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A finite-element method model for a 
ferromanganese and silicomanganese pilot 
furnace
by M. Sparta1 and V.K. Risinggård1 

Synopsis
We report on the development of a finite-element method model for a pilot furnace for the 
production of manganese alloys. The model is a multiphysics model that addresses material flow, 
electrical conditions, heat transfer, and physical and chemical transformations. It is capable of 
studying both quasi-steady and transient states in time-dependent simulations. The model includes 
common charge materials and fluxes and can simulate production of both ferromanganese and 
silicomanganese alloys with acid and basic slags, as well as changing charge compositions. The 
model output provides access to the material distribution in the furnace during furnace runs, 
temperature profiles, current paths, energy balances, and alloy and slag production rates and 
compositions.
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Introduction
Ferromanganese (FeMn) and silicomanganese (SiMn) are manganese alloys produced by carbothermic 
reduction of manganese oxides and quartz in a submerged-arc furnace (Olsen, Tangstad, and Lindstad, 
2007). In order to gain insight into the process, a pilot-scale furnace has been developed and run at the 
Norwegian University of Science and Technology. The furnace is used to investigate the electrical operation, 
effect of raw materials, coke bed formation, and more (Tangstad et al., 2001, 2017; Monsen, Tangstad, and 
Midtgaard, 2004; Monsen et al., 2007; Eidem et al., 2010; Ringdalen and Tangstad, 2013).

To complement the experimental work, we have developed a comprehensive model for a pilot-scale 
silicomanganese furnace that takes into account the material flow, process chemistry, and electrical and 
thermal conditions of the furnace (Sparta et al., 2021). The original model assumed a simplified charge 
consisting of pure carbon and silicon and manganese oxides, giving total of seven condensed species 
[MnO(s), MnO(l), Mn(l), SiO2(s), SiO2(l), Si(l), and C(s)], as well as CO(g). In this contribution we report 
on the expansion of the model to address both ferromanganese and silicomanganese alloys in the presence 
of fluxes and spectator oxides. The original model has been expanded to a total of 18 species by including 
Fe2O3(s), Fe(s), Fe(l), CaO(s), CaO(l), MgO(s), MgO(l), Al2O3(s), Al2O3(l). and CO2(g).   

Model description
This iteration of the model (FeSiMn) builds on the previous SiMn model described in Sparta et al. (2021). 
This section provides a brief overview of the original model, with particular emphasis on modifications and 
amendments introduced in the current version. The model is implemented using the finite-element method 
(FEM) in COMSOL Multiphysics (COMSOL Inc., 2022). FEM provides an accurate representation of 
curved surfaces and natural handling of gradient boundary conditions (Zienkiewicz and Morgan, 2006) and 
the multiphysics capability of the software platform is fully exploited. However, the same implementation 
could be achieved with other methods for representing and evaluating partial differential equations.

The cylindrical symmetry of the experimental equipment is exploited to reduce the computational 
cost of the model by using the two-dimensional axisymmetric interface. The furnace geometry is shown 
in Figure 1. For the purposes of the FEM model, the furnace consists of five domains: The top and bottom 
electrodes (A, C) are made of solid graphite, and are responsible for carrying the electric current into and 
out of the charge mix (B). The charge consists of manganese ore, quartz, coke, and fluxes. The charge and 
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the electrodes are contained in two structural and insulating layers 
made from alumina refractory bricks (D) and silica sand (E).

The dependent variables of the FEM model are: the electrical 
potential in the electrodes and the charge (A, B, and C); the 
temperature (all domains); the velocity fields of the solids, slag, 
and alloy phases (B); and the concentrations of all solid and liquid 
species (B). Furthermore, the model tracks all the material inputs 
and outputs for the solid, liquid, and gas phases.   

Figure 2 indicates the major couplings and interactions in the 
multiphysics representation. Briefly, the mixing and distribution 
of the chemical species is determined by the advection velocities 
(v). The physical and chemical transformations in turn determine 
the void fraction (w), which drives the material flow. The local 
concentrations of the charge species determine the bulk material 
properties such as the conductivity (σ), density (ρ), and heat 
capacity (Cp), which in turn determine the current distribution and 
ohmic heat generation (q). The local temperature (T) influences the 
electrical conditions through the temperature dependency of the 
conductivity (σ), as well as the chemistry through the reactions and 
transformations that absorb and release heat (ΔH). 

