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http: www.modlab.lv, mailto: sergejs.pavlovs@lu.lv
2
Institute of Electrotechnology Leibniz, University of Hannover,
Wilhelm-Busch-Str. 4, D-30167 Hannover, Germany
http: www.etp.uni-hannover.de, mailto: baake@ewh.uni-hannover.de

The paper presents a numerical study of metallurgical magnetohydrodynamic (MHD)
devices with combined power supply: i) inductive by an alternating current (AC) coil;
ii) conductive through electrodes with AC or direct current (DC).
Peculiarities of the Lorentz force computations are discussed for the following cases:
i) the interaction of inductive or conductive currents with their self magnetic ﬁelds; ii)
the cross eﬀect of the interaction between the current and the magnetic ﬁeld produced
by diﬀerent sources; iii) the phase shift between inductive and conductive currents.
The developed 3D models for computations of electromagnetic (EM) and hydrodynamic (HD) ﬁelds are presented for the ladle furnace (LF) with an EM stirrer. A
three-phase conductive current is supplied to electrodes submerged into the melt. An
inductive current is supplied by a side non-symmetrical inductor, which is the source of
a travelling magnetic ﬁeld.
Melt ﬂow patterns are obtained also for an axisymmetric MHD device. The conductive single phase AC supplied to the top electrode submerged into the melt and to the
bottom electrode is the source of electro-vortex convection (EVC). The inductive single
phase AC supplied by an almost cylindrical coil (each winding has a thin gap) placed
around the melt is the source of EM convection (EMC). Melt circulation is the results of
the competition between EVC and EMC. MHD rotation appears due to the cross eﬀect
of the current-magnetic ﬁeld interaction produced by diﬀerent sources.
The melt ﬂow is computed by a 3D transient Shear Stress Transport ( SST) model
of turbulence. Several estimations have been performed with a quasi-laminar model; the
chosen eﬀective turbulent viscosity is constant.

Introduction. A popular type of industrial metallurgical equipment for melting and holding of ferrous and non-ferrous alloys (steel, ferrochrome, nichrome,
etc.) is power supplied by conductive alternating or direct currents (AC or DC) to
graphite electrodes. The electrodes may be unsubmerged or submerged into the
melt and/or slag. The electrical contact of the electrodes with the melt and/or
slag is ensured through the arc. The melt over its top surface may be also heated
using a plasma burner. In this case, the conductive current produced by a jet
of ionized gas is closed through the melt to its bottom. The examples of such
electro-technological devices are the following: electrical arc furnaces (EAF), ladle
furnaces (LF), ore-melting furnaces (OMF), plasma furnaces (PF), etc.
In the above-mentioned devices, there are two main mechanisms of melt circulation: i) electro-vortex convection (EVC) driven by a non-uniform EM force,
which is the result of the conductive current interaction with its self magnetic
ﬁeld; ii) thermogravitational convection (TGC) driven by non-uniformity of the
thermal ﬁeld. Both mechanisms of circulation may be found preferably near the
zones, where the melt and the electrodes have contact.
303

S. Pavlovs, A. Jakovičs, E. Baake, B. Nacke
The melt circulation can be intensiﬁed by electromagnetic stirring (EMS).
The EMS in the LF driven by a side inductor provides ﬂow patterns in the vertical
plane [1–3]. Such EMS is an alternative to stirring by an argon jet. The EMS
in the EAF with Eccentric Bottom Trapping (EBT) driven by a bottom inductor
provides ﬂow patterns in the horizontal plane [4].
The LF and EAF with EMS are magnetohydrodynamic (MHD) devices with
combined power supply: conductive over the electrodes and inductive by the coil.
Melt circulation determined by three mechanisms is the results of the competition
between EVC and TGC mentioned above and EM convection (EMC) driven by the
non-uniform EM force, which is the result of the interaction of inductive current
with its self magnetic ﬁeld.
Numerical modelling of such MHD devices requires a complex 3D approach.
Up to now, 3D modelling is performed for several particular cases, e.g., studying
the interaction of EMS and TGC [5]; investigating the EM ﬁeld and power consumption [6]; computing the EVC and mixture concentration ﬁeld with the LES
model of turbulence [7]; simulating the heat transfer and gas ﬂow over slag [8]. A
brief overview of recent 2D and 3D modelling may be found in [9].
The aim of the current paper is numerical 3D modelling of the melt ﬂow in
MHD devices with inductive and conductive power supply, taking into account the
cross eﬀect of the interaction between the electrical current and the magnetic ﬁeld
produced by diﬀerent sources. Thus, the authors resume their research performed
for the originally developed 2D models with application of own code [9, 10].
In order to eliminate the inﬂuence of TGC on the melt ﬂow, which is the
result of the competition of EVC, EMC and possible MHD rotation, the melt is
assumed isothermal.
1. Lorentz force calculations in the case of combined power supply.
The sources of conductively and inductively supplied power may have diﬀerent
frequencies as well as supplied currents may have diﬀerent initial phases (that is,
there is a phase shift between the currents).
The expression for the resultant Lorentz force in the melt in the case of combined power supply
 


