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The article deals with the study of the heating and melting process for the industrial scale
direct current electrical arc furnace (DC EAF). Numerical modelling was performed using the
enthalpy and porosity approach at equal values of metal solidus and liquidus temperatures when
the mushy zone is represented by the linear distribution of the mass fraction. The heat flux
supplied through the arc spot is estimated using the heat balance equation taking into account
metal heating and melting, Joule heat, radiation at the metal mirror and convective heat transfer
at the metal vessel covered with firebricks. Electrical parameters of the arc between the top
electrode and the melt mirror are estimated using the heat flux value. Computed distributions
of the metal liquid/solid mass fraction make it possible to estimate duration of heating and
melting.

Introduction. Previous studies of the authors deal with numerical and experi-
mental study of the electro-vortex flow (EVF) and temperature field in liquid metal in
a vessel with DC power supply through a system of bifilar electrodes [1]. The developed
and experimentally verified numerical approach [1] was applied to calculate the turbu-
lent EVF of the melt, the homogenization process of the melt temperature and alloying
additive concentration [2] in the industrial scale direct current electrical arc furnace (DC
EAF).

Further development of the numerical approach [3] which is associated with the simu-
lation of heating and melting of metal was approved for the industrial mini DC EAF (with
a capacity of 4.6 kg of molten steel). The industrial mini furnace was developed, manu-
factured and installed at LATVO JSC (Riga, Latvia). Melt temperature measurements
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Fig. 1. Models of the industrial scale DC EAF for computations of (a) electromagnetic
field; (b) solid/liquid metal temperature and melt EVF with Ansys Maxwell and Ansys Fluent,
accordingly.
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Table 1. Geometric parameters of melt, electrodes and parameters of supplied DC.

Melt vessel (truncated cone)

Top (melt mirror) radius rtopm =0.9m

Bottom radius rbottomm =0.5m
Height Hm =0.335m

Top electrode

Arc spot radius at the melt mirror r
top

el =0.14m

Bottom electrodes

Radius of electrode without blades rbottomel =0.115m

Distance between axes of electrodes Lbottom
el−el =0.6m

Offset of electrode axes from the symmetry plane Lbottom
shift =0.1m

Direct current (DC)

Top electrode I
top

el =40 kA

Each of two bottom electrodes Ibottomel =20 kA

Table 2. Physical parameters of electrodes, melt, and firebrick vessel.

Iron (Fe) melt

Electrical conductivity σm =1.1·106 S/m
Density ρm =6.8·103 kg/m3

Viscosity ηm =1.2·10−3 kg/(m·s)
Thermal expansion coefficient β∼ 9.9·10−6 K−1

Specific heat capacity cm =775 J/(kg·K)
Thermal conductivity λm =33W/(m·K)

Emissivity εm =0.5
Melting point Tmelting =1538.85 ◦C

Latent heat of melting hmelting =2.471·105 J/kg
Boiling point Tboiling=2860.85 ◦C

Latent heat of vaporization hvapor =6.088·106 J/kg

Furnace cover

Emissivity εcover =0.3
Temperature Tcover =873K

Firebrick vessel

Density ρf =1.8·103 kg/m3

Specific heat capacity cf =1250 J/(kg·K)
Thermal conductivity λf =0.5W/(m·K)

Thickness df =0.25m
Convective heat transfer coefficient αconv =10W/(m2

·K)

Graphite (C) top electrode

Electrical conductivity σtop
e =7·104 S/m

Steel bottom electrodes

Electrical conductivity σbottom
e ∼ 1.1·106 S/m

Thermal conductivity λe =33W/(m·K)

by a probe with a thermocouples sensor and an infra-red video camera and melt velocity
estimations using snap-shots of particle motion over the melt mirror were made [3].
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The current study deals with the simulation of heating and melting in the industrial
scale DC EAF with a capacity of 3.6 tons of molten steel. The prototype is the DC EAF
installed at the LATVO plant (see the photo and references in [2]).

The industrial scale DC EAF is shown schematically in Fig. 1a [2]. Geometric
parameters of electrodes and supplied DC, of the melt and vessel as well as physical
parameters of the melt, electrodes and vessel are collected in Tables 1, 2.

