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On Melting of Electrodes during Electro-Slag Remelting
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In this paper a numerical investigations on the thermal state and on the tip shape of a melting electrode
during electro-slag remelting are presented. In the first part the heat necessary to melt an electrode with
a flat tip shape is calculated. It is shown that to keep a constant melting rate, the heat supplied to the
electrode must be continuously changed. The results for different electrode descend rates, corresponding
to different melting rates, are presented. In the second part the melting process was simulated with the
help of a numerical model which takes into account simultaneous action of magneto-hydrodynamics, and
thermal and phase changes phenomena. The model assumes no mould current. Simulations were per-
formed with constant applied current and electrode descend velocity. The simulations have shown that
the coupling between the melting rate and the Joule heat release process is very unstable. One result
showing a stable electrode tip is presented and discussed in details.
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1. Introduction

In the past few years, remelting technologies have played
an important role in producing special materials and the
number of Electro-Slag Remelting (ESR) units is continu-
ously growing. In the ESR process an as-cast electrode is
immersed into a hot slag such that droplets depart from the
melting electrode, pass through the turbulently flowing slag
and finally feed a liquid metal pool which then solidify
directionally. Hereby, the heat provided by the slag to the
electrode determines the efficiency of the melting process.
An analysis of the heat balance of the ESR process has indi-
cated that typically 25% of the heat generated is transferred
to the electrode." Electrochemical reactions at the electrode
surface can also contribute to the heat provided to the elec-
trode. Significantly higher melt-rates are observed for
cathodic electrodes (DC ESR) melting in air than in argon.”)
This phenomenon is neither observed for DC anodic elec-
trodes nor for 60 Hz AC electrodes. For these reasons, the
origin of difference in melting efficiency of different power
sources was attributed to some electrochemical modification
in composition of the slag, or to the additional generation of
heat due to the formation of an over-potential at the electrode
interface. Jardy et al.® have shown that the hydrodynamic is
also an important factor controlling the heat transfer to the
electrode. The highest heat transfer rate was predicted for
the case where the buoyancy forces dominate the electro-
magnetic forces. The development of turbulence just under
the electrode is also related to the formation and departure
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of the droplets.** The deviation of electromagnetic fields by
the liquid metal faucets generates strong turbulences that
surely impact on the melting rate.

Despite of its importance, few works focus on the thermal
state of the electrode.®” Mitchell er al.® described some
experiments where the electrode temperature was measured
at a laboratory scale ESR furnace. Additionally, a complex
steady-state two dimensional (2D) model of the heat balance
was suggested. The model provided fairly good results when
compared with the experimental temperature profiles. A
simpler analytical model was proposed by Mendrowsky et
al.” in which both conduction and radiation from the slag
surface were taken into account. Based on this model the
temperature ranges were found in good agreements with
experimental data provided in Mitchell et al.®’ The comput-
ed results also suggested that thermal radiation is unlikely
to be important in comparison with the heat conduction.
Tacke et al.® used a numerical model to analyse the relation
between the temperature field and the melting profile of the
electrode. This model was able to compute both temperature
and melting profile simultaneously using a False Position
algorithm. Several experiments with different electrode
descend rates were performed, where the slag temperature
was measured and the electrode tip shape was investigated.
To fit the experimental results, their computation needed an
empirical slag/electrode heat transfer coefficient, which was
found to vary between 2000 and 4500 W/m’K from one
experiment to another.

All these models imposed room temperature at a certain
distance from the electrode tip, which means that the heat
diffusion has not the time to reach the other extremity of the
electrode. However, the electrode is a finite and closed sys-
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tem, which is strongly heated during the whole remelting
time. The issue of the electrode melting is clearly a Stefan
problem where both the temperature field and the melting
front velocity are unknown. Assuming that the electrode is
semi-infinite, Zien” suggested an approximate analytical
solution of this ablation problem with the help of the
approximate integral method. This method was suggested to
be used in the control system for the melting of electrodes
in the vacuum arc remelting (VAR) process.'”

