
on top to allow for better SiO gas permeation and separation of the carbon material.
The carbon material as well as a graphite tube housing the thermocouple was placed
on top of the sieve. An induction furnace was used to heat the raw materials to the
target temperature of 1850 °C and the holding time was varied from 60—120 min. The
setup is shown as an illustration in Fig. 1. Samples were sent for chemical analysis
to Degerfors Lab in Sweden to determine SiC, C, and Si content for each.

Temperature Gradient

The temperature gradient in the graphite crucible is shown in Fig. 2. The gradient
was measured from the top of the sieve (~6 cm from the bottom of the crucible) to
the top of the carbon layer in increments of 2 cm. While the height of the caron layer
may vary slightly, it is usually around 10—15 cm. The temperatures measured during
one experiment are shown in Fig. 2. The middle thermocouple (TC3) is excluded
due to a malfunction in the early stage of the experiment. The temperature profile
shows approximately 100 °C change for every 2 cm of height change in the crucible.
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Fig. 1 Schematic of the
experimental setup for SiC
production including the
crucible, sieve, and raw
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Fig. 2 Temperature profile for SiC formation in the graphite crucible setup from Fig. 4 (left) and
the temperature versus crucible height (right). The profile shows approximately 100 °C for every
2 cm of height change in the crucible. Figures made by Sethulakshmy Jayakumari

Electrical Resistivity

Bulk resistivity is measured using the apparatus shown in Fig. 3, based on Pedersen
[11]. The four-point method, explained by Singh [12] and used for low resistance
materials, measures the voltage and current in two different places to eliminate
contact resistance between the electrical contact points and the sample. The outer-
most crucible is made of graphite and acts as the container for the setup, as well as
the bottom electrode. Inside is another crucible made from alumina, which contains
the sample and insulates it from the graphite. Molybdenum (Mo) wires define the
measuring zone (8 or 10 cm) as the voltage drop is measured between them. They
are placed across the 8 cm wide alumina crucible such that the sample covers both
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Fig. 3 Schematic of the resistivity measurement setup (left) and a picture from the lab (right).
Borrowed with permission from INFACON [9]

wires. There are two thermocouples in the system, one embedded in the center of
the sample to determine the temperature in the sample and another between the
walls of the alumina crucible and graphite crucible. This thermocouple controls the
furnace’s heating rate. Additionally, a graphite block is placed on top of the sample
and acts as the top electrode, and above that is a stainless-steel weight. All samples are
compacted using this weight and gravity from 40 consecutive 10 cm high drops onto
shock absorbent material to obtain similar compaction. The system is connected to a
power source that applies current pulses every 25 °C, where the difference between
the voltages measured in the top and bottom Mo wires, along with the geometry of
the setup, allows for the resistivity to be calculated via Eq. 1, where (AV) is the
voltage drop, (A) is the cross sectional area, (%) is the height of the measuring zone
or the distance between the Mo wires, and (/) is the current [13].

AV - A

bulk resistivity = T
X

ey

Results and Discussion

SEM Morphology and EPMA

Scanning electron microscopy (SEM) imaging from different regions of the crucible
from each carbon material was used to examine the surface morphology as the carbon
is converted to SiC. This is shown in Figs. 4, 5, and 6 (note that the magnification will
be varying). In addition, the back scattering (BSE) images are included in Figs. 7, 8,
and 9, to show the distinct phases more clearly. Electron probe microscopic analysis
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| TEMPERATURE >

Fig. 4 SEM images of the top (left), middle (middle), and lower (right) areas of the crucible of
material from coal

[ TEMPERATURE >

Fig. 5 SEM images of the top (left), middle (middle), and lower (right) areas of the crucible of
material from charcoal

[ TEMPERATURE >

Fig. 6 SEM images of the top (left), middle (middle), and lower (right) areas of the crucible of
material from char. Images taken by the author and Sethulakshmy Jayakumari

(EMPA) is shown in Figs. 10, 11 and 12 to see the Si, C, and iron (Fe) in the samples.
Iron is only present in sizeable quantities in the samples from char. In the top region
of the crucible, SiC is not found, as it is mostly unreacted carbon material with
insufficient temperature and SiO pressures to form SiC. Further down in the crucible
SiC formation is seen in the form of crystals. At the bottom of the crucible, where
the material is exposed to the highest temperatures and SiO pressures, most of the
carbon is transformed and Si begins to form in the SiC particles. All materials were



Electrical Resistivity of Transformed Carbon Materials ... 191

Fig. 7 BSE images (same as Fig. 10) of the middle (left) and lower (right) areas of the crucible of
SiC made from coal. Three phases of C, SiC, and Si are seen. Carbon is dark gray, SiC is medium
gray, and Si is light gray. Shown with permission from INFACON [9]

Dl LY
Ay

Fig. 8 BSE images (same as Fig. 12) of the middle (left) and lower (right) areas of the crucible
of SiC made from charcoal. Three phases of C, SiC, and Si are seen. Carbon is dark gray, SiC is
medium gray, and Si is light gray

Fig. 9 BSE images (same as Fig. 11) of the middle (left) and lower (right) areas of the crucible of
SiC made from char. Three phases of C, SiC, and Si are seen. Carbon is dark gray, SiC is medium
gray, and Si is light gray
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Fig. 10 EMPA of the middle (left) and lower (right) areas of the crucible of SiC material from coal.
Elemental mapping shows the carbon and silicon distribution, as well as the presence of smaller
iron impurities. Shown with permission from INFACON [9]

Fig. 11 EMPA of the middle (left) and lower (right) areas of the crucible of SiC material from
charcoal. Elemental mapping shows the carbon and silicon distribution, as well as the presence of
smaller iron impurities

Fig. 12 EMPA of the middle (left) and lower (right) areas of the crucible of SiC material from char.
Elemental mapping shows the carbon and silicon distribution, as well as the presence of smaller
iron impurities
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held at 1850 °C for 60—120 min, but due to the temperature gradient silicon is only
expected in this part of the crucible where the temperature is over 1800 °C and can
support the silicon forming reaction, just as in the industrial furnace [14].

Electrical Resistivity

Figure 13(left) shows the electrical resistivity of SiC from coal using an 8 cm
measuring zone. Lines without markers indicate measurements published by Hoover
et al. [8, 9]. Run numbers indicate how many times the sample has been measured,
and letters indicate if the packing of the bed is the same. The 30%SiC sample has the
lowest resistivity. The 69 and 72% samples are comparable in their SiC content, but
the 72%SiC sample contains 7% elemental Si. This likely explains why the 69%SiC
is at a higher resistivity, since silicon is both a good conductor and it is filling up the
pores, both of which will lower resistivity. The general trend shows that increasing
the SiC content increases the resistivity, until elemental Si begins to form, wherein
the resistivity is lowered. There is a similar trend seen in Fig. 13(right), which shows
the resistivity of four of the coal samples using a 10 cm measuring zone. However,
elemental Si is not present in any of those materials and the 30%SiC sample is lower
than the heat-treated coal (0%SiC). Since the SiC content is so low in the 30%SiC
sample, the unreacted carbon (heat-treated coal) could be the controlling factor for
the resistivity, meaning the sample consists of mainly of coal has that been heat-
treated three times in total (calcination, partial conversion to SiC, and heating to
1600 °C for resistivity measurements).

Figure 14 shows the electrical resistivity of the materials from charcoal. Char-
coal (0%SiC) as seen in Hoover et al. [8] is also shown in blue without markers.
The 54%SiC has the lowest resistivity and the initial run of the 60%SiC has the
highest resistivity. Both SiC materials contain elemental Si, with the 54%SiC and
60%SiC containing 6% and 36% respectively. However, since their SiC contents are

g
z 5 B

MO R 1b
BINSC Run 13

- GYRSC Run 22
TERGC, TRSI Rem 12

= TTRSIC, THSI Run 20

28

HiEoa?

ARSI Bun 1a
= BINSIC un 1b
0 = BINSIC Run 10

Bk resistivity [midm]

B8 5 EE 388

buk pesistivity [mam}

1000 1100 1300 1300 1400 1500 1600 1000 1100 1200 1300 1400 1550 1600
Temperature ['C) Temperature [*C)

Fig. 13 Bulk resistivity vs. temperature for SiC material from coal using an 8 cm measuring zone
(left) and 10 cm measuring zone (right). The 30%SiC sample has the lowest resistivity. The 69%
and72% samples are comparable in their SiC content, but the 72%SiC sample contains 7% elemental
Si. Since the SiC content is so low in the 30%SiC sample, the unreacted carbon (heat-treated coal)
could be the controlling factor for the resistivity
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Fig. 14 Bulk resistivity vs. L
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comparable, the Si content is likely the main factor affecting the resistivity, through
for example increasing the density. Conversely, the amount of unreacted carbon in
the 54%SiC sample is higher, 36% compared to 1.9%. Based on the resistivity of
charcoal, the higher unreacted carbon content in the 54% sample could explain the
lower resistivity. The 60%SiC sees larger variations at 1000 °C with multiple runs,
but this difference is smaller at the high end of the temperature range. This could
be uncertainty in the measurement method; however, the high temperature range is
more important as there will not be SiC in the industrial furnace at 1000 °C.

Figure 15 shows the resistivity of materials from char. Lines without markers
indicate measurements published by Hoover et al. [8]. There is higher variation here
compared to other materials, as the SiC content is almost the same for all materials.
The 35%SiC samples have a good agreement, but the 32%SiC sample does not.

Resistivity During Cooling

The resistivity of materials as they cooled from 1600 to 1000 °C was measured
in some cases. Figure 16 shows the cooling of 69%SiC from coal, 60%SiC from
charcoal, and 35%SiC from char. In general, cooling results in lower resistivity, with
the gap widening as the temperature decreases. However, as can be seen in the coal
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69%SiC from coal 60%SiC, 16%Si from 35%5iC from char
10 charcoal Z 100
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Fig. 16 Bulkresistivity vs. temperature for 69%SiC from coal, 60%SiC from charcoal, and 35%SiC
from char including resistivity during cooling. The cooling curves have a lower resistivity, and the
gap widens as the temperature reaches the lower limit of 1000 °C. Reheating or subsequent runs
with the same packing see the resistivity rise again

and char samples, upon reheating or performing another measurement, the resistivity
rises again. This could be due to better contact points at high temperatures that are
able to remain as the material cools to 1000 °C but disappear as the material is cooled
to room temperature and must be formed again upon reheating.

Comparison to Other Works

Figure 17 shows the resistivity at 1500 °C for all materials compared to their SiC
content, as well as the ranges seen in the work of Krokstad [7]. This is based on
results presented by Hoover et al. [9], with additional runs and materials from char
and charcoal added. Coal is blue, charcoal is orange, and char is green. Krokstad’s
SiC samples from the industrial crust (shaded blue) had a range of approximately
0-20 mQ2m; however, he measured the particle resistivity and not the bulk resistivity.
The lack of contact resistance explains why it remains lower. The highest variation
is seen in the coal samples; however, these used two different measuring zones (8 cm
and 10 cm). Additionally, some samples from the coal contain elemental silicon, and
some do not, diamond markers indicate the presence of Si. The 35%SiC from char and

Fig. 17 Bulk resistivity at 40

1500 °C vs. %SiC for all O 35 @
materials, with diamond S

markers for those containing w0 30

Si. Coal is blue, charcoal is = = 25 :
orange, and char is green. Fary

The shaded blue region é % 20 bl ¢
indicates the range of 2 =15 §
Krokstad’s results (less than E 10 ] .

20 m2m). High variation is =] 5 ®

seen in the coal samples. The = 8

total range for all the
samples is from around 7-36 0 20 40 60 80
m&m (Color figure online) SiC content (%)
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60%SiC from charcoal have good agreement among their repetitions, which supports
the conclusion that at higher temperatures the variations in resistivity become smaller
even with multiple runs and different packings. Similarly, the total range for all the
samples is from around 7-36 mQ2m, which is relatively narrow and approximately the
same as previous findings [9], and there is no change to this range among the different
carbon materials. The similarities among the SiC from different carbon materials are
interesting when considering the differences in bulk density, where for example the
charcoal is significantly less dense than the other materials and previous works have
concluded density has a large effect on the resistivity [5, 8, 15]. This also applies to
mechanical strength, as charcoal is well known to have weak mechanical strength
[16] and pure SiC is known for its strength [17]. Therefore, the original structure, not
the transformation to SiC, seems to be the more determining factor for resistivity.
A similar conclusion was described by Krogerus et al. [18] where changing the
composition of gas cokes and chars for ferrochrome production had little effect on
the conductivity. The effect of these factors cannot be ruled out, however, because
they are all changing during the transformation to SiC, so it is difficult to isolate them.
However, even though all materials seem to be of the same magnitude once 1500 °C
is reached, previous figures in this work show there are higher variations at lower
temperatures. This could be due to compaction or differences in the packing of the
particles. However, in the industrial furnace, little SiC would be expected at 1000 °C,
so the higher temperature results are more relevant. The general trend that increasing
SiC content increases resistivity and the presence of Si will lower resistivity is still
apparent.

Conclusions

It is essential for good tapping conditions that sufficient current is supplied to the
arc and lower part of the furnace. A highly resistive charge mix can ensure this
takes place by directing the energy into the arc. Similarly, adequate tapping can
minimize the accumulation of silicon and prevent back reactions or gas blows leading
to unstable electrode positions. As such, the electrical resistivity of the charge mix
as it is transformed in the furnace was investigated. When most of the material is
transformed to SiC, it will raise the resistivity compared to the carbon material, until
silicon forms, when it will decrease again. At temperatures at the end of the measured
range (1500 °C), all materials had the same magnitude, with a range of 7-36 mQm,
and the choice of carbon material had little effect. Therefore, the original structure,
not the transformation to SiC, seems to be the more determining factor for resistivity.
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PGM, Nickel, and Copper Tapping: )
An Updated Industry Survey

updates

I. Nolet, L. Rodd, S. Straub, J. Du Toit, T. Futterer, and W. Taylor

Abstract An industry survey of PGM-Ni matte tapping practices was published in
2014 with the aim of providing high-level information on matte tap-hole design, oper-
ation, and maintenance practices at different smelting operations. Since then, various
innovation trends have been developing within the industry, with regards to safety
and automation, environmental considerations, and design and monitoring techno-
logical advances aiming at enhancing tap-hole campaign life, minimizing tapping
risks, and generally bringing the industry towards safer tapping. Hatch has conducted
an updated industry survey, this time including PGM, Nickel, and Copper producers,
with an extended view into those industry developments with specific objectives to
encourage cross-pollination across industries and organizations and provide a useful
reference documenting best practices in matte and metal tapping operations in the
base metals and PGM industry.

Keywords Tapping - Benchmarking - Matte/Metal tapping practices

Introduction

In continuous smelting operations, the tapping of molten matte or metal is one of
the most critical tasks performed by operations personnel due to the safety risk of
potential exposure to molten metal or matte. The ability to tap metal or matte from
a furnace tap-hole both safely and reliably is dependent on both the tap-hole design
but is also critically dependent on the way in which the tap-hole is operated and
maintained. Across industries, tap-hole design, operation, and maintenance strategies
are typically tailored to suit the process conditions encountered as well as the required
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tapping duty (or frequency of taps). This is particularly notable in PGM smelting
where matte superheats up to 600 °C result in highly intense conditions during
tapping, requiring a water-cooled tap-hole design to prolong the life of the tapping
channel refractory, as well as frequent repairs, to ensure both the safety of personnel
and reliability of the tap-hole. FeNi smelting operations, which typically involve
much lower metal superheats (usually less than 100 °C), also utilize water-cooled
tapblock designs but generally have lower requirements for repairs and maintenance.

In 2014, Nolet [1] published a survey of matte tapping practices and tap-hole
repair strategies associated with PGM and Ni matte smelting operations, covering
four key areas of matte tapping: tapblock design, tap-hole maintenance, tapblock
monitoring, and tapping practices. The current paper provides an update to Nolet’s
survey and summarizes the results from a recent survey that was expanded to include
Cu matte and FeNi smelting operations, in addition to PGM and Ni matte smelting
previously covered in the 2014 paper. The ranges of metal or matte properties and
production rates across these operations are summarized in Table 1.

A survey was developed, building upon the previous survey developed in 2014,
including additional details relating to the same key areas of metal and matte tapping
outlined above. The survey was distributed to several smelting operations across
the PGM, Ni, and Cu industries, with the intent that the results would be published
anonymously. The results of the survey are summarized by commodity in Tables 2,
3, and 4.

Table 1 Overview of matte/metal temperatures and compositions—range reported and average
value

PGM matte Cu matte Ferronickel Ni matte
Metal/matte production (t/d) 58-210 648-2150 70-250 200-270
Metal/matte tapping 1250-1430 1245-1265 1400-1485 1185-1370
Temperature (°C) (1371) (1255) (1449) (1260)
Estimated superheat, 215-498 150-225 20-2182 (73) 58-375 (167)
calculated (°C)! (413) (182)
Composition Ni 12-43 (20) - 1240 (29) 25-48 (33)
(weight %)
Cu 10-28 (14) 62-69 (64.0) | 0.03-0.68 0-12.5 (4.7)
(0.22)
S 24-32 (30) 20-23 (22) 0.1-1.0 (0.4) 9-27 (19)
- - 0.02-3 (0.79) |-
Cr 0-0.3 (0.1) - 0.03-2 (0.54) |-
Si 0-4.7(1.2) - 0.01-4 (1.0) -
Fe 3.8-43 (34.3) | 6.5-13.2 59-79 (68) 21-64 (41)
(10.1)
Notes

! Liquidus temperatures were calculated using FactSage™ using various databases for mattes and
alloys

2 High FeNi superheat corresponds to high reduction FeNi smelting operations producing high C,
high Si-containing FeNi
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Matte/Metal Production Data

As shown in Fig. 1, the range of reported furnace production per tap-hole is lower for
the PGM (29-105 tonnes/day per tap-hole) and Ni (35-125 tonnes/day per tap-hole)
furnaces. The furnace type with the largest productivity range is the Cu furnaces
(92-430 tonnes/day per tap-hole). In addition to having the highest productivity per
taphole, the Cu smelting furnaces surveyed have the highest number of tap-holes
(5-7 tap-holes).

The PGM, Cu, and Ni matte furnaces included in this survey operate with
matte/metal tapping temperatures within the range of 1185 to 1430 °C, whereas
the FeNi furnaces operate within a much higher tapping temperature range of 1400
to 1485 °C.

As shown in Fig. 2 tapping duration is typically in the range of 10 to 30 minutes.
Cu — Ref A is an outlier at a two-hour tapping duration. Average tapping rates vary
from approximately 0.3 to 4.4 tonnes/min. Average tapping rates were calculated
based on daily production, taps per day, and total tap duration.

Furnaces that are coupled with downstream equipment (e.g., converters) are gener-
ally tapped as needed to match the cycles of that equipment. For furnaces that are
decoupled from downstream equipment, tapping frequency is driven by furnace levels
or it is a batch process.

Figure 3 shows total matte/metal production in tonnes per day and identifies the
primary driver for the furnace tapping schedule. Most respondents reported level
as the primary driver for tapping. Often, tapping is driven by multiple factors. For

+ PGM Matte A Cu Matte M FeNi Ni Matte
1600

Mo preduction
data

1500

._.
=3
o
S
om
v
|
| m -

Matte/Metal Temperature (°C)

1300
" = A 3
1200
1100
1000
0 100 200 300 400 500

Tonnes/Day per Taphole

Fig. 1 Matte/metal tap-hole productivity versus temperature for various commodities
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example, Ni matte—Ref B is driven by converter availability when operating a high
matte levels, and by concentrate supply when operating at low matte levels.

The number of taps per day varied significantly from 4 up to 50. As expected,
there is a strong relationship between tapping frequency and total daily production.
Fig 4 shows the time between taps versus the furnace productivity by tap-hole. Time
between taps ranged from approximately 15 minutes up to 5.5 hours. The Cu furnaces
tend to have a shorter duration between taps.

Tap-Hole Design

All participating smelters use a water-cooled copper block surrounding the refractory
tapping channel. 82% of respondents use a full tapblock design where the tapblock
copper is one piece around the module bricks. The remaining have a variation of
the doghouse design where the top and sides of the module bricks are covered by a
one-piece, inverted U-shaped tapblock, while the bottom either has no coverage or
a separate copper cooler interfacing with the main doghouse cooler above.

94% of respondents have a removable / replaceable faceplate. They are used to
retain the refractory tap-hole modules against the internal hydrostatic bath pressure,
and the pull out force of the drill (where used). At the same time, the faceplate
provides a flat face for the mudgun to bear against, ensuring a good seal for closing.

44% use a lintel cooler above the tapblock (this can assist in the replacement of
the tapblock without disturbing the sidewall above). 31% have bullnose extensions,
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allowing for a shorter tapblock proper while maintaining a long tapping channel
length.

All participating smelters use multiple bricks in their tap-holes, allowing sequen-
tial repairs and requiring deep tap-hole repairs only very infrequently. The number
of tap-hole bricks varies between 3 and 12 (Fig. 5), depending on the length of the
tapping channel and refractory design. Note that there may be some inaccuracies
in the number of bricks and tapping channel length, depending on how the partici-
pating smelter defines those parameters. Some of the shorter tapping channel lengths
reported were checked against client drawings and found to only include the length
within the cooled tapblock, while ignoring the channel length through the remaining
wall refractory. Without drawings of each furnace, it was not possible to validate and
ensure consistent reporting of these values.

In the 2014 survey [1], most respondents used magnesia-based refractory. A
similar proportion of respondents (56%) currently report to use magnesia-based
refractory. Alumina usage is lower (19% in 2021 vs. 44% in 2014). An equal number
(19%) of smelters are also using carbon-based materials, compared to none in 2014.
One smelter used an undisclosed refractory material. As seen in Fig. 6, the carbon
materials are currently used on lower temperature tap-holes. Although the data
suggests a growing use of carbon-based refractories, there are insufficient respon-
dents that were common between the two surveys to make this conclusion. Future
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Fig. 6 Matte tapping temperature versus tap-hole brick type

revisions of this survey will aim to expand the data set to confirm these industry
trends.

Figure 7 shows a plot of launder slope versus length. If the data lies on an axis, it
is because data for the other axis was not available. Most Cu respondents had one or
more bends, while the majority of PGM and Ni respondents had straight launders. All
respondents stated their launders were refractory-lined, with one Ni matte respondent
stating their lining was graphite. Only one respondent (Cu) stated their launder was
equipped with burners.

Operation and Tapping Practices

The majority (53%) of the participating operations use only lancing for tap-hole
opening, while 12% use a drill-only method and the remaining 35% use a combination
of drilling and lancing (Fig. 8). Of the 15 furnaces using lancing, only 3 furnaces use
lance guides.

For the operations that use only lancing, the reported number of lances used per
tap is in the range of 4-7, except for one operation reporting the use of a single
lance per tap. The operation using a single lance uses lances with internals/fillers. In
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contrast, for the operations using a combination of lancing and drilling, the lances
per tap decrease to around 2 lances per tap.

The considered operations are split almost equally between using mud guns (53%)
and manual plugging (47%). The respondents using manual plugging typically did
not specify the binder and aggregate of the tap-hole clay used. From the respondents
using a mud gun for tap-hole closure (9 respondents) pitch was still most widely used
as binder (34%), with resin, water, and unspecified binders accounting equally for
the remaining 66% (Fig. 9). The respondents using mud guns showed a preference
for carbon-based tap-hole clay aggregates (45%), followed by alumina-based (33%),
and a single operation reported the use of magnesia-based aggregate in the tap-hole
clay (Fig. 9). Magnesia-based and other aggregates accounted for the remaining 22%.

Industry Trends

Although the survey describes significant manual lancing or reliance on traditional
drill and mud guns, the current industry trend is to avoid manual lancing where
possible to reduce exposure of operators to hot molten metal (from the tapped mate-
rial or the lance combustion products themselves). Manual plugging is generally
undesirable for similar reasons.

One surprising result was the number of operators present on the tapping floor
during tapping events, reported between 2 and 6. It is typically preferable to minimize
the number of employees exposed during tapping operations to the minimum and
to have clear functions or responsibilities for each of them. Protection for tappers is
highly variable between smelters ranging from no protection, to protective curtains,
to a full enclosure, up to a control room with CCTV/camera feedback for operators.
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Ideally, tap-holes are drilled open as this gives the most uniform tapping channel
and avoids module brick or tap-hole damage typically experienced with lancing.
Traditional drilling machines are used in PGM, Cu, and Ni industries; however,
they are generally not capable of fully opening a metal/matte tap-hole due to frozen
metal/matte being too difficult to drill (or damage to the drill bit if it does fully open
it). Ideally, a deep clay plug is achieved by the mud gun to minimize the size of any
frozen metal/matte plug. Most respondents make use of a mudgun unit to close the
tap-hole, except for 5 Cu operations and 1 PGM operation.

Several smelters are investigating or trialing automated lancing machines, either
for the complete tap-hole opening or to complete the final opening after drilling.
Hatch has been involved in many of these projects recently and has seen the following
methods investigated (some of these have been in operation for over 10 years):

e [ancing using industrial robots (both via pre-programmed paths or remotely
operated via haptic feedback).

e Lancing using dedicated lancing machines, there are 2 different styles in use by
multiple vendors;

— A coil lance reel which is straightened as it is fed.
— Straight lances, manual or auto fed.

e Adaption of rodding devices to feed lances.
e Other innovative solutions such as adapting a lance connection into the drill
machine.

In general, survey respondents are showing a high level of interest in technolo-
gies aiming at reducing operator exposure to tapfloor hazards. The main challenges
encountered to the implementation of such solutions are the availability of proven
technologies, space constraints on the tapping floor, and costs (Fig. 10).

One key trend in the survey responses is that most operations record or log a
significant number of manual parameters related to tap-hole integrity monitoring,
including tapping rate and/or duration, the mass of metal tapped, metal tempera-
ture, drilling depth, number of lances used, the quantity of closing material used,
wear measurements, and photos of tapping channel during repairs. Such data is
invaluable when monitoring, evaluating, and optimizing tap-hole integrity: the use
of digital platforms in which the data can be logged and be made accessible via
dashboards to metallurgists, production engineers, and senior management will be
of great significance in the near future (Fig. 11).
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Conclusions

As with the previous 2014 survey, a survey of this nature provides the means for
a comparison of matte tapping practices across operations and across industries.
This recent survey expanded the commodities covered and also provides a more
recent snapshot of the current state of the industry. Note that the data set is still
relatively small, so trends apparent in the respondents are not necessarily reflective
of the industry as a whole or by commodity. An example of this is tapping practices in
copper smelters, where all respondents use manual lancing, while Hatch’s experience
with numerous other copper smelters covers various levels of automated drilling and
lancing operations.
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The intent is to keep updating this tapping database and to involve more partici-
pants across a wider range of smelting industries. Anyone wishing to participate in
this effort is invited to contact the author at isabelle.nolet@hatch.com.
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Kansanshi Copper Smelter ®
ISACONVERT™ Furnace Tapping st
System Design, Operation,

and Improvements
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Abstract In 2019, the construction and commissioning of what was to be the
world’s first commercially operated ISACONVERT™ furnace was completed at the
Kansanshi Copper Smelter. Between 2019 and 2021, the ISACONVERT™ furnace
was operated in four campaigns in which the matte treated steadily increased from an
average of 35 tonnes per day to an average of 245 tonnes per day. Manual blister and
slag tapping were among the areas that had challenges and initially had a significant
impact on the plant availability. Frequent failures to close the tap-holes occurred and
hot metal spills were experienced as a result, giving rise to safety concerns. Several
changes were implemented that resulted in a significant improvement in safety for
the tappers, as well as a reduction in plant down time. This paper describes the
design and operation of the ISACONVERT™ blister and slag tapping systems, and
the improvements that led to successful operation of the furnace.

Keywords ISACONVERT™ - Blister tapping + Modified polish plugs - Tap-hole

Introduction

The ISACONVERT™ is a continuous copper matte converting process based on the
ISASMELT™ technology, designed and supplied by Glencore Technology (formerly
Xstrata Technology and MIM Process Technologies) [1, 2]. Kansanshi Mining Plc
(KMP) constructed and commissioned the first commercial-scale ISACONVERT™
furnace in Solwezi, Zambia, to prove the technology and reduce the operational
and technical risks in order to provide scale-up data for the design of a larger
ISACONVERT™ furnace for a potential expansion of the existing smelter. The
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installed furnace was designed to treat 12 tph of solid crushed matte at 60—64 wt%
Cu producing about 81,000 tonnes of blister copper per annum.

The ISACONVERT™ furnace is a vertical furnace, supported on a concrete base.
The hearth and lower furnace walls are in contact with the blister copper and are
lined with magnesia chrome refractories. In the slag region, above the blister area,
the furnace has copper cooling elements. The calcium-ferrite slag system of the
ISACONVERT™ is known to be aggressive on any refractory materials, hence
contact of slag with the bricks is minimised in the design [3]. In the section above
the coolers, the furnace is again lined with magnesia chrome refractories.

The blister copper is tapped from the furnace via one of the two tap-holes that are
both located 150 mm above the hearth. The hearth has a flat surface so the 150 mm
offset serves as a sump. Each of the blister tap-holes is equipped with a water-cooled
copper block that has a refractory insert to protect the copper blocks from direct
contact with molten blister. Blister copper is transferred into copper moulds via 13-
m-long, refractory lined, launders. A maximum of four ingots, each weighing up
to three tonnes, are cast per tap. The launders are equipped with covers and diesel
burners to minimise molten material freezing during tapping.

The furnace is equipped with one slag tap-hole located at an elevation of 1550 mm
above the hearth. Slag skimming is performed through a water-cooled copper block
installed in one of the copper cooling elements. The original slag launder was lined
with refractory and required frequent cleaning and refractory repair. Therefore, it was
soon replaced with an uncooled steel launder. Slag is skimmed directly into a ladle
with a holding capacity of up to 50 t. Filled ladles are transported to a cooling area,
using a Kress Hauler, to allow for slag to be slow cooled in the ladle. The slow cooled
slag is then crushed for recycling to either the ISASMELT™ or ISACONVERT™
processes as coolant. Figure 1 shows the ISACONVERT™ plant flow sheet.

Both blister tap-holes and the slag tap-hole are opened by manual oxygen lancing
and also closed manually by plugging with a Modified Polish Plug (MPP).
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One of the main challenges during initial operation was to establish reliable oper-
ation for blister tapping and slag skimming. A number of failures to close the blister
tap-holes resulted in molten material spills and furnace draining. The material selec-
tion for blister tap-hole inserts was key to the tap-hole closing success rates as well as
the life of the inserts. Determining a method that would allow monitoring of the wear
of the inserts was another important aim for achieving the desired process efficiency
and safe operation. Another challenge was the freezing of the slag and blister on the
respective launders resulting in plant downtime for cleaning and refractory repair.
This paper mainly describes the challenges experienced around slag skimming and
blister tapping operation and the changes made to overcome these.

Blister Tapping

Blister Tap-Hole Refractory Insert Life

Unlike slag or copper matte, blister cannot be tapped through a water-cooled copper
element. Contact of molten blister with a water-cooled copper element typically
results in a rapid dissolution of the copper element, which eventually may cause a
steam explosion or furnace leak with serious consequences [4]. A proven practice
for tapping blister is tapping the blister copper through a refractory insert installed in
the water-cooled copper block [2]. Material selection for the refractory insert was an
important consideration for achieving reasonable life and tap-hole closure success.
The materials used across other established copper smelter operations are varied
and based on their experience, together with some theoretical considerations. The
Kansanshi team considered two different materials for the inserts.

Each of the Kansanshi ISACONVERT™ blister tap-holes includes two water-
cooled copper blocks, shown in crosshatch in Fig. 2. The inner copper block is
installed through the shell of the furnace and butts up against the cold face of the
refractory bricks (shown in orange). The outer copper block is butted up to the cold
face of the inner copper block. This serves as a locking mechanism for the conical
refractory inserts (shown in yellow), which fit inside the copper elements. The blister
tapping channel consists of two refractory blocks inside the furnace (shown in purple)
and the two refractory inserts in the copper blocks.