f = Jcond + Jind × Bcond + Bind

(1)


 
 

f = Jcond × Bcond + Jind × Bind + Jcond × Bind + Jind × Bcond

(2)

represents
– the interaction of the conductive current supplied through electrodes with
its self magnetic ﬁeld (the ﬁrst term in Eq. (2));
– the interaction of the inductive current supplied by an inductor with its self
magnetic ﬁeld (the second term in Eq. (2));
– the cross eﬀect of the interaction between the conductive current and the
magnetic ﬁeld of the inductive current (the third terms in Eq. (2));
– the cross eﬀect of the interaction between the inductive current and the
magnetic ﬁeld of the conductive current (the fourth terms in Eq. (2)).
1.1. Terms representing the cross eﬀect of interaction in the case of conductive
DC. In the case of conductive DC (the circular frequency ωcond = 0), the timeaveraging of the third and fourth terms in Eq. (2) is zero, i.e. f = 0. Hence, the
resultant EM force is the superposition of the ﬁrst and second terms in Eq. (2)
only!
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1.2. Terms representing the cross eﬀect of interaction in the case of conductive
AC. Time-averaging of the third and fourth terms in Eq. (2) is performed by
the following expression
2π/ω






e Ja e jωJ t × e Ba e j(ωB t+β) dt

f=

(3)

0

where ω is a circular frequency which corresponds to the time-averaging period
T = 2π/ω; ωJ is a circular frequency of the current (J cond or J ind ), ωB is a circular
frequency of magnetic induction (B cond or B ind ), β denotes the phase shift between
the current and the magnetic induction produced by diﬀerent EM ﬁeld sources.
Here and below the value notiﬁcations in the case of complex presentation of a
quasi-stationary EM ﬁeld are the following: Ja , Ba and J∗a , B∗a are the amplitude
and conjugate values for current density and magnetic induction, j is an imaginary
unit, e (. . . ) is the real part of the expression in brackets.
In the case of equal frequencies ωJ = ωB = ω, the result of time-averaging in
Eq. (3) is the following:
f=


1  − jβ
Ja × Ba ∗ + e jβ Ja ∗ × Ba .
e
4

(4)

With frequency inequality (ωJ = ωB ), the result of time-averaging is zero, i.e.
f = 0.
Note that the time-averaged EM force for numerical computations of the
turbulent melt ﬂow is applicable due to the inertia of liquid metal at relatively
high values of the frequency. To study the melt ﬂow with lower frequency values (fJ
or fB ≤ 5 Hz), it is necessary to take into account the EM force time-dependence
[11].
With non-equal frequencies of diﬀerent EM ﬁeld sources (in technical applications, the ratios of frequencies are usually nJ ωJ = nB ωB ; nJ = 1, 2, 3, . . . ;
nB = 1, 2, 3, . . . ; nJ = nB ), the period T for time-averaging in Eq. (3) may be
long enough. Thus, with T ≥ 0.2 sec (corresponds to frequency values ≤ 5 Hz), the
application of the time-dependent EM force is necessary to study the turbulent
ﬂow numerically.
2. Developed 3D models. The geometries of the developed 3D models
of MHD devices with combined power supply are shown in Fig. 1. Physical and
operation parameters for the melt, inductors and electrodes are brought together
in Tables 1, 2, 3, accordingly. The geometrical, physical and operation parameters
of the developed 3D models are estimated using fragmentary data [1, 3] for the
industrial-sized LF (a capacity of approximately 70 t) published for advertising
purposes.
2.1. A 3D model of a system with top and bottom electrodes and a cylindrical
inductor. The main features of this 3D model are the following (Fig. 1a):
, the bottom elec– The top electrode has a submerged part of height hsubmerge
el
trode touches the melt bottom. The electrodes’ axes coincide with the symmetry
axis of the melt vessel. The current phases in the top and bottom electrodes are
el
el
equal: αel
top = αbottom = α .
– A cylindrical inductor of height hind has the azimuthal dimension ϕind
cylindr =
= 359◦ . The current phases in the inductor windings are equal: αind
=
αind
=
1
2
ind
ind
· · · = α12 = α .
To ensure that the voltage drop is matches to the boundary conditions of
the computational model, every inductor winding has a thin vertical gap with the
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(a)