In the present investigation this one dimensional (1D)
Stefan problem is solved numerically. First the time depen-
dant heat necessary to melt an electrode with a desired
constant melting rate is calculated. For that a 1D thermal
analysis is performed on an electrode which is ablated
according to quantity of heat received from the slag. Then
a 2D simulation including the slag media is performed. The
influence of the electromagnetic field as well as the hydro-
dynamic is considered.

2. One Dimensional Model Description for Energy Bal-
ance Analysis of Electrode

In order to solve the energy equation in a moving bound-
ary domain, we consider the case shown in Fig. 1. At the
time ¢, the electrode has a length of s(#) and moves down-
wards towards the slag at a speed u.. The electrode tip (bot-
tom) is assumed to melt uniformly to form a flat interface.
The melting temperature of the electrode, Tinerfuce, 1S
assumed to be equal to the liquidus temperature of the elec-
trode material 7;. The origin of the coordinate system is
fixed at the top extremity of the electrode. If the solid elec-
trode melts uniformly at the level of the slag surface, the
coordinate system moves with the electrode at the specified
speed u. = —ds/dt. The heat transfers at the top and lateral
boundaries as well as the heat generated by Joule heat dis-
sipation are neglected. Thus, we have solved the following
one dimensional (1D) heat transport problem

a(pCpT) 0 (kﬁ—T

ot Ox
with the following boundary conditions

j fort>0 and 0 < x < s(1),-- (1)
Ox

x=5(%)

T.

interface
QS.‘ag—>Metal
Fig. 1. Coordinate set up for the electrode. (Online version in

color.)
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g_i =0 and T|_ =T, 0. forr=0, . (2a)
x=0
oT ds
ka - pAHZ = QSIag7>Metal’ forz>0. (2b)
x=s(t)

Here, p is the density, C, the heat capacity, T the tempera-
ture, ¢ the time, k the thermal conductivity, AH the latent
heat of fusion and QOsiae>mers 1s the heat that must be pro-
vided from the slag to the electrode to achieve the given
melting rate.

Usually, the Stefan problem consists in predicting the
velocity of the melting front for a given or computed heat
flux. In the present problem the unknown quantity is the
heat flux QOsisg->merar rather than the melting rate. Since the
melting rate which is given by electrode descent speed, e,
is set to be constant, the latent heat of fusion is also constant.
The real unknown quantity of the problem is the heat diffusing

. oT
into the electrode, ¢ =—k—
X

much the electrode is heated aﬁ;ti)ng the remelting process.
Thus, ¢ is time and u, dependant, its magnitude varies from
the moment when the electrode touch the slag to the
moment when the last layer of the electrode disappears.

The moving boundary-value problem governed by Egs.
(1) and (2) can be transformed into a fixed one by means of
the mapping (¢, x) — (7, {) ,where 7= ¢ and { = x/s(¢), so
that the problem becomes

i(sT):i(Lza_T]+gi[£T]
ot o¢ | pC, s ¢ og\drt ) ... 3)

for t>0and 0<{¢ <1,

, which depends on how

with boundary conditions

oT

As = O’ T(T) o1 T;‘n erface® fOI' T 2 O """ (43.)
aé/ o |§_l terfe

k oT ds

22 —pAHZE = , fort>0

s aé/ - dT QSIag7>Metal (4b)

The system of equations, Egs. (3) and (4), are solved with
the properties given in Table 1 for steel.

3. Two Dimensional Model Description for ESR Pro-
cess Simulation

In a real system the heat flux to the electrode depends on
the slag temperature and on the energy transport phenome-
na. Due to the good mixing condition occurring within the
slag, its temperature distribution can be assumed uniform.
However, the effective slag/electrode heat transfer coeffi-
cient controlled by the turbulent velocity field might not be
uniform over entire electrode/slag surface. The electrode
can then melt non-uniformly. Depending on the electrode
descend velocity, it can be difficult to develop a flat or a sta-
ble electrode shape. In order to explore the complex cou-
pling which exists between the imposed electric current, the
melting rate and the thermal condition of the electrode, it is
necessary to build a model in which all mechanisms are cou-
pled. The present study uses a 2D axis-symmetrical magne-
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Table 1. Averaged material properties used.

