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Controlling and optimizing smelting processes in submerged-arc furnaces are
complicated by the limited amount of information available regarding the
internal conditions. Computer models can help to bridge this knowledge gap.
Due to the process complexity, computer models are commonly restricted to
electrical conditions, thermal conditions, or chemical reactions, for instance.
We have developed an overall model for a pilot-scale silicomanganese furnace
that simultaneously considers electrical and thermal conditions, process
chemistry, and flow of solid and liquid substances. To the best of our knowl-
edge, this is the first comprehensive silicomanganese furnace model. The
model has been compared to experimental data. Using information about the
inner state of the furnace provided by the model, we are able to predict and
explain an increase in temperature during over-coking as well as changes in
the product compositions.

INTRODUCTION

Silicomanganese is produced by carbothermic
reduction of manganese oxides and quartz in a
submerged-arc furnace.1,2 Pilot-scale experiments
have been used to understand aspects of the elec-
trical operation, process chemistry, effect of differ-
ent raw materials, and effects of trace elements.3–11

This article describes a comprehensive model for a
pilot-scale silicomanganese furnace. Previous mod-
els have considered isolated aspects of the furnace,
such as electrical conditions or the flow of raw
materials.7,8,12 To the best of our knowledge, this is
the first complete model that incorporates electrical
and thermal conditions, process chemistry, flow of
solid and liquid phases, and the production of
gaseous substances. Independent efforts of a similar
scope have previously been undertaken for silicon
furnaces.13,14

Due to the intrinsic complexity of a submerged-
arc furnace, modeling efforts have considered sev-
eral fundamentally different approaches. For
instance, the flow of solid raw materials may be
modeled as either discrete particles or a continuous

fictitious fluid.15 Similarly, the flow of molten oxides
has been considered in terms of both free-surface
droplets and a continuous multiphase model.12 The
present model considers flow of granular material
and molten oxides in terms of fictitious fluids. The
resulting flow fields determine the advection rates
of the chemical species. Reactions among the species
are considered sources and sinks in the advection
equations in a manner similar to that in Ref. 16, but
on a local rather than a global scale. The relative
concentrations of the species determine properties
such as the electrical conductivity and heat capacity
of the effective medium. The inner workings of the
model are considered in more detail in ‘‘Description
of the Model’’ section.

Furnace operation is complicated by the limited
amount of information available regarding the
conditions inside the furnace hearth. An important
asset of computer models is their ability to inform
understanding by assigning a specific furnace con-
dition to the external parameters available. Com-
prehensive furnace models, such as the one
described in this article, could be used as point of
departure for developing inverse metamodels that
accomplish this task.17,18
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PILOT FURNACE

The pilot furnace considered in this work has
been described previously by several authors.3–11 A
majority of published studies operate the pilot
furnace using an alternating current. References 4
and 8 consder FeMn production, whereas most
other studies produce SiMn, although alloy compo-
sition typically changes throughout the run from
FeMn to SiMn.

The dimensions of the furnace are indicated in
Fig. 1a. The furnace is insulated by an alumina
refractory lining and a layer of silica sand, and it is
equipped with one top and one bottom electrode.
The electric system has a capacity of 440 kVA. The
furnace is charged from the top with a uniform
charge mix consisting of manganese ore, quartz, and

coke. Electric current is supplied via the electrodes,
and the resulting resistive heating gives rise to the
high temperatures that allow melting of the ores
and the carbothermic reduction of the metal oxides.
Molten alloy and slag are tapped periodically.

DESCRIPTION OF THE MODEL

The model is implemented in COMSOL Multi-
physics19 using the finite-element method.20 Ignor-
ing the tap hole, the furnace geometry can be
considered axisymmetric (Fig. 1a); to improve the
computational efficiency, the model is implemented
using COMSOL’s two-dimensional axisymmetric
interface. The functionality of the model can be
understood in terms of five modules: granular flow
and liquid flow (collectively referred to as material
flows), chemistry, electrostatics, and heat transfer;
see Fig. 1b.

Chemistry

For this model, we assume a simplified charge
consisting of manganese and silicon oxides and pure
carbon. Other oxides (CaO, FexOy, Al2O3, etc.) in
the ores or added as fluxes to modify the physical
and chemical properties of the slag are not
accounted for in this implementation.

