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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

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 Tappingwill 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
themain features affecting the tapping. Thismodel is a simplemodel, where themain
features may be transferred to bothmanagement 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
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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

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



8 M. Tangstad et al.

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.

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. Thiswill in the samemanner 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, Al2O3 and
SiO2. The CaO/Al2O3 ratio will however be dependent on the raw materials used,
and the SiO2 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 sourcemay bemetallic 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–SiO2 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, Al2O3 phases and it is seen that with heating the impurity phases
will start to dissolve SiO2. When the temperature is 1800 °C it will be more than
75% SiO2 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 °Cmainly 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 (SiO2 + Si = 2SiO(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 theNorwegian 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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MIRS Robotic Tapping and Plugging
of Non-ferrous Smelting Furnaces

Rodrigo Madariaga, Luis Arevalo, Thomas Gabardi, and Phillip Mackey

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 foundrymodel 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-holea 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 35–45

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%

Fe3O4 10.0–25.0%

Zn 1.0–5.0%

S 0.5–1.5%

SiO2 28.0–35.0%

CaO 0.8–2.0%

a The horizontal length from the faceplate to the inside of the wall of the furnace, refer to Fig. 1


