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Abstract
This work discusses 3D models of current distribution in a three-phase Submerged Arc Furnace that contains

several components, such as electrodes, central arcs, craters, crater walls, and side arcs that connect electrodes and
crater walls. A complete modeling approach requires time-dependent modeling of the AC electromagnetic fields and
current distribution, while an approximation using a static DC approach enables a significant reduction in
computational time. By comparing results for current and power distributions inside an industrial submerged arc
furnace from the AC and DC solvers of the ANSYS Maxwell module, the merits and limitations of using the simpler
and faster DC approach are estimated. The conclusion is that although effects such as skin effect and proximity are
lost with the DC approach, the difference in the location of energy dissipation is within 6% margin. The given
inaccuracies introduced with an assumption about furnace configuration and physical properties are significantly more

important for the overall result. Unless inductive effects are of particular interest, DC may often be sufficient.

Keywords: Current distributions, Current paths, Power distributions, Submerged arc furnace, Electric arcs,

Electromagnetics, Finite element method
1. Introduction

Submerged arc furnaces (SAFs) for Silicon or FerroSilicon production are subject to two principal control
mechanism. On the one hand, it is the metallurgical control, which encompasses raw material selection, feeding,
stocking, and tapping, and on the other, it is the electrical control, where the power dissipation is controlled by selecting
the transformer set-point voltage, as well as the phase currents or resistances. The electrical control strategy depends
on the raw materials in the furnace, and the goal is to control the power-dissipation through the current distribution.
The electrical behavior in the furnace also affects the raw materials selected for given product specifications. There
are no instruments/sensors that can measure the actual current distributions in the furnace directly. The practice in the
industry is to operate the furnace based on the analysis of limited data at hand as well as by controlling the phase
current or resistance. Hence, developing a methodology that predicts current distribution is today’s research question.
Due to recent furnace dig-outs, which provide topography information and distribution of different material and
intermediate compounds and the availability of computer resources, we are at the stage where we can develop reliable
numerical models to predict the furnace behavior. This, in turn, will enhance our understanding of critical process

parameters and allow us to control the furnace accurately.
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The furnace is partitioned in various geometrical zones by taking into account the silicon furnace operation history.
As reported by Tranell et al. [1], different zones of FeSi furnace have been described from an industrial excavated
furnaces. The results of the excavation published by Tranell et al. [2] in which the internal part of the furnace is divided
into zones based on the materials and their degree of reduction. Myrhaug [3] reported similar features from an
excavation on a pilot-scale furnace, operating around 150 kW. Mapping the material distribution gives a basis for
quantifying the location-dependent physical properties of the charge materials such as electrical conductivity.

Developing a comprehensive numerical model of SAF (submerged arc furnace) includes electrical, chemical,
thermal, and fluid flow considerations. However, operational experience and results from the furnace dig-outs show
that the material distribution in the furnace, and thus the location-dependent electrical characteristics, are extremely
variable and very dependent on the operational history of the respective furnaces. Therefore it is reasonable to address
the electrical modeling, which can be based on dig-out results and material and temperature-dependent electrical data,
separately from the rest of the multi-physics. In the regions of the furnace where the current passes and the metal-
producing reactions occur, most materials are solid or semi-solid, so the transport of materials in the furnace is
determined by consumption from below combined with gravity. Fluid mechanics are useful for modeling tapping from
the furnace, along with pressure and gas-flow through the charge or towards the tap-hole.

The issue of the best control strategy for the furnace is a very complex one. However, in the industrial application,
the existing controlling strategies of SAFs are mainly either current or resistance control Hauksdottir et al. [4]. Hence
in this study, we consider the electrical aspects, which require the electrical conductivity of the different zones of the
furnace based on the excavation of furnaces. There is some published research that addresses this issue. Krokstad [5]
outlined an experimental method and published data on the electrical conductivity of silicon carbide, and Vangskasen
[6] looked in detail at the metal producing mechanisms. Molnas [7] and Nell [8] have also published data on dig-out
samples and material analysis that are relevant. This does not mean, however, that there is sufficient conductivity data
available at this time to map out the furnace completely, that work is still on-going and would be a prerequisite for
developing a complete and accurate numerical model of the electrical aspects within the furnace. The improved and
limited availability of physical properties, along with the enhanced information on the furnace interior layout, presents
a unique opportunity to create a model that improves understanding of the current and power distributions in the
system. Based on these results furnace control strategies can be developed to enhance silicon recovery and energy
efficiency.