Manganese can exist in a number of different
oxidation states.21 Consequently, manganese-con-
taining minerals carry a corresponding number of
different manganese oxides, including MnO2,
Mn2O3, Mn3O4, and MnO. In a ferromanganese
(FeMn) smelting furnace, higher oxides of man-
ganese are reduced to MnO in solid-state reactions
in the prereduction zone at the top of the furnace by
hot CO gas.1,2 In silicomanganese furnaces that are
recycling slag from ferromanganese furnaces, only
20–30% of the Mn sources are ores.2 Reduction of
higher manganese oxides will take place in a
manner similar to the prereduction found in the
FeMn process for this charge fraction. However, for
the sake of simplicity, our model assumes that MnO
is the only manganese oxide present. Thermody-
namic considerations show that the reduction of
MnO occurs by direct reduction of liquid MnO by
solid carbon,2

MnOðlÞ þ CðsÞ ! MnðlÞ þ COðgÞ: ð1Þ

The only solid oxide of silicon relevant for silico-
manganese production is SiO2, which is found in
quartz and silicates. In the process, SiO2 dissolves
into the slag phase. In keeping with the approach
outlined for manganese above, the model only
considers direct reduction of the dissolved SiO2(l)
with carbon2 as,

SiO2ðlÞ þ 2CðsÞ ! SiðlÞ þ 2COðgÞ: ð2Þ

Simultaneous reduction of MnO and SiO2 gives rise
to exchange of manganese and silicon metal and

Fig. 1. (a) Cross-section of the pilot furnace. A dashed line marks
the geometry of the two-dimensional axisymmetric model
investigated. (b) Modules and interactions. The functionality of the
model can be understood in terms of five modules: granular flow and
liquid flow, chemistry, electrostatics, and heat transfer.
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slag since the Gibbs free energy of formation of
silicon is larger than that of manganese.2,22 Reduc-
tion of manganese oxide by silicon takes place by a
combination of Reactions (1) and (2),

SiðlÞ þ 2MnOðlÞ ! SiO2ðlÞ þ 2MnðlÞ: ð3Þ

In addition to Reactions (1) through (3), the model
includes melting of MnO(s) and the dissolution of
SiO2(s) into the slag,

MnOðsÞ ! MnOðlÞ ð4Þ

and

SiO2ðsÞ ! SiO2ðlÞ: ð5Þ

As a result, the model considers eight chemical
species—MnO(s), MnO(l), Mn(l), SiO2(s), SiO2(l),
Si(l), C(s), and CO(g)—and five chemical reactions,
Reactions (1) through (5).

In reality there are two liquid phases, alloy and
slag, with Mn(l) and Si(l) in the alloy and MnO(l)
and SiO2(l) in the slag phase. However, as described
in ‘‘Liquid Flow’’ section, we treat the percolation of
all liquid species in the same way. Moreover, we
keep track of each chemical specie except CO(g)
using a separate advection-diffusion equation,
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Here, ck is the concentration of the chemical

specie k in mol/m3, vi the velocity components of
this specie, xi the position coordinates, D the
diffusion constant of specie k, and Rk the local rate
of consumption or generation of the specie by
reaction k. The advection velocities of the solid
and liquid species are determined by the velocity
fields of the granular (‘‘Granular Flow’’ section) and
liquid (‘‘Liquid Flow’’ section) flow, respectively. The
melting of MnO and dissolution of SiO2 into the slag
is set to occur above a temperature of 1500�C and
1530� C, respectively.23 The reduction reactions are
assumed to be of first order and to follow Arrhenius
law for the temperature dependence. We stress that,
in agreement with the experimental observations,
the reductions occur only for species in the liquid
phase. The activation energies for the reduction of
MnO and SiO2 are set to 200 kJ/mol and
230 kJ/mol, in fair agreement with the available
experimental data.24

Granular Flow

Granular flow is described in terms of a fictitious
fluid using the dissipative Coulomb model,25 which
compares favorably with experiments for dense
granular flows26 and is based on the Navier-Stokes
equations for incompressible flow,
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Here, vi are the velocity components, xi are the
position coordinates, p is the pressure, q is the
medium density, and g is the medium viscosity. The
local density of the effective medium is determined
by the composition of the charge or coke bed as

q ¼
X
i

viqi; ð8Þ

where qi is the density of each component of the
charge and vi is its volume fraction. The component

densities are taken to be 5370 kg/m3 (MnO; solid at

room temperature27) 2500 kg/m3 (SiO2; liquid at

furnace temperatures28) and 2000 kg/m3 (carbon;
graphitized coke27). The viscosity is determined by
the so-called granular temperature.29 The granular
temperature is a measure of the deviations of
individual particles from the average velocity of
the medium. It can be calculated using an algebraic
expression,30 and it depends on the particle size,
inelasticity of collisions between particles, and local
viscous stress.