Slag

Density p 2700 kg/m?
Viscosity u 0.0025 kg/m/s
Specific heat, liquid C, 1200 J/kg/K
Thermal expan. Coefficient 5 25%x 104K
Electric conductivity, o1 000 K 1.0 x 10! (Qm)™

Electric conductivity, c1870 K

1.2 x 10% (Qm)™

Thermal conductivity, £ 2000 K 3.24 W/m/K
Thermal conductivity, k£ 750 K 0.41 W/m/K
Liquidus Ty 1650 K
Fictitious solidus Ts 1625 K
Steel

Density p 6 850 kg/m?
Viscosity ¢ 0.006 kg/m/s
Specific heat, liquid C, 750 J/kg/K
Latent heat of fusion AH 2.7 x 10° W/kg
Thermal expan. Coefficient 3 1x 104K
Electric conductivity o 7.0 X 10° (Qm)™
Thermal conductivity & 26 W/m/K
Liquidus Ty 1750 K
Fictitious solidus Ts 1725K

Air

Density p 1.5 kg/m®
Effective viscosity 4 le-2 kg/m/s
Specific heat C, 1000 J/kg/K
Effective thermal conductivity & 2 W/m/K
Interfacial tension

Metal/slag 1 N/m
Metal/air 1.3 N/m
Slag/air 0.5 N/m

to-hydrodynamic multiphase approach to simulate the flow,
the temperature field, and the electrodynamics. The com-
mercial software ANSYS-Fluent has been used for the flow
and the thermal fields, the electromagnetic field was solved
with a self-written code based on finite volume. The inter-
faces between the three different phases (metal, slag, gas)
are tracked with a Volume of Fluid (VOF) method.'"'? A
single set of momentum equations is shared by the fluids,
and the volume fraction of each fluid in each computational
cell is tracked throughout the domain. According to the local
value of the volume fraction f, appropriate properties and
variables are assigned to each control volume within the
domain. In a two phase system the properties appearing in
the momentum equation are determined by the presence of
the component phase in each control volume. The calcula-
tion domain contains a total of 145000 cells. The time step
is controlled by turbulence and the dynamic of the metal/
slag interface through a chosen maximum courant number
of 0.1. The detailed mathematical expressions of the bound-
ary conditions used in the 2D simulations are presented in

Table 2. Mathematical expression of the hydrodynamic, thermal
and electric boundary conditions.

Top electrode boundary (Inlet boundary)
U.=~u, U, =0

lU
5Hz
an( )

T=300K, -0 2% -+
0z

0A
AR
0z 0z

Top air boundary (Pressure inlet)

0A
P=O,T=3OOK,—G@:O,—Z=O,6A' =0
0z 0z 0z

Mould (wall)
R? 0

<u,, U, —0,% g
R or

m

U, =-

Mould/Air: &= 0.8, H= 50 W/(Km?), T, = 400 K

Mould/Slag: T. = 1650 K

Mould/Metal (contact): £,= 0.1, H= 1500 W/(Km?), T. = 450 K
Mould/Metal (No contact): & = 0.8, H=20 W/(Km?), T, = 400 K

oA, 1,

—Lt = s A, = O
or 2rmR,
Bottom (outlet boundary)
R oA,
U =R v —0.9=02s0 %y
: R, 0z 0z
Table 2.

3.1. Electromagnetic Field

The electromagnetic field is solved by using the electric
field ¢ and the magnetic potential vector A. The electric
potential equation is extracted from the equation of the con-
servation of the electric current ;:

V.j=0 with f=—0'(Z—A—ch¢ ............. (5)
t

A time varying electric current flow is applied at the top
boundary of the cooper mould. The mould is in electric con-
tact with the baseplate. The electric current is not allowed
to cross the solid slag skin.'*'¥ A constant electric potential
(¢=0) is applied at the top boundary of the solid electrode.
The magnetic field B is extracted by solving the magnetic
potential vector 4 equation:

W(iwixj—v(iv-ﬁ}:} ............. (6a)
Hy Hy
with:

The uniqueness of the magnetic potential vector is ensured
by the fact that Eq. (6a) uses the Coulomb gauging. The sec-
ond term on the left hand side of the equation is added as a
penalty function'>'®) term in an ad-hoc manner in order to
enforce the zero divergence of the magnetic field. The value
for penalty factor 4 must be chosen as small as possible, but
large enough to quickly “push” the linear system towards
the divergence free solution. In fact the numerical solution
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fails to converge if the penalty factor is set to zero. Having
tested the range [0,1] we noticed that the number of itera-
tions to obtain satisfactory level of convergence decreases
with an increase of 1. However, it was also noticed by some
authors'® that the accuracy of the solution decreases with an
increase in the penalty factor. Therefore, when choosing the
penalty factor considerations should be simultaneously giv-
en to convergence and solution accuracy. In the present 5 Hz
problem, good convergence was obtained with a value of
only 0.1.

Once the electric and magnetic field is solved, the time
and space dependant Lorentz force acting on both slag and
steel is obtained by:

The electric current and the induced magnetic field are fully
coupled with the phase distribution.

3.2. Heat Transfer and Electrode Melting
The energy equation is solved in the entire domain:

D VT4 O (8)
Dt

With h = p(C,T + AHfs) being the enthalpy, O(¢) the Joule

heating source and f; a fictitious solid fraction defined by
T, -T

f, ==t . The Joule heating is taken as a source term
TL - Ts

in the energy equation:

where o is the electric conductivity.

At the top boundaries a temperature of 300 K is assumed.
The bottom boundary is set as outlet. In order to save com-
putation time, the mould is not included directly in the cal-
culation domain. At the air level, the melt pool level and the
ingot level a combined convection-radiation heat transfer is
considered. Corresponding values for the heat transfer coef-
ficient, H, the mould temperature, T, and the emissivity of
the mould surface, €, are given in Table 2. In the present
analysis the formation of the thin solid slag skin is not sim-
ulated. Between the liquid slag and the mould a thin solid-
ified slag layer forms, it is commonly known as “slag skin”.
Thus the slag liquidus temperature is used as boundary con-
dition whenever the slag phase is in contact of the mould.
At the ingot level a good contact characterised by a heat
transfer coefficient of H= 1500 W/(m’K) is assumed for the
first 2 centimetres under the slag/pool interface. Under this
level the heat transfer is assumed to be significantly reduced
(Table 2). Material properties of steel and slag are listed in
Table 1.

The electrode is physically assumed to melt at liquidus 7},
temperature of the alloy (1 750 K). To solve numerically the
problem of latent heat release at the solid/liquid interface, a
fictitious solidus temperature was set 7s =1 725 K under the
liquidus temperature. This numerical approach allows the
latent heat to be released at least within 2 to 3 volume ele-
ments to avoid the occurrence of numerical errors. The
solidification and the melting of the slag around the elec-
trode is modelled in the same manner.

© 2014 ISI1J

3.3. Flow Field and Lorentz Force

The incompressible Navier-Stokes equations for the lig-
uid velocity {7 is solved. In between the liquidus and the
fictitious solidus, a drag is applied to force the fluid velocity
to become equal to the electrode descend speed:

Fy ==(10" +10° £, YU =ii,) eoeoerenene (10)

In Eq. (10) the coefficient (10"+10°£) is chosen to be a linear
function of the solid fraction.

The momentum equation includes both the drag and the
Lorentz force,

Dpl7 =
——==-Vp+V(uVU)+H(-f,)-
Dt pVWVIIHHA-T) (11)

F,+H(T, -T)-F; + pgB(T-T,,)

where H is the Heaviside step function, H(x) = 0 for x <0
and H(x) = 1 for x 2 0 and T,.,r= 1 650°C for both slag and
steel.

We have applied the above mentioned model to an ESR
process in which the electrode temperature at the top bound-
ary of the electrode is given and set constant. By assuming
a constant electric current intensity, /o, and a constant elec-
trode descend speed, u., we tried to find a stable the elec-
trode tip shape.

