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Abstract - EIMet is the short name for a competence project (2015-2020) on electrical conditions in 3-
phase submerged arc furnaces (SAFs). In the project, NORCE has cooperated closely with The
Norwegian University of Science and Technology (NTNU), University of Oxford, University of
Santiago de Compostela, and the industrial partners, Elkem and Eramet Norway.

ElMet has focused on mathematical modelling, and a set of tools have been utilized:
e  Basic equation analysis, together with very simplified models, have clarified fundamental
aspects.
¢ 2D and 3D models have then supplied important overall insight.
¢  Finally, metamodels have enabled a link between physics- and data-based modelling.

The EIMet project has established a sound basis for understanding electrical conditions in SAFs, and
proper tools have been developed and tested for future use:
e  Flexible 3D simulations models to be applied for various case studies.
e  Astrong electromagnetic proximity effect for (almost) parallel currents has been discovered.
e Induced currents in the furnace steel shell carry information that might be utilized for
identification of inner conditions.
¢  Metamodels, together with additional measurements, seem suitable for on-line use and to
identify inner furnace conditions.

INTRODUCTION

Mathematical modelling has successfully been applied for various aspects of metallurgical
processes. Nevertheless, due to all complexities in the processes, the design and operation of
smelting furnaces are still to a large degree empirically based, and several process variations
are not properly understood. Representatives from Eramet Norway, Elkem and Alcoa”
identified a knowledge gap concerning the effects of 3-phase alternating current, including
how the associated power distribution governs the chemical reactions and temperature
distribution.

The knowledge-building project, “Electrical Conditions and their Process Interactions in High
Temperature Metallurgical Reactors (EIMet)”, 2015-2020, was then initiated. EIMet has been a
challenging, multi-disciplinary project focusing on relevant mathematical modelling, with
close cooperation between NORCE, the industrial partners, and researchers from The
Norwegian University of Science and Technology (NTNU), University of Oxford, and
University of Santiago de Compostela. Conceptually, the project has included research within:

e Basic understanding of electrical conditions for 3-phase submerged arc furnaces (SAFs)

* Alcoa left the EIMet project when they stopped their research project on developing a carbo-thermic
process for aluminum production.
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e Relevant models for overall view, case studies and design
¢ Metamodels - Combining physics- and data-based modelling
e Material data, verification

In the following, an overview of the learning from the project will be presented. In the EIMet
project, we have studied various electrical aspects of (Fe)Si- and Mn-processes in circular
furnaces with 3 electrodes and 3-phase electrical supply. Many results can, however, be
transferred to other geometries and processes. In this paper, examples will mainly focus on
large FeMn furnaces. Mathematical details are intentionally omitted.

BASIC UNDERSTANDING OF ELECTRICAL CONDITIONS

Mathematical models for alternating current (AC) consists of applying Maxwell’s equations.
To study the fundamentals, we have:

e Analyzed the equations

e Applied (very) simplified models, 1D and 2D models

e (larified how linearity can be exploited

Basic equation analysis

We have assumed harmonic time variation and neglected higher harmonics. Depending on
the conditions, Maxwell’s equations can then describe:

Electromagnetic waves

High frequency AC

Low/moderate frequency AC

Direct current (DC), or strictly speaking AC that at any time instant looks like DC

Equation analysis revealed that two physical parameters are important, the electromagnetic
wavelength, 4, and the skin depth, §:

[1]

6= nfoel 2]
where c is the speed of light, f is the frequency (normally 50 Hz), o, is the electrical
conductivity, and p is the magnetic permeability.

The electromagnetic wavelength will be around 6 000 km, i.e., far bigger than the size of the
furnace. Hence, electromagnetic waves and the corresponding terms in the equations can
safely be ignored, c.f. for instance Halvorsen, Olsen, and Fromreide (2016). The resulting set
of equations are well known as the low-frequency time harmonic Maxwell’s equations
(Bermudez, Gémez and Salgado, 2014; Fromreide et al., 2021a; Fromreide, 2021).