In the lower part of the furnace, solids are
transformed into liquids as the ore melts and the
coke reacts increasing the local void fraction. The
local void fraction is tracked and used to implement
a ‘‘sink’’ term that drives the flow to replace the
solids that have reacted. Further details can be
found in the Supplementary Material.

Liquid Flow

As the oxides melt and react, the liquid oxides and
metals flow down through the bottom of the charge
and the coke bed. This process involves the forma-
tion of liquid droplets that subsequently trickle
down through the granular layers.12,31

The present model takes a practical approach and
avoids a detailed description of the free-surface flow
following from droplet formation.12 When liquid
species are present their flow is accounted for using
the advection-diffusion equations in ‘‘Chemistry’’
section. The liquid velocity field is computed only
once, at the start of the simulation. Further details
can be found in the Supplemental Material.

Gas Flow

As the CO gas produced in the model does not
react further (see ‘‘Chemistry’’ section), the model
does not take gas flow explicitly into account. For
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the purpose of the material balance, the flux of CO
escaping at the top of the furnace can be calculated
as an integral over the gas-producing reactions in
the charge.

The omission of gas flow implies that the model
does not account for the gas-solid heat exchange and
the heat transport from the core to the top of the
furnace mediated by the gas. This means that the
model overestimates the amount of heat that leaves
the furnace with the gas. However, this deficiency is
compensated by the fact that the charge that is
added at the top of the furnace is pre-heated to
about 300�C. For the parameters that are used
below, the amount of heat required for pre-heating
the charge more or less balances the amount of heat
that should have been exchanged between the gas
and the solids.

Electrostatics

The model describes a furnace heated by Ohmic
dissipation from a constant load of 150 kW.4–8 Most
published studies for this pilot furnace use alter-
nating currents, while we have assumed direct
current. This approximation is valid for small
furnaces,32,33 which is consistent with an experi-
mental ratio of active to apparent power (cos/) close
to one.7,8 For simplicity, the calculation of the
electrical conditions is restricted to the electrodes
and charge domains. The conductivity of the elec-
trodes is set to 80 kS/m,27 whereas the conductivity
of the charge depends on the local composition.
Similarly to Eq. 8, the conductivity is computed as
the sum of the conductivity of each component
weighted by the volume fraction. The component
conductivities are taken to be 400 S/m (carbon34)
and 0.1 S/m (charge; MnO-SiO2 slag28) at the
furnace temperature. Given the conductivity distri-
bution r and the applied voltage, the electrostatic

potential V and the current density ~J are deter-
mined by solving the continuity equation,

@Ji

@xi
¼ 0; Ji ¼ rEi; Ei ¼ � @V

@xi
; ð9Þ

where xi are the position coordinates. The applied
voltage is adjusted to maintain constant power. In
the real system, such fine control is not possible, and
large variations around the desired values have to
be expected.

Heat Transfer

In addition to the Ohmic heating, the heat
balance of the furnace consists of the reaction
enthalpies as well as heat lost to the surroundings
at the furnace surface. Heat generation, consump-
tion, and transport are accounted for by solving the
heat equation,
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Here, q is the local medium density, cp is its
specific heat capacity, k is its effective thermal
conductivity, T is its temperature, vi are the velocity
components of the granular flow, xi are the position
coordinates, and Q is the local heat generation or
consumption. Both the density and the heat capac-
ity depend on the charge and coke bed compositions
with the same formalism as in Eq. 8. The compo-
nent heat capacities are taken to be 67 J/mol K
(MnO35), 86 J/mol K (SiO2; amorphous36), and
25 J/mol K (carbon; graphite37).