(b)

Fig. 1.

3D geometry and structured mesh for an MHD device with: (a) submerged
top and bottom AC electrodes and a cylindrical single-phase inductor; (b) submerged
three-phase AC electrodes and a side inductor, the source of a travelling magnetic ﬁeld.

Table 1. Parameters of the melt.
Parameters of the melt
Radius
Height

Symbol
rmelt , [m]
hmelt , [m]

Type of alloy
Conductivity

σmelt , [S/m]

Model in Fig. 1a Model in Fig. 1b
1.36
2.98

1.36
2.98

nichrome

nichrome

6.7 · 10

6.7 · 105

5

Parameters corresponding to frequencies of currents
in the inductor and electrodes ωind = ωel
EM ﬁeld penetration depth
Non-dimensional frequency
Non-dimensional parameter typical
for the travelling magnetic ﬁeld

ind
el
δmelt
= δmelt
, [m]
ind
ω̂melt

=

el
ω̂melt

εind
melt

8.7 · 10−2

8.7 · 10−2

7.9 · 10

7.9 · 102

—

2.4 · 102

2

azimuthal dimension 1◦ (Fig. 1a). As the distance between the inductor and the
melt is relatively large due to the thick layer of thermal insulation between the
inductor and the crucible in the industrial-sized furnaces, the distortion of the EM
ﬁeld near the thin vertical gap for such inductor model is not apparent in the melt,
where the increase of the EM force, acting on the melt in the region right opposite
to the inductor gap, does not exceed ∼5%. This precision is enough to consider
the melt as an almost axisymmetric system, and so it is possible to study the melt
ﬂow peculiarities for the case of combined power supply.
The inductor winding may be modelled more precisely if further research is
needed. Note that the winding of real inductors has a helical geometry and the
306

Melt ﬂow patterns in metallurgical MHD device with combined inductive and . . .
Table 2. Parameters of the inductors.
Parameters of inductors
Radius
Height
Azimuthal dimension
Conductivity (cooper)
Current frequency
EM ﬁeld penetration depth
Non-dimensional frequency
Current eﬀective value
Number of windings

Symbol

Model in Fig. 1a Model in Fig. 1b

rind , m
hind , m
ϕind
σind , [S/m]
find , [Hz]
ind
δind
, [m]
ind
ω̂ind
Iind , [kA]
nind

1.73
2.98
◦
ϕind
cylindr = 359
5.9 · 107
50
9.3 · 10−3
7.0 · 104
100
12

1.73
2.98
◦
ϕind
side = 60
5.9 · 107
50
9.3 · 10−3
7.0 · 104
50
12

Type of inductor

single phase

systems
with travelling
magnetic ﬁeld

Inductor pole pitch
τind , [ m]
Phases of current in the inductor αind
i , i = 1, . . . , 4
winding (numbering
αind
i , i = 5, . . . , 8
from bottom to top)

—
0◦

2.98
0◦

0◦

120◦

Table 3. Parameters of the electrodes.
Parameters of electrodes

Symbol

Model in Fig. 1a

Model in Fig. 1b

Number of electrodes
Electrode radius
Height of top electrodes
over melt mirror
Height of submerged part
of top electrodes
Radial positions
of electrodes’ axes

nel
rel , [ m]