The inserts installed in the inner and outer copper blocks can be changed while
the furnace is hot with only partial bath draining required. The tap-bricks (purple in
Fig. 2) can be changed from outside the furnace if the bath is completely drained and
the material in the sump is frozen. To date the tap-bricks have not been changed due
to insignificant wear observed throughout the operational period. The initial tap-hole
diameter for the refractory inserts and tap-bricks was 40 mm. The tap-hole diameter
of the inserts was later increased to 45 mm to accommodate larger diameter MPPs
and to increase the initial tapping rates after an insert replacement.
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Fig. 2 Sketch of blister tap-hole arrangement

The initial operation started with fused magnesia chrome inserts and tap-bricks.
An unacceptably fast wear rate of the outer inserts was observed. The tap-hole diam-
eter of the outer insert increased from 40 mm initially to 100 mm after only 45 taps.
At that rate the inserts had to be replaced weekly, which resulted in significant down-
time. As a result, graphite was trialled on the outer inserts of both tap-holes. The
graphite outer inserts resulted in a significantly improved insert life. It was further
observed that the wear rate was not linear, with the highest wear rate being in the
beginning of new insert operation. The tap-hole size was much more stable after a few
days in operation. Figure 3 shows the cumulative taps achieved with the magnesia
chrome outer inserts compared to the graphite outer inserts.

Blister Level Control

The level of the blister copper/slag interface is one of the most critical parameters to
measure and manage in order to achieve steady converting in the ISACONVERT™
furnace. This furnace has a relatively small blister holding capacity of about two
(2) cubic meters, which at the nominal feed rate would require a blister tap every
60-90 min. The main constraint to the blister capacity is the water-cooled copper
elements installed in the slag region. The superheated blister copper could melt



Kansanshi Copper Smelter ISACONVERT™ Furnace ... 237

South blister tap-hole insert life

200

Changed to graphite outer inserts

il ative

2100

Inner Block  mOuter Taphole Inserts

Fig. 3 Blister tap-hole insert life

the copper coolers rapidly and cause a catastrophic failure (furnace leak or steam
explosion) if the molten blister comes into contact with these coolers [4]. On the other
hand, operating with a low blister level in the furnace would increase the occurrences
of tapping slag through the blister tap-hole, potentially accelerating the wear rate of
the tapping channel.

An electromagnetic-level measuring instrument was installed for online blister-
level measurement. A mass balance calculation was also incorporated in the
Distributed Control System (DCS) for blister-level calculation. The electromagnetic-
level instrument readings were not stable or reliable and sometimes deviated signif-
icantly from the calibration curve. Even though the mass balance calculations were
more reliable, the operation was still required to stop after several blister taps to dip
the furnace and confirm the blister level, so that the calculation could be reset. This
caused production delays but was necessary to ensure safe operation of the furnace.

The original strategy for continuous blister-level control was to remove all of
the blister during every blister tap, and then reset the blister-level calculation in the
DCS to zero. It was later observed that closing the blister tap-hole with significant
quantities of slag in the stream was difficult and regularly led to molten material spills
with a high risk of completely draining the furnace. The wear rate of blister tap-hole
inserts also increased when high quantities of slag were tapped through them. A new
strategy was adopted where the tap-hole was closed immediately once the first sign
of slag was observed floating on top of the blister in the moulds. This method was
more effective in preventing blister tap-hole closing failures and improved the tap-
hole insert life. It is believed that this strategy worked well because by the time the
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tap-hole is shut, most of the stream would still be blister, which would freeze easily
on the MPP. When the blister stream already consists of mostly slag it would not
freeze as fast and more molten material spills would be experienced. It was therefore
of utmost importance to close the blister tap-hole as fast as possible once the first
slag was observed on the mould.

Modified Polish Plugs, MPPs

Modified Polish Plugs (MPPs) are used to close the blister tap-holes on the ISACON-
VERT™ furnace as they allow them to be opened relatively quickly via oxygen
lancing. If blister tap-holes are plugged completely with clay they are difficult to
open by means of manual oxygen lancing. However, if the tapping channel is not
entirely filled, then blister will freeze in the tap-hole channel and result in long
durations to open the tap-holes. This increases the potential for more damage in the
area. This is because blister is very heat conductive and thus not easy to oxy-lance.
Opening the blister tap-holes using a drilling machine is also extremely challenging
if the tapping channel contains frozen blister, as this material is malleable and causes
extremely high wear on drill bits.

Polish plugs are named after the Glogéw smelter in Poland where they were
invented [5]. Traditionally, a Polish plug is a steel bar with clay formed around it.
The assembly is then held inside the end of an extended stopper bar that is used to
insert the polish plug into the open tap-hole to stop the flow. The actual seal is frozen
blister in the tapping channel. This is achieved by interrupting the blister stream for
sufficient time for the cooling applied through the inserts to freeze the blister stream.
The steel starter bar in the middle of the plug then serves as guide during oxygen
lancing and assists with opening the tap hole.

The unique difference between the MPP at Kansanshi Smelter and conventional
Polish plugs is the use of a hollow steel pipe, instead of a steel bar, in the construction
of the MPP barrel. When opening the tap-hole on the next tap, the steel pipe of
the MPP acts as sleeve through which the oxy-lance slides. This guides the oxy-
lance through to the end of the tapping channel, reducing burn time and minimising
opportunities to damage the inserts whilst still providing ignition for burning the
tap-hole open.

An MPP is made using a mild steel pipe of 20 mm nominal bore with a length
of 850 mm, which is the approximate length of the blister channel. The objective
when inserting the MPP is to displace as much blister as possible from the channel,
leaving 50—-100 mm of the MPP protruding out of the tapping channel when fully
inserted. Ceramic rope is wrapped around the pipe to protect the pipe from burning
out during closing. Clay is applied to the rope in a thin coating. The clay is formed
into a cone at the rear end of the MPP for plugging. The front 200 mm of the pipe is
filled with clay to stop blister from flowing out through the pipe. Figure 4 shows an
MPP loaded on a stopper bar just prior to use.
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Fig. 4 An MPP just before closing a blister tap-hole

As the MPP is inserted into the tap-hole, the front pipe blocks most of the flow
and displaces the blister from the tapping channel. Upon full insertion by tapping the
MPP inwards with a hammer, the clay cone at the back stops the remaining blister
copper flow. An air spear is directed at the tap-hole around the back of the MPP to
promote cooling and solidification of blister at the tap-hole front face.

As blister tapping experience and operator discipline increased, the benefits of
using the MPP became apparent. Minimal downtime from delays in blister tap-hole
opening was experienced, closing failures reduced to almost zero, and insert life
nearly doubled. As confidence grew over time, the operators were able to change the
diameter of the MPP to match the tap-hole wear by increasing the amount of ceramic
fibre rope that was wrapped around the barrel of the MPP. Typically, it takes 10-15 s
to close the blister tap-hole using an MPP.

Blister Launders

The refractory lined blister launders are equipped with burners to preheat the launder
before tapping and to help prevent build-up forming during tapping. The launders
had several cold spots initially and unmanageable levels of material were building
up as a result, which led to several extensive plant stoppages for launder cleaning.
It was difficult to distribute the heat evenly because of the geometry of the launders
and transitional section from the tapping floor to the level below. This is highlighted
in Fig. 5. The transition area between steep and shallow launder angle had the largest
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Fig. 5 Blister launder geometry

build-ups and was the most difficult to clean. Crow bars and jack hammers were used
for launder cleaning, which came at the cost of refractory damage. Launders had to
be repaired in the damaged sections after only a few days of operation.

One additional diesel burner per launder was installed to target the transitional
section. Refractory lined steel covers were added to the entire launder to retain and
distribute heat more efficiently, but the success was limited to the lower launder
sections—after the transition area. The burner orientation on the launders was
changed from perpendicular to counter-current to the blister flow, but this did not
bring any significant improvement.

The operation strategy to manage launder cleaning was to use one launder for
several consecutive taps while cleaning the other launder. This was done successfully
for short times. It was found that the more consecutive taps were done on one launder,
the bigger the build-ups grew, and the more time was required to clean them.

It is planned to trial a graphite blister launder in the future. It is known that
graphite has low wettability to blister copper, which is expected to substantially
reduce cleaning requirements and increase plant availability. It would also not require
burners and hence a saving on diesel. The graphite launder material is expected to
have a high life, which would cut the cost of castable required for launder repairs.

Currently, the blister flow and burner flame arrangement is counter-current.
Concurrent burner arrangements have been considered, to assist the blister flow,
instead of the possible impediment to blister flow from the counter-current burner
arrangement.
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Blister Mould Availability

Blister copper is cast into copper moulds. The moulds are sprayed with barium
sulphate and preheated to drive off all moisture before casting starts. The cast blister
solidifies and cools inside the mould in ambient air. A water cooling system was
installed for the ingots but its use was discontinued for safety reasons.

Initially, the blister ingots were removed from the moulds after cooling with
ambient air. These ingots were more subject to stick inside the moulds, causing low
mould availability and plant downtime. The other major factors contributing to blister
ingots sticking in the moulds were high blister tapping temperature and poor mould
quality. High blister temperature caused partial melting of the mould surface, which
would then fuse with the ingot. The average tapping blister temperature was in the
range of 1180-1230 °C. On rare occasions blister temperatures of up to 1270 °C were
recorded, which would damage the moulds. Recovering stuck ingots took several
days of work with an excavator and hydraulic hammer moil.

Rejected anodes and copper chunks from the casting area were placed inside the
moulds before casting to help overcome this problem. These worked as a sacrificial
surface and a heat sink, but were viewed as a short-term solution only, due to the
resulting reduction in new blister volume in each mould. The process of putting
heat sink material inside the mould was also laborious. The blister cart carrying the
moulds was also kept moving at very low speed while casting blister. This was to
reduce fusing of blister to the mould by shifting the impact zone on the mould base.

The solidified ingots are now removed from the moulds using an overhead crane
before cooling down to ambient temperatures. This practice significantly reduced
the number of ingots sticking in moulds. This was believed to be because the ingots
were still malleable enough to tear away from any areas where they were fused to
the mould.

Blister Mould Casting

Initial attempts to cast blister moulds were problematic. Blister moulds were cast
in a cast steel master mould that had the core, the body of the pig, fixed to the top.
This presented two major problems with the moulds being cast. Firstly, there was
very little control over the end point of casting causing shallow moulds and irregular
mould heights. Secondly, with the core fixed to the top of the blister mould, the
fire-refined copper was channelled between the mould and the core edge. As such,
the pour rate was reduced causing some blister to freeze in the extreme corners of
the master mould. It was also not possible to skim the impurities off the surface,
which later caused pitting on the surface of the moulds being cast. Pitting in moulds
provided anchor points and increased the likelihood of fusing the blister ingot to the
mould after casting.
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During the fourth ISACONVERT™ campaign, a new master mould was designed
and used to alleviate the two major flaws of the first master mould. Again, a cast steel
tub was used, but this time the core was affixed to the bottom of the master mould. This
allowed for faster casting, in which the copper did not freeze in the mould before
the end of cast. Also, impurities in the fire-refined copper floated to the surface,
which was now the bottom of the mould and not the inner surface of the mould. This
provided for consistent and full volume moulds with a much-improved inner surface.

Slag Tapping System

The target maximum total bath depth in the furnace is 2.2 m above the hearth. The
slag tap-hole is situated at 1.55 m above the hearth. The slag tap-hole is opened when
the total bath height reaches about 2.0 m and is kept open until there is little or no
flow of slag from the tap-hole. Blister tapping is normally initiated directly after slag
tapping with the aim of reducing the head pressure during blister tapping. The slag
tap-hole is closed using an MPP and opened by means of oxy-lancing.

Slag Tap-Hole Life

The slag tapping channel consists of a copper block that is mounted in one of the
intensively cooled copper elements. Poorly aligned oxygen lancing, high copper
oxide levels in the slag, and blister entrainment in slag were initially causing signif-
icant damage to the copper block. A lance guide was used to assist the tappers to
centre the lance inside the tap block. Blister entrainment was evident with thin layers
of blister copper found on the frozen slag buttons. After just 2 months of operation,
the damage on the front block was significant, as shown in Fig. 6. Tighter control
of copper oxide levels in the slag will require improvements to the feed blending
practices during future campaigns. A drill could be used in the future to reduce the
damage from oxy-lancing. Although space was reserved for a tap-hole drill, it was
not installed during the initial plant construction for cost reasons.

Slag Launder

Initially, a refractory lined launder was used for removing slag from the furnace. This
launder had to be cleaned frequently. Using a non-cooled cast steel launder for slag
skimming improved the availability as it required less cleaning. The downside was
that the cast steel slag launder wore out in several areas when the process was not
well controlled. Slag tapping temperatures sometimes exceeded 1280 °C. Hot slag
would then start to form a gouge on the bottom of the launder that would eventually
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Fig. 6 A slag tap block after
2 months in operation

burn through. High copper content in the slag, or blister entrainment in the slag,
would worsen the situation. The launder was in such cases temporarily patched with
refractory castable while a complete launder replacement was scheduled (Fig. 7).

Fig.7 A damaged slag
launder viewed from inside
the furnace
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Conclusion

Improvements on both the blister and slag tapping floors have led to improved perfor-
mance of the ISACONVERT™ furnace. Not only was the uptime, throughput, and
efficiency improved, but the operation of the furnace was also made safer. Further
improvements should make increases to the continuous converting periods in the
ISACONVERT™ possible and there are several opportunities that can be further
explored.
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Abstract The first application of the ISASMELT™ furnace in the mid-1980s
targeted the treatment of MIM lead-based feeds in a two-furnace oxidation—reduc-
tion combination. The first furnace originally transferred molten slag to the second
furnace via a water-cooled copper block tap-hole. The next installation of the primary
lead ISASMELT™ furnace technology occurred in the 2000s, this time feeding
molten slag to a casting machine for solidification. This design had a number of
learnings that were incorporated into a recent primary lead ISASMELT™ furnace,
built and commissioned in 2012 at the Kazzinc Ltd Metallurgical Complex in
Ust-Kamenogorsk, Kazakhstan. This paper presents the patented tapping system
developed by Glencore Technology as applied to the lead ISASMELT™ furnace at
Kazzinc. It focuses on the development process of this simple and effective tapping
system, the current application, and how it has been optimised during the past 10
years of operational experience.

Keywords ISASMELT™ - Lead smelting - Tapping - Furnace tapping - Freeze
lining - Slag chemistry + Continuous tapping - Slag casting + Tapping block -
Tapping floor - Water-cooled copper block

Introduction

ISASMELT™ technology is based on vertical submerged lance injection technology
to provide highly efficient mixing and reaction of feed materials in the molten slag
bath. The result of the injection of the air directly into the molten bath is an intense
smelting process in a highly turbulent bath [1]. The technology has been applied to
treat a variety of materials including nickel [2], lead [3], and copper [4] concentrates
and secondary materials [5].
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The design and operation of a lead [SASMELT™ tap-hole requires unique consid-
erations. Most furnaces and processes in pyrometallurgy require the slag to be super-
heated above the liquidus temperature for safe and stable operation. However, the
highly turbulent bath of the ISASMELT™ furnace technology, as can also occur
with other bath smelting systems, allows operation at sub-liquidus conditions and as
such, the tapping of these furnaces is vastly different.

This paper summarises some practical experience interwoven with a few minor
digressions into the field of theoretical research. It is also the story of numerous bene-
ficial, but accidental and unexpected, discoveries and their real-world applications.
The topic of the paper is a tapping system in Kazakhstan but the learnings span three
countries, four decades, many tap-holes, and engineers beyond counting.

The Process

The lead ISASMELT™ process, developed in the mid-1980s at Mount Isa Mines Ltd
[6], now a subsidiary of Glencore plc, has been implemented in Australia, China,
and Kazakhstan. The closely related ISASMELT™ process for recycling lead—acid
batteries was developed in the late 1980s and has additionally been operated in
England and Malaysia [7]. In each case, lead-rich feeds are smelted and slags are
created that are rich in lead oxide. Removal of the slag through a tap-hole in the
wall of the furnace has been the subject of numerous efforts of design, improvement,
re-design, and modification.

Freezing Liquid Flow

The 1980s and 1990s in Australia was a period characterised by numerous innovative
developments in the fields of mineral processing, hydrometallurgy, and pyrometal-
lurgy. Some developments thrived and some withered on the vine. The large number
of innovations was undoubtedly due in part to industry participation in, and support
for, the research that was conducted during that period. (Disclosure: one of the present
authors started his career that way and may be somewhat biased.)

One of the more innovative pieces of research that occurred was an attempt to
mathematically formulate the relationship between freezing of high-temperature
liquids and their flow [9], and then to use the mathematical formulation to engi-
neer relevant smelter tapping equipment. Numerous industry participants chipped in
to sponsor the work. Mount Isa Mines Ltd. assisted the researchers to perform field
experiments evaluating the heat transfer and freezing phenomena of slag flowing
inside a ‘U’-shaped slag launder but the researcher, John Pitsillos, was more ambi-
tious than that. He wanted to develop a valve to control the flow of molten materials.
His concept was to use external cooling to achieve a controlled amount of freezing
of liquid inside a tube. The choice of, and flow rate of, coolant would be selected
appropriately to control the molten liquid flow rate out of the furnace, as shown in
Fig. 1.
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The ambition of the researcher’s vision extended beyond the imagination of the
industry sponsors of that time, companies who variously smelted lead, copper, and
nickel. Management in each of the industry sponsors was, respectively, operating
and developing world-leading smelting technologies. But what happened when they
were confronted with a concept, such as the diagram shown in Fig. 2, for completely
automated furnace tapping in a base metal smelter?

This idea was among those that ‘withered on the vine’. So far as the authors
are aware, no manager of an industrial smelting plant has ever embarked on a field
experiment in an effort to demonstrate the potential application of slag flow rate
control using only externally applied heating and cooling. Furnace tapping is a field
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Fig. 2 Schematic diagram of automatic furnace tapping system [8]
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where improvements tend to be made in small increments, and where the practical
consequences of failed experiments can be severe if there is a loss of containment.

The Slag

As outlined in Matthew et al., lead-rich slag from the ISASMELT™ starts melting
at around 950 °C, which is a temperature far lower than more reductive modes of
smelting [10]. Atthe same time, it was also disclosed that smelting temperatures in the
range 1170-1200 °C could be employed with bricks on the furnace side wall having
negligible wear over many years. These two plant observations do not usually occur
together. These incongruous features become still more mysterious when considering
the aggressive nature of litharge slags, which is known to affect the ISASMELT™
furnace when used for recycling lead—acid batteries [11].

A then-young Ph.D. student shed light on this mystery in some industry-supported
research in the mid-1990s. Eugene Jak, now a distinguished professor at the Univer-
sity of Queensland, demonstrated that at typical smelting temperatures the ISAS-
MELT™ slag in the lead smelter at Mount Isa Mines Ltd. was not a homogenous
liquid. As shown in Fig. 3, slags obtained by careful sampling, followed by rapid
quenching, contain a mix of reaction products in both solid and liquid states as a
result of the smelting process.

Thus, the lead ISASMELT™ furnace at that time operated, as those still operating
do today, below the slag liquidus temperature. Tiny particles of solids, in addition to
floating in the bath of high-density slag, gradually accumulate on solid surfaces inside
the furnace that are exposed to splashed slag. The liquid part of the slag drains off
quickly, leaving behind a few solid particles each time, similar to the way the surface
of your car accumulates dirt when you drive through muddy puddles. The accretion
that develops from the left-behind particles of spinel offers good protection for the
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Fig. 4 Lead ISASMELT™ furnace side wall bricks, exposed mid-campaign, showing widespread
spinel coating

furnace side wall refractory. A view inside a nicely spinel-coated ISASMELT™
furnace is shown in Fig. 4.

With the lead ISASMELT™ process, once the correct metallurgical recipe has
been obtained, side wall brick-wear is almost eliminated from the list of problems a
smelter manager has to worry about. Indeed, most of the bricks have an indetermi-
nately long life. In similar smelting processes where spinel-forming compounds do
not exist, such as in the ISASMELT™ process for lead—acid battery recycling, this
mechanism of refractory protection is not possible.

While this representation of lead ISASMELT™ slag helped generations of metal-
lurgists to control the chemistry of their furnace better, it did not shed much light on
how best to tap the slag out of the furnace. If a liquid has already started to freeze
inside your furnace, how do you reliably tap it out?

Choked Flow

The problem of flow rate control for already-freezing slag changed from a theoretical
to a practical topic for Mount Isa during a period when the industrial-scale lead
ISASMELT™ furnace was being commissioned. As explained by Player et al., the
intended mode of operation required a continuous and steady flow of slag from the
oxidation furnace to the reduction furnace, refer to Fig. 5 [13]. The tap-hole in the
oxidation furnace was to be operated as an overflow tap-hole, with a minimum head
of liquid slag inside the oxidation furnace.

One lesson learned during commissioning was that if process constraints (unre-
lated to tapping) dictated that the oxidation furnace had to be fed with a low feed rate,
then it became very difficult to maintain the continuous flow of lead-rich slag out
of the oxidation furnace, down the launder and into the charge port of the reduction
furnace. Under these conditions, it was found to be easier in practice to continuously
feed the oxidation furnace and continuously smelt the feed, and then to tap the slag
batchwise into the reduction furnace where a batch reduction would be performed.

The phenomenon that a ‘small’ flow of slag is harder to consistently maintain than
a ‘large’ flow of slag is well known to furnace tappers all around the world. When
the phenomenon is characterised in the mathematics of Pitsillos, then with a fixed
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Fig. 5 Flow sheet for MIM’s 60,000 tpy (of lead bullion) ISASMELT™ plant [13]

amount of cooling and a sub-liquidus slag, there is a unique L/D ratio of the tap-hole
that is suitable for maintaining any particular slag flow rate. If you choose the ratio
of L/D incorrectly for your furnace (or if you apply too much cooling) then you are
forced to increase the flow of slag if you want to avoid the slag tap-hole closing by
itself.

Later during the operation of the lead ISASMELT™ plant at Mount Isa, the smelter
operators discovered that plant availability could be further increased by removing
the water-cooled copper tapping block from the oxidation furnace slag tap-hole and
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replacing it with some sacrificial bricks [14]. The reduced operator interventions and
areduction in plant downtime caused by self-closing tap-holes outweighed the extra
maintenance introduced by the sacrificial bricks.

Going Global

Tapping sub-liquidus slag was next tried in China when the Isa-YMG process was
commissioned in Qujing [15]. Although the production capacity of Chihong Zinc &
Germanium Company’s smelter in China was intended to be greater than that at
Mount Isa Mines, there was a comparatively reduced amount of lead-rich slag owing
to the high grade of concentrate being smelted and the production of some lead
bullion inside the ISASMELT™ furnace, as shown in Fig. 6.

Some of the lessons from the Mount Isa Mines plant a decade earlier had been
learned. In anticipation of the low hourly rate of slag production, the ISASMELT™
plant at Qujing was equipped with generously sized slag casting equipment and the
method of slag tapping was designed to be short batches. But other lessons from
Mount Isa may have been lost over the passage of time. The L/D ratio of the tap-
hole in the water-cooled copper tapping block was not appropriate for the slag flow
rate. Self-closing tap-holes again featured prominently among the list of production
delays in the first few months of operation.
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Fig. 6 Schematic of flowsheet for Chihong Zinc & Germanium Company’s ISASMELT™ plant
at Qujing, Yunnan Province, PRC
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Fig. 7 Photomicrographs of slags, tapped at sub-liquidus temperatures, from Qujing lead
ISASMELT™ furnace. The absence of acicular crystals was found to be a prerequisite for achieving
areliable slag flow

There was also a tendency for the slag at Qujing to change from ‘tappable’ to
‘untappable’ throughout the day, with little apparent change in temperature or bulk
composition. This phenomenon was investigated further. Through some sponsored
research it was identified that at the microscopic level fluid slags tended to look very
similar to those at Mount Isa a decade earlier: a slurry of spinel particles suspended
in a lead-oxide-rich liquid. But viscous slags looked different. There were some
additional particles with the approximate composition of willemite. The crystals of
willemite tended to appear as acicular needles, which were very different from the
shape of spinels, as shown in Fig. 7.

It was already known that the presence and crystal shape of the suspended solid
particles in a sub-liquidus lead-oxide-rich slag could vary with slag composition.
Zhao et al. reported this observation with respect to melilite particles [16]. Accu-
mulated knowledge about sub-liquidus crystal types now seemed to be knowledge
that was transportable to the more practical application of understanding whether a
slag would exhibit good tapping behaviour at sub-liquidus temperatures. What was
needed was a method of communicating this information effectively so that it was
understandable. Separately, just such a communication method was being developed.

The Campforts Diagram

In a series of published papers [17-19], Mieke Campforts calculated the proportion
of phases present at various temperatures using the FactSage™ package [20]. The
proportion of solids was graphically presented as pseudo-unary phase diagrams,
as shown in Fig. 8. With a variation in the slag bulk composition, the nature and
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Fig. 8 Campforts diagrams for two different slags (denoted M1 and S1) [19]

proportion of solids changes, with a unique pseudo-unary diagram for each slag
composition and oxygen partial pressure. It was a useful method to explain her
topic of freeze lining formation. By chance, it is also a useful method to explain the
chemistry of sub-liquidus slags. In the interests of brevity, and because these cited
papers are the first in which the authors saw this type of diagram, it is referred to
hereafter as the ‘Campforts Diagram’.

For two different slags rich in lead oxide, Campforts predicted different propor-
tions of stable condensed oxide phases at each temperature [19]. Compositions of
slags M1 and S1 are shown below.

Slag CaO Si0, PbO Zn0O Fe 03 AL O3
M1 10.57 13.81 45.79 3.28 20.28 6.27
S1 3.70 9.56 55.80 4.44 21.35 4.90

For both of these slags, it was predicted that only about 90% of the mass of
condensed oxides is going to be in liquid form at the temperature of 1150 °C.
However, it was also predicted that there were significant differences in the solid
phases present. Referring to Fig. 8, it is clear that for slag M1 at 1150 °C the solids
are predicted to be mostly melilites, whereas for slag S1 at the same temperature
those solids will be exclusively spinels.

In the experiments performed by Campforts and under the conditions investigated,
melilite was observed to form acicular crystals that were able to be interlocked,
while spinel was observed as individual and isolated crystals. This ability for spinel
crystals to form individual phases whilst crystals involving silica formed interlocking
structures was consistent with that observed by other researchers in other slag systems
[21]. From experience with sub-liquidus slag tapping, and informed by the Campforts
diagrams of these two slags, it is possible to predict that slag M1 will need to be
tapped at a temperature of about 1200 °C, but it would be possible to tap slag S1 ata
temperature of 1100 °C. Note that this is completely the opposite of the conclusions
that would be drawn if the liquidus temperature alone were considered, i.e. slag S1
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has a higher liquidus temperature than slag M1, but it is possible to tap slag S1 at a
lower temperature.

Kazzinc’s Lead ISASMELT™

In 2006 Kazzinc Ltd., a subsidiary of Glencore plc, began to design a refurbishment
of its Lead Plant at the Ust-Kamenogorsk Metallurgical Complex. Avrachov et al.
have described the refurbishment previously [22]. Some key parts of the new plant are
shown in Fig. 9. The footprint of the plant was constrained by the available space on
site, and the total length of the plant was not negotiable, which meant that the length
of the dual strand slag casting machine (shown in gold in Fig. 9) had to be chosen to
fit the site, rather than to fit the process. The predicted solidification capacity of the
slag casting machine was 45 t/h of cast slag.

Sub-liquidus temperatures for slag tapping would become a key feature for the
success of the ISASMELT™ furnace at Kazzinc. In addition to the predictable advan-
tages of saving the cost of fuel and minimising the cooling capacity of the off-gas
system, the ability to tap sub-liquidus slags would maximise the rate of cast slag
production for a plant built with a fixed limit on slag solidification capacity.

Skip Hoist takes
slag to Blast

Furnace Charge
Bins

de-dusted
Gas to
Acid Plant

Fig. 9 Layout of Kazzinc’s lead ISASMELT™ plant
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Some features of the lead ISASMELT™ at Ust-Kamenogorsk have been described
previously [23] but it has not been reported before now that Glencore Technology
(then known as Xstrata Technology) designed a tap-hole system specially for sub-
liquidus tapping at a flow rate of about 40 t/h. It is a submerged tap-hole near the free
surface of the slag bath, such that slag continuously flows through it. In a practical
application of the ideas of Pitsillos, informed by a Campforts Diagram calculated
by Glencore Technology as shown in Fig. 10, and combined with past experience,
both the slag composition and the tap-hole were engineered so that exactly sufficient
externally applied cooling would exist to produce an effective tap-hole L/D ratio
suitable for the production rate [24]. The concept is that inside the tapping block a
protective freeze lining would form, circumscribing a channel with the desired diam-
eter to provide an adequate slag flowrate for continuous operation. The advantage of
this method is that the tap-hole has low risk of either blockage or wear and requires
minimal operator intervention when in use. A cross section of the tap-hole is shown
schematically in Fig. 11.

At the time of publication, the tap-hole of Kazzinc’s lead ISASMELT™ furnace
will have been operating for nearly 10 years. The copper tapping block has been
changed twice in that time, and on neither occasion was the replacement attributable
to internal wear. The frozen slag creates a zero-cost, wear-resistant lining for the
flowing slag. Taken after shutdown and partial drainage of the furnace, the photograph
in Fig. 12 shows what this feature looks like in practice.

For every novel design feature, engineers are apprehensive of the future perfor-
mance, and Glencore Technology was no different. Additional mechanical aids [24]
were designed and installed to assist tapping of Kazzinc’s new lead ISASMELT™
furnace, but in practice they have not been required. Control of slag composition and
furnace temperature has been sufficient to make the slag-lined tap-hole an effective

IM% T T Ll Ll T T T Ll T T T T L T T
1 I T [ T T R T | o
90% ote-domd-bocbocbodoodocdonbt o2 ] Osiag
1 I [ T T T T | o s
BO% +=-lmmdAmmdmmpmm e m o mm = m == = = = == Melilite
1 oo R T i o
ROORR RSO SR N N N LU O O O N A
1 I R [ T T R B | o
et S
1 T I T T T S| R T e il
50% +=mlm=dAmmdmmbmmbk el m A m A mm kb m ==
1 T [ T R T S | N T
0% - 1 L T R T I | L 1Al
1
1
30%
20%
10%
0% -
O A DO o H MO 5 DO 5 0 o H H O 6 D
AN N N I S i ) VI A
A O A R SR A A RN

Fig. 10 Calculation of the pseudo-unary phase diagram in FactSage™
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Slag Bath
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Lining Eroded O\ T, Magnesia-
by Flowing Ci]romlte
Slag Brick

Safety
Lining
Steel
Shell

Frozen Slag and
Spinel Accretion

L
q

Water-cooled Copper Block

L Face Plate

Effective Tap-Hole

Fig. 11 Artist’s impression of cross section through Kazzinc’s slag tap-hole, during operation

Fig. 12 Frozen slag defining
the effective tap-hole, inside
a partially dismantled slag
tapping block

and enduring success. The annual production of lead-oxide-rich slag from the lead
ISASMELT™ at Ust-Kamenogorsk is shown in Table 1. The original design intent
of 40t/h of solidified slag has been demonstrated together with consistent operation
above the design rate.



Successful Development and Optimisation of Lead ISASMELT™ ... 257

Table 1 Annual mass of slag tapped from lead ISASMELT™ furnace (‘000 t)

Slag Tapped
2015 211
2016 302
2017 306
2018 287
2019 325
2020 271

Note ® Re-brick year

An additional design feature of Kazzinc’s tapping system is that the tapping block
was designed to be easily removable and the bricking arrangement behind it was
designed to be self-supporting and replaceable. The 16 individual bricks adjacent
to the inlet of the slag tap-hole are among the only bricks in the furnace that need
repair (as depicted in Fig. 11). Typical service life for these bricks is 4000-6000 h of
operation. Repairs are normally scheduled to coincide with a major plant shutdown
(e.g. for a repair of the Acid Plant) and are conducted with the inside of the furnace
at around 400-600 °C. In extremis, a hot replacement of the worn bricks could be
conducted in a 16-h duration, if required.