Modeling the electrical aspects of SAF can be simplified by only considering a 2D domain that contains three
electrodes or complicated by analyzing a 3D model that includes various parts of the furnace. In both cases, either a
numerical DC (direct current) solver or AC (alternating current) solver can be utilized depending on the availability of
computer resources. Palsson and Jonsson [9] used FEM (Finite Element Method) to analyze the skin and proximity
effects in Soderberg electrodes for FeSi furnace. In the paper, a cross-section of the furnace is modeled in 2D and
solved to obtain a time-harmonic solution of AC currents in the electrodes. Barba et al. [10] used 3D FE (Finite
Element) model to define an equivalent electric circuit to control the operations of a submerged arc furnace. The
electric circuit model parameters were calculated by the FE model. The FE model of the furnace partitioned into
different zones with different electrical conductivities. Tesfahunegn et al. [11, 12] developed a 3D numerical furnace

model that contains electrodes, main arcs, side arcs, crater-wall, crater, and other parts using ANSYS Fluent electric
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potential solver (DC). The authors reported results for current distribution for a range of arcing configurations. As a
continuation of their work, they have implemented a vector potential method using a user-defined function in the
ANSYS Fluent environment to calculate dynamic current distributions [13, 14]. That model only includes the
electrodes and predicts skin and proximity effects. The same authors [15] extend their work on the model that has been
developed in [11, 12] to study the alternating current and power distributions using eddy current solver (AC). Other
researchers have developed different numerical models for SAF based on Computational Fluid Dynamics (CFD) and
Finite Element Method (FEM). Scheepers et al. [16, 17] integrated a CFD model in dynamic modeling, a standard
linear transfer function, in a SAF of phosphorus production. In the developed CFD model, the electrical and arc heating
were modeled as volumetric heat sources. Herland et al. [18] studied proximity effects in large FeSi and FeMn furnaces
using FEM. In their model, they have included different parts of the furnaces. Diahnaut [19] used CFD to compute
electric field in SAF. The effect of contact resistance between two coke particles studied in the paper before considering
a full-scale furnace. The furnace is partitioned in layers to consider different materials, and no assumption has been
made on the current path. Bezuidenhout et al. [20] applied CFD on a three-phase electric smelting furnace to investigate
the electrical characteristics, flow, and thermal response. They showed the relations between electrode positions,
current distribution and slag electrical resistivity. Moghadam et al. [21] have developed an axis-symmetric two-
dimensional mathematical model to describe the heat transfer and fluid flow in an AC arc zone of a ferrosilicon SAF.
The model was able to predict temperature distribution, flow patterns, and current density on a melt surface. Darmana
et al. [22] developed a modeling concept applicable to SAFs using CFD that considers various physical phenomena
such as thermodynamics, electricity, hydrodynamics, heat radiation and chemical reactions. Wang et. al [23] have used
a magnetohydrodynamic model to study a twin-electrode DC arc furnace designed for MgO crystal production. In their
study, Maxwell’s and Navier-Stokes equations were coupled in ANSYS’s working environment. Wang et al. [24]
investigated the thermal behavior inside three different electric furnaces for MgO production. They developed 3D CFD
models in FUENT and compared the simulation results with measurements.

This paper presents a comparative study of AC and DC solvers based on computations of current and power
distributions inside an industrial submerged arc furnace for silicon metal production. As time-dependent AC is much
more computationally demanding and time-consuming than the magnetostatic DC approach, it is worthwhile to study
if and when DC is sufficient to get the desired information. This comparison was done on a 3D model that has been
developed in ANSYS Maxwell [25] using the magnetostatic (DC) and eddy current (AC) solvers. Electrode, main arc,
crater, crater wall, and side arc that connects the electrode and crater wall are taken into account for each phase. Other

furnace parts such as carbon block, steel shell, and aluminum block are also incorporated.

2. The process

In the silicon production process, the main ingredients, i.e., quartz and carbon materials, commonly called the
charge when mixed together, are fed into a submerged arc furnace. Three electrodes penetrate the charge from above.
Three-phase 50 Hz AC electric current passes into the furnace through the electrodes, and passes between the
electrodes, dissipating heat in its path through materials in the furnace. Although the current flowing between the
electrodes is distributed in the furnace, it is often described as a star-point between the three electrodes.