Physical and chemical transformations
For each chemical species, the model solves an advection-diffusion 
equation:

[1]

Here, ck is the concentration of the chemical species k, v is the 
velocity component of the species (described in the next section), 
D is the diffusion constant for the species, and Rk is its local rate of 
generation. The reaction rate for each species is calculated as the 
sum of the rates of all the reactions that the species participates in.

The current iteration of the model includes ten physical and 
chemical transformations. Reactions (1)–(5) below were already 
present in the previous version and include the melting of MnO(s) 
and SiO2(s) (reactions 1 and 2), carbothermic reduction of MnO(l) 
and SiO2(l) (reactions 3 and 4), and the Mn–Si exchange reaction 
(reaction 5). The current version also includes the solid-state 
reduction of iron oxide by CO gas (reaction 6), the melting of 
metallic iron (reaction 7), and the dissolution of fluxes and inert 
oxides in the slag phase (reactions 8–10).

[2]

[3]

           [4]

            [5]

[6]

[7]

[8]

[9]

[10]

[11]

The reduction reactions are assumed to follow first-order rate 
laws (Table I) with an Arrhenius-type temperature dependence. 

The activation energies are set to 200 and 250 kJ/mol for MnO 
and SiO2, respectively (Canaguier and Tangstad, 2020), and 60 kJ/
mol for Fe2O3 (Ostrovski et al., 2002). 

  Table I 

  Kinetics and enthalpies of major reactions
  Reaction Equation k Ea (kJ/mol) 𝚫𝑯 (kJ/mol)

  3  1 . 103/s 200 247

  4  5 . 103/s 250 700

  5 k . cSi(l) . cMnO(l)   1 . 10-5  –200

  6  1/s 60 –53

Figure 1—Visualization of the furnace proportions and its 2D axisymmetric 
representation. A: top electrode; B: charge; C: bottom electrode; D: alumina 
refractory; E: silica sand. Dimensions are given in millimetres 

Figure 2—Modules and interactions. The functionality of the model can be 
understood in terms of four modules: material flows, chemistry, electrostatics, 
and heat transfer (adapted from Sparta et al. (2021)
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We note that from an energy balance perspective, the 
contributions from reactions 3 and 4 account for more than 90% of 
the total enthalpy of reactions. Kinetic prefactors have been selected 
to match average results from experimental runs on the pilot 
furnace. 

Furthermore, the model is making use of the concept of basicity. 
In this work basicity refers to the ratio (CaO+MgO)/(SiO2+ Al2O3) 
calculated on a mass basis for the tapped slag.(Olsen, Tangstad, and 
Lindstad, 2007) The basicity affects the following properties of the 
model.
➤  Slag liquidus temperature. The temperature at which the 

oxides melt into the slag phase depends on the basicity of the 
system (Liao, et al., 2023). The liquidus temperature profile 
as a function of the basicity of the slags used in this work is 
shown in Figure 3.

➤  Slag fluidity. High-basicity slags are less viscous (Tangstad 
et al., 2021). This is pragmatically included in the model by 
increasing the velocity at which the slag trickles through the 
charge by up to 30% as a function of the basicity of the slags.

➤  Slag reactivity. The MnO activity increases in basic slags 
(Tangstad et al., 2021). This effect is implemented in the 
model by increasing the rate constants of reactions 3 and 5 by 
up to 50% in high-basicity slags (B factor in Table I). 

Note that these are pragmatic and effective dependencies on 
the basicity, which can be further improved by using more accurate 
estimations or coupling with more advanced methods  

Material flows
The model takes three different approaches to calculating the 
advection velocity v, depending on whether the species in question 
is in the solid, liquid, or gas phase.