The Kazzinc lead-slag tapping system avoids or resolves many of the technical
issues and operational inconveniences experienced by other base metal tap-holes.
The ‘self-managing’ system requires minimal operator intervention to manage the
discharge from the tap-hole or accretion in the tapping launder. If the slag temperature
rises the hole will enlarge itself, but the overflow of slag out the tap-hole remains
consistent with the generation of slag inside the furnace. With the ideal relationship
between surface area and applied cooling, the freeze lining is easily maintained for
weeks at a time in both the tapping channel and the launder, see photographs in
Fig. 13. The tap-hole rarely requires ‘closing’ as the bath height drops slightly after

Fig. 13 Freeze lining in lead
ISASMELT™ tapping
launder at Kazzinc Ltd.
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smelting ceases and the lance is withdrawn from the bath. This effectively stops
the slag overflow until smelting resumes. Removal of the unused mechanical aids
(drill machine, rock-breaking device, and clay gun) has enabled simpler and more
effective secondary gas capture in the area. It has also allowed superior access for
inspections and maintenance. The tapping area labour requirement is low compared
to similar smelters. There is minimal exposure of workers to the hazards of molten
metal, moving machinery, and manual handling.

Conclusion

ISASMELT™ technology’s vertical submerged lance injection, with a resulting
highly turbulent bath, allows for a different approach to be taken for the design
and implementation of a furnace tapping system. For the lead ISASMELT™ furnace
specifically, the development of a reliable sub-liquidus tapping system has taken
many years and relied on numerous theoretical and practical developments. The first
application transferred molten slag to a second furnace and this was a key focus of
the design team. The next installation was feeding a molten slag to a casting machine
for solidification. The design learnings and subsequent theoretical investigations
were incorporated into Kazzinc Ltd.’s plant at Ust-Kamenogorsk, Kazakhstan. Over
almost 10 years of operation, this tapping system has proven itself to be reliable. Both
the tapping area labour requirement and the exposure of personnel to the hazards of
molten metal are low when compared to similar smelters using alternative technology.

Acknowledgements The authors wish to acknowledge Kazzinc Limited and Glencore Technology
for permission to publish this paper.
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Simulation-Based Approaches )
for Optimized Tap-Hole Design

updates

Guenter Unterreiter, Anton Ishmurzin, Hans U. Marschall,
and Alfred Spanring

Abstract For efficient operation of an electric arc furnace, the tap-hole region is
one of the most important parts. It experiences thermal stresses, creep, and erosion.
To consider these effects in a virtual design process, it is necessary to use sophisti-
cated thermo-mechanical and fluid dynamics models. We demonstrate application of
finite element analysis, computational fluid dynamics, and optimisation methods to
obtain tailored refractory tap-hole design. We use linear-elastic and creep models to
perform structural mechanics numerical analyses of a geometrically simplified tap-
hole area. An experiment-based methodology to obtain Norton-Bailey creep param-
eters is presented. The significance of considering creep during the design process is
demonstrated. Using computational fluid dynamics (CFD) and optimisation methods,
we perform a shape optimization of a tap-hole channel. A multi-objective optimisa-
tion of mass flow rate and area-averaged wall shear stress with respect to the funnel
angle at the beginning of the tapping channel is performed.

Keywords Tap-hole - Optimisation - Flow + Creep - Refractory - Virtual *
Design * Process * Thermo-mechanical stresses

Introduction

Designing a durable tap-hole area and therefore applying proper materials is one
of the most crucial stages during the engineering process of complex electric arc
furnaces (Fig. 1). Optimised operating conditions, greater output, and efficiencies
push refractories to their limits. The tap-hole area is particularly exposed to high
thermal and mechanical loads [1].
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Fig. 1 Refractory lining of
an electric arc furnace for the
non-ferrous and ferroalloy
industry

Virtual prototyping is a fast and effective method used during the product develop-
ment process. On the basis of numerical simulations, a tailored design with optimised
operating behaviour can be developed in an efficient manner.

To meet demands of modelling and simulation for the purposes of designing such a
complex system, it is necessary to combine structural mechanics and fluid dynamics.
The first part of this article deals with the structural mechanics side of the problem,
while the second part addresses the CFD-based shape optimisation of the tapping
channel.

Structural Mechanics

In the first half of structural mechanical section of the presented research, two
different tap-hole designs were compared based on finite element method (FEM)
calculations using linear-elastic material model. The applicability limit of the linear-
elastic material model is demonstrated. Hence, the importance of considering creep
behavior by sophisticated material models was shown.

In the second half section, a methodology and testing device for measuring
and extracting Norton-Bailey creep parameters is presented. A tailored design with
optimised operating behaviour can be found in a rapid and effective way, based
on numerical simulations with advanced material models and concepts of virtual
prototyping.

The impact of two different designs (Fig. 2) is investigated in terms of thermo-
mechanical stresses after heat-up and during tapping by using linear-elastic material
model.

Furthermore, using a simplified geometry (Fig. 3), a Norton-Bailey creep model
was implemented and the corresponding reduction of the Mises stresses in the steel
shell is shown in Fig. 12.
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Fig. 2 A half of the symmetric design a “single brick” and b “tube tapping channel” design
including refractory lining, insulant, and steel shell
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Fig. 3 Simplified geometry for considering creep in the refractory material and the impact of creep
on the Mises stresses in the steel shell [2]

Structural Mechanics—Materials and Methods

In material science, creep is defined as the deformation of a material over a period due
to combined influence of temperature and an applied load [3]. Although significant
information is available on the effect of additives, corrosion process, and thermal
behaviour of refractories [4, 5], significantly less data exists on the creep response
of refractories at elevated temperatures in the range of 1200-1500 °C. However, this
data is required for highly sophisticated material models which describe the creep
behaviour of the structure. It should be noted that computations considering creep
behaviour are more time-consuming than linear-elastic model.

In previous research [2], the importance of addressing Norton-Bailey creep model
was demonstrated. There are a variety of creep models which can be selected
for implementation in finite element codes [6]. The applicability of the Norton-
Bailey creep equation to characterise the creep behaviour of refractories has been
demonstrated in previous studies [7-9].

However, it should be noted that most refractory structures do not experience creep
under constant load. In most cases, the global loads, not considering local stresses,
e.g., due to thermal shock, are caused by restrictions of the refractories’ thermal
expansions due to rigid external structures (e.g., steel shell). In those cases, the creep
of the material will decrease the load. Once the suppressed thermal expansion is
compensated by creep, there is no significant load on the material and the creep
process is stopped before reaching the tertiary creep stage.



264 G. Unterreiter et al.

Refractory creep can be described by the Norton-Bailey creep law shown in
Eq. (1). According to the Norton-Bailey strain hardening/softening formulation, the
creep strain rate is a function of temperature, stress, and creep strain:

by = K(T) 0" &% (D

Exponent a is in the case of strain hardening (primary creep) negative and in the
case of strain softening (tertiary creep) positive. Secondary creep occurs if the strain
exponent a is zero. The parameter K is a temperature function and n is the stress
exponent [8]. The tertiary creep contribution is of minor importance for the design,
as tertiary creep is followed by failure of the component and should be avoided [10].
In this presentation, the contribution of the secondary and tertiary creep stages is
neglected, and the creep strain is described by so-called primary creep.

The measurement results used for this work include the elastic and viscoplastic
creep deformation and have been published [2]. The creep testing device (CTD) for
high-temperature uniaxial compressive creep application and an efficient method-
ology to identify the creep law parameters used in this work were developed by
the Chair of Ceramics (Montanuniversitit, Leoben, Austria) [8]. The creep testing
device shown in Fig. 4 and the experimental procedure of determining the strain—
time curves were published in [2]. The procedure for identifying the parameters K,
n, and a for the Norton-Bailey creep law has been described in [8].

The numerical model of parts of the lining shown in Fig. 2 and the simplified
geometry for considering creep shown in Fig. 3 were created with the FEM soft-
ware package Abaqus CAE/2018 [11]. The problem was formulated as sequentially
coupled pure thermo-mechanical. Phenomena such as infiltration or chemical reac-
tion which would alter the material properties were neglected. The goal was to show
the influence of the tap-hole design on thermo-mechanical stresses, resulting in a
comparison of tap-hole lining designs using linear-elastic material model.

‘ Upper corundum push rod

l Upper $iC/Si;N; push rod

‘ Cylindrical sample

‘ Lower SiC/SizN; push red

Lower corundum push rod

‘ Corundum extensometer

Fig. 4 Internal view of the high-temperature compressive creep testing device located at the
Research and Development Centre Leoben [2]
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Fig. 5 Rigid plane R1 used
as rigid boundary condition
during heat up. Rigid plane
R2 is acting as symmetry
plane everywhere except the
violet-coloured area which is
also considered as a rigid
wall

In general, the used linear-elastic model overestimates stress magnitudes as it
does not account for stress relaxation. However, in reality, plastic deformations occur
which lower the resulting stresses. Thus, an accurate description of the acting stresses
and strains is only possible by considering creep. However, for a comparative study,
the linear-elastic approach is admissible as the order of the tensile stresses is identified
and different designs can be compared based on the magnitude of the tensile stresses
[1].

Due to the particular susceptibility of refractory materials to fail under tensile
loads, the tensile stresses were used for design quality assessment. Generally
speaking, as the elastic model overpredicts stresses, they cannot be used as a damage
criterion. Nevertheless, the stresses can be used for the assessment whether a design
is favourable.

A representative section of the tap-hole area was modelled as shown in Fig. 2. The
displacement that occurs mainly due to thermal expansion was constrained by the
rigid wall R1. The violet-coloured area of wall R2 also behaved as a rigid wall. The
remaining surface was defined as a symmetry boundary condition. Hence, tap-blocks
B1-B9 in Fig. 5 were not modelled considering symmetry, in contrast, the cylindric
refractory bricks T1 and T2 were modelled considering symmetry.

Sections of the refractory lining inside the furnace were also considered as inter-
acting parts. The thermal boundary conditions outside the furnace considered natural
convection on the furnace surface with a constant heat transfer coefficient of 50 W
m~2 K~! and an emissivity of 0.8 for surface radiation. The ambient temperature
outside the furnace was defined as 20 °C (Fig. 6).

Firstly, the heat-up process was modelled as steady state and the hot face bound-
aries were assigned a constant temperature of 1600 °C. Then a tapping sequence with
a tapping time of 40 min and a constant temperature at the channel of 1600 °C was
considered and modelled transient. In Tables 1, 2, and 3, the temperature-dependent
physical properties of the considered materials are provided.

In the case where no data is available for a specific temperature, the given values
were extrapolated to higher or lower temperatures.
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Fig. 6 Thermal boundary
conditions. Hot faces during
steady-state heat-up are
shown in (a) hot faces during
transient taping process are
shown in (b)

(@) (b)
Table 1 Temperature-dependent specific heat of materials in J kg~! K
Material 20°C 100 °C 200 °C 500 °C 1500 °C 1800 °C
Refractory 1 920 1042 1127 1230 1346 1373
Refractory 2 750 890 970 1110 1260 1200
Ramming mix 710 930 1170 1630 2020 2050
Steel 430 500 540 690

Table 2 Temperature-dependent thermal conductivity of materials in W m~—! K~!

Material 20°C | 100°C |200°C |500°C |750°C |1000°C |1200°C | 1400 °C
Refractory 1 7.7 59 4.6 3.8 3.5
Refractory 2 4.55 3.95 3.65

Ramming mix |16 16

Steel 57 57 54 42

Table 3 Physical data of material used in the model

Material Density (kg m™3) | Young’s modulus | Poisson’s ratio (1) | Thermal expansion
(GPa) coefficient (107°
K1
Refractory 1 | 3000 20 0.2 14
Refractory 2 | 3400 17 0.2 7.9
Ramming mix | 1730 10 0.2 3
Steel 7850 209 0.28 12
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Fig. 7 Temperature fields after a 90 s and b 40 min of tapping
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Fig. 8 Maximum principal stresses after steady state is reached during heat-up simulation

Structural Mechanics—Results

The nomenclature of the tapping bricks under discussion is hereinafter as follows:
the first tapping brick is considered as Brick 1 (B1) subsequent Brick 2 (B2) till Brick
9 (B9) (Figs. 2 and 5). The tubes acting as tapping channel are labelled as Tube 1
(T1) and Tube 2 (T2) (Figs. 2 and 5).

The steady-state temperature distribution after heat-up and after 40 min of tapping
is shown in Fig. 8a. The material considered showed creep behaviour during the
compression creep test at about 1200 °C [2]. Only the first two bricks of the hot side
and the vicinity of the tapping channel are subjected to creep since their temperature
is above 1200 °C as it can be seen in Fig. 7.

In Fig. 7a, b, instantaneous temperature distributions after a tapping sequence of
90 and 2400 s are shown. Due to the steep temperature gradient in the vicinity of the
tapping channel there is a certain risk for thermal shock.

The maximal principal stresses calculated during steady-state heat are shown in
Fig. 8. The largest occurring maximal principal stresses appear in both designs at
the hot face, which is in contact with the melt. Since linear-elastic material model
was used, the magnitudes of the calculated stresses are overpredicted. In reality, it is
expected that a significant reduction of the stresses over time will occur due to creep.
Thus, to calculate a more realistic stress distribution, a time-dependent calculation
and creep material model must be used. However, the highest tensile stresses in the
linear-elastic approach are nevertheless decisive during a design optimisation.

InFig. 8, it can be seen that the stress distribution has a steep change between Brick
1 and Brick 2. The magnitudes of the stresses in the single brick model are about
50% higher than in the tube-brick model. However, without using a creep model on
the base of a transient calculation no quantitative prediction of the occurring stresses
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can be done. The stress distribution is continuous in the tube model at the beginning
of Tube 1. Moreover, in tube model, tensile stresses can be found not only near the
channel at the inner surface of the tapping channel but also in the upper part of Tube
1, indicating bending. The bending can be explained by different thermal expansion
of the first and the second half of the tapping channel. The single brick design is
significantly more flexible, and bending does not occur.

The single brick design shows that after 90 s of tapping the highest tensile stresses
are located at Brick 1 in Fig. 9. Bricks 4 and 5 also show high tensile stresses above and
below the centreline, indicating that the reason for these high stresses was not bending
(Fig. 9). For the tube-brick approach, the highest maximum principal stresses occur
atthe inlet and at the end of Tube 1. Also, at the end of Tube 2, the maximum principal
stresses occur above and below the centreline indicating that these stresses do not
originate from bending of the tube. The regions which show temperatures above
1200 °C and elevated tensile stresses are prone to creep and a detailed investigation
considering creep is recommended.

For the single brick design at 40 min, the tensile stresses at the tapping channel
inlet were in the same order of magnitude as after 90 s (Figs. 9 and 10). The stresses
in Brick 3, 4, and 5 are relaxing. Contrary to that, the maximum principal stresses at
Tube 1 where stresses remain. In Brick 9 at the right end, tensile stresses appear. For
the tube-brick approach, the tensile stresses on the left side (T1) are increasing. In
Tube 2, the stresses at 40 min tapping are slightly dissipated compared to the state
at 90 s.
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Fig. 9 Maximum principal stresses after 90 s tapping
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Fig. 10 Maximum principal stresses after 40 min tapping
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Experimental Work for Estimation of Creep Parameters

In a previous study [2], the creep parameters of refractory materials were measured
by the compressive CTD shown in Fig. 4. The measured and extracted Norton-
Bailey creep parameters were used to extend the linear-elastic simulation approach
by considering creep. The load applied on the testing sample was constant for the
whole testing period of 5 h. The measurements were carried out in the operating
temperature range of refractory materials of interest from 1150 to 1500 °C.

The two extensometer pairs recorded the deformation due to compression. Based
on these data a total strain—time curve under constant loads and temperatures were
obtained (Fig. 11). For a specific temperature, different compression loads were
used, resulting in characteristic total strain—time curves as shown in Fig. 11. In a
previous research [2], the curves presented in Fig. 11 [2] were used to evaluate the
Norton-Bailey creep law parameters by an inverse estimation method.

To show the effect of considering creep in refractory material on the stresses in
steel shell, a geometrically simplified (Fig. 3) uniaxial thermo-mechanical simulation
was conducted. The thermal expansion due to the heat-up process and the restraint
of the refractory material by the external steel shell were considered. As it can be
seen in Fig. 12, considering creep in refractory material also leads to significantly
lower stresses in the steel shell.

Fig. 11 Total strain—time 0.014
curves of a fired magnesia ooz §.| 128 7 MPa
brick from experiments at - 0.0 ==1800220 :m:
1350, 1425, and 1500 “Cand £ 0 150030 8 MPa
with varying compressive - ’
loads 1-8 MPa [2] g %% ey
- 3 6 MPa
£ 0.004 . 5 MPa
1.5 MPa
0.002 1 MPa
o]
0 5,000 10,000 15,000 20,000
time, s
Fig. 12 Mises stresses in the 450 +
steel shell for the simplified & 400 41 __Mises Stress Linear Elastic
quarter brick model shown in = 350 1 .
Fi . . . - 300 - ——Mises Stress Creep
ig. 3 considering creep in @
the refractory material [2] @ 250 1
& 200 -
@ 150 4
8100 +
E 50 4
0 —— et
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time, h
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Fig. 13 Tapping channel
geometry with geometric
input parameters

Shape Optimization of a Tapping Channel

It is known that tapping channel is in contact with hot flowing media like metal or
slag and it is subjected to their erosive action. In the following text, we investigate
a possibility to minimise the erosion wear of the refractory material of the channel
and maximize the mass flow rate by changing channel geometry. We optimise the
shape of the channel using CFD simulations and optimisation methods provided by
Ansys OptiSLang [12] and Ansys Fluent [12]. We considered a hypothetical tap-hole
channel geometry with geometric input parameters R and 8 shown in Fig. 13.

Parameterisation

The geometric input parameter R is the difference between the inner and outer radii
of the funnel, and we let it vary in the range from 0.03 m to 0.01 m. The geometric
input parameter § is the angle formed by the tangent of the generatrix circle and the
narrow part of the channel. We permit a variation from 0° to 45°. The radius of the
rest of the channel was 0.035 m. The total length of the channel including the funnel
was 1.4 m.

We considered two output parameters: the area-averaged wall shear stress t along
the channel surface and the mass flow rate g. We would like to find such an angle
beta B and radius R that ideally should minimise the area-averaged shear stress t
and maximise the mass flow rate q.
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CFD Evaluation of a Parameter Set

The boundary conditions for the prepared template CFD simulations in Ansys Work-
bench were as follows. We assumed a constant pressure at the top of the liquid bath
and zero pressure at the exit from the channel. For a single parameter set evaluation,
a transient two-phase VOF simulation was run until the relative changes in both mass
flow rate and area-averaged wall shear stress along the channel were below 0.001. A
single simulation required 4-5 min on average to complete.

A parameter set of the form (B;, R;, F;), where F; is one of surrogate models
given in Egs. (2) and (3) by means of a simulation as described above will be called
a design in the further text and diagrams. Here i is the number of the design.

Optimisation

Using the template simulation described above, we employed Ansys OptiSLang [12]
to produce anisotropic kriging [13, 14] surrogate models of the form:

t=17(8.R) 2

q9=9q(@B,R). 3)

To produce these surrogates, we employed a sampling strategy available in OptiS-
Lang that iteratively improves the surrogate quality estimation expressed as local
coefficient of prognosis [15] so that its minimal value is at least 90%. It took 59
simulation evaluations to satisfy this criterion.

After the surrogate models were computed, their explaining power in terms of
the total effects [16] was evaluated. The 2D surrogate response surface plots for
surrogate models (2) and (3) are shown in Figs. 14 and 15, respectively.

As it can be seen, the explaining power of the input parameter r is very low, it
explained only 1.9% of variation in (2) and 2.7% in (3). We can conclude there was
no dependence of either t or g on r found. From this point on, we decided to consider
only the angle 8 as the only input parameter.

As it can be seen from Figs. 14a and 15a, the change in the angle 8 affects the
output parameters in the opposite way. As the angle 8 increases, the mass flow
rate decreases, and at the same time the area-averaged wall shear stress T along the
channel surface decreases as well. It is not possible to minimise both shear stress
and maximise mass flow rate at the same time, since the decrease of the value of one
output parameter leads to increase in the other and vice versa.

To understand this relationship between 7 and ¢, we performed a multi-objective
optimisation using Ansys OptiSLang [11], where minima of both of 7 or g were
sought. For the multi-objective optimisation, the evaluations of surrogate models (2)
and (3) were used instead of real simulation calls. The results of the multi-objective
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Fig. 14 Anisotropic kriging approximation of mass flow rate of the tapping channel shown in
Fig. 13. The total effect of each variable is indicated. Black dots represent real simulation evaluations
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Fig. 15 Anisotropic kriging approximation of area-averaged wall shear stress of the tapping
channel shown in Fig. 13. The total effect of each variable is indicated. Black dots represent real
simulation evaluations

optimisation are shown in Fig. 16. The multi-objective optimisation was performed
using a genetic algorithm [11], which produced 2279 designs, of which a Pareto
front was calculated, which is also shown in Fig. 16. After that, 18 real simulation
evaluations were used to evaluate the position of the Pareto front. This is also shown in
Fig. 16. In Fig. 16, the real simulation validations (blue triangles) show the existence
of the tendency predicted by the calculated Pareto front.

CFD Optimisation Results and Discussion

From the Pareto front in Fig. 16 we can see that a relatively small change in mass
flow rate, from 121 to 116 kg/s (4% change), leads to a change in area-averaged wall
shear stress from 323 to 278 Pa which amounts to a 14% change. In this way, the
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Fig. 16 Pareto front (a) and a zoomed area of Pareto front (b). Black dots represent evaluations
based on surrogate models (2) and (3). Blue triangles represent real simulation evaluations (Color
figure online)

Pareto front provides information by how much of the flow rate g should be sacrificed
to gain benefit in terms of lowering the area-averaged wall shear stress t.

Let us say we are prepared to sacrifice 5 kg/s or 4% of the mass flow rate to achieve
the highest possible reduction in wall shear stress along the channel. The enlarged
diagram in Fig. 16b shows the evaluated design points which can be considered as
the ones which provide maximal minimisation of the wall shear stress. The validated
design (blue triangle) in the left lower corner in Fig. 16b with approximate coordinates
(285.2 Pa; 116.3 kg/s) lies above the predicted Pareto front which can be considered
as the one providing maximal minimisation of the area-averaged wall shear stress.
The angle which corresponds to this design was 8 = 38.5°. The resulting wall shear
stress distribution in this design is shown in Fig. 17.

Since we could not find a significant dependence of either of the output parameters
T or g on the radius r, it can be chosen based on other reasons which are beyond the
scope of this publication.

The whole optimisation process computation took less than 7 h: 59 simula-
tion evaluations for producing surrogate models (2) and (3) took approximately
295 min, evolutionary algorithm for multi-objective optimisation required approxi-
mately 20 min and final validation simulation evaluations took approximately another
90 min.

Conclusions

Structural Mechanics

Two geometrical different tap-hole designs were analysed with respect to the occur-
ring maximum principal stresses. After the steady-state heat-up and during the
tapping sequence at 90 s and 40 min, the maximum principal stresses were detected.
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Fig. 17 The resulting
geometry and the wall shear
stress distribution
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In the case of single brick arrangement after steady-state heat up, a step change in
the distribution of the stresses at the first and second brick of the tapping channel
was shown. After 90 s transient tapping, exaggerated stress magnitudes occurred on
the upper area of the tapping channel, as well on the lower zones. These peaks were
reduced at 40 min of tapping. This is a specific result caused by the geometry, the
chosen material, and process conditions. In this case, the thermal shock predominates
the geometrical constrains. As shown in prior research, specific process conditions
can lead to a predominance of the geometrical constraint, which would cause the
higher stresses at the end of the tapping period. Depending on the chosen design
(single brick or tube), in the surrounding of the tap-blocks inlets, a characteristic and
maximum stress pattern occurs. The mechanically more flexible configuration of the
single brick design shows a kind of star-shaped pattern whereas the more rigid tube
design shows a kind of radial stress distribution with lower stress magnitudes.

In the case of the mechanically stiffer tube-brick design, on the second half of
Tube 1 areas with high principal maximum stresses occur. In the area of the transition
of Tube 1 and Tube 2 stresses are significantly reduced. After 40 min the stress pattern
of the tube-brick design is qualitatively similar than after 90 s. At the very end of the
tube (outlet) spots with high stresses were detected.

A previously published established method to measure and extract Norton-Bailey
creep parameters from refractory material was presented [1, 8]. By a simplified
quarter brick model, the influence of considering creep in the refractory material
on the calculated Mises stresses in the steel shell was demonstrated. The calculated
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stresses in the steel shell were reduced by approximately a third. This is very reason-
able and depending on the steel grade used, much closer to reality than the results of
the linear-elastic approach which were in the order of 420 N mm2.

The results have shown that the application of material creep models implemented
in finite element analysis of refractory materials improve the prediction of stresses and
strains. Especially it shows more realistic stress values in the steel shell compared to
the linear-elastic material model commonly used in industry. It should be mentioned
that considering creep in FEM model will lead to a nonlinear, transient, and much

more time-consuming calculations than the linear-elastic approach.

CFD Optimisation

Although the evaluated designs were quite scattered around the predicted Pareto
front, the dependency between the mass flow rate and area-weighted average wall
shear stress appears to exist, and a compromise must be made: the funnel shape that
provides higher mass flow rates will at the same time experience shear stresses.

We were able to find the value of the funnel angle 8 that provides the most
reduction of average wall shear stress, while sacrificing a small fraction of mass flow
rate.

For a more realistic shape optimisation of a tapping channel in the future, we will
have to consider more geometric parameters, for instance, different inlet and outlet
radii of the channel after the funnel as well as channel inclination.

Fluid dynamics analyses with Ansys Workbench together with Ansys OptiS-
Lang provide us with a powerful tool to study and improve the geometry and flow
characteristics in functional a timely manner.
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Tap-Hole Refractory Issues )
and Remedies

updates

Dean Gregurek, Christine Wenzl, Jiirgen Schmidl, and Alfred Spanring

Abstract Post-mortem investigations of used refractories have proven to be a crucial
tool for evaluating process conditions and their effect on the lining. Despite these
experiences, refractory samples from tap-holes are often neglected and do not get too
much attention—there is a general opinion: “tap-hole refractory wear is due to tapping
operations and there is no room for optimization”. However, closer investigations
of tap-hole samples provide some valuable insights into wear phenomena and opti-
mization potential (e.g., slag corrosion, non-oxide infiltration, and microstructural
changes due to high-temperature load). Even though the possible changes to the actual
tapping operations might be limited, it is worth considering, e.g., refractory upgrades.
Additional possibilities for optimized tap-hole refractory performance and general
tapping procedures are various additional technologies, e.g., sensor technologies.

Keywords Refractories + Wear phenomena + Sensor technologies

Introduction

Post-mortem investigations of used refractories are an established tool for studying
failure mechanisms and optimizing lining concepts. Such investigations (visual
and mineralogical) offer valuable insights into the process conditions and the
process/refractory interactions. Although numerous lining samples are investigated
every year, tap-hole refractory samples only account for a very small portion: usually,
wear and failure in this region are commonly seen as process-inherent and unavoid-
able. Even though it is true that there are certain limits to changing tapping proce-
dures, it is possible to optimize tap-hole refractory performance: both by optimizing
the material and applying additional tools and technologies. Tap-holes are found
in almost all furnace types, in various metal production processes, with refractory
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(b)

Fig. 1 Sideview sketches of design examples in various complexities depending on specific param-
eters—a simple design, e.g., pilot-plants; b and ¢ advanced design options applied on numerous
applications in NFM processes (e.g., Cu, Fe-Alloys) [7]

materials optimized for the specific furnace and process—some example designs are
shown in Fig. 1.

Regarding tap-hole refractory wear, design and tap-hole opening practice are
important to understand [4, 5]:

— Sliced tap-hole blocks versus single-block options;

— Cooled tap-holes with the aim of freeze lining formation at the hot face versus
non-cooled solutions;

— Opening with combination drilling/lancing versus lancing only;

— Selection of lancing material: Fe-pipe versus wire-filled Fe-pipe versus specifi-
cally designed cross-section of thermal lance;

— Contact pressure: thermal lances have the best performance when in contact with
the material to be tapped, but excessive pressure (causing mechanical damage)
has to be avoided;

— Oxygen flow control: The optimum flow rate is a proportional amount of iron
in the cross-section of the lance and excess oxygen flow can even decrease the
performance of the lance (quite often it gives the impression that the tap-hole is
penetrated faster as a consequence of the noise generated and material projected).

The observed wear phenomena through post-mortem investigations can generally
be subdivided into continuous and discontinuous wear [1]. Continuous wear is char-
acterized by continuous mass loss as a function of time. It is caused by chemical,
thermal, and mechanical load that can occur as single or interrelated wear factors
[3,6].

The continuous wear is caused by corrosion of the refractory by dissolution in
melts/slags with additional hot erosion due to hot metal. In industrial furnaces, disso-
lution in melts/slags occurs at the direct refractory hot face. Increased temperatures,
as well as the metal infiltration into the brick microstructure, are further phenomena
on the thermal wear side. Mechanical load includes already mentioned hot erosion
which is primarily caused by the movement of the metal bath, slag, and charging
material.
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Discontinuous wear is mainly characterized by mechanical failure prepared by
thermal/chemical load occurring discontinuously over time. Itis associated with mass
loss. Further discontinuous wear phenomena include (structural) spalling, thermal
shock failure, and bursting reactions (alkali, carbon, forsterite, etc.). Thermal shock
is mainly due to changes in the temperature and partial pressure during the furnace
operation. Stresses in the brickwork due to improper lining procedures additionally
contribute to damages of the refractory by mechanical load.

The current paper describes post-mortem investigations on tap-hole samples with
focus on ferroalloy furnaces, as well as suggestions for optimizing tap-hole and
tapping performance.

Observed Wear Phenomena in Tap-Holes

Slag Corrosion

Generally, the corrosion of the refractories by slag attack manifests itself in three
ways [2, 3].

(a) Dissolution reaction occurring at the immediate brick hot face: The driving
force here is the lower activity of the refractory oxides like MgO in the slag.
The dissolution process, at least in the closed system, will continue until the
liquid slag has reached saturation. However, in practice, the point of saturation
is never reached, and dissolution continues until the entire refractory has been
consumed.

The dissolution of the refractory can be expressed by the first Fick’s law that
basically postulates that the refractory dissolution is proportional to the diffusion
coefficient and difference in the concentration gradient and can be expressed through
the following equation (Eq. 1):

. D( )
= —(cs—c¢
J s S 0

where j represents mass flux of dissolving species, cg solubility (concentration at the
interface), ¢y bulk concentration distant from interface, § effective diffusive boundary
layer thickness, and D effective binary diffusion coefficient, respectively.

(b) Dissolution and chemical reaction within the refractory microstructure: Infil-
trating slag will dissolve magnesia, especially from the fines, according to the
respective phase equilibrium. This will not directly contribute to corrosive wear
which takes place at the immediate refractory hot face. Nevertheless, it will
contribute to wear by preparing hot erosion due to a loss of brick bonding.
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Fig. 2 Slag layer on the immediate brick hot face. Below the slag coating partly infiltrated brick
microstructure (I). Magnesia (1). Cracks running parallel and diagonal to the hot face sometimes
filled with slag (arrows)

(c) Kinetics of slag infiltration: Kinetics of slag infiltration causing processes
mentioned above depends on several parameters like temperature, viscosity,
pore size distribution, and wetting angle.

On a microscopic scale, several zones can be distinguished at the brick hot face:

— Adhering slag layer, frequently covering the immediate brick hot face (Fig. 2).

— Below the slag layer, an infiltrated and corroded brick microstructure Within the
infiltrated brick microstructure, due to corrosion of sintered magnesia and the
interstitial phase, the main reaction products include Ca-Mg-silicates (monticel-
lite, CaMgSiO4 and merwinite, CazMgSi,Os) and some MA-spinel (MgAl,O4)
(Fig. 3). Additionally, in the infiltrated microstructure the periclase (MgO) in
sintered magnesia is enriched with iron- and manganese oxide.