2 (top and bottom)
0.43

3 (top)
0.43

htop
el , [m]

1

1

Azimuthal positions
of electrodes’ axes
Bottom electrode height
Conductivity (graphite)
Current frequency
EM ﬁeld penetration depth
Non-dimensional frequency
Eﬀective value of current
Current phase
in electrodes
Phase shift between the current
in the inductor 1st winding
and the current in the 1st electrode

hsubmerge
, [m]
el
[m]
el

ϕ

hbottom
, [m]
el
σel , [S/m]
fel , [Hz]
el
δel
, [m]
el
ω̂el
Iel , [ kA]

0.86
el
rtop
el
rbottom

=
=0

—
0.5
1.54 · 105
50
0.18
11.2
1000
◦
αel
top = 0 ;

β

= r3el =
=
= 0.68
r3el

◦
ϕel
1 = 0
el
ϕ2 = 120◦ ;
◦
ϕel
3 = 240
—
1.54 · 105
50
0.18
11.2
100

◦
αel
bottom = 0

◦
αel
1 = 0 ;
el
α2 = 120◦ ;
◦
αel
3 = 240

112.5◦

0◦

el

α

0.86
r1el

helix pitch is not zero, hence, the EM ﬁeld source is not axisymmetric and the EM
force distribution is not axisymmetric either.
As to the inductors with the gap, an example of the system with a noticeable
increasing in EM force in the melt near the gap is the inductor-crucible furnace
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Table 4. Computed characteristics and parameters for a model with top and bottom
electrode and a cylindrical inductor.
Iel = 1000 kA Iel = 1000 kA
Iel = 0
Iind = 0
Iind = 100 kA
Iind = 100 kA

Parameters
Maximum of EM force density, 106 [N/m3 ]
Azimuthal component
of EM force and MHD rotation

1.53

1.47

1.57

—

—

+

5.2

4.2

Transient SST k-ω model of turbulence
Maximum time-averaged velocity
for vertical cross-section (y = 0), [m/s]
Maximum time-averaged velocity
for top of the melt (z = 2.9795 m), [m/s]
Reynolds number Re

3.3
2.9

2.6

∼ 6 · 10

6

∼ 9 · 10

6

5.9
9
∼ 10 · 106

Quasi-laminar model of turbulence
Maximum time-averaged velocity
for vertical cross-section (y = 0), [m/s]
Eﬀective Reynolds number Reeﬀ

0.9
∼30

1.1
∼35

3.4
∼120

[12], where the inductor is, at the same time, the crucible, so there is no thick
layer of thermal insulation between the inductor and the crucible as for the LF.
– The phase shift between the current in the inductor and the current in the
electrode is
(5)
β = αel − αind
2.2. A 3D model of a system with three electrodes and a side inductor.
The main features of this 3D model are the following (Fig. 1b):
. Radial positions
– Three electrodes have a submerged part of height hsubmerge
el
◦
of the electrodes’ axes are r1el = r3el = r3el and azimuthal positions are ϕel
1 = 0 ;
el
◦
el
◦
el
ϕ2 = 120 ; ϕ3 = 240 . The phases of the current in the electrode are α1 = 0◦ ,
◦
el
◦
αel
2 = 120 , α3 = 240 .
◦
– The side inductor of height hind has the azimuthal dimension ϕind
side = 60 .
The inductor produces a travelling magnetic ﬁeld. The phases of the current in
= · · · = αind
= 0◦ ; αind
= ...
the inductor winding are chosen as follows: αind
1
4
5
ind
◦
ind
ind
◦
= α8 = 120 ; α9 = · · · = α12 = 240 (bottom to top numbering).
The properties of the travelling magnetic ﬁeld in the melt of conductivity σmelt
can be estimated using a non-dimensional number εind
melt given by the following
expression
2
μ0 σmelt ωindτind
,
(6)
εind
melt =
2
π
where τind is the inductor pole pitch.
2.3. Characteristic parameters of the melt for 3D models with ωind = ωel .
It is necessary to note that some characteristic parameters of the melt may vary if
estimated using diﬀerent properties of inductive or conductive power supply. For
example, the skin-eﬀect, which may be estimated via the EM ﬁeld penetration
ind
el
ind
or δmelt
into the melt and the melt non-dimensional frequency ω̂melt
depth δmelt
el
or ω̂melt , must be calculated using the frequency find of the inductor current or
the frequency fel of the current in the electrodes