The thermal conductivity is taken to be indepen-
dent of the charge composition, but considers the
void fraction and particle size of the charge and
takes special care of radiative heat transport in
pores and voids. Our model is identical to the one
derived by Ref. 38, except for a contribution from
heat conduction through the particle contact points
added in series with the radiative contribution. A
similar model is discussed by Ref. 39. We use a
particle thermal conductivity of k1 ¼ 30 W=m K (an-
thracite40), a contact-point effective thermal con-
ductivity of k2 ¼ 2 W=m K, a particle diameter of
30 mm, and an emissivity of 0.9.

Charging and Tapping

The pilot furnace is charged in batches and is
tapped periodically every 80 kWh (about twice per
hour).4–8 Conversely, the model simulates continu-
ous tapping by removing liquid metal or slag that
reaches the bottom electrode and continuous charg-
ing from the top that compensates for the downward
solid movement.

Continuous charging is implemented by setting
the concentration of the input materials as constant
at the open boundary at the top of the furnace. For
the study discussed here, the input concentrations

of MnO, SiO2 and carbon are fixed to 14.4 kmol/m3,

9.0 kmol/m3, and 22.5 kmol/m3, respectively. This
corresponds to ca. 27.9 kg, 14.8 kg, and 7.4 kg of
MnO, SiO2, and carbon in a 50-kg batch.

Liquid species are set to percolate with an super-
ficial flow velocity at the bottom of the charge of
10 cm/min and are removed from the system when
they reach the bottom electrode. Appropriate accu-
mulators are set to record the instantaneous and
cumulative compositions of the liquid phases
extracted.

SIMULATION

From Start to Stable Operation

Experimental runs of the pilot furnace start with
preloading a coke-rich zone on top of the bottom
electrode and with a relatively long heating
phase.3–11 Conversely, the simulations of the model
furnace start with the furnace loaded with a
homogeneous charge. The ca. 0.10 m3 of available
volume is filled with 37.0 kg of carbon, 105.0 kg of
MnO, and 55.6 kg of SiO2, and the temperature is
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set to 800� C. Full power (150 kW) is applied
starting at t ¼ 0h. The simulated furnace time
equals 6 h. This matches the production phase of
the experimental pilot runs, which is between 4 and
6 h.3–11 All the coupled physics are solved simulta-
neously, and the furnace evolves rapidly. The
Ohmic heating leads to a rapid increase of the
temperature of the charge near the tip of the
electrode, and the solids begin to melt. Within
10 min, liquid material reaches the outlet and is
tapped continuously, as described above. In the top
panel of Fig. 2, the rate of tapping for slag and alloy
is shown for the duration of the simulation. In the
initial phase, mostly slag is produced, but after an
initial peak the slag production stabilizes at ca.
40 kg/h and decreases slightly toward the end of the
run. Conversely, the alloy production is low initially
and increases to reach a plateau at t ¼ 2h. Com-
pared to experiments, Ref. 11 reports average
tapping rates of about 35 kg/h for alloy and 60 kg/
h for slag. However, this slag contains about one
third CaO, an oxide that passes through the furnace
without being reduced. Disregarding the CaO con-
tent of the slag brings the tapping rate in line with
the model considered here.

The bottom panel of Fig. 2 shows the composition
of the alloy and slag. The most notable result is the
increase of the Si content in the alloy: In the initial
phase it is around 10%, but it increases and
stabilizes at 17% after 1.5 h. The composition of
the slag sees a slightly higher amount of MnO in the
initial phase and an even composition of about 50%
MnO and 50% SiO2 toward the end of the

simulation. Comparing again with Ref. 11, the
silicon content of the alloy stabilizes at 10–20% in
experimental runs of the pilot furnace and matches
the simulations quite well, whereas the manganese
content is higher in the simulations than in the
experiments (decreasing from 40–50% to 16–30%
throughout the run) because of the absence of iron
in our model. Similarly, the increasing and decreas-
ing trends of SiO2 and MnO in the slag agree with
the trends in Ref. 11, but the weight fractions are off
due to the lack of CaO, Al3O3, BaO, and MgO in the
model.

The cumulative material balance of the furnace is
shown in Table I. As expected, these numbers
represent an average of the compositions that can
be found in Fig. 2. In total, the silicon content in the
alloy is 15.6%, and 1.2 kg of slag is produced per kg
of alloy.