The combined reaction that describes the stoichiometry for produces silicon is:
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SiOy+ 2C = Si + 2CO(g) (H

This reaction occurs through a series of sub-reactions at different temperatures. In turn, the charge properties are
changed as intermediary reaction products are formed as shown in Eq 2. and 3, thus the location dependent physical
properties in the domain. The current passes from one electrode to another through a number of pathways. It can pass
directly from the electrode to the charge materials that are of limited conductivity. Further down in the furnace current
will pass to highly conductive carbide material or directly to the metal product through electric arcs, that consist of
thermal plasma of temperature in the range of 10000-25000K [26]. The arcing provides heat for the energy-consuming
silicon-producing reaction(4), which requires temperature above 1900C for good silicon recovery as it’s stoichiometry
is temperature dependent. The SiC-forming reaction and SiO(g) condensation reactions (2) and (3) take place at a

lower temperature higher up in the furnace, see Schei et. Al [27] .

SiO(g) + 2C = SiC + CO(g) (2)
2Si0(g) = Si + SiO; (3)
Si02 + wSiC = xSiO(g) + yCO(g) + zSi(l) “4)

It is vital for the silicon recovery in this process that there is a balance between the high-temperature reactions (4)
and the low- temperature reactions (2) and (3). To drive reactions (2) and (4) certain heat should be released in the
raw-material charge and sufficient heat through arcing, respectively. In the silicon process it is the electric arc that

creates a sufficiently high temperature; so, adequate arcing is important for good silicon recovery.

3. Computational Model
In this section, we describe the mathematical modeling, furnace geometry, material properties, mesh generation,

and boundary conditions.

3.1 Mathematical modeling

This work is mainly focused on the electrical characteristics of a submerged arc furnace. Magnetostatic (DC) and
eddy current solvers (AC) are used to develop a 3D electrical model in ANSYS Maxwell [25]. The magnetostatic
solver will neither capture the time-dependent effects nor the induction of magnetic field. It solves static magnetic
fields by DC current flowing through a conductor. To magnetostatic solver solves the following Maxwell equations

[25]:

VxH=] 5)
V-B=0 (6)
B = pop,(H) - H @)

where H, B, J and u are magnetic field, magnetic flux density, current density, and magnetic permeability, respectively.
The magnetic permeability is typically given by p = u,.t,, where iy = 4w X 1077[H/m] is the constant magnetic
permeability of vacuum and p,. [-] is the relative magnetic permeability. The eddy current solver is an efficient way to
solve for the time-dependent magnetic field assuming a harmonic field, and is suitable for low-frequency devices and
phenomena. It solves sinusoidally-varying magnetic fields in the frequency domain. The frequency-domain solution
assumes frequency to be the same throughout the domain, but the phase may differ. Induced fields such as skin and

current proximity effects are captured. It is a quasi-static solver, as it assumes periodicity. The time-dependent Maxwell
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equations can in under these constraints be simplified to the following equation for the magnetic field, H, which the

solver is based on [25]:

Vx( ! VxH)=—jw,uH ®)

o+jwe
where ¢, @, and € are electrical conductivity, circular frequency, and electrical permittivity. Once the equations are
solved, the electric field (E) and the electric current density (J) are calculated using Faraday‘s and Ampere‘s laws.

Also, J and E are related by Ohm‘s law. The equations are solved by the finite element method.

3.2 Furnace geometry and material properties

In this paper, we have considered the same industrial furnace as reported in [11, 12, 15] that is operating with an
AC frequency of 50 Hz and its schematic diagram is shown in Fig. 1, which is adapted from [11]. Due to the proprietary
right, the dimensions and details of the furnace are not indicated in the figure. The computational domain is partitioned
into different zones based on the material properties. It consists of the furnace lining, three electrodes, charge, molten
material, three arcs below electrodes, side arcs, and three craters with crater walls made of carbides. The geometry of
each electrode is considered as a truncated right conical shape. The base of the cone is the top surface of the electrode
equal to the electrode radius. A change in the slope of the slant height changes the radius of the bottom surface of the
electrode. It is assumed that several concentrated side-arcs are distributed around the circumference of the electrodes
near the tip of the electrodes, and the circular distances between each side-arc are held constant. With this
configuration, the number of side-arcs increases linearly with the circumference of the electrode.