2
2
ind
el
δmelt = rmelt
or δmelt = rmelt
,
(7)
ω̂ind
ω̂el
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ind
2
ω̂melt
= μ0 σmelt ωind rmelt

el
2
or ω̂melt
= μ0 σmelt ωel rmelt
,

(8)

where μ0 = 4π · 10−7 H/m is the magnetic constant, σmelt is the melt electrical
conductivity, ωind and ωel are the circular frequencies of the current in the inductor
and in the electrodes, rmelt is the melt radius.
It means that the numerical solutions of the Maxwell equations in the case of
ωind = ωel (including the case of DC in the electrodes) must be found separately
with further computation of the resultant EM force according to the principle of
superposition, i.e. the ﬁrst and the second terms in Eq. (2).
In contrast, in the case of ωind = ωel the Maxwell equations are solved, simultaneously, as the superposition of EM ﬁelds produced by the currents in the
inductor and electrodes. A time-averaged EM force computed using the resultant
EM ﬁeld immediately includes all terms of expression (2), including the cross effect of the interaction between the current and the magnetic ﬁeld from diﬀerent
sources (Eq. (4)).
3. Peculiarities of numerical computations. The EM ﬁeld and the
Lorentz force – the source for further ﬂow modelling – are computed for melt,
inductor and electrodes with geometries shown in Fig. 1 using ANSYS 14.0. The
element SOLID97 and harmonic analysis are used. Melt turbulent ﬂow patterns
are obtained using ANSYS CFX 14.0 with steady-state and the transient SST k-ω
model of turbulence.
A structured mesh was built with hexahedral elements. For skin layers (EM
modelling) and for HD boundary layers at solid walls, a mesh with inﬂation was
generated. A free mesh was used only near ﬁllets of the submerged part of the
electrodes. The generated mesh examples are illustrated in Fig. 1 along with the
geometry of the models.
For EM modelling, about 1.9 – 2.5 millions of equations for complex variables
were solved by the direct method. The dimension of the HD mesh was ∼1.9 – 2.8
millions of elements. The time step, which was chosen with control of the Courant
number to achieve the stability of the computational process, was 0.005 sec.
4. A system with top and bottom electrodes and a cylindrical inductor. A characteristic distribution of the resultant EM force in the vertical
cross-section is shown in Fig. 2a (note that the non-uniformity of the vectors’
distribution there and in the next ﬁgures is concerned with peculiarities of interpolation from the computational mesh to visualization mesh in accompanying
applications of the ANSYS CFX package). Because of the noticeable skin-eﬀect,
the EM force is concentrated in a thin layer of a thickness, which may be estiind
el
= δmelt
 rmelt
mated from the EM ﬁeld penetration depth into the melt δmelt
−2
(cf. 8.7 · 10 m and 1.3 m in Table 1 for find = fel = 50 Hz).
The EM force along the cylindrical surface of the melt has only the radial
component (except the corner zones)
fr =



1
ind ∗ind
cond ∗cond
.
e Jaϕ
Baz − Jaz
Baϕ
2

(9)

A dominant contribution to the radial component fr gives the ﬁrst term in
Eq. (9), which is the main EMC driver. Flow patterns for a system with a “pure”
inductor (i.e. with no current over the electrodes), which are typical of induction
furnaces, are almost axisymmetric. The positions of the vortices’ centres are almost
symmetrical with respect to the horizontal plane z = 1.5 m (Fig. 3a, Table 4).
There is no melt rotation around the z-axis.
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(a)

(b)

(c)

(d)

(e)

(f )

Fig. 2. A model with top and bottom electrodes and a cylindrical inductor (Fig. 1a),
currents in the electrodes Iel = 1000 kA and in the inductor Iind = 100 kA; ﬂow time
10 s: (a) EM force vectors; (b) isolines of the EM force azimuthal component; (c),(e)
time-averaged velocity vectors; (d) streamlines; (f ) isolines of the velocity azimuthal
component. For cross-sections (a), (b), (c), (d), (f ) y = 0; (e): z = 2.98 m.