Non-oxide Infiltration

In addition to acidic slag, also other components such as FeMn, FeNi, FeCr, and
iron infiltrate the brick microstructure (Fig. 4). Generally, non-oxide infiltration only
densifies the brick’s microstructure without any corrosive attack on the brick compo-
nents. Similar to the acidic slag, the degree of infiltration depends on the surface
tension, the boundary angle in contact with the refractory oxides, the temperature,
the bath height, and the size/distribution of the brick pores.
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Fig. 3 Below the slag layer infiltrated brick microstructure. Corroded magnesia (1). MA-spinel
(2). Monticellite (3). Monticellite (4)

Fig. 4 Pore filling infiltration of the brick microstructure. Sintered magnesia (1). Iron (2)

Microstructural Changes Due to High-Temperature Load

Although the temperatures in most furnaces for nonferrous metal production are
typically quite below the maximum service temperature of the as-delivered refractory
materials, the temperature plays an important role in the continuous wear of the
bricks. The higher degradation rate, caused by the reduced viscosity and higher
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Fig. 5 a Extreme elongation of periclase crystals (epitaxial crystal growth) towards the thermal
gradient (lines). Magnesia (1). Mg-titanate (2). Ca-titanate (3). Coarse pores (4) formed due to
severe degeneration of the brick microstructure (Fig. 5b). For comparison to Fig. 5a, original brick
microstructure at the same magnification. Magnesia (1). Pores (2)

diffusivity associated with an overheated melt, clearly demonstrates the effect of
temperature.

On the microscopic level, a very characteristic feature for this wear phenomenon
is periclase crystal growth and lengthening towards the thermal gradient (several
mm long crystals). The crystal size of the single periclase crystals within the original
sintered magnesia is usually up to 140 wm [6]. However, in highly degenerated brick
microstructure the single grains, as well as the classical ceramic microstructure with
coarse grains and matrix fines, cannot be observed anymore. In addition to this, also
the supplied oxide components such as nickel-, iron- and manganese-oxide act as
mineralizing agents, thus strongly supporting the periclase crystal growth.

Within the first 10 mm from the hot face the brick microstructure is highly degen-
erated. There is coarse pore formation and partly elongation of periclase crystals
along the thermal gradient (Fig. 5a).

In such a highly degenerated brick microstructure, the coarse grains and the
matrix fines cannot be recognized. For comparison, the microstructure of an unused
refractory at the same magnification is shown in Fig. 5b.

Such microstructural changes are quite typical for ferroalloy furnaces where the
operating temperature is much higher than in base metal production.

According to observations on-site, the wear could be caused by jack-hammering
in combination with excessive oxygen lancing in the tap-hole channel.

Decarburization

Inrefractory materials, carbon is used either in the form of carbon blocks or magnesia-
carbon bricks. While it is the main component in the former, it provides the binder
phase and determines brick properties in the latter. However, carbon is oxidized by
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Fig. 6 Completely bondless microstructure of a used magnesia-carbon brick (left figure). Complete
loss of carbon binder and graphite due to oxygen lancing. In comparison (right figure) original and
non-oxidized microstructure of the magnesia-carbon brick. Fused magnesia (1). Pore space filled
with preparation resin (2). Graphite (3)

oxidic phases (slags) and also by oxygen lancing procedures for tap-hole opening.
Such oxidation negatively affects the brick integrity and can lead to premature lining
failure.

In Fig. 6, completely disintegrated microstructure of the magnesia-carbon brick
is compared with the original/non-oxidized microstructure. The carbon bonding and
flake graphite are completely lost due to oxygen accesses (oxygen lancing), thus the
single fused magnesia coarse grains and the matrix fines are bondless.

Brick Damage by Hydration

Although magnesia bricks provide high refractoriness compared to other refractories,
there is still a great concern regarding their vulnerability when exposed to water vapor
at low temperatures and subsequent hydration. Typical origins of hydration can be
transportation and storage, as well as improper heat-up and/or combination with
water-cooled cooling elements.

Generally, hydration of magnesia-chromite bricks can occur in humid atmo-
spheres typically at temperatures between 40 and 120 °C [6]. It is characterized
by the transformation of periclase into brucite (Mg(OH),) according to the reaction:

MgO + H,O = Mg(OH),

This reaction is associated with an increase in volume of up to 115% [6]. Addi-
tionally, the formation of brucite is accompanied by an expansion of the crystal lattice
because of the oriented growth of the hexahedral brucite on the cubic periclase—the
space between the magnesium ions within the brucite is larger than in the periclase.
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Fig. 7 (Leftfigure) Brick damage by hydration of the periclase (circle). In comparison (right figure)
original microstructure at the same magnification

Due to this reaction, the periclase crystals are separated along the natural, crys-
tallographic cleavage planes. The resulting “microcracks” represent new reaction
surfaces, which again show a high tendency towards hydration. This leads to a chain
reaction which, starting just from a few centers, can finally cause extensive, charac-
teristic crack formation and in extreme cases a sand-like disintegration of the whole
brick. Influencing factors having an effect on hydration are humidity, temperature,
and time. The hydration process can occur during storage, drying after installation,
or during service. Microstructural image of typical hydration and comparison to the
original non-hydrated brick microstructure are shown in Fig. 7.

Cracks

As in any type of refractory materials, also in tap-hole refractories, cracks can cause
early brick damage and failure. The origins of cracks can be manifold, e.g., produc-
tion process, transportation, storage, installation, heat-up, as well as thermal shocks
during furnace operation. Crack formation before installation has to be avoided by the
refractory producer, as well as following instructions for transportation and storage of
materials. Well-trained staff as well as professional supervision of installation work
and following defined and furnace-specific heat-up procedures help to avoid crack
formation during these stages. Cracks resulting from furnace and tapping operations
are usually due to thermal cycling, and their reduction requires a thorough review of
these processes.
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Discontinuous Wear by Thermal Shocks

In the case of batch-wise processes, the refractory lining is exposed to high thermo-
mechanical load. The infiltration and corrosion of the refractory microstructure
increase the structural brittleness. Temperature changes due to discontinuous furnace
operation (even when charging and operation is continuous, tapping is mostly
discontinuous) create stresses in the brick lining which can only be absorbed in
limited extent, thus leading to crack formation, as soon as microstructural strength
is exceeded.

Static tension which arises through inadequate brick lining or failure in the heating
procedure leads to serious deformation of the brick lining and crack formation.

Measures

In the previous sections, common wear phenomena as observed in tap-hole refracto-
ries were described. Even though not all of them can be eradicated completely, there
are some measures to reduce tap-hole refractory wear and prolong lifetime. The
cost/benefit ratio of such measures is always a crucial factor for industrial applica-
tions, therefore profound process and refractory wear knowledge are required before
selecting meaningful measures to optimize the performance of tap-hole refractories.

The most obvious measure is adaption and optimization of the refractory material
quality, e.g., changing to higher-quality components to reduce infiltrations and corro-
sion. Depending on the specific process and its requirements, this is only possible to
a limited extent.

Wherever applicable and available, it is of utmost importance to follow the
refractory supplier’s instructions for transportation, storage, and handling of the
refractories, as well as proper installation and heat-up.

The tap-hole opening procedures need to be reviewed in order to find a good
balance between drilling and lancing, minimizing the latter as far as possible to reduce
its detrimental effect on the tap-hole refractories (i.e., thermal shocks, overheating,
and decarburization).

Temperature monitoring is vital for the detection and prevention of process-related
overheating of tap-hole refractories, as well as reduction of infiltrations.

Besides these more obvious and straightforward measures, it also makes sense to
consider new technologies.

Alternative tap-hole opening/closing technologies, namely the use of slide gates
(as widely used in various vessels in the Steel industry), help to reduce stresses on
tap-hole refractories caused by oxygen lancing.

Sensor technologies for furnace-level measurement (such as RHIM’s EMLI
FurnaceProfile and EMLI SmelterLevel) allow for objective and repeatable moni-
toring of the material levels in the furnace. This information is used to determine the
optimum tapping time and schedule, namely when the right amount of material is
available in the furnace and not tap more often than required. This does not reduce
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the thermal shock associated with tapping per se, but helps to reduce the number of
such events (thereby prolonging tap-hole refractory life).

Sensor technologies are also available for metal and slag detection during the
tapping process (such as RHIM’s EMLI MetalSlag and VISIR MetalDetect)—this
not only reduces metal losses (and improves safety in case of subsequent slag water-
granulation) but also reduces corrosion by slag.

Sensors can also be applied for tap-hole monitoring, detecting (metal) infiltrations,
and assisting with tap-hole repair.

Conclusion

Post-mortem investigations of refractory samples are a well-established tool to under-
stand the reasons for refractory wear. Such investigations on tap-hole refractories are
often neglected, however they provide valuable insights and a basis for optimization.
Despite the more obvious measures like upgrading refractory qualities, it also makes
sense to investigate the furnace and tapping process as a whole and consider the use
of new technologies. The evaluation of the most appropriate measures has to include
the cost/benefit ratio and needs to be carried out for each individual process.

References

1. Barthel H (1981) Wear of chrome magnesite bricks in copper smelting furnaces. Interceram
30:250-255

2. Gregurek D, Reinharter K, Majcenovic C, Wenzl C, Spanring A (2015) Overview of wear
phenomena in lead processing furnaces. J Eur Ceramic Soc 35:1683-1698

3. Harmuth H, Vollmann S (2014) Refractory corrosion by dissolution in slags—challenges and
trends of present fundamental research. Iron Steel Rev 58(4):157-170

4. Morales D, Morales C, Nunez S (2018) Tap-hole opening: advances and improvements. In:
Proceeding to furnace tapping conference 2018. SAIMM, pp 231-249

5. Nelson LR, Hundermark RJ (2016) The tap-hole—key to furnace performance. SAIMM
116:465-490

6. Routschka G, Wuthnow H (2012) Handbook of refractory materials, 4th edn. Vulkan-Verlag,
Essen

7. RHI Magnesita internal publication



Sensor Technologies for Optimized )
Tapping Procedures

updates

Christine Wenzl, Magnus Persson, and Ladislav Koncik

Abstract Decision-making to tap is often based on experience and mass balance
calculations. However, better methods are available to optimize the tapping efficiency,
making sure tapping occurs at the best moment with minimum losses. Metal tapping
should occur at a precise moment when the correct amount is available in the furnace
and before overfilling. This moment can be difficult to determine without proper
level monitoring. Even for slag tapping, the right timing is difficult to assess and
even worse, it often leads to metal value losses and represents a safety hazard. RHI
Magnesita offers sensor technologies to help you control levels and detect metal
losses. These are used for fact-based decision-making ensuring optimized tapping
procedures. The paper will describe and discuss the technologies as well as how to
implement them in the furnace operation and what benefits can be achieved.

Keywords Sensor technologies * Process optimization * Level measurement -
Metal detection

Introduction

Furnace operations today are still widely based on experience, calculations, and/or
estimations. However, there are more reliable and objective tools available today that
allow one to move from educated guessing and gut feeling to fact-based decision-
making.

Tapping processes are found in all metal production processes and various furnace
types, and represent an equally important and potentially hazardous process step:
removing the right amount of process phases at the right time with maximum control
of the liquid materials leaving the furnace. Therefore, good knowledge of the material
levels in the furnace, as well as monitoring of the liquid material streams exiting the
furnace, are decisive factors for efficient tapping procedures. RHIM’s “beyond refrac-
tories” technology portfolio comprises various tools to achieve optimum process
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stability and safety, including sensor technologies that can be applied in a wide range
of furnaces. Such sensor technologies must not be considered a standalone tool, but
allow for data collection and subsequent analysis to stabilize and optimize processes,
including tapping operations. This is a further step towards enabling automation of
processes and finally the introduction of Industry 4.0.

The present paper will discuss some typical challenges in tapping operations,
as well as how sensors can assist in the optimization of the processes, regarding
efficiency and safety.

Typical Issues

Furnaces are typically designed for specific levels of furnace contents, e.g., slag and
metal. Based on these theoretical levels, the lining concept is designed, considering
the optimum refractory for each zone (e.g., metal, slag, and freeboard) based on the
expected wear phenomena in the specific zones. Therefore, it is important to keep the
material levels in the designed zones to avoid unexpected and excessive refractory
wear, which in turn can lead to shorter furnace campaigns or, in the worst case, even
breakouts. The most critical case, from a refractory perspective, would be too high
slag levels, i.e., when slag reaches the freeboard area which is normally not lined
with highly slag-resistant material. A similar situation occurs in the case of too low
metal levels, i.e., with slag reaching the defined metal area.

While too high metal levels in the furnace are not that relevant regarding excessive
refractory wear, this is a crucial parameter for overall metal production, affecting
not only the specific furnace operation but also the coordination with downstream
processes.

The most common methods nowadays for determining material levels in the
furnace are still mass balance calculations and/or manual dip bar measurements.
The latter is highly subjective and dependent on the operator’s experience. There-
fore, there are several uncertainties about the material amounts in the furnace, leading
to suboptimal tapping regarding timing and quantities.

Tapping comprises several aspects: the right timing, tap-hole opening, and the
actual tapping including handling liquid material streams. All these aspects affect
the process and operator safety: optimized timing and tapping quantities ensure that
the safety-critical tapping procedure is only carried out as often as required, thereby
also prolonging the lifetime of the refractories in the tap-hole area, and providing an
adequate and defined amount of material for the downstream process. When handling
liquid material streams, it is of utmost importance to differentiate between metal and
slag: metal losses during slag tapping not only reduce efficiency and lead to monetary
losses, but in cases of subsequent water-granulation represent a significant safety risk
in case of explosions. Therefore, it is important to have not only good knowledge
of the material levels in the furnace but also a good overview of what materials are
exiting the furnace.
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How to Tackle Typical Issues

When performing manual sounding bar measurements, there are a number of factors
that will have an impact on the measurement performances. The bar will be inserted
and kept in the furnace for a short period as the metal heats up the bar and the slag
may freeze on its surface. When the bar is removed, the transition between slag
and metal is usually quite difficult to observe and even more difficult to measure
precisely. The angle of the bar, the unclear transition, and the thermal bending of the
bar will have a huge impact on the measurement itself. Therefore, operators rely a
lot on their experience and judgment when performing such measurements.

During tapping procedures, it is important to make sure only the wanted material
phase is tapped. This is usually done solely by observations and sometimes using
tools to split the tapping stream and observe the materials inside or in the “back” of
the stream. Obviously, this is a very difficult and heavily operator-dependent task.

Both sounding bar practices and tapping observations are critical to furnace oper-
ations and efficient tapping procedures. They, however, both come with a doubtful
accuracy which is heavily dependent on the operators’ judgement and provide a
safety hazard to the personnel.

Short Overview of Systems and Technologies Available

RHI Magnesita offers systems for monitoring, measurement, and control in almost all
stages of the liquid phase of the production process. The Sensors portfolio is based on
several technologies ranging from optical to electromagnetic systems (Fig. 1). While

furnaceProfije

Fig. 1 Overview—RHIM’s sensor technologies (left: electromagnetic/EMLI; right: visual and
infrared/VISIR)
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optical systems are usually used to monitor objects or processes from the outside,
electromagnetics can be used to monitor inside tap-holes and inside furnaces.

Precise Furnace Levels (EMLI FurnaceProfile)

The EMLI FurnaceProfile (Fig. 2) system is a patented technology used to create a
precise profile of the materials contained inside a furnace. The technology is capable
of distinguishing between material electrical conductivities and can, as such, identify
and map the different levels inside the furnace.

The system is engineered to replace the standard sounding bar measurements
and can often be installed in the same location with the same footprint. The system
is composed of a sensor-equipped lance that is inserted inside the furnace in the
same fashion as one would insert a sounding bar. The lance movement is controlled
by a very precise automated and remotely operated winch device making sure the
measurement sequence is made in a timely and safe manner.

As the sensor travels inside the furnace, it detects the different material layers
and transition zones between them, providing an instantaneous material profile. The
results are displayed on an operator screen and transmitted automatically to the
plant PLC system. A measurement sequence takes about 15-30 s and will typically
result in a slag level, metal level, alloy level if present, and a local bottom build-
up. The accuracy of detection will depend on the delivery system, the process, and
conductivity characteristics of the present materials. Typical accuracy for metals is
usually in the millimeter range.

Fig. 2 EMLI FurnaceProfile (left: schematic with EMLI system depicted in orange; right: lance
entering furnace through hole in furnace roof) (Color figure online)
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Fig. 3 EMLI MetalSlag (left: overview; right: detail with (1) sensor frame, (2) sensor cover,
(3) sensor cable)

Differentiate Metal from Slag During Tapping (EMLI
MetalSlag)

During tapping of slag, it is of utmost importance to make sure only slag is being
tapped and avoid accidental metal losses. The EMLI MetalSlag (Fig. 3) is precisely
engineered to monitor a slag tap-hole and make sure no metal is inadvertently tapped.
A sensor installed in the surroundings of the tap-hole or slag runner is continuously
monitoring the material passing within its electromagnetic field. The appearance
of metal triggers an alarm on the operator’s displays and can be used to trigger an
additional action via the customer’s PLC system. The system’s sensitivity can be
adjusted to limits fitting the actual process.

How to Use the Data

Precise and on-time measurement of all liquid phases in different furnaces is an
important step for the following production chain and must be done as accurately and
independently as possible. Calculated or visually observed level measurements can
be influenced by significant errors, having negative consequences for the production.

The EMLI FurnaceProfile system not only provides accurate information about
the different levels of the metal or slag in the furnace but also can provide informa-
tion about the speed of the melting process itself or build-ups on the furnace bottom
(Fig. 4). Intermediate layers of partially melted material can be created between the
slag and melted phase or can be floating on the top of the slag. The EMLI Furna-
ceProfile system can reliably detect these layers which can be useful information
for optimizing the feed rate of the raw materials and maintain the correct operating
levels of the various phases in the furnace.
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metal tapping J_ y
charging }/

Fig. 4 Material levels in furnace over time (left); operator view (right)

In addition, the system can be equipped with different additional sensors like
temperature, O,-potential measurement, or a slag/metal sampling device, which
could further enhance the value for the customer and increase the safety of the
operators.

The Benefits

The usage of the data from the EMLI FurnaceProfile and EMLI MetalSlag systems
can clearly improve the metallurgical process and exclude the subjective experience
of the furnace operator which significantly reduces the risk of production mistakes.
In addition, several production steps like metal or slag sampling, temperature and
bath level measurement can be combined in one operation step which improves the
efficiency, accuracy and safety of the employees.

The main benefits of using sensor-assisted furnace operations and tapping are

Safety improvements;

Avoiding unnecessary metal losses;

Keeping levels within the operational range;
Improved tap-to-tap times;

Reduced refractory wear;

Improved coordination with downstream processes;
Improved quality assurance capabilities.

Improving just some of the above aspects has a significant economic impact on
production. For example, by using EMLI technology in batch processes, a 12%
decrease in process time has been reported.
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Conclusions

Furnace and tapping operations require process knowledge to ensure smooth
processes. Today, the respective decisions are widely based on experience and
calculations. However, this traditional approach can be significantly improved by
implementing new technologies. Sensor technologies are a useful tool to measure
furnace levels and monitor tap streams, as well as provide valuable data for fact-based
objective decisions. Consequently, operations can be optimized, leading to positive
economic and safety impacts.

While sensors are a reliable tool for measurement and data collection, for realizing
the benefits it is essential to not only collect data but also use and analyze them. Only
then can data assist in gaining a better process understanding and finally process
optimization.

Today, such novel sensor technologies as the EMLI FurnaceProfile and EMLI
MetalSlag described in the present paper might seem “exotic” and unusual: their
value might not be obvious and easily understandable, or might even be seen as a
threat to reduce headcount. However, it is important to understand the benefits of
such new technologies and their contribution to ensuring competitiveness, namely
by optimizing processes, efficiency, working conditions, and safety.

Automated bath-level measurement—possibly in combination with sampling and
temperature measurement as one single automated step—not only provides reliable
data for optimized process control but also saves time, which can be used to change
the focus of interest for the next improvements in the plant.
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Abstract In ferrochrome (FeCr) production, the tap-hole refractory represents the
highest wear area. Preliminary desktop FactSage modelling work conducted by
Steenkamp (J South Afr Inst Min Metall 119(8):537-544, 2019) indicated that both
alloy and slag had the potential to chemically wear the carbon-based tap-hole refrac-
tory material. The current study sought to build on the modelling work, by performing
laboratory-scale experiments aimed at validating the modelling outcomes. Experi-
mental work was conducted using a cup test approach, in an induction furnace, at
1450-1650 °C for the alloy-refractory, and 1550-1700 °C for the slag-refractory.
Experimental results confirmed the potential for both FeCr alloy and slag to chem-
ically wear the refractory. Tapping temperature was also found to have a marked
effect on the extent of the wear.

Keywords Refractory - Chemical wear - Ferrochrome + Carbon refractories -
Tap-hole

Introduction

Ferrochrome (FeCr) is an alloy composed mainly of chromium (Cr) and iron (Fe),
and some amount of carbon (C) impurity. Two FeCr grades, categorised based on
the amount of Cr in the alloy, are produced during the FeCr smelting process. High
carbon ferrochromium (HCFeCr) is one such grade, and typical contains 60-70%
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Cr (with 4-6% C) [1]. The other grade, which is produced in South Africa (S.A.)
is charge chrome, and typically contains 50-55% Cr (with 6-8% C) [1]. Recently,
charge chrome with Cr levels below 50% have been reported [1].

In FeCr production, the tap-hole has been reported to be the highest wear area
[2-4]. As a case in point, in June 2017, at a planned maintenance shutdown of a FeCr
producing smelter based in S.A., the carbon-lined (C-based) tap-hole refractories
of its 63 MVA submerged arc furnace (SAF) were observed to have been severely
worn [4]. The observed wear was so extensive that little to no refractory remained.
Tap-hole refractory wear has a negative impact on the process economics, especially
since about 55% of maintenance costs are as a result of refractory repair and some
smelters have reported that refractory wear accounts for 10—-12% of process downtime
[5-7]. Any viable solution based on a fundamental understanding of the cause of C-
based tap-hole refractories in FeCr production, could potentially have a significantly
positive impact on FeCr process economics.

In 2018, Dr Joalet Steenkamp performed a desktop based study to evaluate the
potential chemical wear of C-based tap-hole refractory by FeCr alloy and slag [4].
Her study found that based on thermodynamic modelling, there lied a potential for
the refractories to be worn by either alloy or slag [4]. However, she proposed that
further work in the form of controlled laboratory experiments be conducted to verify
her findings, especially considering that her study made a number of assumption,
e.g. process equilibrium and pure molten species [4]. The current study is aimed at
building upon Steenkamp’s work, with the following research questions focussed
upon:

1. Does the laboratory experiments also indicate a potential for chemical wear of
the C-based refractory by both alloy and slag?

2. Is there a relationship between wear and temperature?

3.  How does the laboratory experimental results compare with Steenkamp’s [4]
desktop evaluation?

The remainder of the paper briefly reviews literature data that relates to the study,
the experimental procedure adopted, and the findings of the study in light of the
aforementioned research questions.

Literature Review

Chemical Wear of C-Based Refractories in FeCr Production

Chemical wear (also referred to as ‘corrosion wear’) occurs when a system is not
at equilibrium [8]. In FeCr production, desktop modelling studies have shown that
both alloy and slag have the potential to chemically wear C-based refractories [4].
The chemical wear mechanisms at play for the alloy and slag as highlighted by
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Table 1 Summary of the chemical wear mechanism of carbon tap-hole refractory by alloy and slag
as modelled by Steenkamp [4] (where: ‘<M>’ specie in solid phase; ‘(M) specie in liquid phase;
‘M’ specie in solution; ‘M’ specie in gas phase)

Alloy-refractory (1450-1650 °C)

Slag-refractory (1550-1750 °C)

A. Dissolution (main mechanism)

* Reaction: <C> < (C)

Solid carbon dissolves in the alloy
¢ Dissolution limited by saturation

B. Chemical reaction

* 2 <C> + 3(Cr) + 3(Fe) <> <Cr, Fe)3Co>
C can also be in solution

Reaction forms a Cr-Fe carbide precipitate

A. Chemical reaction

¢ 4 <C> + (Si0y) < 2 <SiC> + 2CO
SiC formation

¢ <C> + (FeO) « (Fe) + CO
Formation of metallic iron

¢ <C> + (CrO) < (Cr) + CO
Formation of metallic chromium

Iron and chromium combine as the alloy
formed

Overall details

* Phases observed: alloy, refractory, and
chrome-iron carbide below 1475 °C

» Refractory consumption increases with
temperature increases

¢ Low overall refractory consumption

Overall details

* Phases observed: liquid slag, spinel,
refractory. Alloy forms at all temperatures,
SiC around 1600-1650 °C

* Refractory consumption increases with
temperature

Steenkamp [4] are summarised in Table 1. The indicated temperatures were derived
from plant data gathered from a S.A. FeCr producer [4].

Static tests are favoured over dynamic tests for the examination of chemical wear
because of the ability to exclusively examine chemical wear without the interference
of other more dynamic factors [9]. The induction cup tests is one such semi-static
tests favoured for these experiments [10].

Refractory Wettability and Penetration

Wettability of a refractory refers to an alloy or slag (molten constituents) to adhere
to the surface of the refractory. Wettability is an important consideration in chemical
wear evaluation studies, since chemical wear of refractory requires that the refractory
be wetted by the molten constituents that it is in contact with [11]. Wettability can be
assessed either experimentally using the sessile drop method [11], or by observation
of the refractory crucible after the cup tests [10].

Refractory penetration is caused by alloy or slag infiltrating the pores and/or
reacting with the refractory [4]. Scanning Electron Microscope (SEM) can be used
to assess the penetration depth of the alloy or slag [9]. A highly penetrated refractory
has the potential to undergo chemical wear not only at the alloy/slag-refractory
interface but also within the refractory structure. This can result in severe refractory
wear and subsequent refractory failure.
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Fig. 1 Flowsheet showing sample preparation procedure for starting alloy and slag

Experimental Procedure

Sample Preparation

A batch of ~7.5 kg of alloy and 11.6 kg of slag, which were previously sourced from
a S.A. FeCr producer, were used as the starting materials for this study. FeCr alloy
had a mixed particle size distribution (particles with diameter as large as 50 mm and
others <1 mm). FeCr slag was fine, that is, all particles were <4 mm in diameter.

The same sample preparation procedure, as presented in the flowsheet (Fig. 1), was
employed for both alloy and slag. The procedure entailed firstly applying the cone
and quartering technique to extract a representative sample for SEM characterisation.
The remaining sample was further homogenized through a combination of milling
(using a TS250 vibratory disc mill) and splitting (using a 2407002 Kendrion rotary
splitter). Further splitting was undertaken using the aforementioned splitter. From
this a total of four sub-samples, along with refractory samples, were collected for
bulk and phase chemical characterisation.

Characterisation

Bulk chemical analysis of the alloy and slag was undertaken using an inductively
coupled plasma-optical emission spectrometry (ICP-OES) produced by a Ther-
moFisher Scientific iCAP 7600; carbon and sulphur in the alloy were determined
using CS744 and CS230 LECO instruments; and phosphorus was determined using
a Nanocolor UV/VIS spectrophotometer. The carbon-based refractory was analysed
using undisclosed proximate and ultimate analysis techniques. All bulk chemical
analyses were undertaken in triplicates.

Bulk chemical phase characterisation was undertaken by X-ray diffraction (XRD),
using a Bruker D8 advance diffractometer. The instrument was run from 0° to 80°
26, at a wavelength of Co K-alpha 1.7902 A.

Specific chemical phase characterisation was undertaken a Zeiss Evo MA15 SEM
instrument which generated backscattered (BSE) micrographs at 20 kV. The SEM
was equipped with a Bruker X-Flash detector for Energy-Dispersive Spectroscopy
(EDS) which enable determination of specific phase compositions.
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Cup Tests

A C-based refractory provided by Carboquip Manufacturing, was employed for the
laboratory experimental work. The cup was provided pre-machined to 50 mm height
and outer diameter, 30 mm internal diameter, and 20 mm bottom thickness.

The preparation procedure entailed firstly weighing the empty refractory cup. The
cup was then packed to the top with either alloy only (amounting to ~70 g), or slag
only (amounting to 40 g). The packed cup was weighed, before being loaded into a
cold 30 kVA induction furnace. An empty cup was also placed alongside the packed
crucible and served as a reference. A schematic diagram showing the induction
furnace set-up is presented in Fig. 2. The set-up consisted mainly of two B-type
thermocouples (two thermocouples served to ascertain the temperature gradient and
acted as back-up in the event of breakdown of either), an argon (Ar) gas port (where
Ar gas was purged to maintain an inert atmosphere throughout the test), and a gas
outlet port (a designated port to allow for formed gases to escape).

Smelting tests were conducted by heating the furnace from cold, in 1.5 kW/h
intervals, until the targeted temperature had been reached. Once the target tempera-
ture was reached, the input power was adjusted accordingly to ensure that the target
temperature was maintained, within a £10 °C deviation, for a duration of 1 h. At the
end of the holding time, the furnace was switched off. Argon purging was maintained
until the next day when the furnace had cooled down. At this point, the cup content
was removed, filled with resin, and then vertically sectioned. Photographs were taken
of the sections using an Olympus Stylus F2.0 camera. Some of the photographs were
printed and used to construct a wear profile through thickness measurements using a
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digital 150 MM Insize Vernier Caliper. Ten Vernier caliper measurements were taken
in 3-mm intervals across the right side of crucible. These were used to compute the
thickness loss according to Eq. 1 (maximum thickness loss was used). A microscopic
evaluation of the refractory cup in contact with alloy/slag was also undertaken using
SEM-EDS.

100(initial thickness — final thickness)
%loss = —— (D
initial thickness

Results

Characterisation

Alloy and Slag

The bulk chemical compositions of the starting FeCr alloy and slag are presented
in Tables 2 and 3, respectively. As expected, the alloy consisted mainly of Cr, Fe,
Si, and C. The Cr (48 &+ 0.5%) and C (6.3 &+ 0.02%) contents where typical of
the charge chrome specifications presented previously.! Micrographs of the alloy
revealed that the alloy was virtually pure, with various alloy compositions formed
within the alloy structure (see Fig. 3—Ileft). A Cr—Fe—C carbide was also detected
by XRD. FeCr slag consisted mainly of SiO; (32.3 + 0.5%), Al,03 (28.4 + 0.4%),
and MgO (19.2 & 0.3%). Cr and Fe were also present. A combination of SEM—
EDS and XRD confirmed that the Cr and Fe were distributed among the entrained
alloy, a partially reduced Cr—Fe-oxide, and as part of some slag compositions (see
micrograph Fig. 3c).

Table 2 Bulk chemical composition of starting alloy (Avg. means average; SD means standard
deviation over three measurements; — means not obtainable)

Component Cr Fe Si C S P Mg Al Ca
(%) Avg. 48.5 36.5 3.6 6.3 <0.01 0.12 0.1 0.1 <0.05
(%) SD 0.5 0.3 0.1 0.02 - 0.04 0.01 0.01 -

Table 3 Bulk chemical composition of starting slag
Component Al,O3 CaO Cr, O3 FeO MgO MnO SiO, TiO,
(%) Avg. 28.4 35 9.4 4.6 19.2 0.2 323 0.7
(%) SD 0.4 0.1 0.2 0.1 0.3 0.01 0.5 0.01
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Fig. 3 a Micrograph of alloy showing several phases rich in Cr, Fe, and Ti (left); b Cr—Fe bearing
species including entrained alloy in slag micrograph

Refractory

The bulk chemical composition of the C-based refractory is presented in Table 4.
The composition showed that the refractory was almost pure carbon. This is typical
of graphite material that has undergone treatment. A micrograph of the refractory
showed that it had a fairly consistent texture with minimal impurities (see Fig. 4).

Table 4 Bulk chemical composition of C-based refractory (IM means inherent moisture; S means
sulphur; H means hydrogen; N means nitrogen)

Component C Ash ™M Volatiles S H
(%) Avg. 99.7 <0.1 0.2 - 0.05 0 0
(%) SD 0.2 - 0.1 - 0.0 - -

Fig. 4 Micrograph of
refractory showing a clean
and consistent structure
(left); EDS analysis results
of point ‘a’, b’, and ‘¢’
included (right)
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Cup Tests

Macroscopic Observations

Figure 5 presents photographs of the refractory in contact with alloy at 1500 °C
(left), and the in contact with slag at 1600 °C (right). The photographs are used as a
sample, since all the tests regardless of temperature, presented the same macroscopic
appearance. Wettability of the refractory by alloy was observed—indicated by a red
circle in Fig. 5a—at all temperatures. The same observation wasn’t as obvious in the
slag-refractory cup tests.

Thickness loss results as graphically presented in Fig. 6. The results showed that
thickness loss (and thus wear quantified by reduced sidewall thickness), tended to
increase with temperature. The exception was in the case of the alloy starting at
1600 °C.