4. Energy Balance Analysis of Electrode by One
Dimensional Model

Equation (3) with boundary conditions, Egs. (4a) and
(4b), is numerically solved for a Lo = 1 m long electrode,
initially at room temperature (300 K). Calculations were
performed for 3 different electrode descend speeds, u. =
0.35 mm/s, 0.14 mm/s, 0.08 mm/s. This range of speed is
the one at which the ESR process is usually operating. In
Fig. 2 the variation of the heat flux from the melting inter-
face into the electrode ¢ is reported as function of the
dimensionless remelting time #/ty, where fo = Lo/u.. The pro-
file of ¢ diverges at vicinity of ¢+ = 0. To achieve a finite
melting rate an infinite heat flux must be provided to the
electrode. Then g decreases, but stays at very high level dur-
ing the first 5% of the remelting time. After this initial
regime, the required heat flux decreases smoothly during the
80 to 90 % of the remelting time. This stage can be qualified
as “steady melting state”. To keep the melting rate constant,
the last 5-10% of the remelting time requires much lower
heat flux than during the steady state.

In the beginning of the process the building of the tem-
perature gradient requires a very high heat input. Theoreti-
cally, at # = 0 achieving a non-zero melting rate requires an
infinite heat input. This means that the desired melting rate
cannot be achieved immediately in practically operation
from the beginning, but should be progressively increased.
At the end of the remelting, the temperature of the top
extremity of the electrode is very close to the liquidus tem-
perature, this is why only a small heat flux ¢ is necessary.

During the steady state the amplitude of change of ¢ is
function of the electrode descend speed. A higher descend
speed means smaller heating time for the electrode. The
slower increase of the electrode temperature at the top posi-
tion promotes quickly the occurrence of a steady heat bal-
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Fig. 2. Heat flux diffusing from the melting interface into the elec-

oT
trode, ¢ = —k—

, versus the dimensionless melting time,
X

x=s(t)
t/ty, for three different electrode descend rates. (Online ver-
sion in color.)

ance at the electrode tip. This is why the lower variations of
q are achieved with higher descend speeds. During steady-
state, the heat flux entering the electrode is equal to the
sensitive heat necessary to bring the metal from the room
temperature to the melting temperature

T,

interface

gty =0=u, [ pCdT. v (12)

300K

The time necessary to build the steady-state thermal
boundary layer can be defined as the time at which g reaches
105% of Q. For u, = 0.35 mm/s we got ¢ = 142 s which cor-
responds to a remelting length of 5 cm. For u. = 0.14 mm/s
we got £ = 1214 s which corresponds to a remelting length
of 17 cm and for u. = 0.35 mm/s we got ¢t = 3 125 s which
corresponds to a remelting length of 25 cm. These calculat-
ed results are the smallest theoretical times and distances
over which a steady-state can be achieved. It assumes that
the tip temperature reaches immediately the melting temper-
ature. In practice especially during electrode change, the
electrode preheating operation, which lasts for several
hours, brings the electrode tip temperature from room tem-
perature to about 700-900 K. It is only after this preheating
process that the electrode is put in contact with the liquid
slag.

In Fig. 3 thermal boundary layers during the “steady-state
plateau” for the three electrode descend speeds are shown.
Here the thermal boundary layer thickness is defined as the
distance from the electrode tip at which the temperature is
99% of the room temperature. The thickness of the steady-
state thermal boundary layer varies strongly with the elec-
trode descend speed. The smaller u,. the longer is the thermal
boundary layer. Simulations targeting the melting rate are
only valid by including a part of the electrode length longer
than the thickness of the thermal boundary layer.

The electric current densities for small experimental elec-
trodes such as those studied by Mitchell,” Mendryvowski”
and Tacke® were of about 10° A/m?. The resulting Joule
heating generated in electrode (/%o ~10°~107 W/m?) is then

1625
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1400 Ue=0.35 mm/s

12004 4%
Ue= 0.14 mm/s
1000 -

800 - Ue=0.08 mm/s

Temperature (K)

600 -

400

T *: 1§ v T b T A
00 0.1 0.2 03 04 05
Distance from the electrode tip (m)

Fig. 3. Thermal boundary layers during the “steady-state plateau”
for three electrode descend rates. (Online version in color.)

Table 3. Geometry and process parameters.