310

Melt ﬂow patterns in metallurgical MHD device with combined inductive and . . .

(a)

(b)

Fig. 3. A model with top and bottom electrodes and a cylindrical inductor (Fig. 1a),
ﬂow time 6 s, time-averaged streamlines (directions of vortices are marked by arrows
placed outside the melt) for the cross-section y = 0: (a) currents in the electrodes Iel = 0
and in the inductor Iind = 100 kA; (b) Iel = 1000 kA, Iind = 0 kA.
The EM force along the top and bottom horizontal surfaces of the melt has
only the axial component (except the corner zones)


1
cond ∗cond
ind ∗ind
.
(10)
fz = e Jar
Baϕ − Jaϕ
Bar
2
A dominant contribution to the axial component fz gives the ﬁrst term in
Eq. (10), which is the main EVC driver. Flow patterns for a system with “pure”
electrodes (i.e. with no current in the inductor) have opposite directions of circulation if compared to EMC. The positions of the vortices’ centres are not symmetric
with respect to the horizontal plane z = 1.5 m. The upper EVC vortices are suppressed in the zone of the top electrode and are weaker if compared with the lower
vortices. It may be explained by adhesion conditions for velocity at the electrode’s
surface. Thus, the lower vortices have a strong jet along the z-axis direction toward the end of the submerged electrode (Fig. 3b, Table 4). The ﬂow patterns are
axisymmetric and there is no rotation of the melt around the z-axis.
The melt circulation in a system with combined power supply (Figs. 2c,d)
is the result of the competition of EMC (Fig. 3a), EVC (Fig. 3b) and melt MHD
rotation around the z-axis (Fig. 2e).
The driver of MHD rotation is the azimuthal component of the EM force


(11)
fϕ = e Jzcond Brind − Jrcond Bzind .
which is the result of time-averaging of the terms in Eq. (2), which represents the
cross eﬀect of the interaction between the current and the magnetic ﬁeld produced
by diﬀerent sources. A dominant contribution to the azimuthal component fϕ is
given by the corner zones (Fig. 2b). The vectors of the conductive current rapidly
change their directions as well as the magnetic ﬁeld lines of the inductive current
show a noticeable curvature in the corner zones. The EM ﬁeld computations were
performed with the phase shift β = 112.5◦ between the conductive and inductive
currents.
The values of the melt rotation velocity vϕ ∼ 2.7 − 3.8 m/s (Fig. 2f ) are
comparable with the values of the melt circulation velocity in the meridional cross311
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section vy=0 ∼ 4.2 m/s (Fig. 2c, Table 4). The melt total velocity at the top surface
vtop ∼ 5.9 m/s (Fig. 2e) is greater than vy=0 . The high velocity values correspond
to extreme values of the current in the inductor Iind = 100 kA and in the electrodes
Iel = 1000 kA. The directions of rotation in the top and bottom zones of the melt
are opposite (Fig. 3f ). The directions of rotation coincide with the directions of
the EM force azimuthal component.
The above results (the Reynolds number estimated value is Re ∼ 107 ) obtained with the transient SST k-ω model of turbulence have been compared with
the results computed with the steady-state quasi-laminar model of turbulence with
introduction of a constant value of the eﬀective Reynolds number (Reeﬀ ∼ 102 ).
“Thirty-year ripe” results of 2D computations with a ﬁnite-diﬀerences grid with
∼ 7 · 102 nodal points [9] qualitatively correspond to the recent results of 3D
computations with a mesh of ∼ 3 · 106 ﬁnite-elements (Table 4).
5. A system with three electrodes and a side inductor. 3D vectors
of the EM force and time-averaged velocity of the melt are displayed in Fig. 4.
The inductor is facing the viewer; the model vertical symmetry plane (Fig. 1b) is
perpendicular to the page.
The EM force distributions are illustrated in Figs. 4a,c,e. An EM force, which
appears due to the conductive current supply, is noticeable in the zone around the
electrodes near the top of the melt (Fig. 4c). An EM force, which appears due
to the inductive current supply, is noticeable along the cylindrical surface of the
melt right opposite to the inductor (Fig. 4a). The inductor magnetic ﬁeld runs
upwards.
In general, the value of the EM force axial component fz , which corresponds
to the travelling magnetic ﬁeld direction, can be estimated from the following
expressions [13]
fz ≈ k1 ω̂ind for εind
melt  1;
k2
for εind
1;
fz ≈ √
melt
ω̂ind
k3
for εind
fz ≈
melt ∼ 1,
ω̂ind