In Fig. 1 [11] a section of the furnace and an electrode are shown. For each phase, two types of arcs are introduced.
The main-arc, burning below the electrode, with an arc length of 10 cm and a diameter of Scm [28], and some shorter
side-arcs connecting the crater wall to the side of the electrode. The curvature of the three crater walls is assumed to
be a circular section with a diameter of 100 cm [29]. The electrical conductivity of each zone assigned based on an
industrial excavated furnace [2], and their value is taken from various literature sources and summarized in Table I.

Table I Electrical conductivity of different zones

Zones Electrical conductivity [S/m]
Electrode [5] 225000

Arc [29] 7000

Crater le'

Carbide [5] 400

Charge 0.15, 15

Molten material [30] 1388900

Carbon block [5] 225000

Alumina brick le'

Steel shell [18] 6.3e*10
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Figure 1. Schematic of the industrial Silicon SAF with different zones (a) electrode, (b) arc, (c) crater, (d) side arc, (e)
gap, () carbide, (g) charge, (h) alumina brick, (i) carbon block and carbide, (j) molten material, and (k) carbon block.

Adapted from [11], with permission.

3.3 Mesh generation and boundary conditions

The primary input of any computational method is the grid or mesh of the domain. The way the mesh generated
has a significant influence on the runtime and memory use of simulation, as well as the accuracy and stability of the
solution. There are two approaches to generate grids, i.e., structured and unstructured meshes. Structured meshes
formed of regular lattices and unstructured grids formed of an arbitrary collection of elements. Generating structured
mesh is a time-intensive task for complex domains. On the other hand, complex geometries can be meshed with great
flexibility using an unstructured method. Since the furnace geometry is very complex and has several parts, the mesh
is generated using the unstructured approach for both the DC and AC solvers. We utilize an adaptive mesh refinement
algorithm for the material volumes described in Section 3.2. This type of meshing technique provides automated mesh
refinement capability based on reported energy error in simulation.

The model boundary conditions were imposed based on the positions of the surfaces in the model. Two types of
boundary conditions are required, i.e., the natural and Neumann. The natural boundary condition is used for the
interface between objects. It describes the natural variation from one material to the next one, as defined by the material
property. The Neumann boundary condition is applied for the exterior boundary of the solution domain, and flux cannot
penetrate, and the H field is tangential to the boundary. To impose appropriate boundary conditions on the H field, a
large air-filled far-field is modeled around the furnace. A current of I, = 99 kA is imposed on the top surfaces of
the three electrodes. In the AC cases, the phase shift between electrodes is 120°. A representative mesh and boundary

conditions are shown in Fig. 2.
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Figure 2. Sample mesh and boundary conditions

4. Numerical cases

In this section, we determine the current and power distributions inside the furnace described in Section 3.2 as well
as other parameters, such as resistance, and voltage of the system. We consider four factors. The first factor is the type
of solver with two levels (DC and AC). The second factor is the number of side-arcs with two levels (8 and 14), the
third aspect is the charge conductivity with two levels (0.15 and 15 S/m), and the last element is the consideration of
the main arcs with two levels (with main arcs and without main arcs). Hence, a total of 16 simulation cases have been
performed. For discussion purposes, we group them into two categories based on the fourth factor. We only vary the
other three factors, i.e., the type of solver, number of side arcs and charge conductivity. The two categories are

summarized in Table II.

Table II Two simulation groups for DC and AC solvers

Number of side-arcs Charge conductivity

Category 8 14 0.15 S/m 15 S/m
Main arcs v v v v
No main arcs v v v v

For all cases, the phase current has the same value. This means that with changing domain configuration, the total
resistance changes, and thus the voltage of the system. Some of the cases represent realistic phase resistance in the
system while others do not, the goal with this effort is to gain a qualitative understanding of the governing mechanisms
for the current and power distributions in the system.

Since the results that are required for this study are not directly obtained from the simulation, we need to perform
post-processing. The current is calculated from current density by integrating on the surface of interest. The power

density, p [W /m?3], given by p = |J|?/20, where J is the amplitude of the current vector. By integrating the power
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density over the different material domain and the entire furnace, we obtain power, P[MW7]. Once the power of the

furnace is calculated, the resistance (R) of the system can be calculated.