With this approximation, there will only be one relevant material parameter, §, for each
material. Further, the qualitative behavior of the electric conditions will depend on two types
of non-dimensional parameters, aspect ratios and the ratio between a length/width and the
skin depth:

(H;/Ly? and (H;/8)* [3]

where H; and L; are two geometric parameters (e.g., length, height, width, diameter, ...) and
Ok is the skin depth for material number k. The number of parameters depend on the number
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of materials involved and the geometric complexity. The qualitative behavior will depend on
whether such parameters are very large, around one, or very small.

The conditions for a single conductor, are well known. If it is long and thin, (H/ L)? « 1, where
H is the thickness or diameter and L is the length, then the current distribution may only vary
across the conductor. Variations in the length direction are only possible in small regions at
both ends. If the skin depth is large compared to the width/diameter, (H/8§)? < 1, the current
will distribute uniformly on the cross section and AC will behave like (slowly varying) DC. In
the opposite extreme, (H/ 8)? > 1, the electrical current will be confined to a thin layer along
the boundary/periphery of the conductor. If the parameter is around 1, the current will
distribute on the whole cross section with higher concentration at the boundary/periphery
than in the center.

It should be noticed that the ratios are squared in the relevant non-dimensional equations.
They are therefore expressed as squared ratios in [3]. This quadratic property implies that the
behavior can change significantly due to comparatively small variations. Roughly, a change
by a factor 3 of a “non-squared” ratio, implies almost a factor 10 change in the “influencing”
factor. If this factor is of order 1, the change can be dramatic. If on the other hand, the parameter
is either very large or very small, the change can be negligible.

While the conditions are fairly easy to study for a single conductor, they are far more complex
in a real furnace. In a large FeMn furnace, there will be regions where the ratio (H/8)? will be
small (cold or moderately heated charge), moderate (coke bed), and large (electrodes, metal,
steel shell).

Simple models in 2D and 1D - Proximity between adjacent currents

A (cartesian) 2D model was applied to study the basic electrical effects. This model included
two electrodes, a flat coke bed (or slag layer), a metal layer, and regions with very low
conductivities (e.g., cold charge materials). Computed power density from a simulation is
shown in Figure 1. For a DC case, the current would “fill the whole cross section”, i.e., we
would get fairly uniform current and power distributions within the flat coke bed between the
electrodes. The AC simulations showed, however, very uneven distribution, where the current
in the coke bed had been “pushed away” from the metal layer. Between the electrodes there is
a comparatively long “1D region” in the middle, i.e., the power distribution varies in the
vertical direction while it is approximately constant in the horizontal direction.

Further analysis, using a 1D model, revealed that we had discovered a strong proximity effect
between alternating currents in adjacent, “parallel”, regions. The distribution of electric and
magnetic fields (and hence also current and power) in one region will depend strongly on the
properties of other regions. The coupling between the layers is due to the magnetic field.
Hence, the strong proximity effect does not depend on electrical contact between the layers.
(Electrical contacts can, however, be important to determine the current paths.)

Our studies have revealed that the distribution of parallel, alternating currents above a highly
conductive metal layer differs strongly from the DC case. Also, this effect implies less current
in the metal, compared to DC (Fromreide et al., 2021a; Fromreide, 2021). But if the power
generated in this region is small, compared to the total power, DC simulations may still be
applied to compute a reasonable power distribution. The EIMet project has provided a tool for
a check: We can apply a 1D model to estimate the power dissipated midway between two
electrodes. Then the total power in the region can be approximated by assuming the same
conditions for the whole volume between the electrodes. If this estimate shows negligible



power, then DC simulations can be applied. If not, we recommend AC simulations. (Fromreide
et al., 2021a; Fromreide, 2021).
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Figure 1: Typical distribution of AC power density in a simple 2D model.