Advection-diffusion equations are used for tracking all the 
species in the condensed phases. For the solid phases, an advection 
velocity field for the flow of granular material is calculated using the 
dissipative Coulomb model. This model is based on the Navier-
Stokes equations for incompressible flow:  

[12]

[13]

Here, v→ is the granular velocity, p is the pressure, ρ is the 
medium density, and η is the medium viscosity. The local density 
of the effective medium is calculated from the composition of the 
charge or coke bed as ρ = ∑kχk ρk, where ρk is the density of species 
k  and χk is its volume fraction (Artoni, et al., 2008). The flow is 
driven by the formation of voids in the lower part of the furnace as 
the solid material t reacts to form liquid metal and slag. The liquid 

material subsequently trickles down through the granular coke bed. 
For the liquid phases, precomputed velocity templates are used in 
the advection-diffusion equations. The slag velocity is dependent on 
the basicity, as described in the previous section, whereas the alloy 
velocity is taken to be independent of the alloy composition.

The gas flow is not addressed in the current version of the 
model. The fluxes of CO and CO2 escaping at the top of the furnace 
are calculated as integrals over the gas-producing reactions in the 
charge.

Electrostatics
The direct current (DC) approximation is used to determine 
the electrostatic properties of the system. This approximation is 
satisfactory for small furnaces with a power factor close to unity 
(Eidem et al., 2010; Halvorsen,  Olsen, and Fromreide, 2016; 
Fromreide et al., 2021). 

In the case of power distribution in industrial-scale furnaces, 
DC simulations and linear combination of DC solutions can be 
used as a fair approximation to a full AC description.(Halvorsen, 
Olsen, and Fromreide, 2016; Tesfahunegn et al., 2020; Fromreide 
et al., 2021)  The electrostatic potential V is obtained by solving the 
Poission equation

                                                                                 [14]
in domains A, B, and C in Figure 1. The electric field E

→
 and 

the current density J
→
 are obtained from the electrostatic potential 

by the constitutive relationships E
→
 =−V and J

→
 =σE

→
. A constant 

power of 150 kW (Tangstad et al., 2001, 2017; Monsen, Tangstad, 
and Midtgaard, 2004; Monsen et al., 2007; Eidem, Tangstad, 
and Bakken, 2009; Eidem et al., 2010) is maintained by adding a 
global constraint to the system. The conductivity of the electrodes 
is constant and set to 80 kS/m (Haynes, Lide, and Bruno, 2017), 
whereas the conductivity of the charge depends on the local 
composition. The bulk conductivity of the charge is calculated as the 
sum of the conductivities of each component weighted by volume 
fraction,

[15]

The material conductivities for the reduced species [Fe(s,l), Si(l), 
Mn(l)] are set to 10 kS/m. The material conductivity for carbon is 
dependent on temperature, increasing linearly from 10 to 400 S/m 
in the range 800–1600°C, with the extreme values acting as cut-offs 
for lower and higher temperatures (Surup et al., 2020). The oxides 
do not contribute to the conductivity.

Heat transfer
The local temperature is determined by solving the heat equation: 

[16]

Here, T is temperature, ρ is the medium density, cp is the 
medium heat capacity, v→ is the advection velocity, k is the thermal 
condutivity, and Q is the local heating 

                                                      
[17]

comprising the resistive term (J
→
 is the current density, E

→
 is the 

electric field), and total enthalpy of reactions. In the charge, the 
local density and heat capacity are calculated from the local charge 
composition based on a weighted average, similar to that used 
for the electrical conductivity in Equation [15] . The thermal 

Figure 3—Effect of basicity. The liquidus temperature decreases for higher 
basicity
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conductivity is taken to be independent of the charge composition 
but takes into account radiative heat transport in pores and voids. 
A model similar to the one described by Schotte (1960) is used, 
but with an additional contribution from heat conduction through 
the particle contact points added in series with the radiative 
contribution. The particle thermal conductivity is taken to be 
30 W/m·K (the value compensates for the lack of the convective 
effects of the CO/CO2 counterflow), the contact point effective 
thermal conductivity is taken to be 2 W/m·K, the particle diameter 
is set to 30 mm, and the emissivity to 0.9. This results in a thermal 
diffusivity that is somewhat higher than experimentally measured 
bulk thermal diffusivities for common manganese ores (Ksiazek et 
al., 2013), which is to be expected given the contribution from the 
higher conductivity carbon material.