(a) (b)

/
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Refractory

Fig. 5 a Photograph of alloy-refractory cup at 1500 °C and b slag-refractory cup at 1600 °C
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Fig. 7 Micrograph showing alloy-refractory interaction at: a 1450 °C, b 1500°, and, ¢ 1650 °C

Microscopic Observations

SEM BSE micrographs of alloy-refractory interaction at 1450, 1500, and 1650 °C are
presented in Fig. 7. For each micrograph, the alloy penetration depth was measured.
EDS analyses of the various phases are presented in Table 5. The following main
observations were made:

e At all temperatures, the main phases present were alloy (a Cr—Fe—C phase—‘b
and k’—and a Cr-Fe-Si—C phase—‘a and m’), pure C-refractory, and two mixed
phases (probably oxides due to the high presence of Mg, Ca, Si species).

e At 1650 °C, a phase labelled ‘n’ containing 37.2% Ti, 11.3% Cr, 2.1% Fe, and
19.5% C was detected. Its composition points to it being a carbide that formed
through local precipitation of the alloy that had penetrated through the refractory.

e The alloy penetration depth was observed to increase with increase in temperature.

SEM BSE micrographs of slag-refractory interaction at 1550 and 1700 °C are
presented in Fig. 8. EDS analyses of the same are subsequently presented in Table
6. The following main observations were made:

e At all temperatures, the main phases observed were C-refractory (‘¢’ and j’),
slag of various compositions, and a Cr—Fe—C alloy phase—‘a’—which formed
as a result of a slag-refractory interaction. The formed alloy was observed at all
temperatures and at increasing volumes with increasing temperature.

e In addition to the conventional phases, SiC was formed at 1700 °C.
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Table 5 EDS point analyses of phases labelled ‘a’ to ‘n’ in Fig. 7 (* not verified)

Component C O* Mg Al Si Ca Cr Fe Ti
Alloy ‘@’ 7.5 8.8 322 |514

Alloy ‘b’ 11.0 655 235
Refractory ‘c’ 100

Mix ‘d’ 20.1 315 27 140 |2838 2.8

Mix ‘e’ 40.8 7.1 3.1 203 |240 2.6 1.6

Alloy ‘f” 174 76.0 6.6

Mix ‘g’ 441 402 153 0.5

Mix ‘b’ 25 40.1 43 7.4 9.5 1.7 |146 1938

Alloy ‘T’ 9.5 8.5 369 |45.1
Refractory ‘j’ 100

Alloy ‘K’ 11.5 645 |239
Refractory ‘I’ 100

Alloy ‘m’ 7.6 9.5 339 49.0

High Ti ‘n’ 19.5 11.3 2.1 |372

Penetration

581 pm

Fig. 8 Micrograph showing slag-refractory interaction at a 1550 °C and b 1700 °C

e Between 1550 and 1650 °C, only the formed alloy was observed to penetrate
through the refractory. Penetration depths increased from 224 pm at 1550 °C to
465 wm at 1650 °C. At 1700 °C, slag was observed to penetrate the refractory at
a depth of 591 pm.
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Table 6 EDS point analysis of phases labelled ‘a’ to ‘n’ in Fig. 8 (* not verified)

Component C o* Na Mg Al Si Ca Cr Fe
Alloy ‘a’ 15.7 50.8 32.6
Slag ‘b’ 42.0 0.9 6.0 16.8 244 |98

Slag ‘¢’ 43.7 17.4 335 54

Mix ‘d’ 38.8 29.9 39 1.5 6.4 19.5

Refractory ‘e’ 100
Refractory ‘j° 100

Alloy ‘K’ 7.9 20.9 22 |546 [143
SiC ‘I’ 32.8 67.2

Slag ‘m’ 44.5 808 [11.8 [19.6 [16.0

Slag ‘n’ 446 [200 |354

Discussion

Does the Laboratory Experiments Also Indicate a Potential
Jor Chemical Wear of the C-Based Refractory by Both Alloy
and Slag?

Laboratory experiments clearly indicated a potential for chemical wear of C-based
refractory by both alloy and slag. In both cases, chemical wear was indicated mainly
by the reduction of the C-refractory sidewall thickness (see Fig. 6). The reduction in
wall thickness was further highlighted by the non-linear phase boundary indicating
that some parts of the refractory had been consumed (max 5.6% for alloy, and 4.3%
for slag—see Figs. 7 and 8). In the case of the slag-refractory tests, formation of a
C-bearing FeCr alloy also proved that the C-refractory reduced the Cr—Fe oxide in
the slag phase. This chemical wear mechanism was also reported by Steenkamp [4].
Furthermore, the formation of Ti-carbides (in the alloy-refractory test) and SiC (in
the slag-refractory test), also pointed to chemical wear of the C-refractory by both
alloy and slag.

Is There a Relationship Between Wear and Temperature?

A relationship was observed between wear and temperature. An increase in the
temperature resulted in a corresponding decrease of the refractory thickness (see
Fig. 6). An exception to this was observed from 1600 °C for the alloy-refractory tests.
Reasons for these were unknown and would make for a worthy investigation in the
future. Another observed effect of temperature was that increasing the temperature
increased the penetration depth of the alloy/slag in the refractory. Penetration of the
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refractory by alloy or slag is undesirable not only because it increases the potential of
wear as aresult of thermal expansion disparities between the alloy/slag and refractory
but also because the penetrated alloy/slag can act as incipient points for internal
chemical wear of the refractory.

How Do the Laboratory Experimental Results Compare
with Steenkamp Desktop Evaluation?

In many respects the present laboratory experimental results were similar to those
obtained during Steenkamp [4] desktop. Firstly, in the case of the slag-refractory tests,
C-bearing FeCr alloy formation occurred at all temperatures. Secondly, refractory
consumption tended to increase with temperature. Thirdly, SiC formation was also
observed for the slag-refractory tests.

Conclusion

An experimental investigation into the potential chemical wear of C-based refracto-
ries by FeCr alloy and slag has been conducted. The experimental results indicated
that both FeCr alloy and slag have the potential to chemically wear the C-based
refractory at 1450-1650 °C for the alloy, and 1550-1700 °C for the slag. Tempera-
ture was observed to intensify the extent of wear. In many respects the results were
in agreement with previous FactSage thermodynamic modelling work conducted by
Steenkamp [4].
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Investigation of Melting Behavior )
and Viscosity of Slags from Secondary Oneck o
Ferromanganese Production

David Scheiblehner, Christoph Sagadin, Stefan Luidold,
Helmut Antrekowitsch, and Dieter Offenthaler

Abstract Viscosity and melting behavior are two of the most important properties
of industrial slags as they directly impact the yield of metallurgical processes. Too
high fluidity may cause losses during tapping or infiltration of refractory while too
viscous liquids can lead to problems regarding the smelting of charged material
or metal inclusions. This paper comprises the determination of melting behavior
and viscosity of slags as functions of their composition. Therefore, 19 mixtures of
different oxides have been prepared and melted by means of an induction furnace.
An analysis of the resulting slags in a hot stage microscope and the computation of
the corresponding viscosities allow an evaluation of the most important parameters.
Significant variations of viscosity and characteristic temperatures can be measured
as functions of the content of manganese oxide and the ratio between calcium oxide
and silicon dioxide, respectively, besides a strong temperature dependency and a
major influence of network-forming oxides.

Keywords Pyrometallurgy * Viscosity + Melting behavior - Slags

Introduction

The re-utilization of residuals and the optimization of processes in terms of energy
consumption and amount of used raw materials are gaining in importance due to
economic and ecological reasons. Especially, metallurgical operations can benefit
from these measures as conservation of natural resources, and a reduction of the
required energy is obtained by increasing efficiency and re-using materials such as

D. Scheiblehner () - C. Sagadin - S. Luidold

CD-Laboratory for Extractive Metallurgy of Technological Metals, Nonferrous Metallurgy,
Montanuniversitaet Leoben, 8700 Leoben, Austria

e-mail: david.scheiblehner @unileoben.ac.at

H. Antrekowitsch
Nonferrous Metallurgy, Montanuniversitaet Leoben, 8700 Leoben, Austria

D. Offenthaler
Batrec Industrie AG, 3752 Wimmis, Switzerland

© The Minerals, Metals & Materials Society 2022 311
J. D. Steenkamp et al. (eds.), Furnace Tapping 2022, The Minerals,
Metals & Materials Series, https://doi.org/10.1007/978-3-030-92544-4_23


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92544-4_23&domain=pdf
mailto:david.scheiblehner@unileoben.ac.at
https://doi.org/10.1007/978-3-030-92544-4_23

312 D. Scheiblehner et al.

slags or fly ashes. Furthermore, the amount of waste which requires disposal or
incineration declines and various advantages regarding greenhouse gas emissions
can be achieved [1-3].

Ferromanganese is indispensable for the production of steel and cast iron as it
acts as a deoxidizing and strongly sulfur-binding agent and serves as an important
alloying element. The manufacture of this alloy takes place primarily in low shaft
furnaces by carbothermic reduction of manganese ores. As mentioned before, facil-
ities for extracting the alloy from metal containing residuals, for example, in the
field of recycling of used electric devices, are in use additionally. This study there-
fore characterizes slags produced in processes for recycling batteries by determining
their melting behavior. Furthermore, it includes an examination of the slag viscosity
as well as the impact of manganese oxide and the CaO/SiO, ratio, respectively, on
these properties by means of thermodynamic calculations. The outcome enables a
greater insight into the occurring reactions and allows an improvement in efficiency
[4-6].

In modern metallurgy, slags do not represent unwanted by-products but rather
important phases which take an active part in performed reactions. One of the main
functions is the removal of undesirable tramp elements and non-metallic inclusions.
An appropriate composition ensures a sufficient capacity for the absorption of impu-
rities. In addition, the temperature range in which slag forming takes place can be
controlled by adjusting the amounts of contained elements. Therefore, the chem-
ical and physical properties of slags have a great influence on the duration and
yield of metallurgical procedures. Especially, flow properties and viscosity as well
as the influence of temperature and specific compounds on these attributes must be
evaluated precisely [6-8].

With molecular and ionic theory, there are two existing models which can be used
to describe the structure of slags and the reactions which occur in them and with
them. The molecular theory assumes that slags consist of separate oxides, sulfides,
fluorides, etc., for instance, SiO,, CaO, Al,O3, and CaF,. However, inconsistencies
are emerging in measurements of electrical conductivity as a sharp decrease in the
slags’ resistance can be observed at solid/liquid transition. This behavior cannot
be described with the mentioned structure. The ionic theory provides an adequat
explanation for the abrupt change in the slags’ conductivity. The latter states that
slags are built up of positively and negatively charged ions. The constituents can be
divided into three categories. The first one comprises metallic cations, for instance,
CaZt, Min?*, Fe2*, Fe*, and Mg2+. These components are comparably small and can
be moved easily. The second category contains non-metallic anions, for example,
0?7, 8?7, and F?~, and the third group anion complexes which are more difficult to
move such as SiO}~, PO; ", AIOj, and FeO?~ [7, 9-11].

The structure of crystalline silica rests upon SiOi_ tetrahedrons. Four O?~ ions
surround every Si** ion whereat each O~ ion connects two Si** ions and forms
an oxygen bridge. In this way, widespread networks with high energetic bonds are
formed which can even be found, at least in part, in liquid phases. The viscosity
of silica slags therefore strongly depends on the size and related movability of the
emerging long-chain entities. However, the presence of other ions and ion complexes,
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departing from SiO}~, heavily influences the degree of polymerization along with
fluidity. Correspondingly, oxides can be classified as follows. The first category
consists of oxides, such as SiO,, P,Os, and TiO,, that tend to form networks and act
as 0%~ acceptors according to the equation [7, 9]:

Si0; + 20 = Si0;~ (1)

An addition of network-modifying oxides of the second group leads to a weak-
ening of the intermolecular bonds until the long-chained structures eventually break
down to smaller-sized complexes which are more mobile. Components such as Na, O,
MgO, and CaO belong to this category and act as donators according to the following
equation [7, 9]:

CaO = Ca’* + 0>~ )

Some oxides, such as MnO, FeO, CoO, and NiO, cannot be categorized clearly.
They act either as acceptors or donators, depending on the amount of free oxygen in
the slag [9].

As mentioned above, viscosity represents one of the most important properties
of metallurgical slags. However, determining the fluidity of these liquids relates
to difficulties especially as the measurements must take place at high tempera-
tures. The occurring problems can only be overcome by increased expenditure.
Modern measuring devices rely on the usage of special equipment, for example,
high-temperature viscosimeters. In these apparatuses, the quantification of viscosity
occurs by means of rotary measuring systems. A cylindrical object submerged in the
liquid to be investigated rotates at specific angular speeds. Plotting the torque which
is necessary to carry out this rotational movement enables a calculation of fluidity.
As the usability of all construction units at operating conditions of metallurgical
processes can only be guaranteed by extensive financial input and planning efforts,
the development of models for the computation of the rheological features exhibits
great interest. Several methods are in use to estimate the viscosity of multicomponent
systems which are in general applicable for specific slag compositions, respectively
[12, 13].

The viscosity module of the software FactSage 7.3 which is applied in this
work computes viscosities of single-phase melts and glasses by defining a corre-
lation between their fluidity and structure. Information about structure, in turn, is
obtained implementing the modified quasi-chemical model. The latter extends clas-
sical theories, which assume ideal mixtures and calculate thermodynamic proper-
ties as enthalpy or entropy using simple polynomial expressions, by furthermore
taking effects due to structural ordering into consideration. Nevertheless, the model
rests upon several parameters that must be fitted to experimental data for selected
unary, binary, and ternary oxide systems. The compositions at which these effects
obtain maximal impact are defined independently for each respective system which
is highly significant especially in silica slags. Applying the viscosity module, a model
based on data gathered from experiments with either melts or glasses can be chosen
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depending on the investigated range of temperatures. Above liquidus temperature,
the melts model delivers more accurate results whereas at or near liquidus tempera-
ture both methods give similar values. For investigations below liquidus temperature,
the application of the glasses database represents the preferred approach to obtain
the most precise outcomes [14—17].

Materials and Methods

Experimental Design

A statistical design of experiments was compiled by means of the software MODDE®
12. Accordingly, 19 different samples were created. The content of MnO varies within
40.94 and 69.77 wt.%, that of SiO, and CaO within 8.32 and 18.71 wt.% and 8.31
and 19.04 wt.%, respectively. The limits for Fe,O3 were set at 0.00 and 7.71 wt.%.
The fractions of MgO and Al,Os5 are kept constant at values of 4.20 and 9.40 wt.%,
respectively. Fe, O3 was chosen for the mixture instead of FeO because of its defined
composition and better availability. The provided experimental plan was defined
based on analyses of industrial slags from battery recycling.

Preparation of Slags

To avoid distortion of the measuring results triggered by undesirable moisture absorp-
tion due to the hygroscopic nature of calcium oxide, an annealing procedure at
1100 °C for 8 h was implemented in a muffle furnace in air prior to the mixing
of components. Afterwards, a homogenization executed in a swing mill ensures a
uniform composition of the samples. Sagadin et al. [7] showed that significantly
differing results can be measured depending on whether the tests are conducted
with or without premelting. Melting the mixtures prior to analyzing them guar-
antees comparable results. In addition, this treatment allows an approximation of
experimental conditions to factual process conditions. In the following step, the
samples were therefore melted in a graphite crucible by means of an induction
furnace. The point of exceeding liquidus temperature was defined visually. After-
wards, the synthetic slags were cast into a steel mold for rapid cooling. Subse-
quently, the samples are ground in a swing mill to obtain a homogenous powder with
sufficiently low grain sizes.

Immediately prior to the analysis in a hot stage microscope (HSM), the prepared
slags must be pressed in a cylindrical form with a diameter of 3 mm and a height
of 3 mm. To ensure a uniform compression for all investigated oxide mixtures, a
spring-loaded metal stamp was used for carrying out this operation. Afterwards, the
samples were moved onto a pad consisting of 99.7 wt.% Al,O3 with a thickness
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of 1.5 mm. To avoid undesired interactions between refractory and specimen mate-
rial, a sheet consisting of PtIr10 with a thickness of 1.12 mm rested in between.
The assembly was then positioned inside a refractory tube (99.7 wt.% Al,0O3), and
argon (100 vol.%) flooded the oven chamber to exclude possible reactions with the
surrounding air. Before starting the experiment, several essential parameters had to
be defined. The selected heating rate amounted to 10 °C/min and the gas flow rate
to 0.15 I/min. The evaluations of the experimental results were performed according
to Hesse Instruments (based on DIN51730:1984). As soon as the flow temperature
was exceeded by 10 °C or the highest achievable oven temperature of 1700 °C was
reached, the test ended.

Analysis of the Melting Behavior in a Hot Stage Microscope

The change of shape with gradually increased temperature of a cylindrical sample
made from the material to be investigated can be analyzed by means of a hot stage
microscope. According to the normative specifications of Hesse Instruments (based
on DIN51730:1984), several characteristic temperatures have been defined. The
starting temperature T, indicates the temperature at the beginning of the measuring
process. The sample’s dimensions at this state serve as a reference for the following
determination of characteristic points. If high demands on accuracy are required,
this state must be defined more precisely. The deformation temperature DT occurs
as soon as first indications of softening, for instance, inflation of the cylinder or
rounding of its edges, can be detected. At spherical temperature ST, the sample’s
height equals its width and its silhouette resembles a round form. The hemispherical
temperature HT appears when the sample’s form can be described as hemispherical
and its height equals half of its width. The flowing temperature FT is defined as the
point at which the object’s height equals one-third of its initial dimension. Figure 1
illustrates these definitions. Schnideritsch [18] defines the liquidus temperature at a
point at which the actual projected sample area equals between 35 and 30% of its
initial size. As this gives a temperature range rather than a specific temperature in
this work, liquidus temperatures were calculated in FactSage 7.3.

Figure 2 depicts the temperature-dependency of the height automatically recorded
by the HSM software as well as the measured characteristic points for a synthetic slag
from the experiments consisting of 55.36 wt.%. MnO, 13.52 wt.% SiO,, 13.68 wt.%.
CaO0, 3.85 wt.%. Fe,03, 4.20 wt.% MgO, and 9.40 wt.% Al,O3. The first section of
the plot up to a temperature of approximately 1200 °C gives no significant changes
in cylinder height. A moderate increase can indicate thermal expansion. The second
section shows a rapid decrease in the graph, and the characteristic temperatures can
be determined.

Additional to the experimental determination of hemispherical and flow tempera-
ture and the computation of the liquidus temperatures, the viscosities of the synthetic
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Fig.1 Exemplary shape of a cylindrical sample at characteristic temperatures
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Fig. 2 Temperature-dependency of sample height and characteristic points according to Hesse

Instruments (based on DIN51730:1984) for a sample containing 55.36 wt.%. MnO, 13.52 wt.%
Si0y, 13.68 wt.%. CaO, 3.85 wt.%. Fe; 03, 4.20 wt.% MgO, and 9.40 wt.% Al,O3
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slags atliquidus temperature were calculated by means of FactSage 7.3. This tempera-
ture was chosen for the determination of the viscosities to ensure that the computation
is performed in a region where no solid fraction is left.

Results

Experimental Results

The measured hemispherical and flow temperatures as well as the calculated liquidus
temperatures and viscosities at liquidus temperature are listed in Table 1 besides the
varying contents of SiO,, CaO, Fe, O3, and MnO. As mentioned above, the amounts of
Al,0O3 and MgO remain constant at values of 9.40 and 4.20 wt.%, respectively. Exper-
iments of samples containing large percentages of manganese oxide showed tenden-
cies to result in higher characteristic temperatures while a reduced MnO content
leads to lower values. The flow temperatures of samples 1 and 10 which represent

Table 1 Oxide contents, experimentally determined characteristic temperatures as well as liquidus

temperatures (LT) and viscosities at 1850 °C, computed with FactSage 7.3

Sample | SiO; [wt.%] | CaO | Fe,O3 [wt.%] | MnO | HT [°C] | FT [°C] | LT [°C] | Viscosity at
number [wt. %] [wt. %] LT [dPa s]
1 8.32 8.31 |0.00 69.77 | 1440.70 - 1790.02 | 0.060
2 18.71 8.31 [0.00 59.38 | 1348.30 | 1406.30 | 1607.68 | 0.210
3 18.71 19.04 | 0.00 48.65 | 1328.00 | 1397.70 | 1670.25 | 0.200
4 8.32 831 |7.71 62.06 | 1437.70 | 1480.80 | 1675.41 | 0.090
5 18.71 8.31 |7.71 51.67 | 1341.00 | 1416.70 | 1434.99 | 0.380
6 8.32 19.04 |7.71 51.33 | 1353.00 | 1413.50 | 1714.18 | 0.100
7 18.71 19.04 |7.71 40.94 | 1308.70 | 1402.30 | 1475.31 | 0.420
8 8.32 19.04 | 2.57 56.47 | 1352.30 | 1418.50 | 1813.36 | 0.070
9 8.32 19.04 |5.14 53.90 | 1341.70 | 1417.30 | 1763.43 | 0.090
10 8.32 11.89 | 0.00 66.19 | 1416.00 - 1811.92 | 0.070
11 8.32 15.46 |0.00 62.62 | 1384.00 | 1445.00 | 1835.02 | 0.070
12 11.78 19.04 |0.00 55.58 | 1359.70 | 1418.00 | 1803.31 | 0.090
13 15.25 19.04 | 0.00 52.11 | 1353.30 | 1416.30 | 1741.81 | 0.130
14 18.71 13.68 | 3.86 50.16 | 1305.00 | 1411.00 | 1546.93 | 0.280
15 13.52 8.31 |3.86 60.72 | 1392.80 | 1450.70 | 1640.80 | 0.130
16 13.52 13.68 |7.71 51.50 | 1376.30 | 1435.30 | 1594.96 | 0.170
17 13.52 13.68 | 3.86 55.36 | 1381.30 | 1438.30 | 1667.57 | 0.130
18 13.52 13.68 |3.86 55.36 | 1391.30 | 1437.50 | 1667.57 | 0.130
19 13.52 13.68 | 3.85 55.36 | 1380.30 | 1438.50 | 1667.57 | 0.130
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the mixtures with the highest fractions of manganese oxide exceed the realizable oven
temperature. Therefore, their measurement was not possible in these experiments.
At 0.420 dPa s, the highest value of viscosity can be calculated for sample 7 with the
lowest content of MnO whereas the minimum figure of 0.060 dPa s is recorded for
sample 1 which contains the most manganese oxide. The liquidus temperatures vary
between 1434.99 and 1835.02 °C whereat no correlation to the content of manganese
oxide is obvious.

Evaluation of the Results

The statistical software MODDE® 12 allows a description of measured and calculated
values by simple mathematical functions due to multiple linear regression. Thus,
coefficients are defined which can be used to specify an equation that is applicable
within the range of slag compositions investigated in this work. The evaluations
focused on the effect of various parameters on hemispherical and flow temperature.

Accordingly, the impact of an increasing percentage of one specific oxide at the
expense of manganese oxide on the flow temperature was determined. A significant
decrease in hemispherical and flow temperatures became apparent as silicon oxide
is added. A similar pattern can be observed for calcium oxide, while no strong effect
appears for a variation of the Fe,O3 content within the investigated ranges.

The alteration of the flow temperature due to an addition of calcium oxide at the
expense of silicon oxide for different contents of manganese oxide at 5.00 wt.%
Fe,0s3 is depicted in Fig. 3. The amounts of MgO and Al,O3; remain constant at
values of 4.20 and 9.40 wt.%, respectively. Figure 4 shows the analogous plot for the
hemispherical temperature. In both diagrams, a rise in temperature can be observed
as the amount of calcium oxide increases at low CaO/SiO, ratios. With a further
decrease in the silicon oxide content, a less pronounced decline occurs. Addition
of manganese oxide accompanied with a simultaneous reduction of the amounts of
calcium oxide and silicon oxide leads to a rise of the characteristic temperatures.

Figure 5 shows the alteration of viscosity as calculated using FactSage 7.3 with
an increasing CaO/SiO; ratio for various MnO contents at liquidus temperature. The
amounts of Fe, 03, MgO, and Al,O3 are kept constant at values of 5.00, 4.20, and
9.40 wt.%, respectively. The graph depicts a steady decline in viscosity with rising
contents of calcium oxide. However, this tendency weakens as more and more CaO
is added at the expense of SiO,. Especially for mixtures containing high amounts of
manganese oxide, the change in viscosity with decreasing SiO, contents at CaO/SiO,
>1.5 becomes less significant. Furthermore, addition of manganese oxide leads to
higher fluidity.
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Fig. 5 Alteration of viscosity at LT with increasing CaO/SiO; ratio for various MnO contents and
5.00 wt.% Fe, 03, 4.20 wt.% MgO, and 9.40 wt.% Al,O3 at 1850 °C

Discussion

The process of premelting the slags ensures a homogenous composition and leads to
reproducible results. However, an alteration of the components due to reactions with
the crucible carbon is possible. Computation of the potential of such reactions was
not performed in this case but guarantees the accuracy of results in further studies.

Figures 3 and 4 show an increase of the characteristic temperatures as calcium
oxide is added at low CaO/SiO, ratios. A maximum occurs at approximately
CaO/Si0O, = 1.1. At higher ratios, a decrease in the observed temperatures becomes
apparent. At higher contents of manganese oxide, the total amount of silicon oxide
and calcium oxide is smaller which leads to a significantly reduced impact of a
variation of the CaQ/SiO; ratio.

The diagram in Fig. 5 emphasizes the influence of network-forming and network-
modifying oxides on the viscosity of the slags at flow temperature. At 45 wt.% MnO,
a decrease in viscosity of 1.110 dPa s can be measured as the ratio of CaO/SiO,
increases from 0.5 to 2.0 whereas for a slag containing 60 wt.%, the decline is less
pronounced with a value of 0.080 dPa s. As described by Sagadin et al. [7], the
observed decrease in viscosity can be quantified as a result of broken bonds due to a
higher amount of network-modifying calcium oxide and thus a better movability of
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molecules. The effect of an alteration of the CaO/SiO, ratio is greater at lower MnO
contents for similar reasons outlined above.

Defining all influences on the depicted variation of characteristic temperatures
seems relatively complex as a great number of factors must be taken into consider-
ation. Initially, the impact of the slags’ viscosities was analyzed. Furthermore, the
effect of liquidus and solidus temperatures and therefore the amount of remaining
solid components at a specific temperature within the two-phase region must be
investigated. Figure 5 compares the flow temperature with the liquidus tempera-
ture calculated with the equilib module of FactSage 7.3 and the viscosity computed
with the viscosity module of FactSage 7.3 at liquidus temperature as functions of
the CaO/SiO; ratio at 45 wt.% MnO and 5.00 wt.% Fe,03, 4.20 wt.% MgO and
9.40 wt.% Al,O3. At CaO/SiO, = 0.5, a flow temperature of 1362.10 is calculated.
The characteristic temperature increases by the addition of calcium oxide and reaches
its maximum value of 1402.03 °C at CaO/SiO, = 1.1. Afterwards, a decline becomes
apparent whereby at CaO/SiO, = 2.0 a temperature of 1382.10 °C can be determined.
As CaO is added to increase the CaO/SiO; ratio from 0.5 to 2.0, the liquidus temper-
ature rises steadily from 1304.59 to 1719.39 °C, whereas the viscosity declines from
1.240 to 0.130 dPa s. No linear correlation between characteristic temperatures and
liquidus temperature can be determined. At CaO/SiO, < 0.6, the flow temperature
even exceeds liquidus temperature, an effect caused by a combination of increased
viscosity and other parameters, for instance, high surface tension of the slag and poor
wettability of the platinum sheet during the experiments.

Conclusion

Ecological and economic trends for an effective enhancement of processes lead to
increased re-usage of former waste material. In this work, melting behavior and
viscosity were investigated by means of a hot stage microscope and thermodynamic
calculations. The results should help to optimize effectiveness and reduce losses.
The main objective is the determination of a relation between manganese oxide
content and the mentioned parameters. Therefore, 19 synthetic slags with statisti-
cally chosen compositions have been produced. The experiments are designed to
deduce conclusions about the characteristic temperatures of the samples. Addition-
ally, viscosities of the different mixtures have been calculated and compared with
the temperature variation. The investigated slags’ compositions differ from those of
representative HCFeMn and SiMn slags as noted by Muller [19] and Muller et al.
[20]. Particularly noticeable are higher contents of manganese oxide. Jones et al. [21]
give a value of 4.5 dPa s as an approximate upper limit of the viscosity for tapping
slags. Figure 6 shows that viscosities of slags in the investigated ranges are below
this value at liquidus temperature. However, as operating temperatures in typical
processes implemented in the production of HCFeMn or SiMn are below 1650 °C
especially slags with greater CaO contents, therefore, higher liquidus temperatures
must be evaluated critically. If these cases are of interest, the calculations must be
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and viscosity at 1850 °C (calculated in the viscosity module of FactSage 7.3) as functions of the
CaO/SiO; ratio for a slag containing 45 wt.% MnO and 5.00 wt.% Fe>O3, 4.20 wt.% MgO and
9.40 wt.% Al,O3

adjusted accordingly as the remaining solid percentage at tapping temperatures shifts
viscosities to higher values.

Mills [9] states that manganese oxide may act either as an O’ acceptor
contributing to the formation of widespread networks or as an O?>~ donator shifting
viscosities to lower values, depending on the composition of each particular slag.
However, in this work a tendency to a decreased viscosity can be observed by addi-
tion of MnO and simultaneously decreasing amounts of CaO and SiO, (cf. Figs. 5
and 6). Hence, MnO may be classified as a network-modifying molecule within this
range of composition.

An addition of CaO leads to a raise of the characteristic temperatures at a low
CaO/SiO, ratio. With further increase of the CaO amount, a slight drop in the
measured temperatures can be observed. The viscosities are decreasing steadily with
a gradual subtraction of SiO, for reasons outlined above.

The results illustrate the highly non-linear correlation between liquidus and flow
temperatures. Besides an investigation of viscosity, a determination of various other
parameters such as interfacial tension must be implemented in order to increase the
accuracy of predictions regarding the melting behavior of slags.

The combination of experimental results with computed values from thermody-
namic calculations provided in this work gives extensive information about slags
which are typically used in recycling processes of batteries and offers an opportu-
nity to classify them based on their composition. Thus, their viscosity and melting
behavior can be estimated, and conclusions regarding the occurring processes during
the periods of smelting and reduction and the influence of slag composition on
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required time and parameters to be set may be drawn. An adaption to a broader range
of slags can be subject to further investigation.
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Metal and Slag Extraction from Different )
Zones of a Submerged Arc Furnace Oneck o
with Non-uniform Porous Bed Using CFD

Varun Loomba, Jan Erik Olsen, and Kristian Etienne Einarsrud

Abstract A submerged arc furnace (SAF) is generally used in the production of
ferroalloys (referred to as metal in this study). Viable production of ferroalloys
requires a consistent tapping process where metal and slag are extracted from the
furnace. The tapping flow rates depend on various in-furnace conditions such as
the height of the metal and slag column, presence of a porous coke bed (particle
bed), crater pressure, and the physical properties of the fluids. In order to understand
the difference in drainage of metals and slags produced in different zones of the
furnace, a computational fluid dynamics (CFD) study is performed. Variations in the
tapping of metal and slag from the different zones would lead to accumulation in
the furnace, thus reducing its efficiency. A comparison between the tapping rates for
the metal produced in the front or the back zone of the furnace is performed for a
uniformly distributed coke bed and a coke-free bottom region. The tapping rates of
slag produced in different zones of the furnace for a uniformly distributed particle
bed are also compared. The results showed that the furnace reached a quasi-steady
state quicker for the coke-free bottom region compared to the uniformly distributed
particle bed, whereas the tapped metal comes equally from all zones of the furnace.
It took longer for the simulation to reach a quasi-steady state for extraction of slag
produced in different zones due to higher initial volume of slag. At the quasi-steady
state, the slag was tapped equally from all zones of the furnace.
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Introduction

Efficient furnace operation depends on several factors where one of the crucial
processes is tapping i.e., extraction of the molten metal and slag from the furnace.
Poor tapping could lead to metal and slag accumulation in the SAF, reducing the
efficiency of the entire process. The metal and the slag drain out of the furnace due
to gravity, therefore their flow rates depend on the height of the liquid column accu-
mulated in the furnace. In batch tapping, the tap-hole is opened when a significant
amount of metal and slag have accumulated in order to facilitate their flow out of the
furnace. The unreacted coke particles in the furnace hinder the flow of the metal and
the slag by offering resistance to the flow, lowering their flow rates. It is not clarified
whether the coke bed floats on top of the metal, the coke bed forms a bridge due to
interlocking between the particles, or this observation is caused by a phenomenon
occurring after the furnace shuts down. Regardless of the reason for the absence of
a coke bed at the furnace bottom, it is worthwhile to verify if this affects the flow of
metal and slag towards the tap-hole. Experimentation on the furnace tapping process
is difficult due to the huge size and the extremely high temperatures at which the
furnace operates. Computational fluid dynamics (CFD) is an excellent tool to study
these kinds of processes without dealing with extreme industrial conditions.