4.1 Grid convergence and simulation time

For all cases, the simulations were performed by adaptive meshing algorithm using energy error as a convergence

criterion and the error set to 2 percent.
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Figure 3. Grid convergence based on energy percentage error for different cases with charge conductivity of 0.15 S/m.

a) with main arc and b) without main arc.

Figure 3 shows the grid convergence of different cases with charge conductivity of 0.15 S/m. For the cases shown,

four iterations are required to converge. In AC cases, the initial errors are higher than their corresponding DC cases.

Moreover, the first iteration starts at higher initial mesh for the DC solver and has a faster convergence rate as compared

to the AC solver. In Table III, the simulation time for all cases is provided. The minimum simulation time ratio between

AC and DC is about 1.2, and the maximum value is around 2.5. As can be seen in Fig. 3, the number of elements of

the converged mesh of the DC solver is ~1.3 times that of the AC solver. This means that for the same number of

elements, the simulation time ratio between the AC and DC solvers would be even higher than shown in Table III.

Table IIT Simulation time

With main arcs

No main arcs

Charge cond. Charge cond. Charge cond. Charge cond.
Cases 0.15 15 0.15 15
DC AC DC AC DC AC DC
[min] [min] [min] [min] [min] [min] [min]
NsideArcs_8 116 240 103 252 127 152 102
NsideArcs_14 96 209 103 142 88 153 89

4.2 Current distributions

Figure 4a and 4b show current density from AC and DC solvers, respectively at the top of the electrode cross-

sections. In the AC result, the distribution is non-uniform on the three electrodes due to skin and proximity effects

whereas in the DC case the distribution is uniform. The current is forced to be accumulated on the surface of the

electrodes due to the skin effect and only on one side due to the proximity effect.
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Figure 4. Current density in the electrode top cross-section: (a) AC solver, and (b) DC solver.
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Figure 5. Normalized current passing through electrode and main arc as a function of normalized height from the
furnace bottom to the top of electrodes: (a) AC solver-with main arc, (b) AC solver-without main arc, (c) DC solver-

with main arc, and (d) DC solver-without main arc.

Figure 5 shows the total current through the electrode and the main arc at different height of the furnace. The
vertical axis is a normalized current, which is the fraction of the phase current in the electrode and arc. The horizontal

axis is dimensionless furnace height, which is the ratio between a given height and the total height of the furnace. In
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this paper, we define the total height of the furnace from the bottom of the furnace to the top of the electrodes. In Fig.
5a main arc is considered whereas in Fig. 5b is not included using the AC solver. Fig. 5c and 5d show results from the
DC solver. In all figures, the charge conductivity and the number of side arcs are varying as shown in Table II.
Irrespective of the magnitude of reduction, the current is decreasing from the top of the electrode to the bottom as the
charge conductivity increases. Moreover, the current passed to the main-arc (Fig. 5a and 5c) is also decreased as the
number of side arcs is increased. The total current distributions from AC and DC solvers are more or less similar.
Hence, for initial estimation of the current distributions, it suffices to use DC solver, and the AC solver can be used
for further refinement to analyze effects such as skin and proximity effects. The other aspect we have investigated is
that the current distributions change in the side arcs. Table IV shows the change in the current distribution in the side
arcs. The tabulated values are the difference between the maximum and minimum current values of the side arcs. The
maximum deviation is less than 0.5 percent as compared to the total applied current. The variation may come from the

fact that each side arc does not have an equal number of elements.

Table IV Current distributions change in the side arcs

With main arcs No main arcs
Charge cond. Charge cond. Charge cond. Charge cond.
Cases 0.15 15 0.15 15
DC AC DC AC DC AC DC AC
[kA] [kA] [kA] [kA] [kA] [kA] [kA] [kA]
NsideAres 8 0281 0.1073 0.0401 0.0924 0.0329 0.2251 0.0891 0.0997
NsideArcs_14 0.0219 0.1218 0.0680 0.1194 0.0656 0.1472 0.0865 0.2121