The simple 2D model has been applied for various case studies and can be utilized to find how
various parameters influence current and power distribution (Fromreide et al., 2021a;
Fromreide, 2021). The simple equation analysis revealed what parameters can be important,
and that the conditions can depend strongly on whether such non-dimensional parameters are
large, moderate (of order one) or small. The 2D model can then be applied to check how
important various parameters are. 2D simulations are suitable to perform a large number of
parametric studies. The results should be treated as indicative and we recommend that they
are checked against some 3D simulations. In some cases, effects in 2D can be far stronger or
weaker than in 3D.

The proximity effect between adjacent materials is also significant for the current distribution
in a conductive carbon lining. There will be a strong coupling between a magnetic steel shell
and the conductive materials inside the furnace (Fromreide, 2021). We recommend that this
effect is studied when a furnace is relined.

Further details on the strong proximity effect between parallel currents can be found in
Fromreide et al. (2021a) and Fromreide (2021).

Maxwell’s equations - Linearity

Maxwell’s equations are linear, which means that the computed electric and magnetic fields
depend linearly on the input values. The current distribution will also be a linear function of
input variables, while the power is a quadratic function. Due to this linearity, it is not required
to solve the equations for all combinations of inputs.

For AC simulations the input current is normally specified for two electrodes. Due to current
balance, the current is then given for the third electrode. Based on the linear property, one can
compute the solution for two single-phase cases, and then find the solution for any current
input (Fromreide et al., 2021b). The procedure requires some arithmetic with complex
numbers, but this is fairly easy to perform in COMSOL Multiphysics which we have applied
(and hopefully also in similar simulation code). A demo example is shown in Fromreide et al.
(2021b) and further details for AC simulations can be found in Fromreide (2021).



When selecting the input for the two electrodes, the appropriate phase shift must be chosen.
The phase shifts are £120° if and only if all electrode currents are equal. For almost equal
currents, 120° might be appropriate.

If DC solver is relevant, three DC models can be combined as described by Halvorsen, Olsen,
and Fromreide, (2016). Here, the three basic solutions are not independent. One of them can
be found by combining the two other ones. Also, if the materials are symmetrically distributed,
it is only required to compute the solution for one half furnace. The rest can be found by
mirroring and rotation. (Halvorsen, Olsen, and Fromreide, 2016)

MODELS FOR OVERALL VIEW, CASE STUDIES AND DESIGN

2D versus 3D models - Proximity effects in electrodes

To get an overall view and perform studies that shall relate directly to real equipment and
processes, adequate models need to be far more detailed (and realistic) than the 2D model
shown in Figure 1.

In many cases, 2D models may be fully adequate. 2D axially symmetric models are, for
instance, well suited for various electrodes problems, c.f. for instance Bermtidez, Bullén, and
Pena (1998) and Feldborg, Larsen, and Halvorsen (2013). 2D cartesian simulation has also been
applied for complete furnace simulations, e.g., by Karalis et al. (2016). We recommend that
such 2D studies are supplemented with 3D simulations, e.g., as done by Karalis et al. (2020), or
at least by some axially symmetric simulations. As stated above: Effects in 2D can be far
stronger or weaker than in 3D.

Within the EIMet project we have made a comprehensive review of skin and proximity effects
in electrodes (Herland, Sparta, and Halvorsen, 2019). This study includes various analytical
models, that are compared to 2D COMSOL simulations. The effects are studied separately:
e Skin effect in a single electrode, including comparing AC and DC.
e Skin and proximity effect in one electrode, approximating the other two by line
currents.
¢ Induced currents in steel shell when the three electrodes are treated as line currents.

Then all effects are combined in COMSOL simulations:
e 2D model including electrodes and steel shell
e 3D furnace model, to check how well the 2D models perform

The publication is a good example to show how simpler models can be very useful to acquire
a basic understanding of the various effects, while more complete models are needed to check
how well the simpler models work (Herland, Sparta, and Halvorsen, 2019).