CFD has previously been used intensively in the metallurgical industry to simulate
the flow of metals and slags under various operational conditions, to understand
various aspects of the tapping process [1-8]. In some studies, a uniform distribution
of the particle bed has been considered [ 1-4], whereas others considered the presence
of a coke-free region at the bottom of the furnace [5-8]. Further details of several
studies implementing CFD for tapping process in SAF have been described by Bublik
etal. [9].

The tap-hole is generally present on one side of the furnace, therefore the metal
and the slag produced in the other side must travel through the entire furnace in
order to be tapped. If remained untapped, the metal and the slag will consume some
volume which will not be utilized for production, lowering the process efficiency.
Therefore, in this study the extraction of the metal and the slag from different zones
of the furnace is studied to better understand the accumulation of the fluids. Our
previous study (Loomba et al. [10]) includes the effect of uniform and a non-uniform
distribution of particle bed inside the furnace on the tapping flow rates of the metal
produced in different zones of the furnace. A comparison of the metal tapping flow
rate produced in the back of the furnace relative to the metal from the front of the
furnace has been shown in detail. In this paper, we continue the research to include
the coke-free bottom region to study the metal tapping rates produced in different
zones of the furnace relative to the metal from the front. Further, the extraction of
slag from different zones of the furnace is also considered.
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Fig. 1 Furnace design describing the different parts. The plane is used for analysis of metal and
slag volume fractions in the results section

Materials and Methods

All flows can be mathematically represented by the Navier—Stokes equations [11],
which are a set of partial differential equations describing the velocity of a fluid
in all directions, including all the physical processes that facilitate the flow. These
equations cannot be solved analytically for complex flow systems, which is the case
in most flow systems. Computational Fluid Dynamics (CFD) is a technique to solve
these equations numerically for all possible flow situations [12].

The simulated furnace in this study is an industrial-scale furnace, 10 m in diameter
and 4 m high which represents a ferromanganese (FeMn) furnace. Since all the liquids
are present in the bottom part of the furnace, only 1.5 m height is considered in the
simulations. The furnace consists of three electrodes (E1, E2, and E3) that generate
an electric arc to heat the materials, but from the fluid dynamic purpose, they act as
solid walls present 0.5 m above the base of the furnace. The tap-hole is present on one
side of the furnace near one of the electrodes with a diameter of 0.1 m. The tap-hole
is located 0.1 m above the bottom surface of the furnace. A square cross-section tap-
pipe is considered in these simulations to improve the mesh quality. Figure 1 shows
the schematic diagram with the location of each of the components. The metal and the
slag inflow are calculated based on the production rates of 300 and 200 tonnes/day.

Simulation Setup

Three fluid phases (the metal phase, the slag phase, and the gas) are defined in the
simulations. The metal being the densest forms the bottom layer followed by the slag
and the gas forming the top layer. The physical properties of the fluids are specified
in Table 1 [8]. Since there are three immiscible fluids in the furnace, a multiphase
volume of fluid (VOF) approach is used in the simulations [13]. In this approach, the
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Table 1 Physical properties . : 3 —
of the fluids Material Density (kg/m”) Viscosity (Pa s)
Metal 6,100 0.005
Slag 3,000 0.1
Gas 1 1 x 107

interface between each phase is tracked along with the velocity profile calculation.
The metal and the slag are produced in the entire bottom part of the furnace but for
the simulation purposes, slag inlet is defined on the bottom surface of the electrodes
whereas three discs are defined on the bottom surface of the furnace under each
electrode which serve as metal inlets as shown in Fig. 1. The furnace is divided into
three zones, one under each electrode (E1, E2, and E3), in order to realize whether the
metal (or slag) being tapped comes from which region of the furnace. To determine
in which zone of the furnace the fluids being tapped are produced, a separate fluid
phase (metal or slag) is defined in each zone in order to identify the tapped fluid (but
with the same physical properties as in other zones). This is explained in detail in
the following sections.

The geometry of the furnace was designed using Gambit 2.4.3 software and
the simulations were performed in OpenFOAM®. MultiphaseInterFoam module of
OpenFOAM® was used for these simulations which implements the VOF multiphase
approach. The Navier—Stokes equations are solved in this method for calculating the
velocity profiles which are shared by all the phases. Additional equations (derived
from continuity equations) are solved to track the interface between the phases.
Therefore, adding more phases leads to additional equations being solved, slowing
down the simulations. The dam break tutorial in OpenFOAM was used as the basis
to build up the model. The geometry and mesh, the boundary and initial conditions,
and the physical properties of the fluids were replaced in order to define our case.
Finally, a topoSet file was added to define the porous region and a fvOptions file was
added to include the resistance from the particle bed.

Several real-time tapping and production periods were simulated, where each
tapping period is 20 min long and the production period is 2 h long. There is no outlet
during the production period and the fluids are accumulated in the furnace during this
time. The fluids are symmetrically distributed in the furnace at the beginning, which
is not the usual case, i.e., after a certain operational time, the metal (or slag) produced
at the back of the furnace will reach the other zones of the furnace. Therefore, several
tapping and production cycles are required to reach the quasi-steady state, i.e., when
the ratio of mass flow rates of each metal and the slag does not vary significantly in
successive taps.
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Porosity Distribution

The unreacted coke particles form a porous particle bed creating a resistance to
the flow of the metal and the slag. This additional resistance is added to the Navier—
Stokes equations using the Ergun equation, added as a sink term thereby reducing the
velocity of the fluids through the fvOptions methodology in OpenFOAM. The Ergun
equation describes the pressure drop across the bed as a function of the properties,
the fluid physical properties, and the flow properties as shown in Eq. 1:

AP 150p /(1 — £)? L L T5pp1 -6
—_— = u u
L dye? d,e’

(D

where ¢ is the particle bed porosity, d,, is the particle diameter, 1 and p, are the
fluid viscosity and density, and u is the fluid velocity. The negative sign in Eq. 1
signifies the pressure loss created by the particle bed. The first term of the equation
describes the viscous pressure loss, and the second term includes inertial effects.
The Ergun equation is reduced to the Kozeny—Carman equation when the second
term in Eq. 1 is excluded. Several researchers in the metallurgical field have used
the Kozeny—Carman equation for the flow through the porous bed, arguing that the
flow is laminar for highly viscous fluids such as the metal and the slag, but Olsen and
Reynolds [14] showed that better results were obtained when the Ergun equation is
used instead of Kozeny—Carman equation. For most of the particle bed, the flow is
laminar. However, in front of the tap-hole where liquids accelerate into the tap-hole,
the flow becomes turbulent. This is important for pressure loss.

Simulation Cases

Two separate cases are simulated, one to determine the extraction of metal from
different zones of the furnace and the other to determine the extraction of slag phase.

Base case: Extraction of metal from different zones of the furnace for uniformly
distributed particle bed.

Three metal phases are defined under each electrode (named metall, metal2, and
metal3 corresponding to the electrodes E1, E2, and E3 from Fig. 1) and only one
slag phase as the focus is on metal tapping, in order to speed up the simulations.
The metal enters the furnace constantly whereas there is no slag inlet. The velocity
of metal is defined at the inlet based on the production rate of the metal, and the
amount of slag produced during each tapping and production period is added on
top to have the same hydrostatic head. The atmospheric pressure is defined on the
top surface of the furnace, and wall boundary conditions (no slip for velocity and
no flux for pressure) are defined at the furnace walls, tap-hole pipe walls, and the
slag inlet. The outlet boundary conditions change from pressure outlet (atmospheric
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pressure) during tapping to wall boundary during the production period. A uniformly
distributed particle bed is defined with a porosity of 0.45 and a particle diameter of
0.03 m. This case has been explained in detail in our paper Loomba et al. [10]. All the
boundary conditions used in this simulation are shown in Table 2. A static adaptive
mesh was used for the simulation with more number of elements in the bottom region
where most of the flow is happening and fewer elements in the top region as it is
covered by the gas. This allows the use of coarser mesh without compromising the
accuracy of the results, in order to save the simulation time. Since several tapping and
production simulations are required, the mesh cannot be extremely fine in order to
constrain the simulation time, therefore 286,000 mesh elements were used for these
simulations with minimum cell volume 1.455 x 10~® m?, maximum cell volume 3.7
x 107 m3, and average cell volume 3.9 x 10 m?.

Case 1: Extraction of metal from different zones of the furnace with non-porous
bottom region.

The previous case is extended to add a non-uniformity by adding a coke-free
bottom region to the furnace. The particle bed is removed from the bottom of the
furnace till the bottom of the tap-hole. The particle bed properties in the rest of the
furnace are the same as in the base case. The boundary conditions and the mesh
properties used for this case are the same as used in the base case and specified in
Table 2. The initial distribution of the metal and the slag phases is shown in Fig. 2.

Case 2: Extraction of slag from different zones of the furnace.

In this case, three slag phases (named slagl, slag2, and slag3 corresponding to
the regions below the electrodes E1, E2, and E3 from Fig. 1) and one metal phase
are considered as the focus is on tapping of slag rather than metal. Both metal and

Table 2 Boundary conditions used in the simulation for the base case

Boundary Tapping Production

Metal inlet Velocity inlet (calculated from production rates) Velocity inlet

Slag inlet Wall Wall

Furnace wall Wall Wall

Outlet Pressure outlet Wall

Surface Atmospheric pressure Atmospheric pressure
a

Fig.2 a Case 1: 3 metal phases, 1 slag phase with non-porous bottom region and uniformly
distributed porosity in the top region (¢ = 0.45 and d;, = 0.03 m), b case 2: 1 metal phase, 3 slag
phases with uniformly distributed porosity in the entire furnace (¢ = 0.45 and d,, = 0.03 m)
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Table 3 Boundary conditions used in the simulation of case 2

Boundary Tapping Production

Metal inlet Velocity inlet (calculated from production rates) Velocity inlet

Slag inlet Velocity inlet (calculated from production rates) Velocity inlet
Furnace wall Wall Wall

Outlet Pressure outlet Wall

Surface Atmospheric pressure Atmospheric pressure

slag inlets are defined in this case, metal from the disc at the bottom (as in previous
cases) and the slag from the bottom surface of the electrode wall. The initial amount
of slag in this case is double that of the previous cases such that the slag level in the
furnace should always remain above the height of the slag inlet, in order to avoid
any divergence in the solution. Particle bed is uniformly distributed, the same as the
base case. Figure 2 shows the metal and the slag distribution in each case. The slag
inlets are defined with a velocity calculated from the mass production rate of the slag
(similar to metal inlet velocity). All other boundary conditions used are the same
as in the base case. Table 3 shows the list of boundary conditions used for these
simulations. The initial level of the slag in the furnace is higher in this case than in
the previous case, therefore a coarse mesh cannot be used in the top region of the
furnace, hence 722,000 mesh elements were used in this case: minimum cell volume
1.25 x 107 m?, maximum cell volume 7.3 x 10~* m3, and average cell volume 1.56
x 10 m’.

Results and Discussion

Simulations were performed using an open-source CFD software called
OpenFOAM® version 7 [15], whereas plotting was performed in Matlab [16].

Flow Profiles

The flow patterns of all cases are similar. Figure 3 shows the volume fractions of each
phase for all cases at the beginning of the first tap and at the end of the fourth tap. The
plane shown in Fig. 3 passes through the middle of the tap-hole and perpendicular
to the base of the furnace (as shown in Fig. 1). On the backside of the furnace,
this plane passes through the interface between metal2 and metal3 (or slag2 and
slag3). On opening the tap-hole, the fluids start flowing out of the furnace due to
the hydrostatic pressure of the accumulated liquid column in the furnace. The initial
level of the metal is above the tap-hole, therefore only metal should flow out of the
furnace in the beginning until the metal-slag interface reaches the tap-hole height,
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Fig. 3 Volume fraction along the plane perpendicular to the base of the furnace, passing through
the center of the tap-hole (as shown in Fig. 1) for both cases at 10 s (tap 1) and 26,400 s (tap 4)
from the beginning

but the metal—slag interface near the tap-hole bends due to the high viscosity of the
slag and the slag also flows out from the beginning. This is evident from the first
column in Fig. 3a where the bending of the metal-slag interface is visible even 10 s
after opening the tap-hole. As metall covers the region near the tap-hole in the base
case and case 1, only metall is tapped in the beginning whereas metal2 and metal3
come closer to the tap-hole. Since the bottom region (where metall, metal2, and
metal3 are produced) is free of particle bed in case 1, the metals flow faster than
the base case with particle bed at the bottom of the furnace. Therefore, metal2 and
metal3 also start flowing out towards the end of the first tap in case 1. It takes two
taps for metal2 and metal3 to reach the tap-hole and be tapped for the base case due
to the resistance by the particle bed. At the end of the fourth tap (second column
in Fig. 3), it can be seen that metal2 and metal3 have been tapped for both cases.
Similarly, slagl covers the region near the tap-hole in case 2 and it starts flowing at
the beginning of the first tap. The slag is always passing through the particle bed and
due to the higher viscosity of the slag, the resistance offered to the slag is also higher
compared to the metal. Since the slag has much higher volume in case 2 compared
to the other cases, more number of taps are required for the slag at the back of the
furnace to reach the tap-hole. Therefore, even at the end of the fourth tap (the second
column in Fig. 3), most of the region near the tap-hole is still covered by slagl, and
only small amounts of slag2 and slag3 are visible in the tap-hole pipe. This shows
that more number of taps will be required for the furnace to reach the quasi-steady
state for case 2 compared to the other cases.

Mass Extracted in Each Tap

Figure 4 shows the comparison of the tapped mass of each metal phase in each
tap for the base case and case 1. Metal2 and metal3 are not tapped in the first tap
for the base case as the region near the tap-hole is covered by metall. In case 1,
however, metal2 and metal3 are tapped even in the first tap because the metal phases
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Fig. 4 The mass of metall, metal2, metal3, and the slag phase in each tap for a the base case and
b case 1

are moving faster in the absence of the resistance offered by the particle bed. The
total amount of metal tapped in each tap is also larger for case 1 compared to the
base case, due to fast-moving metal in the bottom region of the furnace, but it will
become constant if the simulations run for longer times due to mass conservation.
The total amount of slag tapped is similar for the base case and case 1 because the
slag phase is always flowing through the particle bed in both cases. It is also evident
that it takes at least three taps for the furnace to reach a quasi-steady state, after which
the ratios of metall, metal2, and metal3 remain constant for the subsequent taps, and
only two taps are required for case 1. This again can be explained by the fast-moving
metal at the bottom region of the furnace; the metal from the back can reach the tap-
hole faster compared to the base case. At quasi-steady state, the amounts of metall,
metal2, and metal3 extracted are similar for case 1 signifying that once the furnace
reaches its steady state, metal extracted in each tap comes equally from all zones of
the furnace and not just the metal produced in the region near the tap-hole. Table 4
shows the amounts of each of the metal phases and the slag phase extracted in each
tap for case 1. It can be confirmed from Table 4 that the amounts of metall, metal2,
and metal3 tapped become constant from the second tap onwards signifying that
the furnace has reached the quasi-steady state. A significant amount of metal2 and
metal3 are extracted in the first tap compared to only metall being extracted for the
base case. The amounts of all three metal phases extracted become constant in the

Table 4 Mass of metal and slag extracted in each tap for case 1 in kg

Material Tap 1 Tap 2 Tap 3 Tap 4 Tap 5 Tap 6

Metall 23,370 12,875 12,104 11,417 10,797 10,474
Metal2 07,116 11,382 10,590 10,512 09,681 09,730
Metal3 07,194 11,442 10,955 10,405 10,227 09,924

Total metal 37,680 35,699 33,650 32,335 30,705 30,128
Slag 09,696 10,769 12,099 12,916 13,468 14,846
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second tap for case 1 compared to the third tap in the base case. The fast movement
of the metal in the porous free zone leads to the shorter time required for reaching
the quasi-steady state.

As mentioned, earlier the initial amount of slag in case 2 is double that of the base
case, therefore more taps are required for the furnace to reach the quasi-steady state.
Figure 5 shows the comparison between the base case and case 2. In the first three
taps, only slagl is tapped because a larger volume of slag] is covering the region near
the tap-hole compared to the base case. Slag2 and slag3 start flowing out from the
fourth tap, and it takes at least seven taps to reach the quasi-steady state compared to
three taps in the base case. In the first three taps, the total slag tapped is equal to the
amount of slagl tapped. Once the furnace reaches the quasi-steady state, the amounts
of slagl, slag2, and slag3 tapped are similar. The total amount of slag extracted in
each tap is higher for case 2 compared to the base case and case 1 because of the
higher hydrostatic head of the liquid column in case 2. A similar pattern occurs for
the total metal extracted in each tap due to the same reason (Table 5).
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Fig. 5 The mass of different metal and slag phases in each tap for a the base case and b case 2

Table 5 Mass of metal and slag extracted in each tap for case 2 in kg

Material Tap 1 Tap 2 Tap 3 Tap 4 Tap 5 Tap 6

Metal 39,606 35,669 32,862 31,266 29,766 29,641
Slagl 14,471 16,451 17,259 16,197 11,466 08,465
Slag2 0 6 112 01,298 04,083 05,118
Slag3 0 13 138 01,064 03,675 05,856
Total slag 14,471 16,469 17,509 18,560 19,225 19,441
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Mass Flow Rate of Individual Metal and Slag Phases
in a Single Tap

It can be inferred from the previous sections that the amount of each metal and
slag phases extracted in each tap is constant once the furnace reaches a quasi-steady
state. The mass flow rates of the metal and slag phases also become constant once the
quasi-steady state is reached. Figure 6 shows the fifth tap for the three cases when the
furnace has reached the quasi-steady state for the base case as well as case 1 and not
yet for case 2. More taps are required for case 2 to reach the quasi-steady state. For
the base case, metall (which is produced under the electrode E1) forces metal2 and
metal3 from the previous tap present near the tap-hole to be tapped first, therefore
peaks are seen in their mass flow rates at the beginning of the tap. The flow of metall
is hindered by the particle bed leading to a time-lag in the extraction of metall. The
tapping flow rate increases for the metall, once it reaches the tap-hole, whereas the
tapping flow rate for the other two metal phases decreases. Towards the end of the tap
when most of metall is tapped, its flow rate starts decreasing and allowing the other
metal phases to be tapped. A similar flow profile to the base case is also observed
in case 1 with a difference that the peaks for each of the metal phases appear sooner
than the base case. The peaks have higher amplitude and lower standard deviation
than the base case because of the resistance-free flow of the metal phases. The total
amount of metall (calculated by integrating the curve in Fig. 6) extracted is slightly
higher for case 1 compared to the base case, due to its fast movement, whereas
the amounts of metal2 and metal3 are similar. When most of metall is tapped, its
tapping flow rate starts decreasing and the tapping flow rates of metal2 and metal3
start increasing. The tapping rates of the slag are the same for both case 1 and the
base case because the hydrostatic head is the same for both cases and the slag phase
is always flowing through the particle bed, experiencing equal amount of resistance
in both cases. The mass flow rates of metall dip down to a low value but not zero
as some metall remains at the end of the tap. The mass flow rate profile of each of
the slag phases in case 2 is similar to the total slag tapping flow rate in the base case
and case 1 because a large amount of slag phases was assumed at the beginning of
the first tap. The total slag tapped in case 2 is higher than the total slag phase in the
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Fig. 6 The mass flow rates of the individual metal and slag phases for a the base case, b case 1,
and c case 2 for the fifth tap
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Table 6 Residence time (seconds) for individual metal and slag phases

Case Metall Metal2 Metal3 Slagl Slag2 Slag3
Base case 1,180 5,661 5,570 - - -
Case 1 1,643 4,284 4,139 - - -
Case 2 - - - 1,955 15,904 15,271

base case and case 1 because of the higher hydrostatic head. The total metal phase
flow rate for case 2 is also higher than the base case (both have the same porosity
distribution) due to the higher liquid column in case 2 leading to a higher hydrostatic
pressure head.

Residence Time of Individual Metal and Slag Phases

The residence time of individual phases in the furnace is the average time spent
by each phase inside the furnace. It can be quantified by considering the initial mass
of each phase at the beginning of the tap, dividing it by the average mass flow rate
of the respective phase. The residence time for each of the phases is shown in Table
6. The residence time for metall is less than metal2 and metal3 as the latter need more
time to reach the tap-hole compared to metall which is formed closer to the tap-hole.
The same pattern is seen for all three cases. The reason for higher residence time
for metall and lower residence time for metal2 and metal3 for case 1 (porous free
bottom region), compared to the base case, is the fast movement of the metal in the
bottom region of the furnace. Metal2 and metal3 reach the tap-hole sooner, thereby
substituting metall while tapping, compared to the base case. A similar trend is
observed in the residence times for different slag phases in case 2; the residence time
for slagl, slag2, and slag3 are 1,955, 15,904, and 15,271 s, respectively. These values
are specified for the sixth tap, although the furnace has not reached the quasi-steady
state yet. High values for slag2 and slag3 are observed because the initial volume of
the slag is higher in case 2 compared to the other two cases and the furnace has not
reached a quasi-steady state by the sixth tap. These values are shown in Table 6.

Conclusions and Outlook

A systematic numerical study of tapping of metal and slag from a SAF has been
presented. The flow rate of the metal and the slag depends on the height of the liquid
column accumulated in the furnace and the resistance offered by the particle bed to
the flowing fluids. Three different cases have been discussed: the first is the base
case with uniform porosity distribution in the furnace where metal extraction from
different zones has been studied, in the second case the bottom region is a coke-free
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region and the particle bed is uniformly distributed in the top part of the furnace, and
the third case with similar porosity configuration as the base case but extraction of
slag from different zones of the furnace is discussed. The main conclusion from this
study is that the metal and slag produced in the back part of the furnace is extracted
equally relative to the metal and the slag produced in the front side once the quasi-
steady state is reached. The other following conclusions that can be drawn from this
study are as follows:

(1) The furnace reaches the quasi-steady state faster for case 1 (coke-free bottom
region) compared to the base case (uniformly distributed porosity) in the
furnace as the metal moves faster in the bottom region where there is no particle
bed.

(2) Atsteady state, the metal flows on average equally from all zones of the furnace,
therefore there is no apparent accumulation of metal with the chosen porosity
distribution for the furnace.

(3) Similarly, the slag extracted at a quasi-steady state in case 2 (uniform porosity
distribution) is also on average tapped in equal amounts from all zones of
the furnace. It takes longer for the furnace to reach a quasi-steady state with
respect to tapping of slag due to the higher initial amount of slag and the higher
viscosity of slag as compared to metal.

(4)  When studying a single tap at a quasi-steady state, we see that the metal and
slag produced at the electrode close to the tap-hole is drained first and then
the products from the far electrodes towards the end. If the tap-hole is open
sufficiently long, there will be an overall equal amount of tapping from each
zone of the furnace.

In reality, there will be temperature gradients and cold spots where metal and in
particular slag can solidify and accumulate. There is a higher likelihood for that to
happen with metal and slag produced at the electrodes away from the tap-hole since
these have longer residence times in the furnace than the metal and slag produced
close to the tap-hole.

The methodology for predicting the tapping flow rates of metals and slags
produced in different zones of the furnace has been presented. This can further
be extended to include other non-uniformities that might be detected in the industrial
furnaces. Further, it can be extended to calculate the shear stress on the furnace walls
and thus the erosion of the furnace walls can be calculated. Once the flow profiles are
calculated, the temperature profiles inside the furnace can be estimated by including
the energy equation along with the flow equations.
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Abstract Monitoring the refractory wear in the tapblock is key to achieving
extended tap-hole and furnace hearth life by informing operation and maintenance
plans. The utility of a tapblock condition assessment system can be maximized by
enhancing thermal monitoring, using an online monitoring system, data processing,
and first-principles process modeling to develop a robust model of the tapblock condi-
tion. Another key factor impacting furnace campaign life is the refractory design,
which requires balancing of competing priorities such as cost, performance, and
constructability. Structural assessment of a hearth system can be used to quantify and
optimize these features while identifying potential fatal flaws in a design, avoiding
short campaign life. This assessment can be used to determine the impact of design
changes, providing confidence in refractory design decisions. This paper will present
examples of wear monitoring in the tap-hole region of a flash converting furnace and
refractory design optimization for electric arc furnaces.

Keywords Online monitoring - Refractory assessment + Campaign life -
Refractory life -+ Campaign extension * Tapblock + Design optimization -
Refractory wear

Introduction

The furnace hearth is a complex heterogeneous system comprised of refractory
bricks, castables, ramming mixes, and expansion allowances. This complexity is
most evident in the tap-hole region, where extreme thermal cycling and 3D heat
transfer effects put this critical part of the refractory system under particularly aggres-
sive conditions. The refractory condition in the tap-hole region is frequently the
limiting factor on campaign life, so developing well-performing refractory designs
and monitoring the tap-hole condition are critical to the safe operation of a furnace
and achieving business objectives.
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Monitoring the refractory wear in the tapblock is key to achieving extended tap-
hole and furnace life by informing operation and maintenance plans. While ther-
mocouple sensors are installed on the tapblock for this purpose, the data is often
challenging to analyze and interpret for engineering assessment and diagnosis of
tapblock health, including the state of refractory wear. The utility of a tapblock condi-
tion assessment system can be maximized by enhancing thermal monitoring, using
advanced sensors, online monitoring, data processing, and first-principles process
modeling to develop a robust model of the tapblock condition. The functionality and
robustness of this diagnostic tool are demonstrated through case studies from plant
installations.

Another key factor impacting furnace campaign length is the refractory design,
which requires balancing of competing priorities such as cost, performance, and
constructability. In addition, the design must be tolerant of material variation and
deviation from the installation procedure, both of which are all-but-inevitable with
refractory materials. Structural assessment of a hearth system can be used to quan-
tify and optimize these features while identifying potential fatal flaws in a design,
avoiding short campaign life. This assessment can be used to determine the impact
of design changes, helping to ensure that a new refractory system will improve
operation, or to provide confidence in a substantial redesign.

Tap-Hole Wear Monitoring

The metal/matte tap-hole is a key area to monitor in the furnace as it undergoes severe
wear from the molten material repeatedly drained through it, the associated thermal
cycling, opening and closing of the tap-hole, and refractory impregnation by the
metal/matte. The high wear rate around the tap-hole means downtime is necessary to
perform refractory repairs. Typical maintenance practice for the tap-holes is time- or
production-based, with regularly scheduled repairs of the tapping channel refractory
brick or replacement of the entire tap-hole. Time/production-based maintenance,
by necessity, is very conservative to avoid safety concerns and typically results in
repairs being performed well before they are required. A data-driven model that can
predict the state of tap-hole involves collecting operational data, contextualizing and
analyzing the data, and providing performance indicators to decision-makers while
in operation. A good understanding of the tap-hole condition allows the operators to
take a condition-based maintenance approach to maximize safety and production.

Assessment Methodology

Hatch has developed an assessment methodology to ensure that a range of variables
associated with tap-hole that could affect the heat transfer are captured for both
design and operating conditions, including
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Refractory thickness,

Tap-hole thermal resistance,
Thermal conductivity of refractory,
Cooling water supply temperature,
Cooling water flow rate,

Bath temperature, and

Bath convection properties.

The following are the steps taken for assessment incorporating the influence of
the abovementioned variables on the condition of tap-hole:

e Data collection: Instrumentation and process data is collected using advanced
sensors for larger spatial coverage at given operating conditions.

e Data storage: building a single repository for data collected from various sensors
and sources.

e Contextualizing: thermal modelling to provide context to the measured values to
understand the condition of the refractory.

e Analyzing: combining data collected through mathematical models and/or real-
time data for multivariate statistical modelling for soft-sensing, predictive
analytics, etc., applications.

e Decision-making: undertaking necessary steps by operators based on the guidance
provided on the state of tap-hole using data analysis.

Case Study—Flash Converting Furnace

Sidewall accretion in a smelting furnace plays an important role in furnace integrity
as it provides protection to the sidewall cooling elements, and thereby, extends the
furnace campaign life. The extreme thermal and mechanical stresses in the furnace
and changes in the slag chemistry can cause the sidewall accretion to melt or break
away, decreasing the lining protecting the cooling elements.

A case study presented here discusses using of high spatial resolution thermal
data (collected from fibre optic temperature arrays) to assess the tapblock condition.
A soft-sensor application based on thermal modelling for abnormal condition detec-
tion, diagnosis, and monitoring through prediction of sidewall accretion thickness is
discussed.

Fiber Optic Temperature Monitoring for Tap-Holes

Fiber optic technology allows the installation of numerous sensors in locations that
are very sensitive to refractory thickness, thereby providing information previously
unavailable with traditional sensors. The key benefits of the fiber optic temperature
sensors are the small size of the fiber and the ability to install many sensors along a
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Fig.1 Saw-tooth temperature profile inside tapping channel between brick repairs (left) and tap-
hole showing location of thermowells/thermocouples and fiber optic cables (right)

single fiber optic strand. In addition to the benefits of increased spatial coverage, the
small diameter of the fiber allows the sensors to be located such that sensitivity can
be optimized.

In the case of the tap-holes, the fibers are installed across the hot face, on or just
below the surface of the copper. Figure 1 shows an example of an installation with two
fiber strands (in red) on the copper surface. The traditional method for monitoring a
tap-hole would be eight to twelve thermocouples embedded in the copper; the fiber
optic sensors provide a much denser measurement grid.

The saw-tooth pattern traced out by the peak temperatures during tapping is quite
evident in Fig. 1 and corresponds closely to the brick repair schedule. The pattern
generally starts out with relatively low peak temperatures (55 °C) when the refrac-
tory is new and over time it increases, tending towards 65 °C just before the next
repair. This increase in temperature is consistent with the tap-hole increasing in size
and/or the impregnation of the refractory with a more conductive metal. The thermal
modelling with the data collected can be used to optimize the repair schedule such
that operational efficiency can be maximized.

Thermal Modelling for Soft-Sensor Applications

To seal the furnace after tapping, the tap-hole is plugged with clay that cures and
hardens as it contacts the hot metal/matte. It is opened by drilling and oxygen lancing
to allow the flow of molten material for tapping. During tapping, the tap-hole is
subjected to high heat loads and the resulting thermo-mechanical stress will cause
the refractory to deteriorate over time. In addition, every time the tap-hole is plugged
with clay, agitation caused by the gas bubbles that evolve during the curing of the clay
plug causes wear of the refractory lining and accretion on the hot face. A detailed
thermal model based on 3D geometry (see Fig. 2) used mass, momentum, and heat
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Temperatuee (F* )

Fig. 2 Thermal model for a section of furnace sidewall (left) and sample results of a thermal model
simulation (right)

transfer relationships to establish the conditions within the tap-hole hot-face at the
uptake shaft end of a Flash Converting Furnace (FCF).

The high-fidelity model was used to simulate the thermal response for a range
of refractory wear and bath conditions. To develop an online model that can predict
conditions in real time, a multivariate statistical model was developed from these
simulations. Initially, non-tapping and tapping models were calibrated using non-
tapping and tapping data, respectively; subsequently, a combined model was cali-
brated with both non-tapping and tapping data to produce one multivariate statistical
model that was validated for both conditions. These results eliminated the necessity
of switching models between the tapping and non-tapping conditions. The accre-
tion prediction of about 275 mm on the tap-holes during normal furnace operation
matched reasonably well with the accretion measurement of 300 mm taken during a
rebuild at that time.

An additional benefit of multivariate statistical models used for accretion thickness
prediction is their ability to detect abnormal process conditions and identify the vari-
ables contributing to such conditions. Multivariate models are typically built using
normal operation data and therefore any condition that is not seen in the calibration
data can be identified; as an abnormal condition. From an operational perspective an
abnormal condition may be a process upset that requires human intervention, e.g.,
process drifts away from normal operation and noisy data due to faulty instruments.