Simulation modes
The FEM model solves for the time evolution of the system. Tapping 
and charging occur in a continuous way. Liquid species that reach 
the level of the bottom electrodes are removed from the simulation 
and accounted as tapped flow. A constant charge level is maintained 
by continually adding an amount of charge corresponding to the 
volume of material consumed in the hearth of the furnace. The 
composition of the incoming charge is specified by the user, and can 
be set to be:
➤  Constant for the duration of the simulation. This mode can 

be used, for example, to simulate a start-up stage when the 
internal temperature is increasing, or during over-coking or 
under-coking (periods in which the charge contains more or 
less carbon than needed).

➤  Switching from an initial to a final set of concentrations at 
a prescribed time. For example, this can be used to study a 
transient state. In the examples below, this mode will be used 
to investigate what happens when the charge switches from a 
composition rich in iron and acid oxides to a silicomanganese 
one rich in basic oxides.

For a suitable amount of carbon in the charge mix, the constant 
charge mode will eventually reach a quasi-steady state. The depth of 
the coke bed in this steady state depends on the carbon balance of 
the charge. Insufficient carbon coverage will lead to a shallow coke 
bed and excessive slag production. Excessive amounts of carbon 
will give rise to an ever-deepening coke bed that eventually fills the 
furnace.

To more closely simulate industrial operation, an additional 
control is implemented for the carbon content in the charge mix. 
For either mode, the amount of carbon in the mass flux that is 
added to the system can be adaptive, meaning that the amount 
added matches the amount of carbon consumed in the reactions 
and escaping as CO/CO2. This simulates the ideal situation, 
in which an exact carbon coverage is maintained. If the initial 
conditions are relatively close to the equilibrated solution, adaptive 
coking leads to a quasi-steady state solution determined by the 
input power and relative ratios of the metal oxides in the charge. 
Adaptive coking will be demonstrated in the second simulation 
example below. 

Simulation examples

Quasi-steady state
The first simulation presented aims at reaching a steady state. For 
this example, the input power is set to 150 kW and the charge 
composition is as specified in Table II. 

The initial condition is a homogenous charge at 800°C with the 
composition specified in Table II.  The production profiles of slag 
and alloy and their compositions are reported in Figure 4. In the 
early stage the furnace is cold, and most of the oxides dissolve in 
the slag phase and leave the system without reacting any further. 
This means that, in the early stage of the run, the furnace is fed with 
an excess of carbon that accumulates in a coke bed between the 
electrodes. As the furnace warms up and enough energy is available, 
the slag percolating through the carbon-rich zone undergoes 
carbothermic reduction and the carbon consumption increases until 
a balance is reached. 

After 16 hours, the furnace reaches a quasi-steady state with 
an alloy and slag production of approximately 38 and 59 kg/h, 
respectively. Considering this hourly production and the input 
power of 150 kW, the energy consumption is 3.9 kWh/kg of alloy, 
a value in line with experimental values (Monsen, Tangstad, and 
Midtgaard, 2004; Monsen et al., 2007; Eidem, Tangstad, and Bakken, 
2009; Eidem et al., 2010).

Regarding the composition of the tapped material, the alloy 
has a relatively high iron content in the early stages of the run as 
the direct gas-solid reduction of iron oxide starts occurring at 
relatively low temperatures. As the system reaches equilibrium 

  Table II

  Composition of the charge for a 20 kg batch

  Species                                             Charge I 
   kg wt%

  MnO 9.79 48.9
  SiO2 4.82 24.1
  Fe2O3 1.12 5.6
  Al2O3 2.16 10.8
  CaO 0.25 1.25
  MgO 0.13 0.67
  Carbon 1.73 8.7

Figure 4—Top: Production rates of alloy and slag (kg/h) during a 16-
hour simulation run. Centre: Composition of the alloy (wt%). Bottom: 
Composition of the slag 
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the iron content stabilizes and the alloy has a final composition of 
72 wt% Mn, 15% Si, and 13% Fe. For the charge mix used in this 
simulation, the the slag at equilibrium contains 43 wt% MnO, 30% 
SiO2, and 27% fluxes. As can be seen in Figure 4, this simulation 
run demonstrates that the model can reach a stable state with a 
carbon consumption matching the incoming charge, provided 
that reasonable values for the energy input and charge recipe are 
supplied. 