DC versus AC

Direct current (DC) has often been applied to study current and power distributions in 3-phase
AC furnaces, for instance by Darmana et al., (2012); Dhainaut (2004) Karalis ef al. (2017), and
Tesfahunegn et al. (2018). In an EIMet study we have shown that only two DC cases need to be
solved to get the solution for any time instant, or to compute the distribution of the average
AC power input (Halvorsen, Olsen, and Fromreide, 2016), when induction effects can be
neglected.



DC is comparatively easy to understand and far more computationally efficient than full AC
simulations (Halvorsen, Olsen, and Fromreide, 2016). DC solvers can therefore be preferential
unless skin and proximity effects are important for the problem to be investigated. We strongly
recommend that this is clarified before relying on DC solvers. Tesfahunegn, et al. (2020), has
for instance compared AC and DC solvers for a model of a ferrosilicon (FeSi) furnace, and
found only minor differences for their case studies. Our simple estimate, described in the
previous chapter, is another method for clarification.

Flexible sample models for case studies

In the ElMet project, we have adapted Finite Element Method (FEM) models in COMSOL
Multiphysics for FeMn and (Fe)Si furnaces. Figure 2 shows the geometry and material
distribution for a 41 MW FeMn case study (Herland, Sparta, and Halvorsen, 2018). The
geometry includes 1) air (including a sufficiently large region outside the furnace),
2) electrodes, 3) charge at some 400 °C, 4) charge at some 800 °C, 5) charge at some 1200 °C,
6) coke beds, 7) alloy, 8) carbon lining, 9) oxide lining, 10) steel shell, 11) steel roof. Figure 3
shows some alternative shapes for the coke beds. In these cases, we have not included a
separate slag region.
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Figure 2: Material distribution in a model for a FeMn furnace. The figure shows
a slice through one electrode and midway between the other two.
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Figure 3: Models for a FeMn furnace, showing some options for the shape of the coke beds. Colors/shading
below the electrode tips indicate power distribution in this region, the darker, the higher the power.

The models are very flexible and can be adapted to a wide range of geometries and distribution
of material data. The geometry is parameterized to enable rapid generation of geometric



alternatives for a parametric study. Although the models are adapted for Mn- and (Fe)Si
processes, they can easily be adjusted for other processes.

Induced currents in steel shell

The construction steel applied in the furnace shell is magnetic and the corresponding skin
depth, 6§, is small compared to the thickness. Hence, induced currents will be confined to a
thin surface layer. Typical current patterns for a time instant where the current enters through
one electrode (in the back) and distributes to the other two (in the front) is shown in Figure 4.
Behind each electrode the induced current always moves opposite to the respective electrode
current. Since the currents will always form closed paths, we find three loops, with highest
current concentration on the top between the electrodes. The currents are large, typically 20-
30 % of the electrode currents. (Herland, Sparta, and Halvorsen, 2018).

Part of the induced currents will flow “over the top” and will be associated with a corre-
sponding alternating magnetic field on the outside of the furnace. Case studies have shown
that the magnetic field on the outside depend on inner current patterns. This indicates that
appropriate measurements can supply adequate information to identify inner furnace
conditions. There are three possible principles for such measurements:

e Electric field, or electric potential differences, on the steel shell

e Magnetic field just outside the steel shell

e Temperatures on the steel shell

Figure 4: Typical patterns of induced currents on the inside of the steel shell. The main current enters
the furnace through the back electrode and distributes to the two electrodes in the front.

The first two will conceptually measure the local magnitude of induced current on the outside
of the steel shell (online measurements on the inside are probably not feasible), while
temperatures will measure an average of the induced power on the inside and the outside. The
temperatures will, of course also depend on the inner furnace temperatures and the ambient
conditions. The time variation of the induced currents will, however, follow the electrode
current only with a small time lag and it should be possible to separate the effect of induced
currents from other effects.