4.3 Power distributions

The power in all components of the furnace and the furnace is calculated according to the method described at the
beginning of section 4. Table V and VI show the power distributions in different zones for eight and fourteen side arcs
with and without main arcs. The numbers that are shown in the parentheses are the percentage of the total power in the
respective cases. As there is uncertainty in the physical properties of the charge materials, it was decided to estimate
the sensitivity to the electrical properties for the charge. All cases are modeled for two charge conductivities, two
orders of magnitude higher than the other. When the main-arcs are included and charge conductivity is low, most of
the power is accumulated in the main arcs and crater wall, while some power is deposited in the remaining zones.
However, when the charge conductivity is changed by order of two magnitudes, the power in the charge is increased
by the same order of magnitude while decreasing in the main arcs, crater wall, electrodes, and others. Nevertheless,
the power dissipation in the charge is only around 13% of the total heat dissipation. Without the main-arcs, we can see
the same trend except for no power in the main arcs. Without the main arc, the charge power dissipation reaches 25%
of the total power dissipation for the high charge conductivity cases. Comparing the DC and AC solvers, with few
exceptions, the AC power in each component is higher than the DC power, especially it is highly pronounced in the
electrodes in all simulation cases. This is mainly due to the skin and proximity effects captured with the AC solver, as
these effects will lead to significantly increased localized current densities. The general trend is that the total AC power

in the furnace is higher than the DC power by between 3 and 6 percent.

10
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Table V Power distributions in different zones for eight side arcs setup

With main arcs

No main arcs

Charge cond. Charge cond. Charge cond. Charge cond.
Zones 0.15 15 0.15 15
DC AC DC AC DC AC DC AC
MW] [MW] [MW] [MW] [MW] MW] [MW] [MW]
(%) (%) (%) (%) (%) (%) (%) (%)
Electrode 1.06 2.30 0.94 2.13 0.86 2.06 0.72 1.82
(3.16) (6.56) 3.21) (6.84) (1.05) (2.42) (1.20) (2.94)
Main arcs 19.38 19.63 14.67 14.79 0.00 0.00 0.00 0.00
s (57.82) (56.02) (50.17) (47.50) (0.00) (0.00) (0.00) (0.00)
Side arcs 0.76 0.74 0.57 0.56 478 4.76 2.54 2.49
! 2.27) @2.11) (1.95) (1.80) (5.83) (5.60) 4.22) 4.02)
Crater wall 12.22 12.14 9.25 9.51 76.07 77.75 40.60 40.72
W (36.46) (34.65) (31.63) (30.54) 92.73) (91.47) (67.53) (65.70)
Ch 0.05 0.05 3.77 4.01 0.30 0.32 16.25 16.89
arge (0.15) (0.14) (12.89) (12.88) 0.37) (0.38) (27.03) (27.25)
Others 0.05 0.17 0.04 0.14 0.01 0.08 0.01 0.06
(0.15) (0.49) (0.14) (0.45) 0.01) (0.09) (0.02) (0.10)
Total 33.52 35.04 29.24 31.14 82.03 85.00 60.12 61.98
Table VI Power distributions in different zones for fourteen side arcs setup
With main arcs No main arcs
Charge cond. Charge cond. Charge cond. Charge cond.
Zones 0.15 15 0.15 15
DC AC DC AC DC AC DC AC
MW] MW] [MW] [MW] [MW] [MW] MW] [MW]
(%) (%) (%) (%) (%) (%) (%) (%)
Electrode 0.80 2.04 0.74 1.94 0.68 1.88 0.63 1.77
(3.16) (7.62) (3.29) (8.10) (1.50) (3.98) (1.70) (4.54)
Main arcs 10.99 11.13 8.66 8.71 0.00 0.00 0.00 0.00
s 43.47) (41.58) (38.49) (36.38) (0.00) (0.00) (0.00) (0.00)
Side arcs 0.48 0.48 0.39 0.36 1.62 1.62 1.09 1.07
! (1.90) (1.79) (1.73) (1.50) (3.57) (3.43) (2.94) (2.74)
Crater wall 12.95 12.96 10.19 10.17 42.98 43.54 28.40 28.81
W (51.23) (48.41) (45.29) (42.48) (94.69) (92.23) (76.69) (73.85)
Charee 0.03 0.03 2.50 2.63 0.10 0.11 6.89 7.30
& 0.12) 0.11) (11.11) (10.99) (0.22) (0.23) (18.61) (18.71)
Others 0.03 0.12 0.03 0.10 0.01 0.07 0.01 0.05
0.12) (0.45) (0.13) (0.42) (0.02) (0.15) (0.03) (0.13)
Total 25.28 26.77 22.50 23.94 45.39 47.21 37.03 39.01