1. Numerical modelling of heating and melting processes.

The enthalpy (H) and porosity (Π) approach is used for modelling heating and
melting processes which have been implemented in the Ansys Fluent commercial software
package [4] based on the source papers [5, 6].

In order to track the melt interface, the liquid fraction ξl in every cell volume of the
mesh in the metal domain is computed at each iteration taking into account the enthalpy
balance. The liquid fraction indicates the fraction of the cell volume that is liquid. For
the so-called mushy region, the value of the liquid fraction is 0 < ξl < 1. The relationship
between the liquid fraction ξl and the solid fraction ξs is

ξl = 1− ξs (1)

The mushy region with the partially molten material is considered as a pseudo-porous
medium. The value of the porosity Π increases from Πs = 0 for the solid phase to Πl =1
for the liquid phase as the material is melting: Πs =0<Π < 1=Πl. The porosity and
solid or liquid fraction relationship is the following: Π =1 – ξs = ξl.

Hence, the velocity increases from V=Vs =0 for the solid material in a cell when
porosity is Πs =0 to the velocity value in a fully liquid cell V=Vl

V =











Vl for liquid phase,

(1− ξs)Vl = ξlVl for the mushy region,

Vs for solid phase.

(2)

The enthalpy H of the material is defined as the sum of the sensible enthalpy h and the
latent heat ∆H ,

H = h+∆H, h = href +

T̂

Tref

cpdT (3)

where href is the reference enthalpy, Tref is the reference temperature, cp is the specific
heat at constant pressure.

The latent heat ∆H is assumed as a function of the temperature T in the following
form

∆H (T ) =











∆H = hmelting for T ≥ Tliquidus,

[1− ξs (T )]hmelting = ξl (T )hmelting for Tliquidus > T ≥ Tsolidus,

0 for T < Tsolidus,

(4)

where hmelting is the latent heat of the material.
To determine the evolution of the latent heat hmelting of the material in the mushy

region, the relationship of the local solid fraction to the temperature T can be chosen
– for pure materials (for instance, fine metals), where phase changes occur at a

distinct temperature, that is in the case of equal liquidus and solidus temperatures of the
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melt, i.e. Tliquidus = Tsolidus; the mushy zone is represented by the linear distribution of
the mass fraction [5]:

ξs (T ) =















0 for T ≥ Tliquidus,
Tliquidus − T

2Tliquidus
for Tliquidus > T ≥ Tsolidus,

1 forT < Tsolidus.

(5)

– for multi-component materials (for instance, alloys) when the phase change occurs
over the temperature range, i.e. Tliquidus 6=Tsolidus; the mass fraction in the mushy zone
is represented by the expression [4, 6]:

ξs (T ) =















0 for T ≥ Tliquidus,
Tliquidus − T

Tliquidus − Tsolidus
for Tliquidus > T ≥ Tsolidus,

1 forT < Tsolidus.

(6)

with the necessity to apply more complicated equilibrium diagrams of the phase change.

2. Governing equations.

The governing equations – the energy equation (6), the momentum (7) and continuity
(8) equations – for solving the melting problems can be written as

∂ (ρH)

∂t
+∇ (ρHV ) = ∇ (λ∇T ) +

|J|2

σ
−

∂
(

ρV ′
ih′

)

∂xi

, (7)

∂ (ρV)

∂t
+

∂ (ρViVj)

∂xj

= −∇p+ η∆V + ρg (1− β∆T )+J×B+ fmush−
∂
(

ρV ′
iV ′

j

)

∂xj

, (8)

∂ρ

∂t
+∇ (ρV) = 0. (9)

Buoyancy, or the Archimedes force, is modelled with the Boussinesq approximation.
The physical fields and parameters in Eqs. (7)–(9) are the following: V, p are the ve-

locity and the pressure field in the melt; T is the temperature; g is the gravitationalaccele-
ration; J and B are the electrical current density and its self-magnetic field; η, ρ, β, λ, σ
are, respectively, the dynamic viscosity, density, coefficient of thermal expansion, thermal
conductivity, and electrical conductivity.