Figure 5 shows the conditions in the furnace at the end of the 
simulation. Directly below the top electrode one finds the hot zone, 
with temperatures exceeding 2000°C (left panel). The entire coke 
bed has a temperature exceeding 1400°C. The coke bed can be 
visualized by plotting the volume fraction of carbon in the furnace 
(middle panel). The boundary of the coke bed is located between 
the 1600 and 1800°C isotherms. The divergence of the velocity of 
the granular material is shown in the right panel. The divergence 
divv→ is calculated as divv→ = . v→. The negative divergence indicates 
that granular material is converging on the interface between 
the charge and the coke bed. In other words, in this region solid 
material is consumed by melting and by chemical reactions.

The species distribution for the triad MnO(s), MnO(l), and 
Mn(l) is shown in Figure 6. MnO(s) is the only species present 
during the descent of the charge from the top of the furnace to the 
top of the coke bed. MnO(l) forms when the charge has passed the 
1600°C isotherm, and Mn(l) forms by carbothermic reduction of 
MnO(l) in the coke bed. 

Owing to the relatively fast percolation of the slag, although 
the charge contains 30 wt% MnO, the liquid MnO never exceeds 
approximately 0.6 wt%. The rate of carbothermic reduction of MnO 
increases with temperature, leading to the profile seen for Mn(l). 
The distribution of Si-containing species follows the same pattern. 
Results from the excavation of the pilot furnace are in line with the 
simulations, i.e. MnO is scarce in the column directly below the 
electrode and is mostly found in the periphery of the furnace, and Si 
is mostly concentrated directly below the top electrode (Tangstad et 
al., 2001).    

The profiles for the iron species are markedly different to those 
for manganese and silicon, as shown in Figure 7. Iron oxides are 
reduced in the solid state by the CO(g) passing upward through the 
solid charge. The charge in the proximity of the electrode is warmer 
(see Figure 5), consequently unreacted Fe2O3 can be found deeper 
in the furnace at the periphery than at the centre. Solid metallic iron 
exists between the 800 and 1800°C isotherms above the top of the 
coke bed. The iron starts to melt as it reaches the top of the coke bed 
and enters the liquid alloy phase. It should be noted that the kinetics 
of the solid-gas reaction ultimately depend on the CO diffusion in 
the solid particles – this in turn depends on the porosity and size of 
the particles. These dependencies are not explored in the model.  

Figure 8 depicts the heat balance of the system. The left panel 
shows the distribution of ohmic heat generated by the applied 
electrical current. The boundary of the coke bed (marking where 
carbon content exceed 50 wt%) is shown with a black line for 
convenience. One notices that, because of the DC approximation, 
there is no accumulation of current at the surface of the electrode 
(skin effect), and the heat generated in the electrode is distributed 
homogenously. In the charge, the current paths with the least 
resistance pass through the tip of the top electrode and spread 
out in the coke bed to reach the flat bottom electrode, hence the 
heat generation in the charge is concentrated near the tip of the 
top electrode. The resistance of the coke bed varies between 3 
and 4 mΩ·m as a function of position, in close agreement with 
experimental estimates (Eidem, Tangstad, and Bakken, 2009). The 
total resistance of the furnace is about 10 mΩ, similar to values from 
experimental runs in this pilot furnace (Ringdalen and Tangstad, 
2013). 

The central panel in Figure 8 shows the sum of the reaction 
enthalpies. Overall, the reactions are endothermic, and most of the 
thermal energy consumed by the reactions is used in the coke bed 
near the tip of the top electrode. The endothermic contributions 
from reactions 3 and 4 (the carbothermic reduction of silicon 

Figure 5—Left: Temperature distribution (°C) at the end of the simulation. 
Centre: Carbon concentration (v/v) confirms the formation of a coke bed. 
Right: Divergence of the solid flow (1/s). All panels show isothermal contours 
(°C)

Figure 6—MnO(s), MnO(l), and Mn(l) distribution in the charge domain 
(wt%). Isothermal contours (°C) 

Figure 7—Fe2O3(s), Fe(s), and Fe(l) distributions in the charge domain (wt%). 
Isothermal contours (°C) 

Figure 8—Total resistive heating (left), reaction enthalpies (centre), and heat 
balance (right) in W/cm3. The black line in the charge marks the boundary of 
the coke bed
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SiO2 increases to 35 wt% and, as expected, the MnO content of the 
slag decreases with increasing basicity, ending up at 37 wt%.