In the top panel of Fig. 3, the specific energy
consumption of the model—measured as kWh per
kg of alloy produced—is shown as a function of time.
In the initial phase, the specific energy consumption
is about 6 kWh/kg, but improves and reaches
3.9 kWh/kg around the 2 h mark. The explanation
can be seen in the lower panel of the figure, where
the major routes of the heat utilization are shown.
During the first hour, the furnace is still warming
up and heat is spent on increasing the temperature
of the materials (internal heat balance). When the
conditions for the endothermic reactions are met,
the heat delivered to the furnace is increasingly
consumed by the chemical reactions. After about
2 h, the furnace stabilizes. During stable operation,
the heat that is not consumed by the reactions is
mainly lost by two different modes: either it is
stored in the tapped materials (about 40 kW) or
transferred to the surroundings (35 kW). The latter
term is computed as the heat lost via the external
surfaces plus the heat removed by the off-gas minus
the heat needed to preheat the charge.

The charge used in the initial load of the furnace
is comparatively rich in carbon. This, and the high

Fig. 2. Production throughout the 6 h run. Top panel: The tapping
rate of slag and alloy (kg/h). Bottom panel: The composition of the
slag and alloy (%w).

Table I. Cumulative material balance

Input (kg) Output (kg)

Charge Alloy Slag

MnO(s) 374.5 Mn 184.2 MnO(l) 135.9
SiO2(s) 199.2 Si 34.0 SiO2(l) 126.3
C(s) 69.6 CO(g) 162.3

Total amounts of materials added to and extracted from the
furnace (kg). Material which is present in the furnace at the end
of the simulation is removed from the input totals
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production of slag in the initial phase, leads to the
formation of a coke bed (carbon-enriched region) at
the bottom of the furnace directly below the top
electrode. An animation depicting the formation of
the coke bed is available in the Supplementary
Material. Within 1 h of the simulated furnace time,
the coke bed reaches the bottom electrode, and it
proceeds to expand into a truncated conic shape.
After approximately 2 h, all the initial charge has
been replaced by fresh charge, with a composition of
2.5 kg of carbon, 11.4 kg of MnO, and 6.1 kg of SiO2

for a 20 kg batch. Given the slag-to-alloy ratio for
the simulated production, this charge corresponds
to a slightly over-coked furnace, hence the slow
increase in the size of the coke bed after about 2 h in
the animation in the Supplementary Material.*

Figures 4 and 5 depict the status of the furnace at
the end of the 6 h production run. The model allows
access to information about the inside of the system
that would be difficult to measure experimentally.
For example, Fig. 4a shows the temperature distri-
bution of the furnace interior. According to the
simulation, the top of the charge and the external
walls of the furnace stabilize around 300� C. A large
temperature gradient is established, and 50 cm
below the surface—at the tip of the electrode—the
temperature is> 1800� C. The high temperature at
the tip of the electrode is due to the concentration of

the Ohmic power distribution close to this point as
seen in Fig. 4b. The high currents and the relatively
low conductivity in this zone result in a heat

dissipation of 44 kW in about 6.5 dm3 of charge,
i.e., about one third of the power of the furnace is
dissipated directly at the tip of the electrode.
Figure 4c shows the heat balance in the furnace.
Exothermic phenomena are dominating in regions
colored in red (Ohmic heating and Mn-Si exchange),
whereas blue regions are dominated by endothermic
phenomena (melting and reduction of oxides).

The electrical conductivity and the current paths
in the charge are shown in Fig. 4e, and the concen-
tration of carbon is shown in Fig. 4f. As can be seen
by comparing the two panels, the coke bed gives rise
to a local increase in the charge conductivity
(ca. 260 S/m) compared to the 20 S/m of the input
charge. For comparison, the conductivity of the
electrode is set to 80 kS/m.27 It should be noted that
the shape and extension of the carbon-rich zone are
not imposed on the model (the initial conditions
prescribe a homogeneous charge), but it is a result
of the temperature distribution and the chemical
reactions. The electric potential calculated by the
simulation is shown in Fig. 4d. The voltage drop is
45 V and the current is 3.3 kA, giving a furnace
resistance of 13.5 mX.

Material concentrations are also hard to measure
experimentally during a furnace run. Figure 5a, b,
and c shows the volume fractions of manganese
oxide in the solid and melted form and the liquid
Mn. Similarly, Fig. 5d, e, and f shows the volume
fractions of silicon dioxide (solid and dissolved in the
slag) and liquid Si.