An example for faulty instrument detection and diagnosis is illustrated here. The
field measurements and model predictions over a two-day period are shown in Fig. 3.
Looking at the field measurements, the flow rate on circuit A is highly noisy (possibly
a faulty instrument), while the flow rates on circuit B, TDIs, and Tis are all very
stable. In this case, it was identified that the noise was due to an instrumentation
issue. However, a leaking circuit or real thermal anomaly would also have been
quickly identified.
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Fig. 3 Abnormal outputs encircled in red dotted line (Color figure online)

Refractory Structural Assessment

Detailed monitoring of the state of the tap-hole during operation can support the more
economical operation of the furnace, with reduced downtime and better usage of tap-
hole refractory. The best outcomes for furnaces can be achieved when detailed moni-
toring is combined with a good underlying refractory design, maximizing refractory
life and minimizing operational difficulties.

The design of furnace refractory is often based on experience, “rules of thumb,”
and hand calculations. These methods can be effective at capturing the approximate
behavior of the refractory in a furnace, especially the behavior of a single course,
assuming it is unaffected by the movement of adjacent courses, other structures, or
other parts of the furnace. However, the interaction between courses and the complex
relationship between bricks and expansion joints cannot be captured. A 3D structural
refractory assessment offers a comprehensive approach to evaluate the performance
of a hearth design, with the ability to simulate scenarios and observe the impact of
the complex interactions that occur due to differential thermal and mechanical loads
in the hearth.



Tapblock Refractory Wear Monitoring and Hearth Refractory ... 345

Assessment Methodology

Hatch has developed a methodology for capturing the 3D behaviour of refractory
systems, including

Brick—Brick and Brick—Mortar interactions,

Gap opening between bricks,

Closure of expansion joints,

3D elastic—plastic behavior of ramming materials, and
Brick crushing, cracking, and creep.

By capturing all these effects, it is possible to understand how the bricks will
move and interact during heating and operation, and identify possible refractory
failures such as gap opening, causing infiltration; brick failure, causing instability;
and expansion joint closure, causing excessive stress in the refractory system and/or
furnace shell.

Case Study—Electric Arc Furnace

Hatch assessed the impact of a new hearth refractory design on a ferronickel elec-
tric arc furnace (EAF). The refractory changes were seen as minor as shown in
Fig. 4 (different refractory materials with similar composition, addition of mortar
joints in the wash zone, change of expansion joint material from card to pitch-
impregnated paper, and minor geometric changes), so only minor changes in the
refractory behavior were expected.

To evaluate the impact of the changes, Hatch assessed both the existing and new
refractory designs so that comparative assessments between the two designs could
be performed.

Smaller Wall Bricks Larger Wall Bricks ™

TS

Fig. 4 Geometric design changes between (L) original design and (R) new design
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Assessment of Hearth and Skew Bricks

The skew bricks are critical for transferring the load from the hearth to the wall
of the refractory system, and ultimately the shell. In the original hearth design, the
expansion allowances of the hearth and the refractory bricks were oriented such that
load was transferred from the shell to the hearth via the skew brick, resulting in a tight
hearth, as seen on the left in Fig. 5. Conversely, the expansion allowance in the new
design did not align the expansion between the hearth and the skew brick. As a result,
load was not transferred effectively in the new design, and the confinement of the
hearth was reduced (Fig. 5 Middle). If this new hearth design had been implemented,
it is likely that the furnace would have experienced significantly more infiltration of
the hearth than the existing design.

Based on the findings of the assessment, the relative expansion allowance in the
hearth and the skew bricks was revised, resulting in a design that provided improved
hearth confinement (Fig. 5 Right). The final expansion design of the hearth was not
as high as in the original design, but additional assessments of the new design showed
that the hearth was expected to remain tight even if the installation or process details
were slightly changed, minimizing infiltration.

The same incompatibility between the hearth and the skew bricks would have
introduced additional loads into the skew bricks, seen in Fig. 6 Left versus Middle.
In this scenario, the skew bricks may have crushed due to the expansion load, leading
to even lower confinement, higher infiltration, and progressive failure of the refractory
system; this could have significantly limited the campaign life of the refractory, and
caused operational issues and production losses through increased stoppages for
refractory repairs. By adjusting the expansion design, the stress in the skew brick
was reduced so that crushing was not expected (Fig. 6 Right).

Fig. 5 Confinement of the hearth working lining in (L) original design, (M) initial new design, and
(R) final new design



Tapblock Refractory Wear Monitoring and Hearth Refractory ... 347

Fig. 6 Stress in the skew bricks of (L) original design, (M) initial new design, and (R) final new
design

Ring Beam Assessment

Refractory structural assessments can also be used to inform design choices. For
instance, in the same EAF discussed above, the client was considering installing
a ring beam at the roof of the furnace to increase the confinement pressure in the
furnace wall by transferring the weight of the furnace roof to the refractory wall,
instead of the shell.

In general, determining the impact of a ring beam on a refractory system can
be done using hand calculations to determine the impact of the additional load on
the wall refractory. However, in this application, concerns had been raised about
the impact that the additional load would have on the skew brick and the wall in
the skew brick area; given the 3D nature of the refractory loads in this area and the
interaction between the skew brick, wall, and hearth, hand calculations could not
assess all impacts that this loading could produce.

By comparing the behavior of the refractory with and without the ring beam, the
structural assessment was able to demonstrate that the addition of the ring beam
would not negatively impact the behavior of the bricks in the wash zone and skew
area (see Fig. 7). Therefore, the client was able to move forward with the ring beam

Fig. 7 Movement of the skew and wash zone bricks in mm (L) without and (R) with a ring beam
installed
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design in the roof area with confidence that it would not cause issues in other areas
of the hearth.

By performing a structural assessment of the refractory, it was possible to identify
that apparently minor changes in the expansion design of the hearth can lead to signif-
icant changes in refractory behavior. Even more critically, the assessment allowed the
long-term negative campaign life and operational impacts of the refractory changes
to be understood and alternate details developed.

Conclusion

Extreme thermal cycling and 3D heat transfer effects in the tap-hole region put
this critical part of the furnace hearth refractory system under particularly aggres-
sive conditions. The refractory condition in the tap-hole region is frequently the
limiting factor on campaign life. Hence, developing well-performing advanced
refractory designs and high-fidelity monitoring tools using advanced sensors, data
collection/processing, multivariate statistical modelling to gather insights from the
collected data for the tap-hole condition are critical to the safe operation of a furnace
and achieving business objectives. Monitoring the refractory wear in the tap-holes
is key to achieving extended tap-hole and hearth campaign life by informing oper-
ation and maintenance plans. Two applications of multivariate statistical models
were presented here to inform operation and maintenance plans. First, the applica-
tion of a soft sensor for evaluating the sidewall accretion condition on an operating
furnace, thus allowing the operators/engineers to monitor sidewall integrity. Second,
the ability of the accretion monitoring system to detect and diagnose abnormal
conditions, e.g., conditions arising from faulty instruments were highlighted.

Refractory structural assessments can also be used for a variety of purposes to
extend the campaign life of lining and minimize operational difficulties. They allow
issues with refractory to be identified, including interactions between different refrac-
tory courses or structures that cannot be captured by traditional hand calculations.
Furthermore, the assessment can be used to develop design changes to avoid fatal
flaws or improve performance during the initial design phase, minimizing the cost
of altering the design.

Refractory structural assessments can also be used to study the impact of other
furnace changes on the hearth structure, such as the application of new loads or alter-
ations to the furnace shell design. This can help operators reduce the risk associated
with upgrades and relines, even if the operator has no experience with the new design
or reference to use for comparison.
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Abstract With environmental, energy-saving, and legislation considerations
becoming increasingly important, there is a need for a major improvement in slag
handling. The metallurgical industry is directing its efforts into minimizing and
processing the slags to achieve sustainable development and a circular economy.
An important pillar for the advanced slag treatment is an automated and smooth
tapping operation. A well-functioning tap-hole is an essential requirement for stable
melting/refining processes as well as for reliable smelter operation. Slag should be
tapped from the furnace balancing between production rate, capacity of the down-
stream vessels, and safety of the operators. In stationary vessels, tapping flow rate
and slag flow behavior are dependent on conditions in the furnace (e.g. pressure, bath
level, and liquid properties) as well as on tap-hole geometry and its wear level. In
conventional slag tapping there can be challenges in maintaining a steady flow. The
S-TAP Slag Slide Gate Technology is a solution that enables an accurate regulation
of the slag tapping flow rate and quick reaction by tap-hole closing. This implies
controlled and steady slag flow, minimized splashing around the tap-hole surround-
ings, improved safety due to an immediate tap-hole closing in case of an emergency,
and brings a higher degree of automation in a metallurgical plant. A vision towards
fully automated tapping is also presented in the paper.

Keywords Slide gate - Slag tapping + Flow control + Automation

Introduction

Metallurgical slags are produced in the pyrometallurgical process in quite large
amounts, and if not properly treated and utilized, they are a large source of waste
[1]. A target of the current metallurgical industry is to recycle and utilize all their
by-products, to close the sustainable production loop, and to reach zero emissions
and zero waste [2, 3]. Use and recycling of the steel industry’s slags have increased
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significantly over the last 20 years due to innovative technology developments and
synergies with other industries which have brought the steel industry, for example,
close to its goal of zero waste to landfill [3, 4]. More than 400 million tonnes of
iron and steel slag are produced worldwide each year which are mainly used for
the manufacturing of high-quality products for the cement and building materials
industries, aggregates for road construction, fertilizers, hydraulic engineering, etc.
[3].

However, the non-ferrous metals (NFM) industry is still challenged with achieving
efficient utilization of large quantities of generated slags. Generally, due to process
complexity as well as lower metal content in concentrates treated relative to those
feeds in iron ore processing, a large amount of slag is generated from NFM produc-
tion. As an illustration, to produce one tonne of copper or ferro-chrome, approxi-
mately 2.0-3.0 tonnes of copper slag [5] and 1.1-1.6 tonnes of ferro-chrome slag
[6], respectively, are generated as a by-product material. A conservative estimation
is that more than 50 million tonnes of NFM slag are produced worldwide each
year [7]. Copper slags are usually considered as a waste and are typically noted
by a producer by reference to the final copper content [8]. Forecasts show that,
for example, copper demand could exceed 35 million tonnes annually by 2030,
increasing to 50 million tonnes annually by 2050 [9]. Large and increasing quanti-
ties of slag are being produced and disposed of near the metallurgical plants [8]. With
environmental, energy-saving, and legislation considerations becoming increasingly
important, there is a need for a major improvement in slag handling. The metal-
lurgical industry is directing its efforts into minimizing and processing the slags in
order to achieve sustainable development and a circular economy [1-9]. This may
be achieved through multi- or cross-disciplinary approaches by changing the process
paradigm by designing new, novel, and integrated solutions.

The ability of a solidified slag to be a component of an environmental-friendly
product is a function of its chemical and physical properties (e.g. chemical composi-
tion, the crystalline phase assemblage, and the particle size distribution). Even though
slags from different smelters may have somewhat different compositions, most NFM
slags consist of similar phases that vary by relatively small amounts [1, 7]. A good
understanding of the properties of these slag phases would enable adjustment of
furnace operating parameters and slag tapping conditions to improve and optimize
downstream post-tap-hole treatment of the slag and to facilitate its final application
[10]. An important pillar for the advanced slag treatment in the early metallurgical
stage is an automated and smooth slag tapping operation.

As has been stated: “Tap-holes are key for furnace success”—a well-functioning
slag/metal tap-hole is an essential requirement for stable melting/refining processes as
well as for reliable smelter operation over time [11]. Tap-holes are subjected to severe
operating conditions (thermal and mechanical load, erosion, and chemical attack) and
consequently are typically the most regularly maintained part of the furnace [12].
The tapping procedure covers the following activities: opening, tapping, and closing.
To open a tap-hole, the commonly used practice is to use lancing or in some cases,
drilling and in many cases a combination of both. Closing is done manually using
a clay stopper (mud plugs) or with a machine (mud gun). Manual tap-hole closing
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may seem relatively simple but requires a direct interface of the operator with a
hot tapping stream (safety issue). On the other hand, machine-closing if incorrectly
controlled may lead to a destructive (but often hidden) action on the tap-hole and
furnace surroundings—excess clay may increase the amount of gas emitted around
the tap-hole clay (damage to the furnace lining and tap-hole channel), but on the
other hand, use of an insufficient amount of clay can mean poor tap-hole closing
(safety issue) [11, 13].

Continuous progress in tap-hole design, tapping equipment, and related moni-
toring systems are key factors to meet strategic operational performance. Selecting
a suitable tap-hole design concept based on on-site experience combined with
advanced computer simulations is one of the most important tasks in the refractory
lining engineering process for a furnace, as a reliable and safe operation depends on
the overall tap-hole performance [11-13]. Besides tap-hole refractory design, there
are constant enhancements reported in the literature in tap-hole cooling practice [14,
15], improvements of tapping devices and equipment [16—18], and in the integration
of different monitoring technologies [19, 20]; all must not only provide a smooth
and safe tapping procedure but also allow for easy maintenance work.

While some tapping equipment, devices, and systems have already been intro-
duced, further effort is required to improve the safety and productivity of tapping
operations. In the flow control sector, RHI Magnesita with its Technology Centre,
INTERSTOP®, provides the entire life cycle for systems & solutions: from the devel-
opment of new systems to marketing, customized engineering, commissioning as
well as after-sales support for steel and non-ferrous industries [21-24]. RHI Magne-
sita has also developed an innovative solution to open and close a slag tap-hole with
a slide gate system which allows also an accurate control of the tapping process.

This paper presents the new slide gate system (S-TAP) for slag tapping in detail,
shows the advantages and benefits in operation, as well as discusses a further
developmental vision towards fully tapping automation.

Operator Slag Tapping Challenges

Slag should be tapped from the furnace balancing among production rate (accumu-
lation in the furnace may affect the metal recovery, production yield, or potentially
lead to dangerous conditions for workers in the tapping area), capacity of the down-
stream vessels (for example, too high a tapping rate may accidentally divert slag
into unwanted areas, possibly causing damaging of the surrounding equipment and
also contribute to loss of production), and the safety of the operators. In stationary
vessels, the tapped flow rate and its flow behavior are strongly dependent on condi-
tions in the furnace (e.g. pressure, bath level, and liquid properties) as well as on tap-
hole geometry and its wear level. These conventional tapping procedures can imply
potentially uncontrolled and unsteady flow of hot slag, splashing around the furnace
surroundings (safety issue and production losses), and possible lack of options for
an immediate tap-hole closing (e.g. in case of an emergency).
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Commonly, operator slag tapping challenges reported in the literature [10-20]
may be summarized as follows:

e Slag tap-holes are considered as a so-called “black box” where the actual
operational status is mainly estimated by the experience of furnace operators.

e No supplier presently provides complete tap-hole solution due to its design and
function complexity in terms of design, refractory, equipment, monitoring, and
maintenance.

e Slag tapping is performed without real and accurate flow regulation and
control, potentially causing issues in the furnace, as well as in downstream
processes/vessel, slag splashing, and safety concerns.

e A lot of manual handling work and hence undue exposure of the operators to
the harsh environment on the tap-hole platform where unpredicted incidents may
occur (safety issue).

e Potential lack of fast tap-hole closing (e.g. in case of an emergency).

e Uncontrolled metal carryover.

e Decreased yield by leaving a high amount of slag in the furnace.

S-TAP—SIlide Gate Solution for Slag Tapping

The S-TAP slide gate technology is a solution that enables accurate regulation of
the slag tapping flow rate and quick reaction for tap-hole closing [25]. This implies
controlled and steady flow of hot slag, minimizing splashing around the tap-hole
surroundings, and improved safety due to an immediate tap-hole closing in case
of an emergency. Although at some smelters, space constraints around the tap-hole
area may define appropriate tapping equipment, this device can find application in
such cases due to its compact design (Fig. 1). It is a high-performance device with
considerable potential, allowing safe, fast, and simple operation and handling. Short
downtimes of the furnace and consequential savings on energy are a result of this
solution.

The S-TAP slide gate is a one-plate, linear, hydraulically driven system [25]. There
are two different sizes available, S-TAP70 and S-TAP90 with some key parameters
presented in Table 1.

Integration of the S-TAP slide gate at a facility does not normally require expensive
structural modification on the existing installation and may be implemented on a
vertical as well as an inclined steel shell as well as be fitted onto almost any tap-hole
design (Fig. 2). The cold side of the copper cooling element or copper block should
be adjusted to host the base plate and enable smooth moving of the insert plate over
its surface (Fig. 3). The base plate is designed to fit on the copper cooling element
or copper block and is fixed to the furnace steel shell via four supports. The slide
gate housing (frame) is bolted onto the base plate through four tension elements. A
heat shield mounted on the slide gate frame protects the slide gate and the hydraulic
cylinder from slag splashing and heat radiation from a launder (Fig. 3).
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Fig. 1 S-TAP installation

Table 1 S-TAP70 and S-TAP90 parameters

353

Description

S-TAP70

S-TAP90

Dimensions (incl. hydraulic cylinder), L x W x H
[mm]

820 x 340 x 1587

870 x 455 x 1830

Weight [kg]

450

710

Maximum tap-hole diameter [mm]

@110

@230

Fig. 2 S-TAP installation: a vertical installation on the tap-hole with refractory lining concept and
copper cooling element or copper block; b vertical installation on the tap-hole with slag freeze lining
concept and copper block; ¢ inclined installation on the tap-hole with slag freeze lining concept and

copper block
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Fig. 3 S-TAP main components

The S-TAP slide gate is a compact system, engineered with only two main compo-
nents: the housing (frame) and the slider (Fig. 3). The user-friendly design of the
slide gate allows a quick and simple exchange of the components. The slider can
be completely lifted vertically downward and removed if the guides are placed into
the appropriate (slider changing) position (Fig. 4). If needed, the outer nozzle can
easily be changed by removing it from the slider. The insert plate can be exchanged
by swiveling the movable slider outwards over the rollers, rails, and guides that also
function as a stroke stopper (Fig. 4). Following the plate exchange, the slider is
swiveled back into the normal working position (Fig. 4). For tap-hole maintenance,
the S-TAP may be easily dismounted to enable the repair of the tap-hole channel
(Fig. 3).

The defined tension force of the system is generated through four pre-set tension
elements, which are equipped with high-temperature-resistant spiral disc springs and
integrated into the housing (Fig. 3). The spring-loaded housing presses the slider and
simultaneously the insert plate and nozzle against tap-hole copper block or copper
cooling element. The design ensures the tension is distributed evenly over the tap-
hole. The contact surface between the copper block and the insert is large enough and
symmetric to enable safe operation and overlapping of the interface of the copper
block and insert plate with the slide gate in the closed as well as in the open position
(Fig. 2). Hydraulically driven movement of the slider, together with the insert plate
over the copper block into the working position, activates the tensioning of the system.
Normally, tension is automatically applied over four rollers that roll onto a ramp of
a rail when moving the slider (Fig. 5).
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Fig. 5 S-TAP automatic system tensioning

The material of construction for the insert plate and the collector nozzle is deter-
mined according to the slag properties (Fig. 4). The outer nozzle, also called the
collector nozzle, gives a concentrated slag stream and minimizes slag splashing. The
S-TAP components subjected to regular maintenance (insert plate, collector nozzle,
and slider) are delivered ready to use to allow for a quick change out. No tools are
needed and there is no additional machining work in a workshop required. Therefore,
the position of the system components and their tolerances are exactly defined.

The S-TAP is a hydraulically driven system, and its position (open, close, and
throttle) is actuated from the operator room or from the tapping platform by a set
of push-button controls, with control of the slag gate being an operator-controlled
task (Fig. 6). A combination of the feedback from the tapping as well as from the
downstream process is used from the furnace operator to decide about preformed
action on the slide gate. The S-TAP system operational overview is presented in
Fig. 6. The hydraulic cylinder is directly mounted at the slide gate and connected to
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Fig. 6 S-TAP system operational overview

the hydraulic unit. Cooling air is applied for the cooling of tension elements in the
slide gate frame.

Benefits of S-TAP Application

Due to its robust design, the S-TAP slag slide gate system may be integrated with other
standard tapping equipment and devices such as copper cooling elements, a tap-hole
drilling machine, and lances. Its compact design and installation directly on the tap-
hole at the furnace steel shell enable the replacement of a mud gun with advantages
in investment costs and required space. Remotely controlled, hydraulically driven,
the slag slide gate system is a solution that enables an accurate regulation of the slag
tapping flow rate and quick reaction by tap-hole closing in case of emergency. S-TAP
can be operated in vertical and horizontal positions and is suitable for any furnace type
(e.g. slag cleaning furnace, smelting furnace, converting furnace, refining furnace,
holding furnace, and many others) with minor modifications. The benefits of S-TAP
installation may therefore be summarized as follows.
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General

e S-TAP slide gate system for slag tapping can be operated in vertical and horizontal
positions and is suitable for any furnace type.
e [t is compatible with other tapping equipment and devices.

Increased safety standard

e User-friendly design for simple, fast, and safe operation.

e Rapid tap-hole closing (e.g. in case of an emergency).

e Reduced manual handling work and hence exposure of the operators to the harsh
tap-hole environment.

e Higher degree of automation—the first step towards tapping automation

Improved process control

e Accurately controlled and steady slag flow for each tapping condition.

e Regulated slag tapping rate for downstream process/vessels.

e Maintaining appropriate drain of the furnace to improve metal recovery and yield
(unwanted accumulation in the furnace is avoided).

e Collector nozzle leads slag directly into launder (reduced splashing/slag losses),
and improves the guidance of different tools and devices directly through the slag
tap-hole channel (e.g. oxygen lances and drills).

e Can minimize metal tapped with slag using the EMLI sensor (refer later in the
text).

S-TAP Installation and Operation

In 2018, RHI Magnesita was invited to design and supply a slide gate for the slag
tap-hole on a stationary slag cleaning furnace used to treat slag for metal recovery
at a European plant; tapped slag was to be directed to granulation. The unit (model
S-TAP70) was commissioned the following year. The granulated slag is currently
mainly supplied for sand blasting, but considerable R&D has been carried out to
identify other uses.

The furnace design included shell cooling providing a slag freeze lining. The slag
is tapped out through the tap-hole channel and copper block to a water-cooled launder.
The copper block without any applied cooling has an outer surface temperature
between 600 and 750 °C during tapping. Tapped slag at 1200 °C is typical of NFM
iron silicate slags. The slag flow was initially controlled by the slag valve which
created a number of issues to the operators over time and affected attaining smooth
tapping operation. The problems were evaluated as follows: inadequate tensioning
in the slide gate valve causing the sticking of its mechanism and avoiding slag flow
regulation, as well as closing and opening of the tap-hole when needed; inappropriate
integration of the hydraulic cylinder that moves the valve; frequent damaging of the
copper block by tap-hole opening by drilling due to lack of slag valve outer nozzle
which guides the drill correctly through the copper block channel.
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The corrections to the initial slag valve included a more robust design of a new
system located in the challenging environment with a long lifetime of the components
and user-friendly design for safe, fast, and simple operation and handling as well as
space limitations in the tap-hole area, were the key requirements.

The slag slide gate S-TAP70 was successfully commissioned and fully integrated
with other devices and equipment on-site (Fig. 7). The interface with the furnace is
the above-mentioned copper block, which is not cooled, showing the outer surface
operational temperature between 600 and 750 °C and has about 10 weeks in opera-
tion before it is changed. The designed tensioning system enables optimal tightness
between the copper block and slide gate for smooth sliding of the insert plate over
the copper block surface. No slag leakage or any S-TAP handling and operational
issue is identified. Operational figures and S-TAP system parameters are presented
in Table 2.

It is a big advantage to be able to fully open the slag gate to allow quick filling
of the launder before freezing can occur and then to throttle the slag flow back to
optimise the granulation process. Throttling flow regulation mode is mostly applied
at the beginning of tapping as the slag level in the furnace is typically high. Accu-
rate control of the slag flow is of utmost importance for efficient water granulation

Fig.7 S-TAP a installed; b in operation

Table 2 Operational figures and S-TAP parameters

Description Unit Value

Tap-hole diameter mm 80

S-TAP70 dimensions (incl. hydraulic cylinder), L x W x H | mm 820 x 340 x 1587
S-TAP70 weights kg 450

Slag flow rate t/h 80-140

Tapping duration h 1

Tapping frequency tap/day |34

Tapped slag kt/year 120

Slag tapping temperature °C 1200
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treatment. Additionally, this system offers a secure cut-off in case of an emergency
during tapping and removes the need for operators in this area. A drilling machine
is successfully integrated for removal of any frozen slag after the opening of the S-
TAP, but in some cases, if not working properly lancing is also applied. The S-TAP
position (open, close, and throttle) is actuated from the operator room by a set of
push-button controls.

The collector nozzle, insert plate, and slider are the S-TAP components exposed
to wear. Oxygen lancing—when applied in cases when drilling is inadequate for tap-
hole opening—may impact the life of the insert plate and the slider and cause their
premature changeover. Otherwise, their changing is performed by planned relining
stoppages; in this circumstance, it is two times per year, after about 60 kt of tapped
slag. The most wear is presented on the collector nozzle where the slag starts to
freeze, and the flowing slag destroys the nozzle, especially its lower part. Collision
of the outer nozzle with frozen slag in the launder just below slide gate during its
closing movement is often the reason for the mechanical damaging, and nozzle early
changing. Therefore, the wear of the collector nozzle is reduced compared to the
insert plate and the slider, and a life of about 10 days is obtained which means
about 4.5 kt of tapped slag. Nevertheless, reported maintenance results show that
the components exposed to wear may be changed within one hour in hot furnace
conditions which indicates simple and fast handling during maintenance.

Further Developments—Fully Automated Tapping Platform

Continuously increasing requirements with respect to safety, process reliability, and
product quality in the NFM industry are also driving the need not only for the
regulation of the tapping process but also for its full automation and continuous
monitoring. Diagnostics systems and devices such as metal content detection in slag
tapping stream are considered as important contributors for reliable tapping technolo-
gies. The tap-hole area is a place where critical tasks are carried out by operators
under very harsh conditions. Heat, dust, and time pressure can influence the perfor-
mance quality, in addition to a constant issue with safety. Developments are ongoing,
working towards a fully automated tap-hole platform.

Process Automation/Robotic Support for Slag Tapping

As the tap-hole area is one of the areas with the highest safety concerns where “the
man meets the hot slag”, hence, automated and remotely controlled tapping systems
and devices are nowadays of utmost importance. While some tapping equipment have
already been introduced, further effort is required to realize such an ideal working
environment—a fully automated tap-hole area without the presence of operators.
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Fig. 8 RHI Magnesita’s vision of the robotic support for slag tapping

For slag slide gate systems, solutions are under development at the tapping plat-
form that allow for manual and robotic operation (Fig. 8). The full package contains
the S-TAP, fully equipped with a hydraulic system and devices, all being operated
by a customized robotic system.

However, the challenge is that the robot requires different designs to allow a high
degree of automation in the tapping area and hence, a re-examination of current
practices may be necessary for some process steps. Also, a robot implementation
at the tapping platform may require a certain amount of space, which may not be
always available at a plant where conventional manual tapping practice is in place.

Robotic application in slag tapping practice would be used for tap-hole opening
with automated oxygen lancing of the tap-hole channel. Also, automated sample
taking, temperature measurement as well as checking the status of the tap-hole may
be performed. Coupling and uncoupling of different devices, sensors, and media is
part of the automation.

Applying such devices and add-ons to the slag slide gate ensures automatic
handling by robots, and incorporates smart features resulting in a number of benefits:

Increased safety for employees;

Reproducible quality level of task;

Prevention of breakthroughs by increasing process stability;

Reduction of production costs through constant monitoring of system;
Increased production efficiencys;

Integration of “smart” solutions for better planning of maintenance;

High degree of automation (minimize presence of people at the tap-hole area).
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Fig. 9 a Sketch of possible EMLI sensor integration in the tap-hole equipped with S-TAP.
b Example of EMLI-MetalSlag output signal

Monitoring of Tapping Operation

The EMLI-MetalSlag (Electromagnetic metal detection system in slag tapping
streams) developed by the Agellis Group of RHI Magnesita can detect by an electro-
magnetic signal that changes when some amount of metal is present in the tapped slag
stream. This unit can withstand higher heat exposure (up to approximately 500 °C)
compared with other available systems. The unit is based on electromagnetic tech-
nology, which is an operator-safe, accurate, and reliable monitoring method. The
EMLI sensors are so located that they enable early detection of the metal in the slag
tapping stream, but the final design can depend on the overall tap-hole design as well
as on process aspects (Fig. 9a). The sensors are connected via a flexible cable to the
electronic components that can continuously monitor the slag flow during tapping,
and provide an alarm signal having a fast response time at the onset of detection
of metal in the stream. This signal can be used to immediately end tapping by the
S-TAP unit, while also giving visual and audible alarms (Fig. 9b). This is beneficial
to the operators as they no longer need to visually monitor the operation to detect
metal. The monitoring of the tapped slag stream is indicated by a displayed signal,
which can also show the gradual onset of metal in the stream (Fig. 9b). In this way,
unwanted situations in downstream processes and/or vessels in terms of operator
safety and damaging of equipment can be avoided.

Process Traceability and Data Mining

Each furnace tapping process may be recorded in the system over time. This enables
operators to follow up on the tapping performance for any specific charge, which is an
important quality assurance function. Also, as vessel tapping data is collected contin-
uously in the database, the information is available for any process or production
optimization and improvement purposes.
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Conclusion

From the first installation, it can be seen that the S-TAP slide gate system developed
for slag tapping mainly in the non-ferrous metals industry meets operational and
safety requirements. This technology provides an accurate regulation of the slag
tapping flow rate and quick reaction by tap-hole closing. This implies controlled and
steady slag flow, minimized splashing in the tap-hole surroundings, improved safety
due to an immediate tap-hole closing in case of an emergency, and brings the next
level of slag tapping in a metallurgical plant. Further innovations, initiatives, and new
developments are ongoing, resulting from the exciting opportunities automation and
digitalization are offering.
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Abstract Tap-hole clay is a very important material to seal tap-holes in ferroalloy
reduction furnaces. Different types of this refractory are available for the ferroalloy
industry and to decide which would be the most appropriate material may be a difficult
task. This paper shows a comparison between the properties of four different types of
tap-hole clays that were designed for ferroalloy furnaces, focusing on the application
in metal tap-holes. The goals are to improve the knowledge regarding these materials
and guide ferroalloy producers when deciding what type of tap-hole clay should be
used. The analyzed mixes differ from each other mainly in terms of the type of
aggregate (basic or non-basic) and type of binder (tar, resin, or synthetic oil).

Keywords Tap-hole clay - Reduction furnace - Ferroalloy

Introduction

Tap-hole clay is mainly known as a refractory material used to seal blast furnace
tap-holes at the end of casting. However, it is also a very important material to seal
tap-holes in other types of smelter operations, such as ferroalloy reduction furnaces.
In blast furnaces, it should present three main functions [1]: (1) after plugging,
assure the closure of the blast furnace tap-hole; (2) at the moment of casting, allow
its drilling and assures a regular drainage of the hot metal and slag; and (3) contribute
to the hearth refractory protection (“mushroom”) in the tap-hole region. Although
blast furnaces and ferroalloy reduction furnaces operate in a much different way, the
functions of the tap-hole clay are the same for both.

Different types of tap-hole refractory mixes are available for the ferroalloy
industry and to decide which would be the most appropriate material may be a
difficult task. Differences, such as bonding type, may have significant impact on
refractory properties, depending on what is chosen.
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This paper shows a comparison between the properties of four different types of
tap-hole clays that were designed for ferroalloy furnaces, focusing on the application
in metal tap-holes. The goals of this study are to improve the knowledge regarding
these materials and guide ferroalloy producers when deciding what type of refractory
mix should be used. The analyzed mixes differ from each other mainly in terms of
type of aggregate (basic or non-basic) and type of binder (tar, resin, or synthetic oil).

Experimental Procedure

Materials Tested

Table 1 shows the identification and description of each tap-hole clay tested in this
study. All of them are currently in use in metal tap-holes of ferroalloy reduction
furnaces and were brought from different manufacturing plants to be analyzed. NT
is a tar bonded non-basic material from Brazil, BT is a tar bonded basic (magnesia
based) material from Brazil, BO is an oil bonded basic (doloma based) material from
USA, and NR is a resin bonded non-basic material from Argentina. The chemical
analysis (based on ISO 12677) of these refractories can be seen in Table 2.