METAMODELS

The ElMet project has focused on physics-based models: ranging from simple models to
understand basic phenomena, to large FEM models for realistic case studies. The latter have
been implemented in COMSOL Multiphysics. The drawbacks of the FEM models are that they
are demanding in terms of time and computational resources, and it is not easy to see how
inputs should be appropriately modified to get a desired output. This is required if a model
should be applied to identify inner furnace conditions. We have therefore developed a
procedure to derive metamodels from the physics-based FEM models of a furnace. Details are
given in two recent publications by Sparta et al. (2021a and 2021b). Only a brief overview is
presented in this paper.

First, we select some 12 important input parameters, including parameters to describe the
inner geometry (distribution of electrical conductivity). Then we perform some hundreds of
runs with the FEM model where the inputs are systematically varied according to principles
of experimental design. The results are collected in a database of corresponding inputs and
outputs. A statistical method, e.g., partial least square regression (PLSR), can then be applied
to link inputs and outputs. (Sparta et al., 2021a, Sparta et al., 2021b).

A metamodel can be realized in two “directions”. The “classical” or “direct” multivariate
metamodel is a function from inputs to outputs. It will show how the inputs influence the
output values, and what inputs are most important in this respect. In the opposite, or
“inverse”, direction one constructs a function/relation from the outputs to the inputs. The latter
can be used for identification of inner conditions, provided the model is not “sloppy”, i.e.,
important inner conditions are only “vaguely” defined by the inputs (more than one set of
inputs will cause the same, or very similar, state of the furnace). Further research is required,
but so far the methodology looks promising. (Sparta et al., 2021a, Sparta et al., 2021b).

It has also been shown that the standard measurements (operational data) are not sufficient to
identify inner furnace conditions (Strabg, 2020).

MATERIAL DATA, VERIFICATION

The ElMet project has concentrated on appropriate mathematical modeling of the electrical
conditions, but some efforts have also been spent on material data and model verification.

Electrical and thermal conductivity - Homogenization

Effective electrical conductivity is complicated for inhomogeneous particulate materials. Our
investigations have been focused on beds of carbon particles. Homogenization is a mathe-
matical method where the average/ effective quantities can be calculated based on a model of
the local conditions on a small scale. This method has been adapted to electrical conductivity
for particulate matter/bulk materials (Rooney, 2019).

The project has also included some studies on effective thermal conductivity where radiation
is important (Kiradjiev et al. 2019; Rooney, Please, and Howison, 2020).

Electrical conductivity - Measurements
The studies of electrical conductivity have included measurements and experiments.



Computer tomography (CT) scans have provided a good view of the conditions within a bed
of carbon particles. Each particle connects typically to other ones through 5-7 small areas
(“contact points”). Such scans also show typical characteristics of the contacts. The scans can
be used as a starting point to study typical current paths. But such investigation was not
prioritized within the EIMet project.

Equipment for measuring effective electric conductivities in particulate matter has been
developed at NTNU. The EIMet project has contributed. Measurements have been performed
for carbon materials, both at room temperature and at elevated temperatures. Some results
have been published by Surup et al. (2020).

Model verification
The EIMet project has focused on developing and testing mathematical models to understand
electrical conditions in 3-phase furnaces. A comprehensive validation was outside the inten-
tion of this research project. But some limited evaluations have been carried out:
e Case studies in cooperation with the industrial partners are found to be in good
agreement with furnace observations.
e Hot spots have been observed on the steel shell in regions where the simulations show
high concentration of induced currents.
e Magnetic fields were measured outside the steel shell in a separate project. The general
trend in these measurements agreed with EIMet simulations.

Substantially improved model validation/verification will require dedicated experiments
with appropriate measurements to find the inner furnace conditions with reasonably accuracy.
Another approach is to impose a change with known effects and check how well the model
reproduces the expected furnace behavior. Since our project has shown that the normal
operational data is not sufficient to identify inner furnace conditions (Strabg, 2020), additional
measurements are strongly recommended.

POSSIBLE FOLLOW-UP

The knowledge acquired in the EIMet project should be followed up, and improvements
should be implemented industrially.