(12)

where k1 , k2 , k3 are the coeﬃcients determined for several classical problems
derived in [13].
2
1 (Table 1)
For the considered model (Fig. 1b), the value εind
melt = 2.4 · 10
ind
corresponds to the second formula in Eq. (12). That is, with ω̂melt = 7.9 · 102
1
(Table 1), fz is relatively small for the chosen inductor pole pitch τind . The
travelling magnetic ﬁeld is the cause of the EMC with the melt upward directed
motion (Fig. 4b). The EMC dominates along the cylindrical surface of the melt
right opposite to the inductor. Then the melt ﬂows around the electrodes near the
top surface. A maximum velocity value of ∼ 1.3 m/s corresponds to the inductive
current Iind = 50 kA. The ﬂow is symmetrical about the vertical symmetry plane
of the model.
The EVC dominates near the melt top surface (Fig. 4d). Corresponding to
the EM force distribution (Fig. 4c), the ﬂow is rotationally symmetrical – there
are three zones around each electrode with the angle 120◦. A maximum velocity
value of ∼1 m/s is achieved with the conductive current value Iel = 100 kA.
In the case of combine power supply, the ﬂow patterns in Fig. 4f evidence of
the EMC and EVF competition and appear due to the superposition of the EM
forces (Figs. 4a,c) produced by both conductive and induced power supply. The
asymmetry (with respect to the above-mentioned vertical symmetry plane of the
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(a)

(b)

(c)

(d)

(e)

(f )

Fig. 4.
A model with three electrodes and a side inductor (Fig. 1b), 3D vectors for
(a), (c), (e) EM force and (b), (d), (f ) time-averaged velocity: (a), (b) currents in the
electrodes Iel = 0 kA and in the inductor Iind = 50 kA; (c), (d) Iel = 100 kA, Iind = 0 kA;
(e), (f ) Iel = 100 kA, Iind = 50 kA; (c), (d), (e), (f ) phases of the current in the electrodes
◦
el
◦
el
◦
(counter-clockwise) αel
1 = 0 ; α2 = 120 ; α3 = 240 .
313

S. Pavlovs, A. Jakovičs, E. Baake, B. Nacke
model) of the two-vortex ﬂow in the horizontal cross-section is most pronounced
near the top surface of the melt, where the symmetrical ﬂow of EM convection
(Fig. 4b) competes with the rotationally symmetrical electro-vortex ﬂow (Fig. 4d).
The maximum value of resultant velocity is ∼ 1.2 m/s.
6. Conclusions. The main results obtained in the current research are the
following:
– Numerical 3D models for computations of EM and HD ﬁelds have been developed for MHD devices with combined power supply: conductive power supply is
performed through single-phase top and bottom electrodes or through three-phase
submerged electrodes. Inductive power is supplied by a single-phase cylindrical
inductor or by a three-phase side inductor, which is the source of a travelling
magnetic ﬁeld.
– The potential of the developed models is illustrated by averaged turbulent
ﬂow patterns of the melt in the case of the noticeable skin-eﬀect and extreme values
of the supplied current into the electrodes and inductor. The melt ﬂow patterns
are the result of the competitive interrelation of electromagnetic convection and
electro-vortex ﬂow driven by the EM force, which is the result of the interaction
between inductive and conductive currents with their self magnetic ﬁelds.
– The cross eﬀect of the interaction between the conductive current and the
magnetic ﬁeld of inductive current as well as of the interaction between the inductive current and the magnetic ﬁeld of conductive current is found. This cross
eﬀect is illustrated by the melt rotation around the symmetry axis of an MHD
device with top and bottom electrodes and cylindrical inductor supplied by single
phase currents.
– The developed 3D models are universal enough for analysis of industrialsized metallurgical MHD devices with combined conductive and inductive power
supply in a wide range of geometrical, physical and operational parameters.
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