Note that the values of the listed above physical parameters are selected to corres-
pond to the temperature of the molten metal and are considered constant in the calcu-
lation. At the next stage of research, calculations with temperature-dependent physical
parameters are planned. In this case, an independent problem will be the formation of a
table of values of physical parameters in a wide range of temperatures of the heated and
melted metal. An additional difficulty will be solving Maxwell equations together with
the transport equations for velocity and temperature.

In the momentum equation (8) in the mushy region, there is a momentum sink due
to the decreased porosity, which is derived using the Kozeny–Carman equation [7, 8]:

fmush = −
(1− ξl)

2

ξ3l + ǫ
VAmush, (10)
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where V is the velocity of partly/fully liquid material, and Amush is the mushy zone
constant [kg/(m3s)], which depends on the morphology of the partly liquid material in
the mushy zone. The small number ε=0.001 in Eq. (10) is introduced to prevent division
by zero.

The vector of the turbulent enthalpy flux ρV ′
ih′ and the tensor of turbulent (Rey-

nolds) stresses ρV ′
iV ′

j are modelled with the LES approach. Note that the sink, which
is similar to Eq. (8) with the same constant, is added to all equations which describe the
transport of turbulence.

The Lorentz force J × B in Eq. (8) and the Joule heat |J|2/σ in Eq. (7) are the
results of the calculations of the electromagnetic (EM) field which were performed using
the Ansys Maxwell commercial software package for the model presented in Fig. 1a (see
details in [2]). The electric arc at the boundary of the top graphite electrode with the
melt mirror is not considered in the EM part of the problems. The heat flow from the
arc spot is taken into account in the boundary condition when solving the thermal part
of the problem. An estimation of the heat flux value is given in Eq. (11). The diameter
of the arc spot is assumed to be equal to the diameter of the top electrode.

3. Boundary conditions.

The scheme of the industrial DC EAF for numerical modelling of the melt EVF and
heating and melting processes is presented in Fig. 1b.

The boundary conditions for melt flow are the following:
• no-slip conditions at the surfaces of the vessel (Sside

vessel; S
bottom
vessel ) and bottom ele-

ctrodes (Sbottom
electrode) as well as at the liquid/solid boundaries in case of partly molten

metal;
• free slip conditions at the melt mirror (Stop; Sspot) which is considered as the fix

surface.
The boundary conditions for temperature are:
• the heat flux qarcspot is supplied through the spot of the arc (Sspot);
• the heat radiation from the top surface of the metal (Sspot) except for the arc spot

zone;
• the convective heat transfer αconv at the vessel (S

side
vessel; S

bottom
vessel ) taking into account

the thermal resistance of firebricks of thickness df (Table 2);
• the heat transfer through the bottom electrodes (Selectrode

bottom ) from the melt to the
cross-sections of electrodes which are not covered with firebricks.

4. Heat flux supplied through the arc spot in the industrial scaleDCEAF.

The heat flux qarcspot which is supplied through the spot of the arc (Sspot) at the melt
mirror is estimated with the heat balance equation

qarcspotSspot =
σSB

(

T 4
melting − T 4

cover

)

Stop

1/εm + 1/εcover − 1
+

αconvλf

λf + αconvdf
(Tmelting − Ta)Svessel

+
2λe

df
(Tmelting − Tcooling)S

bottom
electrode +

cmρmVmelt (Tmelting − Tinitial)

∆t

+
hmeltingVmelt

∆t
−

ˆ

Vm

|J|2

σ
dV,

(11)

when the whole volume of liquid metal is at the temperature Tmelting, cm is the specific
heat capacity. The right part of Eq. (11) contains the following terms:
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• the heat radiation from the top surface (Stop) of the metal except for the arc spot
zone (Sspot); the furnace has a cover with the emissivity εcover and temperature Tcover;

• the convective heat transfer with the coefficient αconv at the metal vessel covered
with firebricks (Svessel =Sside

vessel + Sbottom
vessel ) of thickness df (Table 2);

• the heat transfer through the bottom electrodes (Sbottom
electrode); the temperature of

electrodes which are not covered with firebricks is the cooling temperature Tcooling;
• the metal heating from the selected initial temperature Tinitial till the melting

temperature Tmelting and then metal melting at Tmelting;
• the Joule heat source in the metal due to the electrical current density (J) which

produces the self-magnetic field.
Eq. (11) includes the estimated time ∆t of the melt heating and melting processes.
The estimated value qarcspot ∼ 5.1·107W/m2 is obtained using the parameters from

Tables 1, 2; the selected estimated time ∆t=30min and Tinitial=Ta =323.15K.
According to the made estimations, the arc is the source of 99.8% of the heat supplied

to the melt; the rest (0.2%) is the Joule heat in the metal. More than 89% of the supplied
heat is necessary for metal heating (71.8%) and melting (17.2%).