Education

Course material of relevant basics for electrical conditions (presentation and a compendium)
is part of the EIMet results. This material can be reused and further developed to educate
students, as well as plant metallurgists and furnace operators. The material has been made
available for the industrial partners for internal use, and for education at NTNU.

Case studies

FEM models for (Fe)Si and Mn furnaces have been implemented in COMSOL Multiphysics.
Models adapted for furnaces at Elkem and Eramet Norway have been handed over to the
respective companies, where they have been applied for various studies. Both companies
intend to apply the models for further simulations, when appropriate. The FEM models are
flexible and can fairly easy be adapted to other furnaces and processes.

Combined, overall models
The EIMet model should be combined with other models for an overall view of the coupling
between electrical conditions, heat flow, material flows and chemical reactions. As a start, an



overall, axially symmetric model has been developed for a SiMn pilot furnace (Sparta et al.,
2021c). Here, DC is applied and considered to be appropriate, while AC may be required for
3D cases of full size industrial furnaces.

Measurements

The induced currents in the steel shell carry information on inner electrical conditions. Model
simulations have shown that the induced currents are influenced by the inner current
distribution. We recommend that the three principles for measurement are tested: electric field
(potential differences), magnetic field, and temperature. We think that a lease one of these
should be implemented in a future control system.

Electrode voltages can be measured by the principle proposed by Beckman (1973). The
voltages are normally measured between each electrode and the bottom of the furnace steel
shell, where the latter should correspond to a “neutral point” inside the furnace. But our EIMet
simulations show that there is no electrical contact between the neutral point and the outside
of the steel shell for (50 Hz) alternating currents. The 50 Hz coupling is first between an inner
neutral point and induced currents inside the steel shell, through the magnetic field. Then part
of these currents flows outside the steel shell, where they influence the 50 Hz electric potential
in this region.

We conclude that the conditions for the Backman measurement is not well understood and
recommend that it is reviewed. EIMet type of simulations as well as additional measurements
should be utilized. The Beckman principle lacks sound scientific basis, but that does not
necessarily imply that it cannot be used.

We also recommend that other standard electrical measurements are reviewed.

Identification of inner conditions
The ElMet project has established a foundation for future on-line identification of inner furnace
conditions. This will require further challenging, multi-disciplinary research, including:
e Further adaptation and testing of EIMet models
Further development of suitable metamodels
Coupling electrical models to models for the process conditions
New measurements for on-line use
Suitable (furnace) experiments
Proper data analysis, e.g., including novel techniques from artificial intelligence

CONCLUSIONS

The research project Electrical Conditions and their Process Interactions in High Temperature
Metallurgical Reactors (EIMet) has established a sound basis for understanding electrical
conditions in metallurgical processes.

The project has demonstrated that various types of mathematical models are required:
e Equation analysis and simple models to properly understand the fundamentals
e Proper overall models for realistic case studies
e Metamodels for possible on-line use and identification of inner conditions

Flexible 3D simulations models have been developed and tested for (Fe)Si- and Mn-processes.
The models can fairly easy be adapted to other furnaces and processes.
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An electromagnetic AC proximity effect has been discovered and studied. Currents and
electromagnetic fields in parallel layers are strongly coupled. This effect will “push” currents
away from good conductors, like a metal bath or the steel shell. More currents will run higher
up between the electrodes for AC than predicted by DC solvers. A simple estimate has been
established to check whether this effect can be important for a concrete case. The same effect
enhances induction currents in a conductive (carbon) lining.

Induced currents in the furnace steel shell carry information on inner furnace conditions.
Measurements are recommended, for possible implementation in future on-line control
systems. Studies of such induced currents have also disclosed that the Backman principle for
measuring electrode voltages lacks a sound scientific basis.

Proper metamodels seem to be suitable for future on-line use and to identify inner furnace
conditions. Such identification will require further challenging, multi-disciplinary research.
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