Quantity Value
Current intensity, frequency 4000 A, 5Hz
Melting rate 2 kg/min
Electrode descent rate u, 0.366 mm/s
Mold thickness 3cm
Slag height 140 mm
Electrode diameter (2xR.) 130 mm
Ingot diameter (2XRm) 200 mm
Initial electrode immersion depth 23 mm

as strong as the heat diffused into the electrode ¢ (Fig. 2).
Thus the Joule heat generation should not be neglected if the
electrode temperature gradient is of interest. For industrial
scale electrodes, the electric current density being lower
(~10*-10°> A/m?), the Joule heating within the electrode is
rather negligible (/o ~10* W/m?).

5. ESR Process Simulation by Two Dimensional Model

In order to further explore the effect of the thermal state
on the shape of the electrode we have applied the 2D axis-
symmetrical magneto-hydrodynamic multiphase approach
to a small ESR with the process parameters specified in
Table 3. As boundary condition we have assumed that the
electrode temperature at the top boundary is equal to room
temperature. A large number of simulations were performed
by varying the initial immersion depth of the electrode.
Most of the results were found to be unstable. In some cases
the electrode tip melting rate accelerated until the electrode
tip finally quitted the liquid slag. In other cases the electrode
melting rate was too weak to avoid an electric shortcut with
the metallic pool. The origin of the instability is the coupling
between the electrode immersion depth and the power gen-
erated by Joule heating. To picture the instability, let us con-
sider a situation defined by a steady electrode tip shape and
steady immersion depth resulting from the equilibrium of
Eq. (4b). If at some time the heat provided by the slag is
slightly higher, the melting of the electrode will decrease the

© 2014 ISIJ



ISIJ International, Vol. 54 (2014), No. 7

immersion depth. The increasing of electrode/pool distance
results in a higher Joule heating generated in the slag. The
slag temperature increases, which in turn increases the heat
provided to the electrode and further shift the position of the
electrode tip upward. Similarly, if the heat provided by the
electrode is slightly lowered, the electrode immersion depth
will decrease the power generated. The decrease of the slag

0.1
0.5

0.4

0.3

0.2

0.1

0

Calculated phase distribution scaled in metres for the pro-
cess parameters as specified in Table 3. (Red: liquid steel,
Green: solid steel, Dark blue: air, light blue: liquid slag).
(Online version in color.)

Fig. 4.

(a)

(b)

temperature, will lead to a downward instability motion
where the electrode tip could finally touch the liquid metal
pool. Without a numerical control of the electrode position
it is not possible to avoid or stop this instability.

However, among all the simulations one configuration
was found to be stable (Figs. 4-8). For this configuration,
Fig. 4 shows the liquid and the other phase regions after the
steady electrode and liquid pool shape is reached. The elec-
trode tip shape is conical on the extremity and approximately
flat at the centre of the electrode. It seems that this particular
shape is less sensitive to the previously described instability;
however the reason for that is not yet clear. The distribution

10-3 Tesla
0

4.5

13.5

16

Fig. 6. Calculated distribution of the self-magnetic field for the
process parameters as specified in Table 3. The width of the

domain is 0.2 m. (Online version in color.)

105 A/m? W/ms3
90 10°
2x108
55
| 107
10 2x106
o
3 105
10*
2
1 10°
2x10°
0.01 3x10'

Fig. 5. Calculated distribution of the electric current density j (a) and joule heating source Q (b) for the process parameters
as specified in Table 3. The width of the domain is 0.2 m. (Online version in color.)
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of the electric current density (Fig. 5(a)) is controlled by the
shape of the electrode, the presence of droplets as well as
by the shape of the slag/pool interface. The maximum elec-
tric current density is extremely high (10° A/m?). It is
reached within the liquid metal faucet during a relatively
short time (~0.1 s). Such current densities induce so strong
electromagnetic pinch forces which break the liquid metal
faucet into smaller droplets. The total power generated by
the system can be obtained by calculating the integral of Eq.
(9) over the entire calculation domain. In the present case,
it fluctuates with the dripping but it is 240 kW in average.
The maximum power generated follows the distribution of
the electric current density, it is maximum near the surface
of the electrode. Maximums are always reached at the elec-
trode tip or at the faucet tip (Fig. 5(b)). High Joule heating
is also generated in areas close to a concavely curved por-
tion of the slag/pool interface. In fact, the combined action

of the dripping and of the electromagnetic forces induces a
strong interface motion. Some slag droplet penetrates the
liquid pool.