Values of the voltage Uarc and resistance Rarc of the arc can be calculated from the
estimated value of the heat Qarc= qarcspotSspot supplied from the arc to the melt,

Uarc =
Qarc

Itopel

, Rarc =
Uarc

Itopel

(12)

The estimated values are Uarc∼ 78.2V; Rarc∼ 0.002Ω; the electrical power Parc ∼ 3.1MW.

5. Metal heating and melting in the industrial scale DC EAF.

Computational results for the heating and melting processes are obtained for fine iron
(Tmelting =Tliquidus=Tsolidus) and for the mushy zone constant Amush ∼ 103 kg/(m3s).

Fig. 2 shows the mass fraction of solid and liquid phases as a function of time.
According to the computations, the total time of metal heating and melting considering
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Fig. 2. Industrial scale DC EAF. Liquid ξl (dotted line) and solid ξs (solid line) mass fractions

as a function of time t for the case Tsolidus =Tliquidus, Amush =103 kg/(m3
·s) – trend lines are

shown.
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turbulent EVF is ∆t=27.5min. This value is very close to ∆t=30min which was used
for the estimation of the heat flux from the arc in Eq. (11) – the difference is ∼ 7.5%.

Fig. 2 illustrates the acceleration of the melting process due to the intensification of
turbulent EVF in the increasing volume of the liquid phase: the first half of the metal
volume was melt in 20 min, whereas the second half was melt in 7.5 min, or 2.66 times
faster. Note that the acceleration of melting corresponds to the same parameter for the
industrial mini industrial DC EAF [3].

The mass fraction of the liquid phase and the instantaneous velocity vectors for the
melt EVF are illustrated in Figs. 3a,c,e,g for the cross-section x=0 and in Figs. 3b,d,f ,h
for the cross-section y=0. The flow time moments correspond to the parts [in %] of
molten metal as selected from Fig. 2.

The instantaneous patterns of turbulent EVF at x=0 (this vertical plane is parallel
to a plane which includes both symmetry axes of the bottom electrodes) are approxi-
mately symmetrical about the z-axis. At the same time, the EVF patterns for y=0 (this
vertical plane is perpendicular to a plane, which includes both symmetry axes of two
bottom electrodes) are not symmetrical about the z-axis since the Lorentz force near
the bottom electrodes (see the offset of the electrodes axes from plane x=0 in Table 1)
confines the melt flow in the x-direction.

6. Unresolved problems of the computational model.

The distributions of instantaneous temperature in the melt near the central zone
of the arc are not physically correct (T > T boiling) because the Ansys Fluent module for
the melting process computations does not cover the boiling phenomenon of liquid.

The volume with incorrect temperature values is relatively small if compare with
the whole volume of the melt. Thus, the influence of the temperature distribution of this
volume on the whole volume of the melt is vanishingly small.

Moreover, the ratio of the latent heat of vaporization to the latent heat of melting
is hvapor/hmelting∼ 25. Thus, we can conclude that this small region near the arc with
non-physical temperature values will not exceed the limit.

Conclusions.

The obtained numerical results illustrate the dynamics of heating and melting pro-
cesses as well as make possible estimations of the integral time of metal melting.

The reason for the acceleration of the melting process is the intensification of the
developed turbulent electrovortex flow in a continuously increasing volume of molten
metal.

The distribution of the liquid zone in the metal volume during melting is influenced
by the molten metal flow structure, which depends on the position of bottom electrodes –
the offset of the axes of the bottom electrodes from the symmetry plane in the industrial
scale DC EAF results in the non-symmetry of the liquid zone. This effect was observed
also in the industrial mini DC EAF [3].
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