4.4 Resistance of the furnace
In these simulations, it was decided to use tabulated physical properties for materials, and then study the influence
of different configurations rather than adapting the configurations and properties to the actual furnace operating
resistance. Thus, for some of the simulation resistances agree with the actual furnace, while others are quite different.
Table VII shows the total resistance of the system for all cases. Having main arcs show that resistance of the system is
sensitive to the change of charge conductivity and the number of side arcs. Without the main arcs, the resistance in the
furnace is increased by 60-150%, compared with corresponding simulation cases (Table VII). Most furnaces are

operated to strive towards constant resistances (sometimes through a current set-point). The variations in conductivity
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conditions in the furnace are met by moving the electrodes up and down. From these simulations we see how the
resistance can change as either the conductivity of the charge is changed, the number of side arcs changed and the main
arc included or not. In all simulations cases, we have assumed that the charge conductivity is uniform. In a real furnace,
however, the charge conductivity is increasing as it moves from the top of the furnace to the bottom. Overall the trend
that can be observed is that increasing the system conductivity will result in a reduction of the system resistance. The
most significant difference of results from the AC and DC simulations is that AC resistance is 3 to 7 percent higher

than the DC resistance.

Table VII Resistance of the furnace

With main arcs No main arcs
Charge cond. Charge cond. Charge cond. Charge cond.
Cases 0.15 15 0.15 15
DC AC DC AC DC AC DC AC
[mQ] [mQ] [mQ] [mQ] [mQ] [mQ] [mQ] [mQ]
NsideArcs_8 1.14 1.19 0.99 1.06 2.79 2.89 2.04 2.11
NsideArcs_14 0.86 0.91 0.77 0.81 1.54 1.61 1.26 1.33

5. Conclusions

This paper presents computations of current and power distributions inside an industrial submerged arc furnace for
silicon production. Magnetostatic (DC) and harmonic eddy current (AC) solvers are used to develop 3D electrical
model in ANSYS Maxwell. Electrodes, main arcs, crater, crater wall, and side-arcs that connect electrode and crater
wall are considered for each phase. In this paper, the current distributions in the electrodes and main-arcs and the power
distributions in different parts of the furnace are simulate for configurations with varying charge conductivity, the
number of side arcs and inclusion, or not, of main-arcs. It was observed, in both solvers, that the resistance of the
furnace is sensitive to all of these changes. When main-arcs burning against well-conducting metal-containing
materials, most of the power is accumulated in the main-arcs and crater wall for both high and low charge
conductivities. It is the conductivity in the crater wall that determines the resistance in the volume at the side-arc
attachment and limits the side-arc current. Thus, without main-arcs, a significant portion of the power is placed in the
crater and charge depending on the charge conductivity value, but the overall resistance in the system is unrealistically
high for the material properties used in these models. The comparison shows that the DC solver gives results quickly
with approximately 3 to 6 percent error as compared to the AC results. It is shown that the difference comes from the
induced skin and proximity effects that are not captured by the DC solver. Hence, for an initial estimation of the current
and power distributions, it suffices to use the DC solver, and the AC solver can be used for further refinement to

analyze effects such as skin and proximity effects.
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List of figure captions
Figure 1. Schematic of the industrial Silicon SAF with different zones (a) electrode, (b) arc, (c) crater, (d) side arc, (e)
gap, (f) carbide, (g) charge, (h) alumina brick, (i) carbon block and carbide, (j) molten material, and (k) carbon block.

Adapted from [11], with permission.
Figure 2. Sample mesh and boundary conditions

Figure 3. Grid convergence based on energy percentage error for different cases with charge conductivity of 0.15 S/m.

a) with main arc and b) without main arc.
Figure 4. Current density in the electrode top cross-section: (a) AC solver, and (b) DC solver.

Figure 5. Normalized current passing through electrode and main arc as a function of normalized height from the
furnace bottom to the top of electrodes: (a) AC solver-with main arc, (b) AC solver-without main arc, (c) DC solver-

with main arc, and (d) DC solver-without main arc.
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