When droplet formation is not considered the highest
magnitude of the self-magnetic field is reached at the elec-
trode/air surface. In the present case, the focussing of the
electric current due to the presence of the liquid metal faucet
generates area of high magnetic field intensity especially on
the surface of the liquid metal faucet and droplets. As shown
in Fig. 6, maximum (~0.015 Tesla) is reached which is two
times higher than the one reached at the electrode surface
(0.008 Tesla). Since the electrode surface is located outside
the slag, these areas of high magnetic field intensity located
in the slag bulk can have a higher impact on the hydrody-
namic than the one developed near the electrode surface.

The resulting Lorentz force fluctuates as strongly as the
electric current and the magnetic field during the melting.

N/m3
1.5x105

104

103

102

Fig.7. Calculated magnitude and direction of Lorentz force for the process parameters as specified in Table 3. Colour
scale refers to the magnitude and unified arrows to the direction of Lorentz force. The width of the domain is 0.2 m.

(Online version in color.)

(a)

(b)

K m/s
2300 0.8
1800 0.6
1300 0.4

9200 2
300 0

Fig. 8. Calculated temperature (a) and vlocity (b) fields for the process parameters as specified in Table 3. The width of

the domain is 0.2 m. (Online version in color.)
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Depending on the direction of the electric current, this force
can be directed in all direction, even in the upward direction
as it can be seen in Fig. 7. However most of the Lorentz
force vectors are oriented in the inward radial direction. The
hydrodynamic is controlled by the competition between the
Lorentz force, the thermal buoyancy, and the mass transfer
due to the falling droplets. Near the electrode the Lorentz
force drives the slag flow in the downward direction (Fig.
7). However, it can be seen that in these areas the liquid is
mostly flowing upward (Fig. 8(b)). The reason is the ther-
mal buoyancy generated by the strong thermal gradient
between the hot slag and the “cold” electrode surface (Fig.
8(a)). This convection is even more promoted by the
inclined surface of the electrode. The electromagnetic force
dominates in the centre where the electric current is highly
concentrated. Near the slag/metal interface the thermal gra-
dient is in the stable configuration (Fig. 8(a)), the only forc-
es in action are the electromagnetic forces and the forces
resulting from the droplet impacts. The maximum slag flow
velocities are in the range of 0.3-0.5 m/s. However falling
droplet could reach velocities up to 0.7 m/s. During the
melting large droplets were emitted at a frequency of about
3 Hz. Due to the droplet formation and to the slag/metal
interface movement the electric current lines are continu-
ously changing. The average bulk slag temperature is about
2100 K, the level of turbulence is high enough to limit the
temperatures differences to about 200 K (Fig. 8(a)).

An extensive study of the stability of the present config-
uration results is beyond the scope of this paper. It could be
conducted by dynamically adjusting the electrode immer-
sion depth while keeping a constant electrode descend
velocity.

6. Conclusions

A numerical analysis of the energy balance of the elec-
trode has been performed to explore the different thermal
states of electrode during remelting process. In order to melt
an electrode with a constant melting rate, a time varying
heat flux must exists between the slag and the electrode. The
required heat flux follows three regimes. The first regime is
characterised by extremely strong heat fluxes. Then a steady
state regime starts with a smooth decrease in heat flux. Dur-
ing the melting the average temperature of the electrode is
continuously increasing. At the last regime, the electrode is
warm enough to be melted with only small heat input.

Additionally, a numerical model assuming 2D axisym-
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metric flow and no mould current was used to simulate a
real ESR process. The results have shown that the melting
of an electrode with constant electrode descend velocity is
inherently an unstable process. One stable or metastable
configuration was found and presented in detail in this
paper. The stable electrode tip is approximately flat at the
centre and conical in the peripheral regions. During the
melting the electromagnetic variables such as the electric
current, the magnetic field, and the Lorentz forces are highly
fluctuating. Instabilities resulting from the coupling between
the electrode melting (shape and movement) and the elec-
tromagnetic field need further investigations. Furthermore
as in a real ESR process, the stability can be achieved in the
simulation results only by including a numerical control of
the electrode immersion depth in the slag.
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