It is interesting to study the different temperature distributions 
in the furnace at the two quasi-steady states, as shown in Figure 11. 
One can observe three major differences.

1.   The top part of the electrode is much colder; this is a direct 
effect of the lower conductivity of the charge due to the lack 

and manganese oxides) are the dominating terms. This correlates 
well with the species distribution (Figure 6) and temperature 
distribution (Figure 5): liquid oxides that flow the hot region near 
the tip of the electrode react readily and trickle downward as alloy 
droplets. Conversely, closer to the periphery the lower temperature 
results in a less efficient conversion of the slag. The total heat 
balance (right panel) is obtained by combining the ohmic heating 
with the reaction enthalpies. Here it can be seen that the resistive 
heating produces excess heat to maintain the reactions in the region 
near the electrode. Excess heat is also produced at the furnace 
periphery. The mid-section of the coke bed is the only region with 
a negative heat balance. However, note that as the simulation has 
reached a quasi-steady state, the system is in thermal equilibrium. 
All the excess heat produced in the core of the furnace and at the 
furnace periphery is used to either (1) compensate the deficit in 
the middle of the coke bed, (2) heat the incoming charge, or (3) 
compensate the heat loss at the furnace surface.

Finally, in Figure 9 the production and consumption of 
nine major species is show as the rates of reaction (mol/m3s). 
Examination of the figure confirms that the dissolution of the 
species and the reduction reactions occur in different zones. 

Transient state
The second simulation aims at studying the conditions in the 
furnace when changing the charge recipe from a composition rich 
in iron and acidic oxides (Table II) to a silicomanganese charge rich 
in basic oxides (Table III). The initial condition corresponds to the 
quasi-steady state reached at the end of the simulation presented 
in the previous section. The simulation spans 6 hours and at t =1 h  
the charge switches from the initial recipe to the final composition. 
Furthermore, an adaptive carbon coverage is used, meaning that 
the incoming flux of carbon matches the amount consumed by the 
carbothermic reduction reactions. 

The evolution of the product in the 6-hour run is shown in 
Figure 10. Although the composition of the charge changes at 
t = 1 h, (marked in the plot by a blue vertical dashed line), the 
composition of the products tapped at the bottom of the furnace 
remains constant up to about t = 1.8 h, since the new charge has 
to descend and reach the core of the furnace before impacting the 
system. Once this occurs, the furnace transitions into a new regime 
within 1–2 hours. Production of both alloy and slag decreases, and 
the iron content in the alloy drops. The final composition of the 
alloy is approximately 80 wt% manganese and 20 wt% silicon. The 
silicon content in the alloy is comparable to experimental runs in 
this furnace (Ringdalen and Tangstad, 2013) and in line with that of 
industrial alloys (Olsen, Tangstad, and Lindstad, 2007). The content 
of fluxes in the slag remains quite constant (28 wt%). The content of 

  Table III

  Composition of the charge for a 20 kg batch: /transient state

  Species                                             Charge 
   kg wt%

  MnO 9.68 48.4
  SiO2 5.95 29.8
  Fe2O3 0.0 0.0
  Al2O3 0.56 2.8
  CaO 1.23 6.2
  MgO 0.48 2.4
  Carbona 2.09 10.4

aCarbon content varies with consumption in the core.

Figure 9—Production and consumption of nine major species (mol/m3s) 

Figure 10—Top: Production of alloy and slug (kg/h) during a 6-hour 
simulation run with switching of the charge composition after 1 h (blue 
vertical dashed line). Centre: Composition of the alloy (wt%). Bottom: 
Composition of the slag
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