Table 1 Tdentification of Identification | Description
tested tap-hole clays
NT Non-basic tap-hole clay bonded by tar
BT Basic tap-hole clay bonded by tar
BO Basic tap-hole clay bonded by synthetic oil
NR Non-basic tap-hole clay bonded by phenolic
resin

Table 2 Chemical analysis of tested tap-hole clays based on ISO 12677

Component Amount (wt.%)
NT BT BO NR

AlLO3 34 18 1 29
Si0; 39 14 1 43
MgO 0 42 39

CaO 0 0 58 0
SiC 4+ C 23 23 0 24
Others 4 3 1 3
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Physical and Mechanical Properties

For physical and mechanical tests, samples were moulded in a press with 8.5 MPa in
the shape of rectangular blocks with 160 x 40 x 40 mm? and then cured at 350 °C/5 h
and coked at 1200 °C/5 h in resistance heated furnaces. The coked samples were
involved by a bed of fine coke particles before heating to avoid carbon oxidation.

The tests of bulk density (BD) and apparent porosity (AP) were carried out
according to the standard ASTM C20-00 (Reapproved 2005). Modulus of rupture
(MOR) and cold crushing strength (CCS) according to ASTM C133-97 (Reapproved
2008).

Hot Modulus of Rupture

For hot modulus of rupture (HMOR), samples were moulded in a press with 8.5 MPa
in the shape of rectangular blocks with 160 x 40 x 40 mm® and then cured at
350 °C/5 hiin a resistance heated furnace. Samples were coked for 5 h before the tests
at the same temperature of the HMOR (800, 1000, 1200, and 1485 °C) in resistance
heated furnaces and were enveloped in nickel sheets to avoid carbon oxidation.
Samples were tested in a three-point bending test according to the standard ASTM
C583-05 (Reapproved 2009).

Thermogravimetric Analysis

The thermogravimetric analysis was carried out in a thermobalance METTLER
TOLEDO HB43S. Green tap-hole clay samples of 50 g each were hand molded
as a cylinder and put on the scale inside an electric furnace. The material was then
heated at 3 °C/min from room temperature until 600 °C and kept at 600 °C for 3 h
in air. The weight loss was measured every minute.

Curing Test

Tap-hole clay samples were molded in a press with 8.5 MPa to form a cylinder of
50 mm diameter and 50 mm height and were kept in a resistance heated furnace at
400 °C during 20 and 40 min in air. After heating, the samples were immediately
removed from the furnace and CCS was measured after they were cooled to room
temperature. This test, called curing test, has been important to evaluate the increase
of tap-hole clay strength after fast heating [2].



368 T. M. de Oliveira et al.

Hot Plasticity

The hot plasticity test was carried out to estimate the plasticity of the tap-hole clays
during heating. Cylinder samples of 50 mm diameter and 50 mm height were prepared
and placed into a universal testing machine for hot testing (MTS MATERIAL TEST
SYSTEM model MTS 810). From the beginning, the samples were compressed at
0.17 mm/min, while they were heated at 2.5 °C/min until 300 °C in air. The load
demanded to compress the samples was measured over the test [2].

Extrusion Index Over Time

The tap-hole clay plasticity stability was measured over 180 days after production
using the extrusion index test (standard ABNT NBR 9881). In this case, a special
apparatus is used for the test, so that a certain quantity of clay is pushed by a piston
under constant displacement rate (55 mm/min) through an orifice of standardized
diameter for 30 s. The mould and tap-hole clay are at 50 °C during the test. The
extrusion index is a pressure value, which consists of the force registered in a load
cell attached to the piston after 30 s divided by the area of the orifice in which the
sample has been extruded. The test method is schematically shown in Fig. 1 [3].

Recorder

(Marshall Testing Machine)

Fig. 1 Apparatus for measuring extrusion index of tap-hole clays [3]
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Table 3 Tap-hole clays’ physical and mechanical properties measured after curing at 350 °C/5 h
and after coking at 1200 °C/5 h

After curing at 350 °C/5 h NT BT BO NR
Bulk density (g/cm?) 1.90 1.98 2.67 1.98
Apparent porosity (%) 15.2 17.6 12.2 15.5
Modulus of rupture (MPa) 2.2 2.9 2.5 9.3
Cold crushing strength (MPa) 5 9 7 26
After coking at 1200 °C/5 h NT BT BO NR
Bulk density (g/cm?) 1.83 1.89 2.77 1.88
Apparent porosity (%) 27.7 31.9 17.0 27.5
Modulus of rupture (MPa) 1.5 1.3 11.4 2.0
Cold crushing strength (MPa) 5 3 21 9

Results and Discussion

Physical and Mechanical Properties

Table 3 shows the tap-hole clays’ physical and mechanical properties that were tested
after curing at 350 °C/5 h and after coking at 1200 °C/5 h. The lower density of the
tar and resin bonded clays (NT, BT, and NR) is believed to come from the presence
of carbon as binder. The loss of volatiles during coking resulted in an increase in
open porosity. The MOR and CCS values show that NR forms at low temperature a
hard structure. Resin bonded tap-hole refractory mixes are known for its fast curing
(resin polymerization) and higher mechanical resistance [4—6]. After firing at high
temperature, the deterioration of the thermosetting bonds of the resin and the loss of
volatiles of tar result in a more porous and weaker structure of the clay. In the case
of BO, the absence of fixed carbon from the oil after coking enables the onset of
sintering, increasing the MOR and CCS.

Hot Modulus of Rupture

Although the carbon bond is weak at room temperature, it brings much higher strength
at high temperatures. This is easily verified in Fig. 2, which contains the results from
HMOR tests. Resin bonded material (NR) is the strongest material at temperatures
above 1000 °C, which could represent higher liquid metal erosion resistance on
the upside and on the downside, difficulty in drilling if a weak drilling machine
is available. BO presents very low strength at the tested temperatures, with some
improvement only at 1200 °C, reflecting the sintering of the material. At very high
temperatures, close to metal tapping, all materials present similar values within the
detection limit of the apparatus employed.
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Fig. 2 Hot modulus of rupture of tap-hole clays at different temperatures

Thermogravimetric Analysis

Figure 3 shows the weight loss behavior of each tap-hole clay when heated until
600 °C. The weight loss is read in the graphic axis on the left side and temperature
on the right side. The behavior of the three bonding systems is significantly different.

BO presented very low weight loss below 400 °C, when a sudden release of
volatiles is observed and all the oil is removed from the sample. Thus, at the range
of 400 °C, it is expected that the material will present its lowest physical integrity.
The lack of binder at high temperatures and the release of less volatiles (~5%) favor
sintering, which contributed for higher MOR and CCS and lower AP after 1200 °C
as seen in Table 3.

On the other hand, the carbon bonded materials lost weight continuously up
to approximately 20%. The tar bonded clays (NT and BT) presented continuous
evolution of volatiles, which should lead to smooth property gradient inside the tap-
hole. The resin bonded clay (NR) presented a mixture of both behaviors: at approx.

25.0 - 600
g 20.0 §
§ 15.0 - 400 E:‘») NT
E 10.0 E seeeee BT
C I - 200 & BO
= 50 g

' = === NR
0.0 -~ 0
0 200 400 Temperature
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Fig. 3 Weight loss behavior of tap-hole clays when heated until 600 °C
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Fig. 4 Tap-hole clays CCS after fast curing at 400 °C

200 °C there is a large volatile evolution, linked to the process of polymerization of
the phenolic resin. Afterwards, there is a continuous loss of weight.

Curing Test

The curing test results can be seen in Fig. 4. NR was the only material that presented
high CCS after 20 and 40 min at 400 °C, due to fast curing of resin. Thus, when higher
mechanical resistance needs to be achieved in a short time and at low temperature
(>200 °C), resin bonded tap-hole clay is a good option.

Hot Plasticity

Figure 5 shows the results from the hot plasticity test. The load is read in the graphic
axis on the left side and temperature on the right side.

Both tar bonded materials kept excellent plasticity over the whole duration of
the test. At approximately 250 °C, the resin bonded clay hardens and the dolomitic
clay has a two-step hardening process: a slight and continuous stiffening initiated
at ~200 °C and a total hardening shortly before reaching the 300 °C temperature.

1000 - 300

800 250 G — NT
> L1200 &
Z 600 5 e BT
] 150 R
5 400 o0 & BO

200 L 50 E ===k

0 0 Temperature

Displacement (mm)

Fig. 5 Tap-hole clays plasticity behavior during heating until 300 °C
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Fig. 6 Evolution of tap-hole clays plasticity over time, by measuring their extrusion index at 50 °C
with Marshall test

Thus, tar bonded clays should allow better spreading of the refractory inside the
tap-hole and should be less subjected to curing inside the clay gun than materials
bonded by resin or oil, which is a major concern especially for resin bonded clay
users. Besides that, tar is known for its adhesiveness on solid refractory [7], which
favors the tap-hole clay adhesiveness on the tap-hole.

Extrusion Index Over Time

The evolution of extrusion index over time of each tap-hole clay can be seen in Fig. 6.
All tested clays were very stable and retain their plasticity after 6 months of storage.
Although tar bonded materials’ aging stability were high in the test, this type of
tap-hole clay is known to require heating (temperatures above 50 °C) to be properly
injected after a long time in storage.

Properties Summary

Each laboratory test result can be associated with an important operational property
from the tap-hole clay and based on the analysis of all results from this study a
summary with the main operational properties of each tested tap-hole clay was built
(Fig. 7). This summary is a basic guide for ferroalloy producer to decide which type
of tap-hole refractory mix should be used in their metal tap-hole, according to their
needs and operating conditions.



Tap-Hole Clay Technologies for Ferroalloy Reduction Furnaces 373

Fig.7 Operational 0 =non - Curing test
properties summary of tested 1 =low - Hot plasticity
materials with the main 2 = medium - Aging .
parameters that were 2 _ g Iniectability
considered to evaluate each 3 =high ] * - CCS, MOR
property 3 HMOR
BD. AP
Eco-friendly ase of
- Binder type drilling
Moten metal], _ AIRINE
S block
flow stability . :
_HMOR protection
- CCS, MOR - HMOR
Curir K -BD, AP
- Curing test o
= - Hot plasticity
=@=NTand BT BO e=ie==NR
Conclusions

The conclusions are as follows:

(1) The type of binder has been proven to have high impact on the properties of tap-
hole clays and no relevant differences were noticed on the materials properties
regarding aggregate type (non-basic and basic).

(2) A basic guideline (Fig. 7) was prepared to aid the ferroalloy producer to select
the material that best suits their needs.
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Health-Friendly Plugging Repair Pastes )

Check for
updates

A. De Pretto and L. Lindstad

Abstract A well-functioning tap-hole is critical for most furnaces and it is important
to have a plugging repair paste that contributes to maintain this. Plugging materials
mainly containing carbon and oxides have been studied. The best working pastes
in this system often contain Coal Tar Pitch high temperature (CTPht) which has
been defined as a substance of very high concern under the European Chemicals
Legislation (European Chemicals Agency in Annex XIV (authorization list), 2017).
Tap-hole pastes that are without CTPht or large amounts of polycyclic aromatic
hydrocarbons (PAH) have been developed in this work. An important part has been
to develop test and measurement techniques to compare properties of new tap-hole
materials with old well-working pastes. Three of these have been, plate viscometry,
rapid heat up of samples with or without pressure in simulated tap-holes keeping
temperatures up to 1200 °C. From these, properties of the paste and it’s repairing
effect on surrounding materials could be measured.

Keywords Plugging paste *+ Repair paste - Health friendly - CTPht free

Introduction

The tap-hole is probably the most important part of a furnace and work developing
a comprehensive overview of it and its importance to the smelting industry has been
comprehensively covered by Nelson & Hundermark in their 2016 paper titled “the
tap-hole — key to furnace performance”. It is the most critical part of the furnace
lining that should keep melted raw materials, slag, metal, and process gas inside the
furnace lining. The tap-hole should be easy to open and give a controlled tapping
speed of metal and slag in the wanted direction. Closure of the tap-hole should be
possible to do quickly and safely at any time. Different stages for the tap-hole are
shown in Fig. 1.
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Fig. 1 The tap-hole in different stages [8]

The tap-hole is normally made of blocks and bricks or from monolithic plugging,
self-flowing, or ramming materials. The materials can be oxides, carbide, nitrides, or
carbon materials. In self-flowing, ramming and plugging paste, plasticity and binding
often comes from high-temperature coal tar pitch (CTPht) due to good technical
performance and low cost [7]. CTPht is made from several PAH components which
have boiling points spread over a temperature range of close to 400 °C. Due to this
the pressure of baking gases is kept low even during rapid heat up as in tap-hole [8].
CTPht-containing materials also repair surrounding materials due to CTPht ability
needs to easily wet these.

Many producers are developing products in which CTPht is replaced with more
health- and environmentally friendly solutions. It is important to reduce exposure of
people to PAH and PAH emissions to the environment. The target for this project
has been to develop a repair paste without CTPht or large amounts of polycyclic
aromatic hydrocarbons (PAH). This paste should

be easily placed inside a plugging gun and extruded into the tap-hole;
cure quickly to obtain physical strength without gas cavities;

repair surrounding tap-hole materials; and

— stand against metal, slag, and oxygen.

Each of these properties has been tested with improved equipment and procedures,
or with totally new equipment and classification methods to identifying and simulate
behaviour within a tap-hole.

Plate viscometer. Test the paste for use in plugging gun and extraction into the
tap-hole. This is tested on a parallel plate viscometer under isothermal condi-
tions chosen to replicate the temperatures along a plugging gun and measures the
rheology of the pastes.

Rapid heat up of simulated tap-holes and measurement of paste at heated
temperature (Infacon.2021). Test how quickly the paste obtains strength and if
gas cavities are obtained in the material.

Rapid heat up of simulated tap-holes under pressure. Strength of binding
to surrounding materials can be measured together with the strength of the
surrounding material before and after repair.
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Table 1 Showing list of tap-hole clays and reference terms for them

Paste no. | Paste manufacturer | Referred to name Distinguishing characteristics

1 Elkem Eltap™ G THL car | Low softening point—carbohydrate
binder

2 Elkem Eltap™ G THL bio | Low softening point—biopolymer
binder

3 Competitor 1 Paste A Low softening point—current industrial
use

4 Competitor 2 Paste B Low softening point—current industrial
use

5 Competitor 3 Paste C Low softening point—current industrial
use

Cup testing and gas reactivity testing. Cup testing is to measure strength against
metal and slag. Gas reactivity testing is done with air and CO, against material
heat treated to different temperatures.

Three commercial pastes currently in use within the Ferro- and Silica- Manganese
(FeMn, SiMn) and Ferrosilicon (FeSi) industries were compared to a new developed
product from Elkem as shown in Table 1.

A target of this project was to determine the practicality of the results obtained
from the newer classification methods toward the data and usage of these pastes in
the physical tap-hole within a smelting plant.

Development Work of a Tap-Hole Characterisation
Framework

In order to develop a new healthy, environmentally friendly hybrid plugging and
repair paste for the tap-hole, it was first necessary to understand what applicable
testing should be done on these pastes. A measure that is often reported for tap-hole
pastes is the workability index of them [9, 15]. Considerable work was performed
on observing the various methods of measuring this value and its applicability in
measuring the flow properties of the tap-hole pastes. Steenkamp in her work showed
the inconsistency within the industry on test methods for this and the variation of the
usable workability index values for commercial tap-hole pastes. For this project, it
was decided to do an in-depth characterisation of the tap-hole pastes that focused on
readings outside of the workability index. The project thus commenced by developing
a characterisation framework that would allow for any new tap-hole plugging pastes
toundergo a structured testing methodology prior to scaling-up testing to an industrial
scale. As it can be observed from the simplified schematic of this framework in Fig. 2,
it is based on an iterative, tiered loop where if a new mixture of paste does not satisfy
set parameters, the recipe was altered, and the testing commenced again.
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Fig. 2 A summarized characterisation framework for developing and testing tap-hole pastes

The characterisation framework allowed for any new tap-hole paste to be evalu-
ated against other known pastes as well as against any required specifications before
scaling-up testing to a pilot-scale trial on an industrial furnace tap-hole. This frame-
work is based on an iterative tiered approach with the first tier consisting of basic
observations of the green paste properties such as the workability on an automated
Fischer sand rammer [15], green density, and qualitative analysis of the softening
point of the paste.

The second tier of this framework involves baking samples of the paste under
controlled conditions to temperatures from 950 to 1200 °C due in part to equipment
limitations, but also selected from thermal measurements of industrial tap-holes
during rebuild and usage. These baked samples are tested mainly for their reactivity
to air and CO, and their compressive strength as these values are most pertinent to
their usage within the furnace tap-hole [3, 10].

The final tier of the framework is one where the conditions the paste would
experience within the tap-hole are partly simulated. For this application, three tests
were developed to simulate

the flow of material under pressure within the tap-hole,
the behaviour of the paste as it baked under pressure at the high temperatures of
the tap-hole, and

e the behaviour of paste as it bakes horizontally within the tap-hole channel.

The first two tests were developed in house within Elkem Carbon and will be
discussed in detail. The final test, which is of the horizontal baking behaviour, has
been covered in past work [11] and as such and will not be discussed further in this

paper.
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Test Methodology and Results

Baked Properties

As was stated by numerous papers including [ 10] wherein some of the most important
properties of a tap-hole paste are that it should have sufficient strength to properly
plug and close the furnace tap-hole as well as to have minimal erosion when the
paste reacts to with air and CO, gases. During the second tier of the laboratory-
scale characterisation framework samples of the tap-hole pastes were prepared by
baking them to various temperatures above and including 950 °C through a controlled
and steady temperature ramp up. The baked properties of the tap-hole clays were
measured by following the procedures given below:

e Compressive strength—ISO 18515:2014.
e Air Reactivity—ISO 12989-1.
e CO; reactivity—ISO 12988-1.

The results of the testing on Eltap™ G THL and Pastes B and A can be viewed in
Fig. 3.

The results showed that paste B and G THP bio performed similarly to each other
with respect to the Air Reactivity Residue (ARR), while paste A is a lot weaker. All
pastes give measurements in the same range for CO, Reactivity Residue (CRR). G
THP bio has a much higher compressive strength than the two others.

Baked Results after baking to 950°C
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Fig. 3 Baked properties of various tap-hole pastes at 950 °C
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Simulated Characterisation Methods—Plate Viscometer

After the previous work done by Steenkamp et al. [15] on the current method of
calculating workability of the tap-hole clays and pastes and the inconsistencies within
these methods between suppliers and users, it was decided that a potentially more
comprehensive method of classifying the flow properties of the tap-hole pastes would
be to determine the viscosity of the plugging pastes at various shear rates. This is
an area within Elkem Carbon that had readily and frequently been used to observe
the viscosity of Sgderberg electrode pastes as recently shown by Skjeldestad [14].
Furthermore, significant work had already been done in determining the correct
form of measurement as it was highlighted in numerous works such as Nordbg
[12], Engmann et al. [5], TA Instruments [16], Torklep [17]. All sources showed
that the best method for analysing the viscosity of a plugging paste at various shear
speeds would be that of an axisymmetric squeeze flow method. It was based on these
sources that an axisymmetric, compressive, parallel plate viscometer was developed
by Elkem Technology initially for use in measuring the viscosities of various concrete
mixtures and paste for aluminium anodes. This equipment was used to measure and
compare the viscosity curves of the various plugging pastes.

This parallel plate viscometer consists of two temperature-controlled parallel
plates with a diameter of 200 mm. The bottom plate remains stationary while the top
plate is able to lower at a constant speed ranging up to a maximum of 10 mm/min.
The equipment has the capability of being able to measure and record the viscosity,
change of height, and force on a sample placed between the two plates at a set temper-
ature that is controlled within the cabinet to ensure that all measurements occur in
isothermal conditions.

Each plugging paste type was subjected to testing of the viscosity at various plate
speeds to observe the effect that the different speeds would have on the maximum
viscosity and the shear rates experienced by the pastes. Due to the construction of the
machine, a set of plate speeds ranging from the maximum allowable on the machine
to the minimum with a median point between were selected. This led to the following
plate speeds being tested at 2, 5, 10 mm/min.

Once this was complete, the plate viscometer was preheated to various tempera-
tures and the tap-hole paste samples were tested with the same plate speeds at these
temperatures. The temperatures selected were based on measurements taken around
the furnace tap-hole area and plugging gun installations at various Elkem Ferrosil-
icon smelters within Norway along with the ambient temperature in the testing lab.
The three temperatures selected for testing were 22, 45, and 65 °C.

The result of the viscosity curves generated from the parallel plate viscometer was
plotted against the shear rates that were calculated at the various plate speeds and
temperatures. The reasoning for this was to enable a comparison to be made between
the flow of the different paste types as well as to determine the thermo-viscous effect
of each paste. In order for the results to be put into a form for comparison, it was first
pertinent to calculate the shear rates and shear stress of each paste to ensure that the
flow behaviour was similar.
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The shear rate was calculated previously for the parallel plate viscometer [17] and
was later refined and incorporated for the Elkem plate viscometer [12]. The shear
rate, when using the Elkem plate viscometer, can be expressed by Eq. 1, wherein the
shear rate becomes a function not only of the sample height and plate speed, but also
of the volume (and by definition, density) of the samples of paste themselves.

3v |V

= /— 1
Y=\ (D

Nomenclature

y  shear rate sh,

v plate velocity (m s™1),

h  height of the sample/distance between plates (m), and
V  volume of sample (m?).

This was then used to plot the calculated sheer stress against the shear rate for
each paste to determine the type of flow behaviour it exhibited.

From the plot in Fig. 4, it can be seen that almost all of the tap-hole pastes
exhibited visco-elastic properties as the profile of the plot of shear stress against shear
rate follows that shown in literature for a visco-elastic material with shear-thinning
behaviour [13, 16]. The exception to this is the Eltap™ G THL car which was shown
to follow along a profile of a more Newtonian fluid. This could be attributed to the
carbohydrate binder phase in use within this tap-hole paste that is a Newtonian fluid
[1].

The results for the testing enabled a comparison of the viscosity changes at various
shear rates to be observed and compared between various different tap-hole pastes.
It should be noted that only a portion of these results will be highlighted here as test
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Fig. 4 Flow characterisation of the various pastes
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Fig. 5 Individual paste viscosity curves at 10 mm/min plate speed and various temperatures

results at plate speeds of 2 and 5 mm/min were deemed to be too dissimilar to the
speeds experienced by paste within an industrial plugging gun [2, 4].

From the viscosity curves that were plotted in Fig. 5, a shear-thinning behaviour
was observed in all the pastes.

This behaviour is characterised by the viscosity gradually decreasing as the shear
rate increases, after first having experienced and overcome a maximum viscosity.
Practically this implies that the pastes will have elastic behaviour and oppose plastic
flow until a maximum viscosity is overcome. Thereafter the pastes will begin to flow
to a greater extent as the shear rate, and by implication the shear stress increases.

From observing the trends of the viscosity at the increased temperatures, the
temperature dependency of the viscosities for all pastes was observed. This tempera-
ture dependency was experienced to be much more pronounced at the lower temper-
atures between 22 and 45 °C as the change in viscosity was much greater in the tap-
hole paste samples between these temperatures, with particular significant changes
observed on Paste A.

This temperature dependency becomes much less evident at slightly higher
temperatures as can be observed form the changes in viscosities between the temper-
atures of 45 and 65 °C. This may in part be due to the binder phases of the tap-hole
clays becoming more thermally stable with increased temperature, the exact effect of
which would have to be studied further. The major exception to this observed temper-
ature dependency, however, is the Eltap” G THL car paste which was observed to
have a viscosity that remained quite consistent regardless change in temperatures.
This tap-hole paste, while having a higher viscosity than the other pastes, seemed to
be much less affected by thermal fluctuations than the other pastes.
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All the tap-hole pastes showed similar flow behaviour. Eltap™ G THL bio was
showing similar viscosities and trends to some of the commercially available pastes.

Simulated Characterisation Methods—Rapid Heat Up
of Plugging Paste in a Simulated Tap-Hole Under Pressure

A further test method from the third tier of the characterisation framework was
a method that was developed earlier by my colleagues Lindstad, Bryntesen, and
Lindstad. This was the method that aimed to simulate baking of the tap-hole paste
under pressure within the tap-hole through use of a “drop” test. This method is used
to determine several factors, namely:

e How the tap-hole pastes flow out and fill the tap-hole under pressure at an
immediate high temperature.

e Properties of tap-hole paste after baking at conditions similar to a tap-hole.

e The ability of the plugging paste to attach to the tap-hole walls of carbon, graphite,
or SiC.

e The ability of the paste to repair surrounding materials.

An experimental set-up was developed wherein a hollow partly graphitized Sgder-
berg electrode paste cylinder was heated within a convective heating furnace to
temperatures in the range of 800-1200 °C. The electrode was not protected against
air for a period and the surface oxidized as materials in a real tap-hole will do. Into
this a smaller cylinder(s) of tap-hole paste was directly inserted into the hollow space
of the paste cylinder with a SiC crucible on top of it. Into the SiC crucible a metal
rod was placed that extended through the roof of the furnace. Finally, a weight of
up to 60 kg was added to simulate two bars of pressure on the paste. The set-up is
shown in Fig. 6.

In most experiments, the plugging paste is left under pressure for 1 hour. After
this the weight and rod are removed before the hollow electrode and sample is taken
out of the oven for cooling. Sample is protected against air during this cooling.

Fig. 6 Experimental design sketch showing the Elkem “drop” test
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Fig. 7 Pictures showing results of the Elkem baking “Drop” test and the performance of the Eltap™
G THL

With the Eltap™ G THL bio the samples were removed and were shown to have
adhered completely to the graphitized electrode paste cylinder. Core samples had
to be drilled out as the paste would not allow for removal from the cylinder. The
adherence between the graphitized electrode paste and the Eltap™ G THL was so
complete that there was no visible differentiation between the tap-hole paste and the
cylinder. Furthermore, a sample was extracted from a separate test and the adherence
to the SiC crucible was so complete that the tap-hole paste sample had to be cut away
from the SiC to sample. All these observations can be viewed in Fig. 7.

The method shows very promising results for the new plugging repair paste,
but these will need to be validated with plant-scale experiments. This test method-
ology should after some further refinement increase the speed for development and
improvement of new plugging pastes. The new method should also stop some mate-
rials with wrong properties from test at a real tap-hole where it could give dangerous
malfunction.

Plant-Scale Pilot Tests

The final test for a plugging paste is normally first to test the flow of the paste in
the plugging gun and just push the paste out of the gun without putting it against a
tap-hole. If this works well, the next test is to plug a tap-hole that is tapping metal
or slag. We performed these tests at an Elkem FeSi furnace in Norway. This furnace
was chosen as it had an intermittent tapping wherein the furnace was tapped every
1.5 h and both slag and metal were tapped out of the same tap-hole. It was also
chosen due to Paste B being in current use at the furnace which would allow for a
good comparison.

In order to evaluate the effectiveness of the developed Eltap™ G THL in actual
furnace performance, it was decided that two main factors would be evaluated. These
were the drilling length used to reopen a tap-hole and the thermocouple temperatures
along the copper cooled tap block installed 40 cm into and around the tap-hole.
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Fig. 8 Photo and infrared image of the trialed tap-hole successfully closed with Eltap™ G THL
tap-hole paste
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Fig. 9 Graph showing the drilling lengths on the trial furnace with different tap-hole pastes

The closure of this furnace’s tap-hole is shown in the picture and corresponding
thermal image in Fig. 8.

From the trends of the drilling length of the tap-hole shown in Fig. 9, some
interesting trends can be observed. The tap-hole was plugged in oscillating campaigns
of Paste B followed by the Eltap™ G THL. The usage of Eltap™ G THL showed
elongating drill lengths. The two drill lengths in these periods under 60 cm were due
to slag blocking the tap-hole and were not attributed to issues with the closure with
the tap-hole paste.

In Fig. 10, some of the temperatures from the thermocouples along the copper
water-cooled tap block were observed during the trial periods of Eltap™ G THL. Any
increasing trend in this temperature would mean that the tap-hole was expanding and
degrading. This would, of course, be expected through regular usage of the tap-hole.

After the plugging with Eltap™ G THL, especially the second trial period, the
temperatures within the tap block were seen to remain at a constant, even with a
slight trend of the temperatures decreasing. This was taken as a sign of the tap-hole
paste repairing the tap-hole.

Both the drill lengths and copper cooled tap block temperatures confirmed that the
paste that tested well in lab-scale experiments had the same properties and functioned
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well within the plugging gun and furnace tap-hole. While the results were promising,
it was decided that a much longer trial campaign of over a month would be needed
to observe and confirm any repair properties of the paste.

Conclusions

When this project commenced, and a characterisation framework was drawn up the
aim was twofold. The first was to develop ano CTPht-containing, hybrid plugging and
tap-hole repair paste that could perform equally well as other commercially available
tap-hole pastes. The second goal while characterising this paste during development
against other pastes was to validate the practicality of these characterisation methods
to actual behaviour of these pastes within a physical tap-hole at a smelting furnace.

Development of a hybrid, environmentally friendly plugging paste—From initial
results from the characterisation framework and from subsequent initial plant-
scale trials, it can be concluded that the Eltap™ G THL bio seems to show
promising results. While it is too early to conclude on the long-term effects of
repair on a tap-hole. More data on this will be available shortly when a month-long
tapping campaign will be completed with this paste. The paste with completely
green biopolymeric binder was shown to have similar and for several areas,
stronger properties when compared with commercial pastes.

Validity and practicality of use of the Elkem parallel plate viscometer—The use
of the parallel plate viscometer provides a new method of observing the rheology
of various tap-hole plugging and repair paste that can be made precludes to the
validity of the use of the Elkem parallel plate viscometer and how it could be
used practically to give more information in characterising plugging pastes. The
method, while needing some refinement and further work in certain aspects, could
undoubtedly be used as a comparative tool to compare various flows of pastes.
This could be used in many different practical applications; an example would be
in development of a specialized flow plugging paste with suitable viscosities at
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specified set points. Further use of this method could pertain to understanding the
maximum viscosities at a range of temperatures and understanding the equipment
and force required to overcome these maximum viscosities before the paste will
start to exhibit shear-thinning behaviour and start flowing.

The parallel plate viscometer—The use of the parallel plate viscometer provides
a new method of observing the rheology of various tap-hole plugging and repair
pastes and can provide a more dynamic insight as to what temperatures and shear
stresses are required to sufficiently extrude a paste from a furnace mud gun. The
method does have some limitations, however, with regard to the maximum plate
speed and temperature that can be run on it; however, to simulate the flow of
plugging pastes out of a mud gun, this shows some promising results as testing
equipment.

The simulated baking test under pressure—The simulated baking test at high
temperatures with an in situ dropping of plugging paste into an annulus under
pressure shows some promise as a test method to quantitatively observe the
behaviour of pastes in the tap-hole and to observe the repair properties of the
tap-hole plugging pastes against any potential material that a tap-hole could be
constructed out of. This not only allows more flexibility as future materials are
developed for furnace and tap-hole linings, but allows the potential to observe the
behaviour of these pastes under varying temperatures and pressures. While this
test is in its infancy when compared with other more well-defined tests, there is
a large potential for it in characterising paste behaviour and also to make it more
qualitative.

Further Work

While a lot of work was covered within the paper, there is some important work that
could be performed to better characterise the flow characteristics of the paste. Two
of the most pertinent suggestions for further work are listed below:

® Parallel plate viscometer—a collaborative research is suggested wherein a small-
scale mud gun with metering along it to record pressure and speeds could be
used to confirm the measurements obtained from the viscosity measurements on
the plate viscometer. This would allow a more comprehensive correlation to be
drawn up between the measurements in the laboratory-scale experiments and what
is actually experienced in a mud gun.

e Simulated baking test—further work to be done to refine this would be to better
define the measurement criteria after removing the dropped in sample. This could
include use of an Optical Light Microscope (OLM) or analysis under a Scanning
Electron Microscope (SEM) to determine the exact nature of the bonds between
the paste and the surrounding material. Another improvement is to measure the
force that is needed for pushing the baked plugging paste out of the tap-hole.
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