Over- and Under-Coking

Having considered a slightly over-coked furnace,
we now consider the changes that take place
because of severe over- and under-coking. Starting
from the state shown in Figs. 4 and 5, the furnace is
run with a charge containing 140% of the original
carbon content for 8 h. Then, the carbon content of
the charge is lowered to 60% of the original for an
additional 8 h.

Figure 6a shows the rate of the continuous tap-
ping for the furnace in regimes of over- and under-
coking. First, consider the time it takes for the
change of the charge composition to affect the
chemical reactions and the production of slag and
alloy. Appreciable changes are only observed after
> 1 h. This is consistent with the fact that it takes
> 1 h for the coke-rich charge to reach the reaction
zone. However, when the coke-rich charge reaches
the reaction zone, slag production decreases steadily
for the remainder of the period of over-coking.

The addition of surplus carbon to the furnace
results in an increase of the size of the coke bed.
This is clearly seen in Fig. 7, which shows the
concentration of carbon at t ¼ 0h, t ¼ 8h, and
t ¼ 16h, respectively. As reduction of liquid oxides

Fig. 3. Energy balance of the furnace. Top panel: Specific energy
consumption measured in kWh per kg of alloy produced. Bottom
panel: Major heat-consuming processes in the furnace (kW).

*Alternatively, the model can also be run such that the amount of
carbon in the charge added to the furnace at the top matches the
amount of carbon consumed in the furnace core, leading to a
perfectly carbon-balanced furnace.
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to metal requires the simultaneous presence of
oxides as well as carbon, the increase of the coke
bed and the resulting displacement of the oxides
move the production of metal higher in the furnace.
This separates the endothermic alloy-producing
reactions from the site of heat generation at the
tip of the electrode. Since heat is no longer con-
sumed at the electrode tip, the temperature of the
coke bed increases, as shown in the isotherms of
Fig. 7. We note that in industrial-size three-elec-
trode furnaces over-coking leads to a decrease in the
temperature of the furnace. The temperature
increase we observe may indicate a unique feature
of the pilot furnace—which has only a single
electrode—or expose a shortcoming of the model.
Turning to the energy balance, the heat required for
this temperature increase is made available by the
reduction in the amount of latent heat required for
melting oxides (slag production decreases).

The model predicts that the reduction in slag
production and the growth of the coke bed in the
over-coked regime are accompanied by an increase
in the amount of silicon in the alloy and a reduction
in the amount of MnO in the slag (Fig. 6b). The
reduction in the amount of MnO in the slag is likely
due to the Mn-Si exchange in Reaction (3). The
positive correlation between the furnace tempera-
ture and the Si content in the alloy is well
documented.3,4,9,11

At t ¼ 8h the amount of carbon is reduced and the
furnace charge is under-coked for the remainder of
the production run. We observe that it takes 1 h
40 min for the furnace to react to the under-coking.
Once the furnace has started to consume the coke
bed, there is a rapid increase in the slag production,
a decrease in the amount of silicon in the alloy, and
an increase in the amount of MnO in the slag
(Fig. 6). As Fig. 7 shows, 8 h of under-coking results

Fig. 4. Thermal and electrical conditions at t ¼ 6h. (a) Furnace temperature profile (�C). (b) Distribution of Ohmic heating (MW/m3). (c) Heat
balance (kW/m3). (d) Electric potential in the charge (V). (e) Electrical conductivity (S/m) and current paths. (f) Volume fraction of carbon (1).
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in a severe reduction of the coke bed and a
corresponding reduction of the temperature of the
lower part of the furnace.

SUMMARY

We have developed an overall model for a pilot-
scale silicomanganese furnace. The model considers
the material flows, process chemistry, and electrical
and thermal conditions of the furnace. Key process
parameters predicted by the model—such as slag
and alloy production rates, slag-to-alloy and silicon-
to-manganese ratios, and the furnace effi-
ciency—are in agreement with values measured in
experiments.11 The model also provides access to
information that is not available experimentally,
such as the internal temperature distribution of the
furnace or the concentrations of the different chem-
ical species inside the furnace during the production
run. Using the values of these variables, we are able
to predict and explain an increase in the tempera-
ture of the furnace during over-coking as well as
changes in the product compositions.
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